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SUMMARY

The hydraulic system frequency response (HSFR ) computer program was

developed to simulate the dynamic response of a hydraulic system to the acoustic

noise generated by the pump. A detailed technical description of the program

is presented .

For a selected system pressure, temperature, flow, and pump speed range,

the program calculates the pulsation pressure and energy levels generated

by the pump. It predicts the amplitude and location of the resulting acoustical

standing waves, and how these waves are transmitted and attenuated throughout

the hydraulic system. The program may be used for acoustical analysis In the

pressure side or both the pressure and return sides of the hydraulic system.

Estimated line lengths and sizes from preliminai~y design work give a good

estimate of hydraulic system natural frequencies and pressure amplitudes .

The program outputs plots of the peak flow, pressure, and impedance amplitudes

of any selected harmonic of the pulsation noise versus pump speed for selected

locations in the system. In addition, the program outputs plots of total

acoustic energy density and intensity (power) versus pump speed .

-- •—- •—.
~~-~~~~~~~~~~ -~~
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• 1.0 INTRODUCTION

The Hydraulic System Frequency Response (HSFR) program predicts how

oscillatory flows and pressures caused by the acoustical energy content of a

hydraulic pump output are transmit ted through the lines and components of a

hydraulic system. Resonance can occur if a frequency of this oscillatory

output coincides with a natural frequency of the system, or of part of the

system. Patterns of standing waves similar to those observed in organ pipes

are generated. A resonant condition can produce large oscillatory pressure

and flow amplitudes. Resonant acoustical noise can cause excessive line

motion and stresses, resulting in premature failure of system lines or com—

porLents.

The HSFR program predicts the pump speeds at which major resonances

occur, and defines the amplitude and location of the oscillatory pressure

and flow standing waves. The description of the system being simulated

is easily changed to investigate various practical system modifications for

the attenuation and relocation of the major resonant conditions . This capa-

bility allows potential problems related to hydraulic acoustic energy to be

eliminated during the design stage.

The IISFR program includes subroutines which model lines, a rotating axial

piston pump, and other components foun d in aircraf t hydraulic systems . The

modular construction of the program aliows additional subroutines describing

other components to be easily inserted. A special functional subroutine ,

GRAPH2 , is called by the main program for plotting the calculated variables

vs. pump speed. The program calculates the required fluid properties at the

specified temperature and pressure via a special functional subroutine ,

FLUID.
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A detailed technical description of the HSFR computer program and all

subroutines used by the program are included herein. Volume III of this re-

port , under separate cover, contains a user ’s manual for the HSFR computer

program -

The program is written in Fortran IV language for use on the CDC 6600

or IBM 360 computer systems. A punched card deck is used to input the

‘ program to the machine while output is by line printer .
F

S

4* :.
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• 2 • 0 TECHNICAL SUMMARY

The HSFR program, which operates in the frequency domain , examines each

element of the system in turn , excluding the pump , and via the appr opriate

• subroutine , calculates a 2 x 2 matrix relating input f]ow and pressure to

output f low and pressure for the fundamental harmonic frequency . These

matrices are used to calculate the input impedance at each element in the

system, starting with the terminating element in the circuit and computing

the input impedance at each element back to the pump • Matrix and input

impedance calculations are repeated for each harmonic frequency of the pump

speed up to and including the harmonic specified in the input data.

• Impedance calculated at the pump provides the linear phase and gain

relationship between the harmonic flo~.zs from the pump into the load (system)

and the corresponding pressures across the load. This load impedance is

passed to the pump subroutine.

The pump subroutine models a rotating, axial nine-piston hydraulic pump ,

and establishes t~Le nonlinear relationship between pump output flow and

pressure in the time domain. An iterative technique is used to obtain the

balance between the output flow and pressure relationships, utilizing the

• load impedance from the main program. The balance is obtained in the time

domain, although a check is performed in the frequency domain. The complex

acoustic flow output of the pump is characterized into harmonic flows by

Fourier analysis. The pump inlet flow and pressure may also be calculated by

the pump subroutine. The calculation technique is the same as that used in

• the outlet flow calculation. Pump inlet analysis is performed at the option

of the user .

Detailed phy sical dimensional pump data are input along with  other

system elemen t data. Precompression , decompression , piston stroke , variable 
•

2—1
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valve opening and closing, fluid bulk modulus , pump internal leakage , and

cavitation effects  are included. Steady state output pressure or swash

angle is calculated as a function of pump speed (rpm) and system leakage flow.

Swash plate flexibility and compensator valve dynamics are not i~ic luded .

A simpler pump represen tation is also available , which depicts the pump

as a constant flow source shunted by a parallel impedance. Use of this

al t erna tive to the pump subroutine is dictated by the user in the input data ,

which must include values for the sour ce flow and shun t impedance, or pressure ,

all of which are derived empirically or from the detailed pump model .

The main program applies the complex flow and pressure from the pump

subroutine to the system , using the elemen t matrices to calculate the input

flow and pressure at each system element. The program also computes and

plots acoustic ~ne j  density and/or intensity (power) for selected system

-• 
elements.

Subroutines ar e included fo r pumps , lines , lumped volumes , valves ,

accumulators, lumped volume and acoustic filter type resonators , and wide

band , helical Quincke tubes. The main program handles branch and terminating

elements.

_ _ _ _ _ _ _ _ _  - -
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3.0 MAIN PROGRAM

- 1 3.1 INTRODUCTION AND FLOW DIAGR AM

General flow diagrams for the HSFR main program are shown in Figu re 3—1

and 3—2 .

• The init ial  section of the HSFR main program (Figi’~ e 3— 1) provides

specification statements for variable names, types, commonality , and direct

data inputs. This section also specifies an external MCAUTO dating routine .

The main program then provides read and write statements for all the required

input data, calls the subroutine FLUID to calculate and write the necessary

fluid parameters, and initializes the first calculation point for pump speed .

In Figure 3—2, the main program computes the fundamental harmonic frequency

fo r the f irst  pump speed . The program examines each element of the system in

turn , excluding the pump , and via the app r op riate subroutine , calculates a

matrix relating input and output oscillatory flows and pressures for the

fundamental harmonic frequency. Information from these matrices is then used

to calculate the input impedance at each elemen t in the system , starting with

the terminating element in the circuit and computing the input impedance for

each element back to the pump. Matrix and input impedance calculations are

then repeated for each harmonic frequency of the p ump speed up to and inciu—

ding the harmonic specified in the input data.

Impedance calculated at the pump p rovides the linear ph ase and gain —

relationship between the harmonic flows from the p ump into the ‘oad (system)

and the corresponding pressures across the load . This load impedance is then

passed to the pump subroutine .

The pump subroutine contains a detailed description of the operation of

the pump , and models the nonlinear relationship between pump oscillatory output

(or input)  flow and pressure in the time domain . An i te ra t ive  techni que is used

~~~~~~~~ 

. 3—].
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• in the subroutine to obtain the balance between output (or input) flow and

pressure for the specified harmonic frequency .

Ba lanced pump output (or input) flow and pressure are returned to the

main program where the matrices for the system elements are again used to

obt ain the oscillatory input flow and pressure at each element In the system.

The main program then computes acoustic energy density and/or intensity

for selected elements only. Values of flow , pressure , impedance , energy

density , and/or intensity are stored for the seiected elements.

The entire calculation in Figure 3—2 is then repeated for each pump

speed over the specified range.

Finally,  the main program plots the specified parameters at the specified

elements versus pump speed . -

The main program- is discussed and listings are presented by sections in

subsequent paragraphs. Format statements for the main program appear at the

end of Section 3.

3.1.1 Math Model — See sub—paragraphs in Section 3.

3.1.2 Assumptions — Not applicable.

3.1.3 Computation Method — The HSFR main program , and all the subroutines

except PUMP operate in the frequency domain . Pressure, flow, and impedance

variables are in complex form and computations are performed in complex form

by the computer. The magnitude of the complex vectors are plotted versus

pump speed. Impedance values are plotted as a log function (decibels) in

order that small amplitudes can be clearly distinguished on the print—p lots.

3.1.4 Approximations — See sub—paragraphs in Section 3.

3.1.5 Limitations — Arrays are dimensioned to handle up to 40

circuit element data records. Storage for print—plots is dimensioned to allow

3-2
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SPECIFICATION STATEMENTS
• VARIABLES

—COMPLEX
— INT EGE R

• COMMON DATA
• DIMENSIONS
• LITERAL DATA

H 
_ _ _ _

1. READ AND WRITE INPUT DATA
• TITLE
S NUMBER OF ELEMENTS

• S FLUID TYPE
S FLUID TEMPERATURE

• 
S FLUID PRESSURE

• S PUMP SPEED RANGE AND INCREMENT
• HARMONIC OF INTEREST
S PUMP AND ELEMENT DATA
S NUMBER ANDLO CATIONOFOUTPUT

PLOTS-FLOW , PRESSU RE,
IMPEDANCE, ENERGY DENSITY ,
ENERGY INTENSITY

~1r
1. CALL FLUID AND

WRITE COMPUTED
PROPERTI ES

1. INITIALIZE
• PUMP SPEED (RPM)
• PUMP SPEED PLOT

COUNTER (IWPT)

GP75 0270 33

“ - I

To Calculation Control (FIG. 3—2)

FIGURE 3—1

HSFR MAIN PROGRAM SPECIFICATION
AND DATA INPUT FLOW CHART
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• FROM INPUT DATA (FIGURE 3-1)

2. CALUC LATE FUNDAMENTAL
HARMONIC FREQUENCY

2.CALCULATE TRANSFER MATRIX
EACH CIRCUIT ELEMENT REPEAT FOR EACH

HARMON IC UP TO AND

3. CALCULAT E INPUT IMPEDANCE INCLUDING SELECTED

EACH CIRCUIT ELEMENT FROM HARMONIC

TERMINATION BACK TO PUMP

SPEED OVER
SPECIFIED

RANGE 4. CALL PUMP

4. CALCULATE INPUT PRESSURE AND FLOW
FOR EACH CIRCUIT ELEMENT
(SELECTED HARMONIC ONLY)

5. CALCULATE ENERGY DENSITY AND INTENSITY
AND STORE WITH FLOW . PRESSURE , IMPEDANCE

(SELECTED ELEMENTS ONLY)

6. PLOT VALUES OF SELECTED PARAMETER S
AT SELECTED LOCATIONS vs PUMP SPEED

OP7S10S3 4

FIGURE 3-2
HSFR MAIN PROGRAM - CALCULATION

CONTROL FLOW CHART

‘ I
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up to 49 output print plots in a single run , i .e . ,  a single system model.

Arrays may be red imensioned to save storage cost if dealing with a circuit

containing only a few elements . However , redimensioning must be done in the

main and all applicable subroutines .

The PARM(— ,—) array for storing element input data is dimensioned for

eight columns and for ty  elements , (8 ,40) . The eighth or last column on

the f i rs t  record (card) for an element is reserved for internal program

addressing of extra element data records in the PARN array . Therefore , the

f irst  elemen t record may contain up to seven physical data inputs . Second

and subsequent records on any one element may contain up to eight data inputs .

System input impedance (ZIP) is dimensioned to permit analysis up through

the 10th harmonic.

3.1.6 Variable Names — The main program variable names are listed and defined

below in alphabetical order . Common variable name s used in both the main

- • 
program and the subroutines are listed separately in paragr aph 3.1.6.1.

SYMBOL DESCRI PTION UNITS

CHAR ( ) Var iable name used in t i t le of each print—p lot —

E( ) Acoustic energy intensity at element input WATTS

• EC Truncated to E for use in print—plot  t i t le  —

FLOW Temporary variable for  summing valve flows IN**3/SEC

I Integer counter —

• IFLUID Fluid type in FLUID call statement —

IIPLT ( ) One dimensional array used for  storing in sequence
the j unctions for which flow , pressure , impedan ce ,
or energy are to be p lotted —

• I  IPLT Temporary variable for  IIPLT -

ITYPE Type of element under examination , extracted from
single dimension array NTYPE —
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SYMBOL DESCRIPTION UNIT S

IWPT Counter used in incrementing pump speed —

J Integer counter —

K Integer counter —

KHARM Order of harmonic —

KT Used in test for improper termination of a branch —

Identif ies existence of extra card data fo r wr iting —

MN Integer counter —

NEPLT Number of energy in tensity plots — 3 -

NHARN Integer form of WHARN —

N INLT Pump inlet identification —

NPLT Total number of plots —

NPLTPT Number of points per plot (= number of pump rpms) -

NPPLT Number of pressure plots — 1!
NQPLT Number of flow plots —

NTPLT Number of energy density plots —

NTYPE ( ) Type of element —

NZPLT Number of impedance plots —

OMEGA( ) Real var iable arr ay used to store pump rpm ’s
subsequently used f or plott ing —

PANG Phase angle of complex pressure RAD

PHASE Phase angle between complex flow and pressure HAD

PC Truncated to P for  use as plot t i t le  —

PISTNO N umber on pumping p istons — inpu t data —
PRESS Data input steady state pressure PSI

PM Not used -

-- P0 Pump fundamental complex output pressure at 2500 rpm
(Data input for simpler pump representation) PSI

3—6
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SYMBOL DESCRIPTION UNITS

QANG Phase angle of complex flow HAD

QC Truncated to Q for use plot title —

QM( ) Not used —

QO Pump fundamental output flow at 2500 rpm IN**3/SEC
(Data input for simpler pump representation)

QOVB Data input valve element steady state flow IN**3/SEC

STPLT ( ) Array used to store in sequence the values for
subsequent extraction and plotting — —

T Acoustic energy density WATTS/IN**3

TC Truncated to T for use in plot title —

TEMP Data input fluid temperature

TITLE1( ) Data input title for flow plots —

TITLE2( ) Data input title for pressure plots —

TITLE3( ) Data input title for impedance plots —

TITLE4 ( ) Data input title for energy density plots —

TITLE5( ) Data input t itle for intensity plots —

TITLEN Temporary variable for plot titles —

TITLE Data input for run title —

TK Kinetic acoustic energy density WATTS/IN**3

3 TP Potential acoustic energy density WATTS/IN **3

W Pump speed for current calculation RPM

WEND Data input maximum pump speed for calculation RPM

WINC Data input incremental pump speed RPM

WSTART Data input f i rs t  pump speed for calculation RPM

WRARN Data input harmonic of interest -

YPLT ( ) Data extracted from STPLT to allow plotting of
each curve in turn -

~~L~~~~~~~._ _ _ _ _ _ _ _ _ _



SYMBOL DESCRIPTION UNITS

ZAP( ) Complex impedance of total load on pump inlet
for each harmonic PSI/ CIS

ZC Truncated to ‘Z’ for use in plot title —

ZIP( ) Complex impedance of load on pump outlet for each
harmonic PSI/CIS

ZO Data input equivalent shunt complex impedance for
• simple pump representation at 2500 rpm PSI/CIS

ZM Not used —

ZP Total parallel complex impedance of pump PSI/CIS —

equivalent shunt impedance (ZZ) and system input
impedance (zIP)

ZZ ZO corrected for pump speed, viscosity , and density PSI/CIS

3.1.6.1 Common Variable Names

A Frequency of harmonic flow HAD/SEC

• BEI No longer used

BEIP No longer used

BER No longer used

BERP No longer used

BETA Frequency dependent friction factor used in LINE
and other subroutines — -

•

BULK Fluid bulk modulus used for calculation , selected
from ABULK tabulation PSI

Three dimensional array containing transfer matrices
produced by subroutines to describe elements —

IEL Number of element under examination —

KTYPE Used to identify element sub—types —

NEL Total number of elements —

P( ) Pressure at inlet to syBtem element PSI

PARN(—,— ) Data input for two dimensional array of element
physical data —
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SYMBOL DESCRIPTION UNITS

P1 The circular measure constant —

Q( ) Peak input flow into element CIS

RHO Fluid mass density selected fr om ABI{O
tabulation LB_ SEC**2/IN **4

VOL Volume of element IN**3

VISC Fluid viscosity selected f rom AVISC
tabulation IN **2/SEC

ThE Variable used in calculating BETA —

Z( ) Complex input impedance of element at harmoni c
- frequency of current calculation PSI/CIS

~1
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3.1.7 Specification Listing — Main Program

PROGRAM HSFR(I NPUT ,OUTPUT , DATA ,TAP E5—DATA ,TAPE6~ OUTPUT)
C
C * R E V I S E D  D E C E M B E R  1 , 1975 *

C
C *VARIABLE TYPES , DIMENSIONS , COMMOMALITY , AND DATA*
C

C O M P L E X  B E T A , C , P , Q , Q 0 , PO
COMPLEX Z,Z0,ZZ ,ZP,ZIP ,ZAP - :
INTEGER TITLEI (10),T I T L E 2 ( 1 0 ) , TITLE3(1O),T I T L E 4 ( 1 0 ) , T I T L E 5 ( 1 O ) ,

+ T IT L E N( 1O ) , T IT L E ( 1O )  H
CO’IMON BETA ,G ,P , Q , Z, X B E ,BER ,B E I ,B E R P ,B E L P ,R 110,B I JLK ,VOL ,A ,V I S C ,PAR

1!1,PI , IE L ,N E L ,KTYPE (40)
DIMENSION PARM (8,4 0 )  , G ( 2 ,2,40),Z(40),P ( 4 0 ) , Q ( 4 0 )
+,E ( 4 0 ) , T(40)
DIMENSION NTYPE(40)
DIMENSION ILPLT(49),.STPLT(5000),OIIEGA(125), Y P L T ( 1 2 5 , 1)
DIMENSION Qt’1 (40),P M ( 4 0 )  ,ZM (40)
DIMENSION CHAR(1)
DIMENSION ZIP( 10) ,ZAP( 10)
DATA QC/l}IQ/, PC/l}IP/, ZC/IHZ/,T C / 1 H T / ,  E C / I R E /
DATA T I T L E 4 / 8 H A C O U S T I C ,8}1 EN ERGY ,8 H D E N S I T Y  ,811I~I M I L L I ,3IU~1ATT—SEC

+,8H/IN**3 V,8HS P U M P  R ,811P’t—UARMO,8H N I C  NO ,811 /
DATA T I T L E 5 / 8 H A C O U S T I C ,8HINTENSIT ,8HY(POW ER),8H I~ t’IATT,811 S VS P U N

+ , 8HP RP M FO , 811R hAR M ON , 8HIC NUMB E, 811R ,811 /
DATA TITLE1/8HPEAK FLO ,811W IN CIJ B ,8HIC INCRE ,8 H S / S E C  VE ,8IIRSUS Put-i

+ , 8111’ RPM FO , 811R HARMON , 8111C NUPIBE , 811R , 811 /
DATA TITLE2/8UPEAK PRE ,S I I S S U R E  IN ,811 LBS/IN* ,811*2 VERSU ,811S PUM P t~

+ , 3RPM FOR 11 , 8 H A R M O N I C  , S1INUHRER ,811 , 8H /
DATA TITLE3/8HIMPEI)ANC , 8 11E IN D E C , 8 111R ELS y E , 8H R S I J S P U t t , S R I ’  RP ~1 FO

+,811R HARHON ,8111C NIJ P I B E ,8}IR ,S}1 , 811 /

3—10 
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3. 2 SECTION 1 — READ & WRITE INPUT DATA

In addition to the reading and writing of input data , Section 1 calls the

subroutine FLUID for computation and writing of the fluid properties . This

section also initializes the first pump speed computation point. All reads

and writes for the program are included in this section except the write

statements which control the print—plots .

READS

Format # Description

460 Title of system simulated

470 Number of elements, fluid type, fluid temperature, and fluid

pressure

480 First, last, increment pump speed , and harmonic of interest

490, 495 Element type , sub—type , and physical data parameters

560 Plotting requirements for flow, pressure, impedance , acoustic

density, and acoustic intensity

WRITES

500 Date and title of system simulated

550,555 Pump speed input data , and harmonic of interest

520 Headings for writing element input data

540,545 System element input data

496 Error message if number of elements exceed storage dimension

620 Error message if circuit in improperly terminated

570 ,580, Plotting requirements
590 ,593 ,
595

3.2.1 Math Model — Not applicable.

3.2.2 Assumptions — Not applicable.
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• 1 3.2.3 Computation Method — Not applicable.

- I 3.2.4 ~~p~roximations — None .

3.2.5 Limitations — Limitations for reading input data are covered in detail

- in the user ’s manual , Volume I of this report .

3.2.6 Variable Names — See paragraph 3.1.6.

p

1

1
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3.2.7 Read and Write Listing

-
~~~~~ C

C *5~E~~~flfl ~ 1— R EAD AND WRITE INPUT DATA*
C

100 R EAD (5,46O)(TITLE(I),I~.1 , 1.0)I F ( E O F ( 5 ) ) 4 5 0 , 101
101 R E A D ( 5 , 4 70)  N E L , I F L U I D ,T Et-IP ,P R E S S

= R E A D ( 5 ,4 8 0 ) U S T A R T ,W E N D ,W I N C ,W H A R M ,PISTNO
NHAR M~ WHAR N1+. 01
WRITE(6 , 500) (TITLE(I) ,I=l ,1O)
IF(NHARM.LE.1) GO TO 112
W R I T E ( 6 ,550 )  U S T A R T ,W ErI D ,W I N C ,N H A R M ,P I S T N O
GO TO 113

112 W R I T E ( 6 , 555)  ~J S T A R T , W E N I ) , t J I N C , P I S T N O
C
C COM PUTE AND WRITE FLUID PROPERTIES
C

113 C A L L  F L U I D ( T  E MP , P R E S S , I F L U I D ,V I S C , B U L K ,R hI 0)
W R I T E ( 6 ,5 2 0 )

C
C REA D AND WRITE CIRCUIT EL EM ENT INPUT PHYSICAL DATA

• C •

K’.N EL+ 1
DO 103 J=1 ,N E L
R E A D ( 5 ,49 0) N T Y P E ( J ) , K T Y P E ( J ) , ( P A R I h ( I ,J ) , I=1 , 7 )
IF(NTYPE(J).EQ.6) GO TO 109
MM—KTYPE (J)/1O
IF(MM .NE .O) GO TO 102
PARM ( 8, J)=O

109 WRITE(6,540) (J),NTYPE(J), KTYPE(J),(PAR II (I ,J),I=1 ,7)
GO TO 103

102 PARM (8,J)’.K
WRITE(6 ,540) (J),NTYPE(J), KTYPE(J),(PAR’1 (I ,J), 1=1 ,7)
DO 108 MN=1 ,M9
READ(5 ,495) (PARM(I ,K),I~~1 ,8)
W R I T  E (  6 , 5 4 5 )  ( P A R M  ( I , K) ,1=1 ,8)
K~ K+1
IF(K.GT.40) GO TO 106

108 C O N T I N U E
103 CONTINUE

GO TO 11 1
106 W R I T C ( 6 ,4 9 6 )

STOP 7700
C
C READ , COMPUT E, AN !) LIRITE OUTPUT PLOT REQUIREMENTS
C

111 R E A D ( 5 ,5 6 0 )  N Q P L T ,(IIPLT(I), I 1 ,N Q P L T )
R E A D ( 5 , 5 6 0 )  N P P L T ,(IIPLT(I+NQPLT), 1=1 ,N P P L T )
R E A D ( 5 ,560) NzPLT , ( I I P L T ( I + N Q P L T + N P P L T ) , I=1 ,N Z P L T )
R E A J ( 5 ,5 6 0 ) N T P L T , ( I I P L T ( I + N Q P L T + N P P L T + N Z P L T ) , I 1 ,N T P L T )
R E A D ( 5 ,5 6 0 ) N E P L T ,(IIPLT(I+NQPLT+NPPLT+NZPLT+NTPLT), 1 1 ,N E P L T )
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3.2.7 (Cont.)

P 1= 3 . 14 16
• N P L T P T = ( W E N D _ W S T A R T ) / W I N C + 1.0 1

N P L T = N Q P L T + N P P L T + N Z P L T + N T P L T + N  EPLT
I W P T = 1
W =’4START
DO 105 IEL=1 ,N E L
IF(NTYPE(IEL).NE.6) GO TO 105
KT=KTYPE (IEL )
KT=KT+IEL
TF(NTYPE (KT).LT .10) GO TO 104

105 C O N T I N U E
IF(NTYPE(NEL).GT.10) GO TO 115

104 W R I T E ( 6 , 6 2 0 )
STOP

115 C O N T I N U E
IF(NQPLT .LT.1.O) GO TO 370

~J R I T E ( 6 ,5 7 0 ) N Q P L T ,(1IP1.T(I), I 1 ,N Q P L T )
3 70 I F ( N P P L T . L T . 1 . O )  GO TO 380

• URITE (6 ,5 8 0 ) N P P L T , ( I I P L T ( I + N Q P L T ) , I 1 ,NPPLT)

F 
380 IF(NZPLT.LT.1. fl) GO TO 383

L U R I T E ( 6 ,5 9 0 ) N Z P L T , ( I I P L T ( I + N Q P L T + N P P L T ) , I 1 ,N Z P L T )
383 IF(NTPLT .LT.1.O) GO TO 385 

• —

U R I T E ( 6 ,5 9 3 ) N T P L T , ( I I P L T ( I + N Q P L T + N L ’ P L T + N Z P L T ) , I l ,N T P L T )
385 IF(NEPLT.LT.1.O) GO TO 390

1J R I T E ( 6 ,5 9 5 ) N E P L T , (IIPLT (I+NQPLT+NPPLT+NZPLT+NTPLT), l 1 ,~~E P L T )
390 C O N T I N U E
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- I 3.3 SECTIONS 2 and 3 - ELEMENT TRANSFER MATRIX AND IMPEDANCE CALCULATIONS

• I Section 2 first calculates the fundamental harmonic frequency of the pump

speed . Each element in the circuit is then examined sequentially starting with

the first element, the pump. The transfer matrix for the pump is initialized

for the first time through the DO 250 loop . The applicable subroutine for

each of the other elements if then called , one at a time , up through the

• - - terminating element. Each subroutine calculates a 2 X 2 transfer matrix which

relates input and output flow and pressure at the fundamental harmonic of the

current calculation pump speed. The transfer matrix is initialized for dummy

(NTYPE = 7) branch (NTYPE = 6) and pump elements. If pump inlet analysis

is desired , the inle t is au toma tically assigned its seq uen tial elemen t

number (NINLT = IE). After the last terminating element in the circuit has

been examined , control passes to Section 3 which calcula tes the inpu t impedance

for each element starting with the las t element in the c i r cu i t .

Input impedance Z(I) for the next element upstream I =(I—l) is then

calculated where Z(I+l) is the input impedance of the last downstream element.

This calcula tion repeats until Z(l) is calculated , which is the sys tem load

impedance at the pump outlet for the fundamental harmonic of the current

calculation pump speed . Return system load impedance (ZAP) is assigned to

the pump inlet , if applicable .

Section 2 and 3 are then repeated for each harmonic of the current

pump speed up to and including the specified harmonic.

Progression of impedance calculation is such that the calculated input

impedance for the harmonic of interest is stored for each element in the

system. Values for the system inlet and outlet load impedances are stored

In the ZIP(— ) and ZAP (— ) arrays for each harmonic , starting with the

fundamental , up to and including the harmonic of interest.
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3.3.1 Math Model — Math models for transfer matrix calculations are covered

in Section 4 of Volume 2, under the subroutine descriptions . The basic math

model for computation of element input impedances in Section 2 of the main pro-

gram is as follows:

Element Element
(I) (1+1)

G(I)

z(I) Z(I+l)

UPSTREAM -

Outlet Inlet

Input impedance of the upstream element (I) is computed from the transfer

matrix G(I) for element (I), calculated by the subroutines , and the impedance —

of the downstream element (1+1). The pressure and flow across element (I) are

related by the matrix form 1 1)1 rQ(I) 1 rQ(I+l~L J L~(’)d LP(I+1~
or

• Tc(1,1,1) G(1 ,2,l)1 . rQ(l)1 — rQ(I+)_51
G(2 ,1,I) G(2 ,2,I)J LP(t)J — LP (1÷1~

In equation form

G(l,1,I)Q(I) + G(1,2,t )P ( I )  = Q(t+l) (1)

G(2 ,l,I)Q( I)  + G(2 ,2,I )P( I )  = P(I+l) . 
(2)

By definition

P = Q ~ . (3)

- 
- Dividing equation (2) by (1) yields

- 

- 
G(2,l~~)Q(I) + G(2,21I)P(I) P(I+1) (4)
G(1 ,1,I)Q(I) + G (1,2,I)P(I) Q(I+l) .

From equation (3)

— ~(I+l), = ~(I) . (5) (6)
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Using (5) and dividing the left side of (4) by Q(I) yields

GC2,1,I) + G(2,2,I)~(~~ ~ (i+l)G(l ,l ,I) + G(l , 2 , I)~~(I)

Solving for  ~ (I) gives

G(l~ l , I)~~(I+1) — G(2 ,l,I) (7)
G(2 ,2,I) — G(l ,2,I)~~(I+l)

which is the basic equation used for impedance calculations .

3.3.1.1 Circuit Termination

If the circuit is closed at the terminating element (I), then Q(I+1) = 0.

Equation (1) then becomes

G(l ,l , I ) Q ( I )  + G( 1, 2 , I ) ( P I )  = 0.

Rearranging

P(I) —G(l,l,I)
Q(I) — G(l ,2 , I) ‘ 

or

~(I) — 
—G (1,l ,I)  8— G(l , 2 , I) ~ 

( )

If the circuit is open due to flow at a valve element (I), then P(I+1) = 0.

• Equation (2) then becomes

G(2 ,l,I)Q(I) + G(2,2,I)P(I) = 0

Rearranging

r P (I )  
— G(2,l,I)

Q(I) 
- - 

G(2,2,I) or

~(I’ 
— 

ç~(2,l,I) (9/ G(2 ,2,I) • .. )

3.3.1.2 Branch Elements

• Input impedance for a branch element (NTYPE 6) is considered to be the

-
• 

equivalent impedance of a two branch parallel network.

K — no. of elements in [~ f~~~~~~— Last element in first branch
first branch + 1 I

K — KTYPE(I)+l 

J
~
__

~~~~~~bran ch 
(1+1) in first

Branch element (I)

First element (I+K) in
second branch 

- • • - ••~~--- --- -~~
- - - -- - • --- — -—

~~~~

- • —
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1 1 + 1

~(I) -~(I#l) Z(I+K)

~(I) — ~(I+l)~~(I+ K)
— B(I+l) + Z(I+K) (10)

3.3.2 Assumptions

The impedance of all branch terminating elements, except valves, is

assumed to be that of a closed circuit per equation (8), i.e. the output flow

of the element is set to zero. Terminating valve elements (NTYPE 14) are

assumed to be open circuit with input impedance per equation (9), where the

output pressure is set to zero to simulate an open ended termination. The

open circuit representation allows simulation of servovalve flow .

As can be seen from equation (10). above, it does not matter which bran ch

circuit comes first in the data deck.

3.3.3 Computation Method — Not applicable .

3.3.4 Approximations — None .

3.3.5 Limitations — All branch circuits must be terminated and have the

correct number of elements in the branch. An error message is generated from

the data read section if a branch circuit is not properly described and

terminated. Correctly equating pressures and summing flows at b ranch

junctions is a very important aspect of the main program.

3.3.6 Variable Names — See Paragraph 3.1.6.

• -j
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3.3.7 Transfer Matrix and Impedance Calculation Listing

• C *5~~~f~ Q~ 2— COMPUT E TRANSFER MATRIX FOR EACH CIRCUIT EL EH ENT*
C

I F ( N H A R M .E Q . 0 )  N U A R M — 1
QOVB—O. ()

110 CONT INUE
KH A RI1 0
IF(KTYPE(1). EQ. 2 1 ) N I N L T — 1 2 1
IF(KTYPE(1). EQ.22) NINLT—1 22

120 CONTINUE
KHARM— KHARM+1

• A=W*PISTNO*PI*KHARM/30 .
DO 250 IEL—1 ,NEL
ITYPE—NTYPE(I EL)
CO TO (130,140 ,150 ,160 ,170 , 180,175 ,190,200,250,130 , 140 ,150 ,160 ,

+ 17 0,180 ,175 ,19O), I TY P E
130 CALL LINE

GO TO 250
140 CALL RESNTR

GO TO 250
150 CALL VOLUME

GO TO 250
160 IF(W.NE.t4START) GO TO 165

FLOW—PARM (2,I E L )
Q O V B - Q O V B +FL OW

165 CALL VALVE
GO TO 250

170 CALL ACCUM
GO TO 250

175 IF(KTYPE(IEL).EQ.1) NINLT=1EL
18(1 G ( 1 , 1 , I E L ) — C M P L X ( 1. , O . )

• G ( l , 2 , I E L ) a C M P L X ( O . , O . )
G ( 2 , 1 , I C L ) — C M P L X ( 0 .  , 0. )
G ( 2 , 2 , I E L ) = C M P L X ( 1 .  ,O.)
GO TO 250

190 C O N T I N U E
C 190 CALL !1IIE QU T ( W S T A R T ,W )

GO TO 250
200  CONTINUE

IF(KTYPE (IEL).EQ.0) GO TO 220
I F ( K H A R ? 1 .E Q . N H A R M + 1) GO TO 240
I F ( K H A R M . N E . 1 )  GO TO 250
GO TO 180

2 2 0  C O N T I N U E
G(1 ,1 ,1) —C TIPLX(1 .,O.)
G( 1 ,2, 1) —CMPLX(0. , 0. )
G(2 ,1 ,1) —CIIPLX(0 .,0.)

• G (2 ,2,1) —CHPLX(l .,0.)
• A .W *PISTNO*PI*NIIARI-1/30 . -

~~~

I - 250 CONTINUE

I- 
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3.3.7 (Cont.)

C• 
C *5~~~~~Ø~J 3— CALCULATE INPUT I M P E D A N C E  FOR EACH C I R C U I T  EL EM ENT
C FROM TERMINATION BACK TO PUMP*
C

I—N EL
260 IF(NTYPE(I).GE.11) GO TO 270

I F ( N T Y P E ( t ) . E Q . 6 )  GO TO 290
Z(I)= (G(1 ,1 ,I)*Z(I+i)_G(2 ,1,I))/(G (2,2,I)_G (1 ,2,I)*z(I÷1))
GO TO 300

270 IF(NTYPE(I).EQ.14) GO TO 280
Z(I)——C (l ,1 ,I)/G(1,2,I)
GO TO 300

280 Z ( I ) = — G ( 2 , 1, I ) / G ( 2 , 2 , I )
GO TO 300

290 K=KTYPE(I)+1
G ( 1 , 2 , I ) = — 1/ Z ( I + K )
Z(I) Z(t+1)*Z(I÷K)/(Z(I+1)+Z(I+K))

E 300 I— I— I
IF(NINLT.EQ.121.OR.NINLT.EQ.122)zAP (KHARK )—C 1-IPLX(O .O ,O.o)
I F ( I + 1. E Q . N I N L T )  Z A P ( K 1 I A R U ) = Z ( I + 1 )
I F ( I + 1 . NE . 1)  GO TO 2 6 0
ZIP(KHARII)—Z (1) 

-

• IF(KTYPE(I+1).NE.O) GO TO 120

H

• I
S
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3.4 SECTION 4 - ELEMENT INPUT PRESSURE AND FLOW CALCULATION

Section 4 of the main program computes the input flow and pressure for

each elemen t in the curcuit beginning with the f i rs t  element and progressing

to the last element. Flow and pressure for the first element , the pump ,

are calculated in the returned from the PUMP subroutine which is called

by Section 4. Pump outlet and inlet flow are balanced with the system based

on the previously calculated pressure or return system load impedance at the

pump . The simpler empirical pump model is used to calculate initial values

of pressure (P(l)) and flow (Q(l)). The transfer matrix for the pump ,

assigned in Section 2, is such that the input flow and pressure for first

system element is the same as the pump outlet or inlet value . Input f low and

pressure for the next element is then computed using the transfer matrix

previously calculated for the first system element.

A test is made to determine if the next element is a branch or termina-

tion. For a branch element, the calculation gives the flow out of both legs

of the branch and equalizes the pressures. A termination requires no calcula-

tion since values of flow and pressure are not calculated for the downstream

or terminated end .

Calculation progresses until the input flow and pressure for the last

element is calculated . Values of pressure , f l ow, and impedance specified by

the input plot data are then stored in Section 5.

3.4.1 Math Model — The general models for computing input flow and pressure

at each element are the transfer equations (1) and (2). For downstream

(upstream for return system) progression , equations (1) and (2) become

Q(I) = G(l,l,I—l)Q(I—l) + G(l,2,I—l)P(I—l) (11)

PCI) = G(2,1,I—l)Q(I—1) + C(2,2,I—l)P(I—1) (12)
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Special considerations are required to handle branch calculations .

K = no. of elements ~~~~~— Last element in first branch
in first branch I First “ “ “ “

K — KT?PE(I—l)

~~ First element (I+K) in second branch

Branch element (1—1)

k Referring to the above sketch, inputs to the first element of each branch leg

are calculated by assuming that the pressures are equal in all three legs of the

branch.

PCI) = P(I—l) = P(I+K) (13)

Flows are then calculated as

Q(I )  = P(I)/~ (I) 
• 

(14)

Q(I+K) = P(I)/~ ( I+K ) (15)

General equations (11) and (12) are then used to progress down the

first branch until the inputs for the terminating element in that branch are

computed . Since the inputs for the first element (I+K) of the second branch

have already been calculated using (-13) and (15), the progression skips the

general calculation for element (I+K).

3.4.2 Assumptions — The assumption of equal pressures in all three legs of a

branch element is based on the element being a “point” with no length. Error

due to losses in the center of a branch fitting are minimized if each of the

three leg elements are assumed to end or begin in the geometric center of the

fitting .

3.4.3 Computation Method - 2x2 transfer matrix .

3.4.4 Approximations — None.

3.4.5 Limitations — None.

3.4.6 Variable Names — See para. 3.1.6.
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3.4.7 Flow and Pressure Calculations Listing

C
C ~SECTION 4— CALCULAT E INPUT PRESSURE AND FLOW FOR
C - EACH C I R C U I T  EL CM E N T *
C

Q 0 — C U P L X ( P A R M  ( 1 , 1) ,  PAR M ( 2 , 1) )
• Z0—CHPLX(PARtt (3, 1),PARM (4,1))

Q( 1) = Q 0 *U / 2 5 0 0 .
Z Z = Z O * 2 500.  f’~JZP= ZZ*Z(1)/(ZZ+Z(1))
P ( 1 ) —  Q ( 1) *  ZP
Q (1)= P(1)/z(1)
GO TO 310

2•40 CONTINUE
CALL PUMP (WSTA~ T,W ,ZIP ,NHARM ,QOVB ,PRESS ,W INC , P I S T N O ,N I ~~LT ,Z A P )

310 CONTINUE
DO 335 t— 2 ,NEL
IF(t .EQ.NINLT ) GO TO 335
IF(NTYPE(I—1).EQ.6) GO TO 320
I F ( N T Y P E ( I — 1) . G E . 1 i )  GO TO 335
Q(I)_G(1 ,1,I_1)*Q(I_1)+G(1 ,2,I_ 1)*P (I_ 1)
P(I)=G(2 ,1.I_1)*Q(I_1)+G (2 ,2,I_ 1)*P(I_ 1)
GO TO 335 -

320 K—I~TYPE(I—1)
P(l )— P(I—1)
P (I+K)— P (t)
Q(I)— P( I)/Z(I)
Q(t+K) P(I) /Z(I+K)

335 CONTINUE
C
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3.5 SECTION 5 — CALCULATE ENERGY AND STORE PLOT DATA

Section 5 of the main program performs the function of storing in the

STPLT(I) array only the data which is to be plotted . The total storage

used is equal to the number of plots (NPLT) times the number of plotted

points (NPLTPT). The storage dimension is 5000.

Flow and pressure are stored as absolute values (magnitude) of the

complex vector. Impedance is stored as 20 LOG1O of the absolute value,

i.e. decibels. The stored values are used as the vertical axis values for

the output plots. The phase angle information is dropped , but can easily

be plotted if desired.

The total acoustic energy density, T( IPLT) ,  is calculated from the

absolute values of flow and pressure for those elements specified for

plotting. Total acoustic energy density is obtained by summing the calculated

kinetic (flow) energy, TK , and potential (pressure) energy, TP. The total

energy density is then stored in the STPLT(I) array.

The acoustic intensity or power, E(IPLT), is also calculated from the

complex flow and pressure data for those elements specified for plotting .

The acoustic power is the product of the pressure and flow vector magnitudes ,

and the cosine of the phase angle between the pressure and flow vectors . The

energy intensity is then stored in the STPLT(I) array .

For each speed calculation point the value of pump speed (rpm) is stored

in the OMEGA (IWPT) array , which is subsequently used as the ‘X ’ axis for the

output plots.

The pump speed point counter, IWPT , and the pump speed , W, are then

incremented , and control is returned to Section 2 for the next calculation .
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3.5.1 Math Model — The acoustic energy dens ity is a measure of the total

acoustic energy content at the input to a circuit model element. It is com-

posed of kinetic energy (flow) and potential energy (pressure). Consider the

following small fluid volume element moving through a hydraulic line.

_ _ _ _ _

~~~~dx

Acoustic energy density in the fluid element of length dx is given in

Paragraph 2.7 of Reference (1) as: -

t Kinetic + Poten tial

R}IO V2 p2

2 + 2RE0 C2 
(16)

where: RHO = fluid -mass density LB—SEC2/ IN4

C = velocity of sound in fluid IN/SEC

V = velocity of fluid element IN/SEC

P = peak pressure in fluid element LBS/IN2.

However, velocity is related to peak flow (Q) and cross sectional area (A) by

V Q/A. (17)

Substituting (17) in (16) yields

RHO 2 P2
t = —~--(Q/A) + 2 RHO C2

RHo n2 p2
+ (18)

2 A  2 R110 C1

The average or RMS energy density CT) is derived by dividing the peak f low

and pressure by

RHo /p~’t2 1 Ip \2
T rc~~

_
2/ ~~2 RHO C2 ~~

~JjØ Q2 P2 IN—LBS (19)
• T - 4A2 + 

4 RHO C2 IN3 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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To obtain T in MILLIWATTS/ 1N 3 , the results of equation (19) are multi p lied

by 113.

- 
- Acoustic intensity or power is synonomous with the active or in—phase

power in an AC electrical circuit. It is obtained by multipling the

magnitudes (absolute value) of the pressure and flow vectors by the cosine

of the phase angle between them . p

_ _ _  
A~ G~~

ANG
Real

The active power in WATTS is

E = .113 PQp = .113 PQ cos 0 (20)

where 0 = phase angle

- = PANG — QANG

and PANG = TAN 1 
(~~~~ -‘1’~1-~

’
)- ~REAL ( P ) ,

QANG = TAN 1 
.

3.5.2 Assumptions — None

3.5.3 Computation Method — No t app licable.

3.5.4 Approximations — None

3.5.5 Limitations — Since the energy density equation (19) requ ires

element area, the energy density calculation is H ited to line elements

only.

3.5.6 Variable Names - See para. 3.1.6.
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3.5.7 Calculate Energy and Store Plot Data — Listing

-
~~~~ C

C * S E C T I O N  5— CALCULAT E T AND/OR E, STORE THE MAGNITUDE OF EACH
C Q, P , Z , T , A N D / O R  E SEL EC T ED FOR PLOTTIJ4G*
C

DO 360 J — 1 , N P L T
I= (J_ 1)*NPLTPT + IiJPT
IPLT=IIPLT(J)
IF(J.GT.NQPLT)GO TO 340
IF(IPLT. EQ. 39) GO TO 341
STPLT(I)=CABS(Q(IPLT))

• GO TO 360
341 STPLT(I)=PHASEtI 

-
•

CO TO 360
• 3 40 I F ( J . G T . N Q P L T + N P P L T )  GO TO 3 4 5

STPLT(I)=CABS(P(IPLT))
GO TO 360

345 I F ( J . G T . N Q P L T + N P P L T + N Z P L T )  GO TO 350
STPLT (I)=20.*ALOG1O(CABS(Z(IPLT)))
GO TO 360

3 50 I F ( J . G T . N Q P L T + N P P L T + N Z P L T + t I T P L T ) GO TO 355
TK=RHO*(CABS(Q(IPLT)))**2/(PARM (6 ,IPLT))**2/4.
TP=(CABS(P(IPLT)))**2/RHO/(PARH (5,IPLT))**2/4.
T(IPLT)= (TK+TP)*113.
STPLT(I )=T(I PLT)

• GO TO 360
355 PANG=ATAN2(AIIAC(P( IPLT)),REAL(P(IPLT)))

QA N G A T A N 2 ( A I M A C ( Q ( I P L T ) ) , R E A L ( Q ( I P L T ) ) )
PHAS E=QAN C — P A N G
IF (PIIASE .GT.180.) PHASE— PHASE— 3 60 .

- • IF (PHASE.LT. —180.) PIIASE— PHASE+360 .
E(IPLT)=CABS(P(IPLT))*CABS(Q(IPLT))*COS(PHASE)*.113

• STPLT(I)—E (IPLT)
360 C0N T I~~U E

OMEGA ( flJ PT )=U
IWPT=IWPT+1
WRITE(6 , 630) Q(S),QANG’1 ,P(5),PANGM ,PHASEM ,Q(6),P(6),~J

630 FOR~1AT (1OX,7(F1O .4),/,1OX ,5(F1O.4))
JSS 

U=W +WINC
IF(W.LE.~IEND)GO TO 110

C

-S •
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3.6 SECTION 6 — PLOTTING STORED INFORI4ATION

,
Information previously stored in STPLT(I+K) is transferred one block

P at a time into YPLT(K ,1) and then plotted . YPLT(K,l) is used in the call state—

ment to GR~YH2 as the ‘Y’ array , as is the ‘X ’ array O~~GA which contains the

values of speed used in the calculations. The call statement to GRAPH2 also

contains the number of plot points NPLTPT and the plot character CHAR.

After control is returned from GRAPH2, the applicable plot title is read

into the array TITLEN. The main program then writes the plot title and main

run title.

The above procedure is repeated for each plot In each plot category as

specified in the input data.

The entire program is restarted if a second data deck has been loaded ,

otherwise the end of file stop 1001 is executed .

The use of the special print plotting routine GRAPH2 is cheaper and pro-

vides an easier to read plot format than the print plot routine PLOTR used on

the CDC 6600 system.

3.6.1 Math Model — Not applicable.

3.6.2 Assumptions — None

3.6.3 Computation Method — No app licable

3.6.4 Approximations — None

3.6.5 Limitations — None

3.6.6 Variable Names — See paragraph 3.1.6

S 4
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• 3.6.7 Plotting of Stored Information — Listing

C *S ECTION 6— TAKE THE ~IAGN1TUD E OF PRESSURE , FLO W , I M P E D A N C E ,
C E N E R G Y  D E N S I T Y , A N D / O R  EN E R G Y  I N T E N S I T Y  FO~
C SEL ECT ED ELENENTS FROM STORAGE AND PLOT*
C

DO 440 J—1 ,N P L T
1= (J— 1 )*NPLTPT

• DO 400 K=1 ,NPLTPT
400 YPLT(K ,1)=STPLT(I+FZ )

• IF(J.GT.NQPLT) GO TO 410
CIIA R (1)=QC
CALL GRAPH2(OMEGA ,YPLT ,NPLTPT ,CHAR)

C360 CALL PPLOT (OMEGA ,YPLT ,NPLT PT ,125 ,1 ,41H/ IMPEDANCE IN DECIBELS \‘ERS

• C36O IUS PU~1P RPM 1/  )
DO 405 1=1 ,11)

405 TITLEN(I)=TITLEI(I)
GO TO 43 0

410 IF(J.GT.NQPLT +NPPLT) GO TO 420
- CHAR (1)=PC

C A L L  G R A P H 2 ( O M E G A ,Y P L T ,N P L T P T , C H A R )
C360 CALL PPLOT (OM EGA ,Y P L T ,N P L T P T ,12 5 ,1 ,3911/PRESSURE IN PSI VERSUS

— 

C360 1 PU ll ?  R P M / /  )
DO 415 1=1 ,10

415 TITL EN (I )=T ITL E2 (I)
GO TO 430

420 IF(J.GT.NQPLT+NPPLT+NZPLT) GO TO 426
CHAR (1)— ZC
CALL G R A P H  2 ( O M  E GA ,Y P L T ,N P L T P T , C H A R )

C 3 6 0  CALL P P L O T  (O 1 I E G A ,Y P L T ,U P L T P T ,125 ,1 ,35 11/ F L O W  I N  C I S  R M S V E R S U S  PU
C360 PIP R P M / /  )

• DO 425 1=1 ,10
425 TITLEN (I)=TITLE3(I)

GO TO 430
426 IF(J.GT.NQPLT+NPPLT+NZPLT+NTPLT) GO TO 428

CHAR( 1)=TC
5 CALL C R A P H 2 ( 0~I E G A ,Y P L T ,N P L T P T ,C H A R )
DO 427 1— 1 ,10

427 TITLEN(I)=TITLE4 (I)
CO TO 430

428 CHAR (1)=EC
CALL GRA PH2(OMEGA ,YPLT , NPLTPT , CHAR)
DO 429 1=1 ,10

429 TITLEN(I)—TITLE5(I)
430 CONTINUE

W R I T  E (  6 , 610)C}IAR ( 1) , I I P L T  ( J )  , T I T L  EN ,N H A R ? I
WRIT E( 6, 600) (TLTLE(I) , 1=1 , 10)

4/40 CONTINUE
GO TO 130

450 STOP 1001 . -

460 FORMAT( 10A 3)
4 7 0  FOR I A T ( 2 I 5 ,2F10.O)

‘I 
,‘ 3—29
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3.7 FORMAT STATEMENTS — MAIN PRO GRAM

- j Main program format statements contain all read formats and all write

formats except for the writing of fluid properties in FLUID, and plot

writing in GRAPH2.

I- .

• I
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3.7.1 Format Statements, Main Program — Listin~g

480 FORMAT (8F10.O)
490 FORMAT(2 I5 ,7F10.0)
495 FORMAT(8F 10.O)

• 496 FORMAT (1O~~, 7011 INPUT DATA EXCEEDS ARRAY DI-I ENSIONS — PROGRAM TERM I

1NATED )
500 FORMAT (IHI ,44X ,43HHYDRAULIC SYSTEM FREQU ENCY RESPONSE PROGRAM ,

+1/ , 30X , 10A8)
520 FORMAT(// ,811 EL EM ENT ,1X ,43(IH*),2SHSYSTEM EL EM ENT INPUT DATA ,

1 48(1H*),/,7H NUIIBER,//, IOX ,611N K ,6X ,48(IH.),
2 I3HPHYSICAL DATA ,48(IH.),/,8X,IOHTYPE TYPE ,//)

540 FORIIAT(IH ,13 ,5X,I3 ,ZX ,t3 ,7F14.3 ,/)
545 FORMAT( 1H ,16X ,8F14.5 ,/)
550 FORMAT(// ,20X ,27HRESPONSE IS CALCULAT ED FROM ,F9.2 ,411 TO ,F9.2 ,

1 24H R.P.M. IN INCREM ENTS OF ,F9.2 ,711 R.P.M. ,I/, 4 2 X ,
2 41HRESPONSE IS PLOTTED FOR HARMON IC NUMBER ,I2 ,
3/ / , 50X ,23HNUMBER OF PUMPING EL EM ENTS— ,F5.O)

555 FORIIAT(// , 20X ,27HRESPONSE IS CALCULATED FROM ,F9.2 ,4H TO ,F9.2 ,
1 24R R.P.M. IN INCREM ENTS OF ,F9.2 ,711 R.P. I. ,//, 40X ,
2 55HRESPONSE IS PLOTTED FOR THE —FIRST— HARMO N IC FREQUE 1CY
3//, 50X ,28HNUIIBER OF PUMPING EL EM ENTS— ,F5.0)

560 FORMAT( 1615)
570 FORMAT(IOX ,I3 ,37H Q PLOTS FOR I N P U T  TO EL E M E N T  N U M B E R S ,2014 ,

+1, 50X , 2014)
580 FORIIAT (IOX ,I3 ,3711 P PLOTS FOR iNPUT TO EL E~I E N T  NUIIBERS ,2014,

4/, 50X , 2014)
590 FORMAT( IOX ,13 ,37H Z PLOTS FOR INPUT TO EL EMENT NUM BERS ,2 O I 4 ,

4/, 50x , 2014)
593 F O R M A T ( I O X , 13 , 37 11 T PLOTS FOR INPUT TO ELE~IENT NIJMBEi (S,2 014 ,

4/, 50X , 2 0 14 )
- • 

595 FORMAT( IOX ,13 ,37H E PLOTS FOR INPUT TO EL EM ENT NUMB ERS ,2 014 ,
4/, 50X , 2014)

600 FORMAT(/, 45X ,10A8)
610 FORMAT(/, 38X ,A 1 ,12 ,2X ,IOA8 ,12)
620 FORMAT ( 36H THE PROGRAM HAS BEEN T ERMINATED., //, 72HE1THE~ A BR

AANC }1 OR THE END OF THE SYSTEM HAS BEEN I PROPERLY TER~-lINATED.,// ,2

P.8HSUGGEST YOU CHEC K YOUR DATA.)
END

3-3’
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4.0 PUMP SUBROUTI N E

4.1 INTRODUCTION AND FLOW DIAGRAM

Subroutine PUMP is a general , detailed model of a rotating , axial , nine—

piston, pressure—compensated hydraulic pump . The model computes the ability

of the pump to deliver flow against an output pressure by modeling the non—

linear relationsh ip between pump output flow and pressure in the time domain .

The main program calculates the harmonic load impedance of the rest of the

circuit, and this proviaes the linear phase and gain relationship between the

ha rmonic flows into the load and the corresponding pressures across the load ,

in the frequency domain. The balance is obtained in the time domain, although

• a check is performed in the frequency domain . The model can also calculate

inlet flow based on the return system load impedance which is calculated by

the main program .

PUMP considers valving areas, pre—compression, de—compression , steady

state swash angle or pressure, fluid bulk modulus , pump internal leakage,

circuit termination flow, and piston motion. Steady state swash angle is

calculated and balanced as a function of pump internal leakage, circuit over—

board leakage, and pump speed . If the swash angle is maximum , the steady

state pressure is calculated. Swashplate flexibility and swashplate—compen—

sator dynamics are not included .

Piston pressure at the beginning of pre—compression is assumed constant

- 
• 

and equal to the inputed steady state inlet pressure if inlet side analysis
I

Is no t selected . Otherwise, piston pressure is calculated continuously for

the full pump revolution.

Figure 4—1 is a general flow chart of the PUMP subroutine. The specifi-

cation section includes initialization of variables from input data , and

calculates several constants. Specification statements are followed by 

-.-- . . - . - 
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initialization of pump variables from the main program input data , and cal—

culation of valve port areas for a full 3600 revolution . These operations

are performed only once, when PUMP is called on the first pump speed . Steady

state swash angle or outlet pressure are then calculated , followed by the pre-

compression pressures. Pump out le t  flow is calcula ted and then analy zed by

Fourier analysis. The steady state component of the Fourier analysis is then

compa red to the to tal steady state circuit  flow. If these differ excessively,

the swash angle or outlet pressure are corrected and the pump outlet flow is

recalculated . When the swash angle or outlet pressure produce a steady state

flow essentially equal to the pump and circuit termination leakage flows,

the Fourier analysis is completed to calculate harmonic flows up through the

harmonic of interest. Harmonic pressure and flow are then balanced dynamicall y

by reconstructing the time dependent output pressure and recomputing flow f rom

section 4. If inlet analysis is not selected , pump outlet flow and pressure

for the harmonic of interest are returned to the main program.

If inlet analysis is selected , piston decompression and inlet flow is

calculated . If return system analysis is selected , Fourier analysis of inlet

flow is performed , followed by dynamic balancing of inlet flow with the return

~~ • I
system load . Otherwise, inlet flow is based on the constant steady state

inlet pressure and the program goes directly to the hanger torque calculationy .

Inlet and outlet flow and pressure for the harmonic of interest are then re—

turned to the main program.

The PUMP subroutine is divided into thirteen sections. Each section is

discussed and a listing of that section is presented individually in subse—

quent paragraphs.

‘S
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4.1.1 Math !bdel — See sub—paragraphs in section 4.

- 4.1.2 Assumpti ons — See sub—paragraphs in section 4.

4.1.3 Computation Method — See sub—paragraphs of section 4.

4.1.4 Approximations — See sub—paragraphs of section 4.

4.1.5 Limitations — See sub—paragraphs of section 4.
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FROM MAIN PROGRAM

CALL ARGUMENTS
• PUMP START SPEED
• PUMP SPEED FOR CURRENT CALCULATION
• OUTLET LOAD IMPEDANCE FOR EACH HA RMONIC
• HARMONICOF INTEREST
• STEADY STATE FLOW RATE
• STEADY STATE OUTPUT PRESSURE
• PUMP SPEED INCREMENT
• NO. OF PUMPING PISTONS
• INLET CODE NO.
• INLET LOAD IMPEDANCE FOR EACH HARMONIC

~Ir

I SPECIFICATION STATEMENii1

_ _ _ _ _  

‘I ,

CHECKSPEED
W -�- WSTART

~W=WSTART

I INITIALIZE PUMP VARIABLES FROM INPUT

L DATA ARRAY PARM

~IrSECTION 1 - CALCULATE VALVE PORT AREAS 3600

S ____ 
SECTION 2. CALCULATE STEADY STATE SWAS H

ANGLE OR OUTPUT PRESSURE
GP71-10S3-2

(SEE NEXT PAGE)

F I G U R E  4-1
HSFR COMPUTER PROGRAM - PUMP

SUBROUTINE FLOW CHART

‘5 -
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SECTION 2- CALCULATE STEADY STATE SWASH
ANGLE OR OUTPUT PR ESSURE

_ _ _ _ _ _ _ _ _ _ _

SECTION 3-  CALCULATE PRECOMPRESSION
PRESSURES

-~ __

SECTION 4-  CALCULATE PUMP OUTLET FLOW

4
ISECTION 5-FOURIER ANALYSIS OF OUTLET FLOWI

CHECK FOR DYNAMIC BALANCING

_________  

~1~

-

_________  
CHECK STEADY STATE

FLOW OR PRESSURE E R R O R

CALCULAT E HARMONIC OUTLET FLOWSL.
UPTHROUGH HARMONIC OF INTERESTJ ”

11!
[ SECTION 6- CALUCLATE HARMONIC PRESSURESJ....
L UP THROUGH HARMONIC OF INTEREST I

KK = 1,2

I _______I SECTION 7-  RECONSTRUCT TIME DEPENDENT -L HARMONIC OUTLET PRESSURE KK - 3

+ INLET ANALYSIS REQUIRED
• — (NINLT = 121)

RETURN-OUTLET FLOW AND PRESSURE

(SEE 
FOR HARMONIC OF INTEREST

NEXT TO MAIN PROGRAM
PAGE) G~7S 10I33

FIGURE 4-1 (Continued )
HSFR COMPUTER PROGRAM - PUMP

SUBROUTINE FLOW CHART

• ~~~~ •~ 



(INLET ANALYSIS IS REQUIRED)

4, (NINLT = 122,123)

SECTION 8- CALCULATE DECOMPRESSION
PRESSURES

_ _  

4,
SECTION 9 -  CALCULATE PUMP INLET FLOW

_ _ _ _ _ _ _ _ _ _ _ _

—i RETURN SYSTEM ANALYSIS REQUIRED
• 4 +  (NINLT = 123)

I SECTION 10- FOURiER ANALYSIS OF INLET FLOW

4,
SECTION 11 - INLET PRESSURE/FLOW

DYNAMIC BALANCE . I4,
____ 

SECTION 12- RECONSTRUCT TIME DEPENDENT KK =3
HARMONIC INLET PRESSURE

SECTION 13- TORQUE CALCULATION
(NINLT = 122) —

RETURN - INLET AND OUTLET FLOW AND
PRESSURE FOR H A R M O N I C

OF INTEREST

4,
TO MAIN PROGRAM

FIGURE 4-1 (Continued )
L - HSFR COMPUTER PROGRAM - PUMP

SUBROUTINE FLOW CHART

4—6
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4.1.6 Variable Names — Variable names unique to the PUMP subroutine are

listed below. Common variables are discussed in the main program paragraph

3.1.6.1.

SYMBOL DESCRIPTION UNITS

ABETA Angle obtained during calculation of valve area RAD

ACTLEV Swashplate actuator lever arm IN

ACTLEVO Swa shpla te actua to r lever arm at zero angle IN

AINC Incremental shaft rotation angle DEGREES

ALPHA Angle obtained during calculation of valve area RAD

ANG Angular value of valve opening RAD

ANGCR Input data swashplate fixed cross angle DEGREES

ARACT Area of swashplate actuator IN**2

ASWASH Sw’ashplate variable angle RAD

ASWAST Swashplate variable angle for writing in output DEGREES

ATOFF Angle of swashplate offset DEGREES

AVAREA Temporary variable in calculation of valve area —

AT Angular position of pistons RAD

ATPR Temporary variable —

ATSU Temporary variable -

BULKP Bulk modulus during pre—compression PSI

C Temporary variable used in Fourier calculation —

CAVOL Piston cavitation volume IN**3

Cl Temporary variable used in Fourier calculation —

CPRESS Case pressure — steady state PSI 
•

- 
• CSPRESS Case to inlet pressure at zero case drain flow PSI

COEF Temporary variable used In Fourier calculation —

DANG Incremental shaft rotation angle used in pre—
S compression calculation RAD

_ _  
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SYMBOL DESCRIPTION UNITS

DIACT Diameter of swashplate actuator — input data IN

DIAPIS Input data pumping piston diameter IN

DISAM Maximum actuator displacement IN

DLEAK Leakage from one cylinder during rota tion through
incremental ang le (DANG) IN**3

S 
DPRESD Pressure change in cylinder during decompression PSI

DPRESP Pressure change in cylinder during precompression PSI

DSWASH Incremental swashangle due to incremental speed
change RAD

DT Incremental time for rotation through incremental
angle (DANG) SEC

DVOL Incremental displacement of piston for ro tation
through (DANG) IN**3

DX incremental p iston stroke for rotation through (DANG) IN

- 
~. ETA(J) Percentage error between predicted and resulting J

th

harmonic pressure

FNTZ Temporary variable used in Fourier analys is —

FQ 1(I ,KK) Complex output flow of the 1
th 

harmonic s for the KKth

test, from Fourier analysis CIS

FQ1( KKN ,l) Complex flow for the next harmonic, KKN , equals the CIS
• last Fourier flow for the next harmonic , calculated

f,~~m the final KK3 test balanced flow from the last
har’t

~~
nic—FQl(KKN ,l) = FQ1(KKN,3)

FQ1I(-,—) ComP\x inlet flow CIS

HPRESS Pump outlet steady state pressure PSI

HOFF Swashp la te o f f se t IN

I Integer counter -

IFL Integer counter for number of stead y sta te balance
loop iterations —

J Integer counter —

JK Not u sed -

~~S i  
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SYMBOL DESCRIPTION UNITS

KK Integer counter for dynamic balancing test —

KKN Order of harmonic (1,2,3,——— ) —

LEAK Constant for piston lap leakage Cis/Psi

LK1 — LK8 Temporary variables used in flow calculations —

LPRESS Input data—steady state inlet pressure PSI

LPRESD Piston pressure in de—compression calculation PSI

LPRESP Piston pressure in pre—compression calculation PSI

• LVOL Piston volume in pre—compression calculation IN**3

M Integer counter —

NAPP • Number of active pistons pumping —

NAPS Number of active pistons sucking —

N, NJ , NP Integer counter —

NDEG Integer counter for stepping cylinder rotation in —

1/2 degree increments , beginning with NDEGC1 at
piston bot tom dead cen ter on the swashp la te

ND1—ND9 Index positions for stepping cylinder ro tation —

through a full revolution, 360°

NHARM Integer form of WHA RM —

• NINLT Inlet identification code number —

NKM Index position of first, second , third , or fo ur th —

piston during flow calculation

NPRSOP Index position when cylinder slo t starts to open —

to pressure slot

NPROP Index position when cylinder slot is fully open —

to pressure slot

• NPRSCL Index position when cylinder slot starts to close —

to pressure slot

NPRCL Index position when cylinder slot is fully closed —

to pressure slot

NSUSOP Index position when cylinder slot starts to open —

to suction slot



SYMBOL DESCRIPTION UNIT S

NSUO P Index position when cylinder slot is ful ly  open —

to suction slot

NSUSCL Index position w~’en cylinder slot starts to close —

to suc tion slo t

NSUCL Index position when cylinder slot is fully closed —

to suction slo t

NSTEPD Number of steps in de—coinpression calculation —

NSTEPP Number of steps in pre—compression calculation —

N2—N6 Integer variables for writing valve areas —

ORF Orifice coefficient of valve IN**2/SEC/LB** .5

PACTU Actuator pressure PSI

PTA Piston area 1N**2

PISTNO Number of pumping pistons —

POVOL Input data oil volume between piston at midstroke
and port face IN**3

PIMASS Piston mass LBS_SEC**2/IN

515

PP( ) ,  Internal pressure in pistons 1, 2, 3, or 4 at
PPI( ) a given index position PSI

PISPR Piston pressure }‘SI

PPM(I) Magnitude of the 1
th 

harmonic peak pressure PSI

:1!: 1 
PLEAK Leakage out of cylinder bore CIS/PSI

PPP(I) Phase angle of the 1
th harmonic peak pressure RAD

PPT( ) Time dependent amplitude of pump outpu t pressure
for each rotation index position during output cycle PSI

PQ1(I ,KK) Complex ou~~ut test p ressure of the 1th harm onic ,
fo r the KK test in dynamic balancing PSI

PQ 1I(I ,KK) Complex inlet test pressure of the 1
th 

harmonic PSI

PRESS Input data for steady state pum p output pressure PSI

PSPG Actuator pressure due to spring force PSI

PTP Not used _
_ _ _



SYMB OL DESCRIPTION UNITS

P3 ,P5 ,P6 ,P7 No t Used

QERR Error between input and Fourier analysis steady
state flow cis

QIN Flow in to p is ton CIS

QMAX Maximum flow capability at full swashangle CIS/RPM

QOUT Flow out of piston CIS

QOVB Total overboard steady state leakage from main
program CIS

QOVBT Test overboard flow for steady state balancing CIS

QQ( ), Flow out (in) of pis ton 1, 2, 3, or 4 at a given
QQI( ) index position CIS

QQFC(I) COSINE peak amplitude of pu~~ output (inlet) flow
QIFC(I) from Fourier analysis for I harmonic CIS

QQFS(I) SINE amplitude of pump~gutput (inlet) flow from
QIFS(I) Fourier analysis for  I harmonic CIS

QQT(N) Time dependent output flow from pump CIS

QO No t used —

RBORC Input data cylinder centerline circle radius IN

RV Input data cylinder and valve plate slot center
line rad ius IN

RVX Width of valve open area IN

RO ,R3 Temporary variables in area calculation IN

Ri Input data cylinder slot radius IN

R2 INPUT data valve plate pressure slot radius IN

R4 Valve plate suction slot radius IN —

S Temporary variable in Fourier analys is — 
- •

SA Half amplitude of piston stroke due to controlled
angle of swashpla te IN

SSA Half amp l i tude  of pisto n stroke due to f ixed swash—
plate cross angle IN



SYMBOL DESCRIPTION UNITS

SAN Maximum piston half stroke at maximum swashangle IN

SLEAK Leakage into cylinder bore CIS/PSI

SLOTW Cylinder slot width IN

SLTHAG Cylinder slot width half angle RAD

- 
- SWASH Input data for maximum swashangle DEC

THPRS Input data valve plate pressure slot start angle DEC

THPRE Input data valve plate pressure slot end angle DEC

THSUCS Input data valve plate suction slot start angle DEG

THSUCE Input data valve plate suction slot end angle DEC

THETA Angular position of cylinder slot cen terline RAD

THEOLD Last Angular position of cylinder slot centerline RAD

TLEAK Input data pump internal leakage to case cIs

TLEAKT Test pump internal leakage for steady state balancing CIS

TORAAV Average total torque due to piston inertia TN—LBS

TORPAV Average total torque due to piston pressure IN—LBS

TORQ Total swashplate torque at each calculation point IN—LBS

TORQAC SwashplR te torque due to piston inertia at each
calculation po int IN—LBS

TORQAS Su~~ation of TORQAC 1N—LBS

- I TORQPR Swashplate torque due to p is ton press ure a t
each calculation point IN—LBS

TORQPS Summation of TORQPR IN-LBS

TORQSU Summa tion of TORQ

TORQ1 Temporary variable —

TORTAV Total average torque IN—LBS

TRACAV Average torque due to cross angie iN—LBS

TRQACR Torque due to cross angle at each calculation point IN—LBS 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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SYMBOL DESCRIPTION UNITS

TRQACS Summation of TRQACR IN—LBS

UO,Ul,U2, Temporary variables used in Fourier analysis —

U3

VA Piston volume at a given index position IN**3

VAREA ( ) Cylinder slot flow area at each index position ,
0—360° in 1/2° increments IN**2

WING Input data pump speed increment RPM

W Harmonic frequency (same as A in main program) PAD/SEC

WSTART Input data first pump speed calculation point RPM

XA Piston position at a given index position IN

XLAST, Position of piston at last index position IN
XOLD

XNEW Position of piston at new index position IN

Y Current calculation pump speed (same as W in
main program) RPM

ZO Pump shunt impedance for 1
th 

harmonic PSI/CIS

ZIP( ) Complex impedance of load on pump outlet for
each harmonic PSI/CIS

ZAP( ) Complex impedance of load on pump inlet for
each harmonic PSI! CIS

__ ___ J
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4.1.7 Specifications and Initialization — Listir~g

SUBROUTINE PUiIP (WSTART ,Y,ZIP ,N H A R I ,QOVB ,PRE SS ,iJINC ,PISTW ,
+NINLT ,Z A P )

C
C * REVISED ~1T~RCH 3 ,1975 *

C
C *VARIA I3LE TY P L~S, OLiENSIONS, COi1~IONALI-rY*
C

REAL LPR t~SS ,LVOL ,LE A K ,LKl ,LK2 ,LK3 ,LK4 ,LK5 ,LK6 ,LK7, LKB
REAL LPR ESP ,LPflESD
CO~1 PLEX BETA ,~~,P,Q,Z,ZV2 ,ZV
COMPLE X Q0 ,Z0 ,ZIP ,P3 ,ZAP

- 

• COMPLEX FQ1,PQ1, Z EQ , PQ1I ,FQ 1I
COt4.1ON~ BETA ,G,p ,Q, Z, X3E,~3EK ,BLI ,B E RP ,3EIP ,RU O ,F3ULK ,VOL ,~~,VI3C , PA1~

lM , PI , IEL , NL L , K T Y P C ( 4 0 )
DIMENSION G ( 2 , 2 ,4 0 ) , PARM (8,40),P ( 4 0 ) , Q ( 4 0 ) , Z ( 4 0 )
DILIENSION QQT(8l),PPT(81),QOFC(il),QQFS(il),PP~l (l l) ,PPP(l l )
DL4ENSIIJtSI PP (6) ,QQ(6) ,PTP ( 8 1)
DIi’iENSION ZIP(lO),ZAP(lO )
DIt-IENSION XL(6),V A R E A ( 8 0 0 )
D1 •IEt4SION FQ1( 13 ,3) ,PQ1 ( 10,3) ,Z EQ ( 10) ,E T A (  10)
DI.~iENSIO N PISPR (800),QQI(8l) ,PPI (81)
DI,IENSION QIFC(ll) ,QIFS(ll) ,FQ 1I( 1O,3) ,P Q 1 I( l O ,3)
DA-rA VA REA/800*O. 0/, PI3PR/800*0. 0/

C *SOLUTI ON ~~ r~ oD*

C *INI-rIALIz L V’~RIABLES F’RO~-1 PJPUT DATA OR -iAI~ PflOGRA!~*
C

IF(Y.~JL.~~START ) GO TO 140
R1=PA R:-l( 1, 1)
SLOTi~=PARM ( 2,1)
r~V=PA RM( 3,1)
RBORC=PAR-1 ( 4,1)
DIAP IS=PAR~’1(5,l)
POVOL=PA R~t(6 ,1)
R2=PA R~- -~( 7 ,l )
R4=PAR~I (l, t~LL#l)
SWASH=PA R~i(2 ,~

1
~EL+l)

TLEAK=PARL -I (3,NEL+l)
ANGCR=PAR~4( 4,NLL4-l)
rH pns=PARL4( 5,~~EL+l)
THPRE=PAR.4( 6,N E L + l )
TH3UCS=PARi~i ( 7 , N h L + l )
THSUC l~=PAR M (8,~4LL+l)
LPRESS=PAR~-1(l ,t~EL+2)
HOFF=PAR~1(2,NEL+2) -~• - DISA~1=PAR:I (3,N~~L + 2 )
ACTLEVO PAi*i(4,N E L + 2 )
PI4AS S PAR~4 ( 5 ,”JLL+2)
CPRL SS PAR~1( 6,NEL+2)

, 

- - •~~~~-~~ ~~~~~ 



4.1.7 Cont’d

CSPRES=PARI ( 7 , N E L + 2 )
DIACT=PA R -1 ( 5, NEL+2)
ARACT=DIACT**2*PI/4.
QOVBT=QOV~3TLEAKT=T LEAK
A SWA SH = SWA SU/ 57 .  3
NOPIST=PISTNO

• SLTHAG~ (ASI~i (SLOT~/(2.*RV)))*57.3
NApP=(1So .+2.*SLTHAG_TfIPRS_THPRE)/360.*PL~3TW+l.
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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4 .2  SECTION 1 — VALVE AREA CALCULATION

Figures 4—2 , 4—3, and 4—4 illustrate modeling parameters for a typical

airc ra f t  ro ta t ing piston hydraulic pump , including those required for area

calculations .

• Section 1 is a generalized computation of the valve flow area for one

cylinder at every 1/2 degree position in a full revolution of the cy linder

barrel. Area calculation is done once, the first time PUMP is called by the

main program for the starting pump speed (W = WSTART). Computed valve areas

for each 1/2 degree position are stored in the VAREA array . Valve areas are

used in PUMP for outlet and inlet flow, pre—compression , and de—compression

calculations .

Section 1 first calculates the angular increment , based on the number

of pistons , to produce 720 divisions per revolution , (.5° for a 9 piston

pump) and the index positions for the beginning and end of the valve p late

pressure and suction slots. Valve areas are then calculated for each portion

of the cylinder revolution using the index positions to set up the various

DO loop ranges . Area calculations begin with the cylinder centerline at bottom

-
• 

dead center on the swash plate based on the controlled swash angle (NDE C = 1

in Figure 4—2).

4.2.1 Math Model — The basic valve area calculation model is illustrated in

Figure 4—5 for the opening of the cy l inde r  slo t to the p ressu re  s lo t .  Var i ab l e s

are identified in paragraph 4.1.6. Valve area is initially due to two inter-

secting circles. Overlapping slot areas are calculated and finally the area is

l im ited by the cylinder slo t width itself. As the cylinder slot c loses t Il  the

pressure slot , areas are ob ta ined by merel y reversing the values computed -
~~~

• during opening.

4-16
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Areas for opening and closing the cylinder slot to the suction slot are

also calculated with the Figure 4—5 math model, except that the valve

plate suction slot radius (R4) is used instead of the pressure slot radius

(R2).

4.2.2 Assumptions — The cylinder slot has semi—circular ends, and is

assumed to be rectangular rather than a circular segment. The centerline

radii (RV) of all slots are assumed to be equal, I.e. cylinder slot, valve

plate pressure and suction slots. -

4.2.3 Computation Method — Areas are calculated for each 1/2 degree

increment of cylinder block rotation from 0 to 360 degrees.

4.2.4 Approximations — Area formulas in Figure 4—5 are not exact,

however, the error is less than .1%.

4.2.5 Limitations — Pumps with non—typical timing (valve plate configura-

tions) may require that valve areas be computed manually and read into

the main program, Instead of being computed in PUMP.

4.2.6 Variable Names — See paragraph 4.1.6.

I

¶5•~~
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• L RO ,_
~ 

RD = Ri + R2 - RV x ANG
Va lve Plate
Pressure Slot
(Fixed )

RVX 
_ _ _  -

~~~~ ~~~~~~~~~~~~~~~~
=g

~ 1Ot

~~~

:AREA 

AL PHA
~~~~~V1

_ _ _ _

RV 

Cylinder Rota tion

ANG J
I

cos (ALPHA) = ( RD2 — Ri~ + R2 2 ) / ( 2  x RD x R2)

cos (ABETA ) = (RD2 + Ri 2 — R2 2 )/ (2  x WI x R i )

VAREA = R1 2 (ABETA — s-i r,(ABETA) x cos(ABETA))

÷ R2 2(A LPHA — sin (ALPHA) x c o s (ALPHA)) (1)

when R0~~~ 0
- 

- VAREA .5 x 11 (Rl2 + R2 2) - 2 x RO x R3 (2)

where: R3 = Ri if R2>Rl
or R3 — R2 if Rl >R2

Figure 4—5 Pump Port Valve Area Calculations

5’
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j - 4.2.7 Sec tion 1—— Valve Area Calculation — Listing

• C SECTION 1 VALVE ARL A CALCULATION FOR FULL 360 DLGkLLS RLVOLUTIC~
C
C
C
C COMPUTE VALVII~G INDEX POSITIONS FOR I~IGHTY FLO t~ ~~~~~~~~~~~~
C

AINC=4.5/PIST~\IO• - N P R S O P = ( r H P R S— S L T H A G ) / A I ~~C+ l .
NPR0P=(-rHPR5+sLrHAG)/AINc+l.
NPRSCL= ( lB0.—THP1~E—SL-rHAG)/AI’~C+1 .
NPRCL= (1RO.—THPPC+SLTHAG)/AINC+l .
N S U S O P = ( l R O . + T H S U C S — S L T I - I A G ) / A I N C + 1 .
NSUOP= ( 18o.÷Ti4sucs+sL-ruAG)/AI~Jc÷1 .
NsU5CL= (360.—THSUCL—SL-ruAG)/AINC+1 .
NsUCL= (360.—THSUCE+SLTHAG)/AINC
DO 400 NDEG=1 ,NP RS OP
VA R EA ( N D L G )  =0 • 0

400 CON T IN iJ h
R3=R1
IF(Rl.GT.R2) R3=R2
ND 1=NPRSOP+ 1
ND 2= N PROP—i
DO 500 NDEG=~ Dl ,ND2
ANG= ( NDEG—~1 PRSOP ) *AI NC/ 57 3
RVX =A NG * RV
I F ( RVX • CT. S LOT~~) RVX =S LOTh
R O = R l + R 2  — R V X
I F ( R O . L E . 0 . O l )  GO TO 410 -

A L P H A = ( R 0 * * 2 _ R l * * 2 + i ~2 * *2 ) / (  2 . O * R O * R 2 )
A B E T A = ( R 0 * * 2 + i U * * 2 _ R 2 * * 2 ) / ( 2 . O * R 0 * R l )
IF(ALPHA.GT..9999.OP.Ar3ETA .GT..9999) GO TO 4 2 0
A3ETA =ACOS ( A B E T A )

C 3 6 0  A B E T A = A R C O S ( A B E T A )
ALPIJA=ACOS (ALPHA)

C36 0 ALP FU~=ARCOS(ALPHA )
AvAREA=Rl*Rl *(ABETA_ SI~~(ABETA )*C OS (t~i3LTA) )
VAREA (NDEG)=R2*R2*(1\LPHA_SI~~(ALP llA)*COS (ALPffA))+AVA t~LA
GO TO 500

410 C O N T I N U E
VAREA (NDEG) 0.5*PI*(R1*R1+R2*R2)_2.0*RO*R3
GO TO 500

4 2 0  V A R E A ( N D E G ) = O . 0
500 CONTINUE

DO 550 N D E G = N P R O P , ’~PRSCL
V A R E A (  N D L G )  =P I~ ( R 3 * * 2 )  +(  S LOT 2. *R3 ) *2. * R3

550 CONTINUE
ND 3 = N PRSC L + 1
N 04 = N PRC L— 1
1=1
DO 600 NDEG ND3, ND4
VAREA (NDEG) VAREA (NPROP-1 )
1= 1+1

600 CONTINUE

4—22 -
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4.3  SECTION 2 STEADY STATE SWASI-I ANGLE Ai’~t) OUTPUT PRESSURE CALCULATION

- I Section 2 calcula tes the s teady state swas~i angle as a function of pump

speed , circuit overboard flow (valve leakage), and pun~p internal leakage.

When the swash angle is maximum, the steady state pump output pressure is cal—

culated .

On the first call of PUMP, certain constants are calculated ; cylinder

bore area (PIA) , maximum half stroke (SAN), max imum f l ow per rpm ( QMAX),

o r i f i ce  flow coe f f i c i en t  (ORF) , and the cylinder cavi ta t ion  volum e is set to

zero. These calculations are bypassed on all subsequent calls of PUMP. The

steady state loop counter (IFL) is initialized to (1) each time PUMP is called -

for a new pump speed.

Swash angle (ASWASH) is first estimated as a function of the pump speed

and the input data for circuit overboard flow and pump in te rnal leakag e. If

the pump is at full stroke , control passes to the last par t  of sect ion 2

where a steady state pressure (HPRESS) is calculated . If the pump speed is

hi gh enough to meet inputed c i rcui t  f low demands , the new swash ang le is est~ —

ma ted by adjusting the old angle with an incremental swash angle adjustment

calcu lated from the new and old pump speeds. Various tests are included to

I insure a stable calcul ation , and smooth transition from full swash angle at

low pump speeds , and from one pump speed to the next.

4.3 . 1  Ma th Model

4.3.1.1 Swash Angle — Two methods of calculating swash angle are used . One

calculates swash angle by multi ply ing the maximum swash angle (SWASH) by the

ratio of the required total input flow demand (QOVB ÷ TLEAK) to the pump

delivery capability at the current speed (QMAX*Y) .

- SWASH x (QOVB + TLEAK) 
3ASWAS }I — 

5 7 . 3  ( QMA X x Y)

4— 24
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Equation (3) is used for recalculating ASWASH to balance flow , excep t that

adjusted values of flow are used (QOVB T + TLEAKT).

The other method computes an incremental swash angle (DSWASH) based on

the new and old pump speeds, where

DSWASH = ASW ASH(2) - ASWASH( i)

From equation (3)

DSWASH — 
SWASH ( QOVB=TLEAK) 1 

- L 4— 
57 .3 QMAX Y2 Yl

where Yl = old pump speed
Y2 = new pump speed = Y (cur ren t  ca lcu la t ion  value)

However ,

L i  Y1 — Y2
Y2 Yl Y2Y 1 ( )

and the speed increment

WINC = Y2 — Yl.  (6)

Combining (5) and (6), and substituting in (4) y ields ,

1 1 —WINC
Y2 Y1 Y2 — YxWINC

DSWASH = 
SWASH(QOVB+TLEAK) — WINC (8)

57.3 QMAX 
X Y2 - YxW INC

• 4.3.1.2 Output Pressure — If the pump is at maximum stroke , steady state

pump output pressure (HPRESS) is calculated as a function of tl.e pump maximum

• - del ivery capac ity, the input flow demand (QO\rB + TLEAK), and the input steady

state pressure (PRESS) .

For an open circuit, the initial estimate of output pressure is
- 1.05

HPRESS = PRESS 
~~~~~ +~L~~K) (9)

The flow exponen t value (1.05) is derived from a typical multi—branch system

with integrated actuators having both electrical and mechanical servovalves.

Second and subsequent iterations for steady state pressure balancing are

p
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calculated by correcting the last pressure , based on the error between the new

overboard flow (QOVBT) and the last steady state Fourier analysis flow (QQFC(1)).

HPRESS(New) = HPRESS (o l d)  x (1 — (QOVBT—QQFC(1))/25.) (10)

In a closed circuit , the overboard flow is zero, and

- 

- 

HPRESS(New) HPRESS ( oid) x ~~~~~~~~ (11)

Equation (11) is used for both initial and subsequent iterations in closed

c i rcui t  balancing . The pressure is assumed to vary l inear ly  wi th  f low , based

on character iz ing the pump in te rna l  leakage (TLEAKT ) as v iscous f l ow .

4 .3 .2  Assumptions — See 4 .3 . 1 above.

• 4 .3 . 3  Computation Method — See 4.3. 1 above.

4 .3 .4  Approximat ions  — See 4 .3. 1 above.

4.3.5 Limita t ions  — The steady state caiculatic n is not sensitive enough to

balance rapidly for very low inputed flow demands at very hig h pump speeds ,

e.g. above 10,000 rpm. It may be too sensitive to balance with very high

imputed flow demands at very low pump speeds , e.g. 50 gpm at 50 rpm.

4.3.6 Variable Names — See 4.1.6.

4 - . -
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4.3.7 Steady State Swash Angle & Pressure Calcula tion — Listing

C SECTION 2 :;~~ASU ANGLE AND STEADY STATE OUTPUT PRESSURE CALC (J LAIVJ
N
C

PIA=DIAPIS**2*PI/4.0
PISPR(NSUCL)=LPR [~SS
CAVOL=0.00
SAII RBORC*TAN(SWASH/57.3)
Q~- iAX =0.  3*sA~1*pI;
ORF= 2.0/RHO
oJ~F= .65*sQRT(oRr)

140 C O N T I N U E
IFL=l
IF (ASV~ASH.LT.S~ ASH/57.3) GO TO 151
A SWA SH = S~ThSI1 * ( Q O V B + T L E A K ) / ( Q M A X * Y ) / 5 7 . 3
IF(ASwASU.GT.S~ ASU/57.3) ASWASII=S-N1\SH/57.3
GO TO 158

151 IF(Y.EQ.I~I’~C)  GO TO 156
DSWASH=WINC/((Y)**2._Y*~~INC)
DS~~ASH= S~~ASI1 * ( Q O V B + T L E A K )  * D SWA SH / Q~LAX /  57.  3
I F ( D S W A S H . G E . A S ~~A S H )  GO TO 156
AS~~ASl1=AS~9 A S H —  DSb4A S H
GO TO 156

155 As~~Asu=sv~Asu*(QovBT+-rL~ AKT)/ (Qt1Ax*y)/57.3
156 IF(AS~~ASH.LT.SwASH/57.3) GO TO 178

AS~ ASII=S~ ASU/57. 3
158 IF(QOVB.EQ.0.O) GO TO 165

IF(IFL.NE .1) GO TO 159
H P R E S S = P R L S S * ( ( Q L .IA X * Y ) / ( Q O V B + T L E A K ) ) * *  1.05
GO TO 175

159 HpREss=iIpRE~ s*(l.
_ (Qovr3T_QQFC (1))/25.)

GO TO 175
165 HPRESS=PRESS*Q~l A X * Y / T L E A K T
175 IP(upREss.Gb.pREss.oR. }IPRLss.Lr.1.o) ~-iPRL .SS=PRESS• GO TO 179

• 178 I I P R E S S = P R E S S
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4.4 SECTION 3 - CALCULATION OF PISTON PRE—COMPRESSION PRESSURE

Section 3 calculates the cylinder pressure which exists just before

the cylinder slot starts  to open to the valve plate pressure slot.

This pressure is the result of pre—compression in the cylinder during that

portion of cylinder block rotation when the cylinder slot is blocked by the

valve plat e , between the suction and pressure slots.

4.4.1 Math Model — Piston motion is the sum of two sinusoidal motions as

• shown in the following diagram.

+

— Total mOtion = SSA x sin (Theta ) - SA x cos (Theta )
Fixed angle com ponent = SSA x sin (Theta)

— — — — Controlled angle component — SA x cot (Theta )

0 90 180 270 360
Theta (deg)

ottom Dead Center for
Controlled Swash Plate
Position

---a-

1~— 7R

-5- - •  
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Total pi ston motion is the sum of the fixed ang le (ANGCR) compo nent and the

controlled angle (ASWASH) component. A pressure dependent factor for leakage

from each cylinder to case is estimated for cylinder pressures above imputed

case p ressur e as

PLEAK = TLEAK /(PRESS*NAPP). (12)

- 
- 

Leakage f rom the case to each cylin der fo r cy linder pressures below case

pressure is estimated from the factor

SLEAK = —(TLE A K /NAPS/ SQRT(CSPRES)) .  (13)

Ca~ itation volume in the cylinder, if any , is calculated and tracked thro ughout

the cylinder block revolution. Piston pressures are stored for each position

throughout the 3600 calculation. Time dependent oscillatory outlet pressure

is initialized to zero PSI.

4.4.2 Assumptions — If inlet analysis is no t selected , the pi ston is assumed

to be comple tely filled on the suction stroke, and the initial cylinder

pressure is assumed to be the imputed steady state value. Initial cy linder

pressure is assumed to be that of the last  speed ca lcu la t ion  when in le t

analysis is performed . It is started at the steady state value for the first

calculation at the first speed . Pressure dependent leakage, and sinusoidal

- - piston motion are assumed . Bulk modulus is recalculated at each step based on

the las t step cyl inder pressure , and the bulk modulus formula used in FLUID .

4 . 4 . 3  Computa t ion  Method — The calculat ion Is per fo rmed  in 1/2 degree m ere—

ments (DANG ) w i th  the in i t ia l  cylinder slot centerline angle (THETA) computed

f rom the suction slot end ang le (THS I JCE) and the cy l inder  slot h a l f— a n g l e

(SLTH A G).  The number of calculation steps (NSTEPP ) is ca lcu la ted  based on

index posit ions de f in ing  the end of the suc t Ion  slot and the  b eg i n n i n g  of the

pressure slot in the value plate.

4—29



r~~~~~~~~~~~~~~~~~~~~~~
TT

~~~~~~~~~~~
i ~~ ~ ~~~~~~~~~~ ~~- - :~~~~i::: ~

4.4.4  Approximations — See 4 .4 .2  above .

- 
4.4.5 Limitations — Dynamic effects on the initial inlet pressure are not

included .

4 .4 .6  Variable Names — See 4.1 .6.

I - -=



4 .4 .7  Section 3 — Calculation of Piston Pre—Compression Pressure — Lis ting

• C SECTION 3— PISTON PRLCO M PRESS I ON CALCULATION
C

- - 179 NSTEPP=NDl+ND9—t~D8—2

— D P R E S P = 0 . 0
LPRESP=PISPR(NS (JCL)
THETA=(SLTHAG—THStJCE)/57 .3
PL EAK = TLE AK/ ( P R L S S *N A P P )
S L E A K = — ( T L E A K / N A P S / S O R T ( C S P R E S ) )
DAN G=A I~~C/ 5 7 . 3
DT=AINC/ (Y*6.)
SA=RBORC *TAN ( ASc-V A S H )
SSA=RBORC*TAN (ANGCR/57. 3)
XLAST =SSA*SIN(TH ETA)_SA*COS(TUETA )

C wR I TE ( 6 , 9 2 5 )  CAVOL ,N S U C L , L P RE S P , XLAST , THET A
• DO 150 I= 1 ,N S TE P P

IF(LPRESP.LT.CPRESS) GO TO 162
D L E A R = (  L P R E S P + D P R E S P/ 2 .  — C P R E S S )  *p L E A K *D f
GO TO 164

162 DLE A K=SQRT(  C P R E S S —L P R E S P )  *SLEAK*DT
164 BULKP=3ULK+12.* (LPRESP_PRESS)

THETA=TUETA +DANG
XN EW =SSA*SIN (TL~fETA)_SA*COS(THErA )
DX= XNEW —XLAST
DVO L~ DX* PIA
LVOL=POVOL_XNEW* PIA
DPRESP=( DVOL_DLEAK_CAVOL)/LVOL*BULKP
XLAST XNE~
LPRESP=LPRLSP+DPRESP •

NP=NSUCL+I
IF ( N P . G E . N D 9 + l )  N P = i~P — N D 9
IF(LPRESP.GT.0.01) GO TO 166
CAVOL=C AVOL -DVOL+ D LEAK
L P R E S P = 0 . O l
DPRESP=0. 0

• GO TO 169
166 CAVOL=0 . 0
169 P I S P R ( N P ) = L P R E S P

C IF(Y.EQ.50.) GO TO 161
C IF(Y .EQ.l00 0.) GO ro 161

IF(Y.EQ.3600.) GO TO 161
GO TO 160

161 WRITE (6,93 0 )  CAVOL ,N P ,LPRESP ,
+XLAST , DX , LVO L, DLEAK, B U L K P , THETA

160 CONTINUE
CA VOL D=C A VOL
XOLD=XLAST
THEOLD=THETA
DO 150 N = 1 , 81

150 P P T ( N ) = 0 . 0
K K N = l
X E = 1

170 CONTIN UE
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4.5 SECTION 4 - PUMP OUTLET FLOW CALCULATION

Section 4 calculates the total output flow from the pump for one cycle ,

i.e., 40° of cylinder block rotation for a nine piston pump . Each of the

active pumping pistons (NAPP) is sequentially incremen ted through 80 steps.

The total outlet flow is determined by summing that from each piston. The

calculation is started one index step after the pre—compression ends. Pressure

r in the first cylinder is initially the final pre—compression value . Pressure

in the o ther open cylinders is equal to the sum of the previously calculated

- 
- steady state output pressure (HPRESS) and time dependent oscillating pressure

(PPT).

Cylinder pressure and flow calculated at each step taking into account

piston and valve plate leakage, pressure drop across the valve, p iston motion , —

and fluid compressibility . QQT(1) is made equal t- QQT(81) to reduce the

e f f e c t s  of the ca lcu la t ion  s t ar t — u p  discont inui ty, cacsed by assumed in i t i a l

cy l inder pressures .

4.5.1 Math Model — Consider an active pump cylinder with its slot exposed

to the valve plate pressure slot , and stroking through an incremented stroke

(Dx).

4
. - -
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Pressure Drop
Due to Flow (APq)

G P7 5  009917

Assuming that flow through the slots follows the classic orifice flow equation ,

then

~~!2L~Pq
Q = Cd x VAREA V l~~o 

( 14)

where Cd = orifice flow coefficient
= .65

Squaring both sides of (32)

Q2 
= 2C~~ VAREA~ x

RHO

If LK4 = 2C d
2 x VAREA 2 , then

RHO

Q2 = LK4 ~ Pq . 
(15)

Cylinder pressure (P1) at the end of the 
Incremental stroke DX may be

estimated two ways. The first estimate includes the rise due to stroke

compression , the loss due to leakage, and tha 
loss due to flow , such tha t

* 5 I



BULR DX PIA
P1 — 

7 BUL~~LEAK DT P ( 16)
VA

or P1 LK2 ~~j ’f (17)

where PP is the initial cylinder pressure, ’f is the pressure loss due to an

average fluid flow Q over time DT, and LK2 is the net pressure resulting from

stroke and leakage.

Another estimate of P1 may be der ived f rom the downstream pressure (P2) and

the orifice pressure drop (~~Pq) such that

P1 P2 +L~~q. (18)

Downstream pressure is the sum of the steady state (HPRESS) and the harmonic

(PPT) pressures.

= 1-IPRESS + PPT (19)

Combining (18) and (19) yields

P1 = HPRES S + PPT +~~Pq (20)

Equating (17) and (20) gives 
-

LK2 - HPRESS + PPT +L~Pq

L~’q LK2 +L~ f — HPRESS — PPT (21)

Pressure loss due to fluid flow over time DT is estimated as

~~Pf =(~:~~ ) Q = L1<3~ Q ( 2 2 )

where LK1 1 +(BULKV~~
AK

DT), i.e. the dimensionless leakage factor from

( 34) . Using (22) in (21) then gives

APq L K 2 _ L K 3 Q h i ~~ESS PI’T (23)

Substituting (23) in (15) gives

Q2 .(LK2 - LK3 .Q — HPRESS — PPT)LK4
Q2 + LK4 LK3~Q — LK4 (LK2 — HPRESS — PPT) = 0. ( 2 4 )

4 . .
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Equation (24) may be expressed as

Q
2 +2~LK5.Q — LK6 0  (25)

where

ivs = 
LK4 LK3 (26)

LK6 = LK4(LK2 — HPRESS — PPT ) . (27)

The solution to Equation (25) is

Q = SIGN (LK6 )~~(-LK5 +~~LK52 + 1LK6~ ) (28)

Letting LK7 = LK52 + LK6 I (29)

and LK8 = —LK5 +\ff~ (30)

then the new average total flow from the cylinder is

QOUT = S IGN(LK8 , LK6) . 
( 31)

The new internal pressure for the Mth piston at the end of the incre—

mental  stroke is then estimated as

PISPR(NKN) = LK2 — QOUT LK3 
• (32)
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4.5.2 Assumptions — Assumptions used f o r  c a l c u l a t i n g  pump f low are l i s t ed

below .

a) flow through the cylinder and \‘J]ve plate slots is described by the

orifice equation , using a low or i f i I t ~ coefficient (.65) applicable to

hi gh Reynolds numbers, for all area conditi ons from full open to closed.

b) the last fluid flow calcuLited is taken ~i s an average flow over the

incremental time period.

c) internal  leakage f r o m  the cyl inder  is cons tant  over the incrementa l

time period.

d) flow calculated for each active cy linder is additive with no

interaction e f f e c t s  between cy l inders .

4.5.3 Computation Method — Flow is calculated for one output cycle of 80

increments regardless of the increment size.

4.5.4 Approximations — See paragraph 4.5.1.

4.5.5 Limitations — Early development of the flow math model disclosed

ins tability in the calculation when the old and new flow were averaged.

Using the newly calculated flow value as an average flow over the time

period produced a stable calculation.

4.5.6 Variable Names — See paragraph 4.1.6 and 4.5.1.

4- I
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4.5.7 Section 4 — Pump Output  Flow Calculation — List ing

) C S E C T I O N  4— P U L I P  OUTPUT FLOW C A L C U L A T I O NH
CAVOL=C AVOLD
XL A ST =X OLD
THETA=TUEOLD
DO 190 N = 1 , 81

• 130 Q-Z~r ( N ) = 0 .0
C WRITE (6,925) CAVO L,~~P,L P R L SP ,XLAST ,TI-1ETA

DO 200 ~-1= 1, N A P P
-
- 

DC) 190 N=1,R0
• Nf ~r4=r-IPRSOP+~’1+(~-1—l) *80

5 I F ( N E ~-l.GE.N PRCL+l) GO -ro i~~0
THETA=TFIET’~+D AN G
xNEv~=ssA*sIN(’ rIiLrA)_ iA*co~ (-rl1ETA )
DX=XNE

~~
—XLAST

• VA = POVOL_XNEW*P IA
X L A S T = X N L ~• I F ( C A V O L . G T . 0 . 0 O )  GO TO 197
3 U L K P = 3 U L K + l  2.  * ( P I 5P R ~ N1~~— l  ) — P ~d-33)
I P ( P I S P R ( N l — 1 ) . G l - ~.CP 1~L S S)  GO TO 196
L E A K  = 3 L E-~ A K
LK1=l. +3QRT(t3lJLKT?)*LbAK *DT/VA
GO TO 195

186 LEAK=PLEAK
LKl=1 . ÷3TJLk’p*LLAi<*D-r/vA

1-95 LK2=(PISPR (NK~.l_l) +3ULK P/VA*DX*PIA )/LK1
LK3=BULRP* DT/VA/LK1
L K 4 =  ( O R E * V A R [ A ( N K 1 1 ) ) * * 2
LK5 =LK3*Lt~4 *3 5
LK6 = LK4 *(LK2 —t1 p t~L-ss—PP -r (N))
LK7 =LK5*LKS +AL3S(LK6)
LKR = —LK5 +S~ R T ( L K 7)
QOUT= SIGN (LK8, LK6)
PISPR (NKJI ) LK2_QOUT*LK3
IF(PISPR (NKzI).GT. .01) GO TO 193

197 CO NTI~JUE
LLAK=S LEAK
QouT=_ (o.6s*vAi~LA ( N K ~i )*sQR-f (2. * (HpREss+ppr (N))/Ruo))

:7, PISPR (~~K~i)= .0l
C 1\vOL=CAVOL_ DX* P I A + S L E A K *  DT *C P R E S S + Q O U T *  Dr
I E ’ ( C A V O L . L E . O . O O )  C A V O L = 0 . 0 0

158 Q Q T ( N ) = Q O U T - s - Q Q T ( N )
C I F ( Y .~~E . 5 0 0 0 . )  GO TO 190
C ~~R I T E ( 6 , 9 3 0 ) CA V O L ,~~K.-I , P I S P R ( N K ~-1 ) , XLAST , DX , VA ,
C + L E A K , B U L K P , THE TA , Q Q T ( L ~ )

190 CONTIt4UE
200 CONTINUE

QQT (8 1) QQT ( 1)

Ig~~ 
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4.6 SECTION 5 — FOURIER ANALYSIS OF PUMP OUTLET FLOW

Section 5 performs a mathematical harmonic analysis of the time dependen t

pump total output flow calculated in Section 4. Flow is calculated over the

cycle period fo r  each harmonic f rom the  fundamen ta l  up to and i nc lud ing  the

inpu t ~iarinonlc of interest.

Steady state flow (QQFC(1)) calculated by the Fourier analysis is com-

pared to the inputed steady state overboard flow (QOVB) for swash angles

below the maximum angle. If swash angle is maximum , the Fourier flow is

compared to the corrected value of overboard flow (QOVBT) . If the error is

not acceptable, a new estimate is made for pump leakage (TLEAKT) when the

nx del is closed circuit (QOVB=O). For an open circuit , a new estimate of

overboard flow (QOVBT) is computed , including a new pump leakage (TLEAKT) if

the swash angle is maximum.

New estimates of overboard flow and/or pump leakage are than used to

r ecalculate the steady state swash angle or pressure. Pump output flow and

the Fourier analysis sections ar e then rep eated until steady state balance

is obtained . Harmonic flows (FQ 1(I ,KK)) are then calculated from the

balanced steady state conditions .

Steady state balancing is by—passed during subsequent dynamic balanc ing

in Section 6.

4 . 6 .1  Math Model — The Fou r ier analysis is an IBM subroutine (Reference (2))

which has been modified to reduce the cost of running . SINE and COSINE amplitudes

are combined into FQ1(I,KK) , which is in complex form with it8 phase related to

the opening angle of the first cylinder. A phase of 0 or 2T~ is at the moment

when the first cylinder opens to the pressure slot. The real part is the

sine wave amplitude , and the complex part is the cosine wave amplitude.
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4 .6 . 2  Assumptions - None

4.6.3 Computation Method — Fourier analysis

4.6.4 Approximations - None -

4.6.5 Limitations — None

4.6.6 Variable Names — See 4 1.6

1

~
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4.6.7 Section 5 — Fourier Analysis of Pump Output Flow — Listi~~

• C SECTION 5— FOURIER ANALYSIS OF PU~~P OUTPUT FLO~
H C

COEF= .0 2469
Cl= . 0 7 7 5 3
Sl =SIN(C1)
Cl = C O S ( C l )
S =0.0
C =1.0
F N T Z = Q Q T ( 1)
3= 1

- 
210 U2=0 .0

U 1= 0 .0
1= 81

C FORi4 FOURIER COEFFICIENTS RECURSIVELY
220 U0=QQT(I)+2.0*C*U1_U2

U 2= U 1
Ul=U0
1=1—1
IF(I—l) 230,230 ,220

230 Q Q F C ( J ) = C O E F * ( F N T Z + C * U l _ U 2 )
~Q E’ S (3 )  =COEF*S*Ul
I F ( J — N H A R . ’~— l )  2 4 0 , 250 , 250

2 4 0  U 3 = C 1* C_ b 1*S
S =Cl*S~$~Sl*C
C =U3
3 = 3 + 1
GO TO 210

250 QQFC(l)=QQFC( l)*0.5
IF(QQFC( 1) .LE.0.01) QQFC(l)o~O .0l

C CHECK STEA DY STA TE FLOW ERRO R
C

I F ( K K — 2 )  2 5 2 , 255 , 255
252 IF(A S~ AS I1.G.~.ShASH/57.3) GO -ro 253

QERR=ABS (QQFC( l)—QOVB)
GO TO 256

253 QERR=ABS (QQFC(1)—QOVOT)
256 A S~1AST=ASWASH*57.3

C w R I T L ( 6,900) ASWAST ,S~VA Sl1 ,HPRESS ,Pl~ESS ,QQFC (1),
C +QOVr3 ,00VBT,TLEAKT ,TLE AK , ‘1

900 FORi’tAT(/,9(Fl0.4 , 3X )  ,FlO.0 , / )
I F ( Q E R R . L E . 0 . 0 1 0 0 )  GO TO 255

C
C CORRECT O V E R B O A R D  (VALVL ) FLO~ A N D / O R  PU~-iP I~~T E P ~~AL LEA KA GE
C

IF( QOVB .NE.0.0) GO TO 254
TLEAKT=TLEAKT—OQFC(l)/3.
I F ( T L E P ~KT. LE. 0.001) TLEAKT=0. 011
GO rD 258

254 lF( A S~ ASH.LT.SWASH/57.3) -GO TO 257
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4.6.7 (Cont.)

QOVBT =QOVBT - (QOVBT - QQFC( 1)  ) / 3 .0
GO TO 259

257 QOVBT=QOVBT+ (QOVB—QQFC(l))/3.0
259 T L E A K T = T L E A K *H P R E S S / P R E S S

I F ( Q O v B r . L E . . O . O O l )  Q O V B T = 0 . O O l
258  C O N T I N U E

IFL=IFL+l
I F ( I F L . E Q . 5 0 )  GO TO 975
GO TO 9BO

975 ST OP 2 2 2 2
980 C O N T I N U E

I F ( A S W A S H . G E . S W A SU / 5 7 . 3 . ~~N D . H P R E S S . L T . P R E S S )  GO TO 158
• G0 T0 155

C
C COL1PUTE HAR4ONIC FLOWS FROL~1 FOURIER ANALYSIS
C

255 DO 260 I=l ,N H A R d
F Q l ( I , K~()  = C M P L X ( Q Q F S ( I + l ) ,  Q Q F C ( I + l ) )

260 CONTINUE 
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4 . 7  SECTION 6 - OUTLET PRESSURE-FLOW BALANCE CALCULATION

After the calculation of pump outpu t  flow and its Fourier  analys is  in

Sections 4 and 5, Section 6 estimates the shunt impedance (ZO). Shunt

impedance is then combined with the system load impedance (ZIP) to give the

total impedance seen b y the pump.

To analyze the p ump/system in t e r ac t ion, 1/5 of the ca lcula ted dynamic

flow FQ 1(I ,KK) is applied to calculate a time dependent pressure o u t p u t

• (PPT(J)) in Section 7. This new ou tpu t  tes t  pressure is then used to re-

calculate the pump output flow from Section 4. The change in output flow

thus produced is then used to recalculate the shunt  impedance followed by a

new estimate of total impedance , and a new dynamic pressure. The resulting

change in dynamic pressure  is then used to upda te  the time dependent ou tpu t

pressure .  Again , pump ou t p u t  flow is reca lcu la ted  f rom Sect ion 4 us ing  the

new ou tpu t  pressure . Finally,  a th i rd  o u t p u t  p ressure  is ca lcu la ted  us ing

the th i rd  es t imate  of o u t p u t  f low and the  load impedance. Earlier simulation

• has shown that this balancing routine produces a very small error ETA ( ),

which is calculated so tha t it may be written out , if desired.

Dynamic balancing is repeated for each harmonic up to and including the

input harmonic of interest , beginning with the fundamental harmonic.

4.7.1 Math Model — In ea r l i e r  empir ica l  work , it was found that the pump

dynamic flow amplitude varied with the system input impedance , or more speci-

fically with the dynamic output pressure. Initial calculations of pump output

flow we re based on a constant  ou tpu t  pressure which is the same as working

into a zero impedance load. Earlier simulations showed that the reduction

in ou tpu t  flow was somewhat analogous to p u t t i n g  a shunt  impedance across the

output in parallel with the system input impedance. In r e a l i t y  this  shunt

impedance does no t exist because the output flow is reduced by the very presence
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of the dynamic pressure. However , using the shun t impedance analogy allows

the use of conventional theory and has produced some interesti~.g results.

-
• The idea of predicting the pump/system interaction is complicated by the

f a c t  that the system inpu t impedance , pump ou tpu t f l ow , pump output pressure ,

and ana logous shunt  impedance , are all complex quantities with interacting

• 
- 

phase and ampli tude rela tionsh ips. It is difficult to understand the actual

mechanism tha t creates the above no ted relationship, but the method seems to

• work.

4.7.2 Assump tions — See 4.7.1 above .

4.7.3 Computation Method — See 4 .7.1 above.

4.7.4 Approximations — See 4.7.1 above .

4.7.5 Limitations — Unknown .
Ii

4.7.6 Variable Names — See 4 .1 .6 .
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4.7.7 Section 6 — PresHure Flow balance — LiBting

C SECTION 6— OUTLET P R L • S S U R L — F L O W  3A L A N C L  C A L C U L A I I i N
C

270  CONTINUE
I = KKN
I t ~ (1<1< — 2) 290,290,300 “

~

2~ 0 coN-rINUL. [ ~/ i f ’ ~ ~~~~~
— -~~ y*pIs-[’No*pI*k! (N/3o 

- t~ •• i~
- i / •

Z0=l.OLS/W*(.2 ,_ l .)
PQ1 (I,KK ) =~~~O1 (I ,~(K )*Z0*ZIP (I)/(Z0 +ZIP(I ))/5.O
pG=cARS( pc3l (r,KK))*5.o
IF (Y.Nt :. 5000.) GO TO 2~) 1
WRITL. (6,16 0 2 )  P6 ,QOE’C(l)

2 R 1  P 3 = P ~~1( I , K K )

TO= — 4 5
•-~N (2= 10
PP~-i( I )  = CA~3S (PQ1 (I,K K )  )
GO TO 320

2’)0 CONTINUE
ZO = P Q 1( I ,KK— l) /(F’Q1 (l ,KK—l )— FOl (I ,KK) )
P O 1 ( I , K K )  = F Q 1( I , K K _ l ) * Z 0 * Z I P ( I ) / ( Z 0 + Z 1 P ( I ) )
P6= CA ~3 S ( P Q 1 ( I , K K )
I F ( Y . Ni -~. 5 0 0 0 .)  GO TO 291
W R I T L ( 6 , 1 6 52 )  P6 ,Q Q P C ( 1 )

291  P 3 = P G 1 (  I , R K ) — P Q 1 (  I , K K — 1 )
P Q 1( I , K K + l )  = PQ1 (I ,KK ) — P Q 1 ( I , K K — l )
P P P ( I )  = A -rArJ2(AI.~1Ac ( po1(I ,~(K+l)), I~LAL (PQl (I ,K K + 1 ) ) )
P P M ( I ) CAi3S ( P Q 1 ( I , K~~+ 1 ) )
GO TO 320

300 CONTINUE
J=RKL ~
P Q 1( 3 , K K )  = Z I P ( J )  * ~‘ Q 1 ( J , K K )
P6=CA i~S (PO1(I ,~<K ))
IF (Y. NL.5000. ) -~ O TO 301
,RITE (6,1692) P6 ,OQFC(l)

301 C O N T I N U E
ETA (J) = CAf~S ( 1 0 0  * ( P Q 1 ( 3 ,~< K)  — P O l ( J ,~( K — l ) )  / P O l ( 3 , K K ) )
R K N = K K N  + 1
IF (NKN .GT. NHAR .-~) GO TO 335

-; K K 1
F Q 1 ( K K N ,l ) = FQ 1 ( K K N ,3)
GO TO 27 0

320 C O N T I N U E
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4 .8  SECTION 7 — RECONSTRUCTION OF TIME DEPENDENT PRESSURE

Section 7 computes the time dependent  ou tpu t  pressure  ( PPT) f rom each

- - estimate of complex dynamic output pressure (P3) f rom Sect ion 6. The dynamic

balance counter (1(K) is incremented and control is returned to Section 4 until

dynamic balancing is completed . Complex pump output balanced flow (Q(1)) and

pressure ( P ( l ) )  fo r  the harmonic of interest are then stored for returning

to the  main program. The pump inlet code number (NINI.T) is then t e s t e d .  If

inlet analysis is required , execution cont inues  to Section 9. I f  not , con t ro l

is re turned to the main program.

4.8.1 Math Model — PPT(J)  is the array which stores the 80 values of t he  t ime

dependen t pressure for the pump cycle period. The array values , wh ich are

ini t ia l ized to zero for  each new RPM , are  a c c u m u l a t i v e  as the  c a l c u l a t io n  pro—

gresses for each balance iteration and each harmonic.

The value of PPT(J)  is added to with each test pressure and harmonic so

tha t  i t  conta ins  the  total  of the balanced pressures f or each harmonic up

through the selected harmonic.  The f i na l  values in the  PPT(J )  a r ray  then

represent the actual time dependent total pressure waveform on the downstream

side of the pump valve p l a t e .

I The PPT(J)  value is made up of the last PPT value , and the magni tudes

of last complex dynamic pressure (P3) by

PPT(J)  = PPT(J) + REAL (P3 )~~SIN ( THETA )

+ AIMAG(P3)*COS(THETA) (33)

where THETA is t h e  cy l inde r  block r o t a t i o n  angle for  each

incremental position translated into a 2~i cycle per iod , in mul tip les of

the harmonic number (I).

4.8.2 Assumptions — None .

4.8.3 Computation Method — Not app l i cab le .
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4.8.4 ~~proximations — None

4.8.5 Limitations — None

4.8.6 Variable Names — See 4.1.6.

r- .
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4 . 8 . 7  Section 7 — Reconstruct Time Dependent Pressure — Listing

C S E C T I O N  7— R E C O N S T R U C T I O N  OF TIi4 E D E P E N D E N T  OUTLET P R E S S U R E
C

DO 330 J= 1 , 81
F 

T U E T A =  ( 3_ 1) * I *0 . 0 7 8 5 4
P P T ( J )  = P P T ( 3 )  + REA L( P3) *  S I N ( T H E T A )  +A IM A G ( P 3 ) *  C O S ( T H E T A )

330 CONTI’4UE
KK = K K + l
GO TO 170

335 C O N T I N U E
— ASWA ST=A S~~A SH * 5 7 .  3

W R I T E ( 6 , 9 0 0 )  A SWA ST , S~~AS H , I1PRESS , PRE SS , Q Q F C ( 1) ,
+QOVB ,QOVBT , TL EA KT ,TL EAK , Y

Q( l)=F Q1 (NHA RM , 3)
P( 1)=PQ1 (NHARi 1 ,3)
I F ( N I ~~L T . E Q . l2 1 )  GO TO 1900

4. .~
— 
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4.9 SECTION 8 — PISTON DECOMPRESSION CALCULATION

The calculation of piston pressure during de—compression are identical

to the pre—compression calculation described in Section 3. Index numbers

for  the de—compression portion of the block revolution are used . Cylinder

-- cavitation volume is tracked continuousl y. Piston pressure is limited to

.01 PSI if the cylinder eavitates.

r
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4.9.1 Section 8 — Piston Decompression Calculation — Listing
F C SECTION 8— PISTON DECOL4PRESSION CALCULATION

C
L P R E S D = P I S P R ( N P R C L )
N STEPD =NS L J SOP—t -J P R CL
D P R E S D= 0 . 0
~JRITE (6,925) CAv0L,N P R C L ,LPREsD ,XLAsT ,’rHEm
DO 1000 I=l ,NST EPD
IF(LPRESD.LT.CPRESS) GO TO 360
DLE AK ( L P R E S D + D P R E S D / 2 . C P R E S S ) * P L E A K * D T
GO TO 365

360 D L E P . K = S Q R T ( C P R E S S _ L P R E S D ) * S L E A K * D T
365 BULKP=BULK+12 .*(LPRLSD_PRESS)

TI-IL’rA=THEm +DANG
XNEW =SSA*SIN(THETA)_SA*COS(rHETA )
DX= X N E W —XLAST
DVOL = DX * PIA
LVOL= POV OL -XN E W *PIA
DPRESD=( DVOL_DLEAK_CAVOL)/LVOL*BULK P
XLAST=XNEW
L P R E S D = L P R E SD + D P R E S D
NP=NPRCL+I
IF(LPRESD.GT.0.01) GO TO 918
CA V O L = C A V O L — D V O L + D L E A K
LPi~E S D = 0 . O 1
D P R E S D= 0 . 0
GO TO 920

9lS CAVOL=0.0
920  P I S P R ( N P ) = L P R E S D

C I F ( Y . L Q . 5 0 . )  GO TO 9 2 2
C IF(Y.EQ.1000.) GO TO 922
C IF(Y.EQ.5000.) GO TO 922
C GO TO 1000
C 922 WRITE (6,9 3 0 )  CAVO L ,N P ,LPRESD ,
C +XLAST ,DX ,LVOL ,D L E A K ,i3ULKP ,THET A

930 FOR11AT(FlO.7 ,5X ,I3 ,5X ,F8.2,2X ,4 (FlO.6 ,2X), Fl3.0 ,5X ,2(Fl0.3,5 X ) )
925 FORL1AT(F10.7 ,5X ,I3 ,5X ,F8. 2,2X ,F1CI .6,53X ,F1O . 3)

1000 C O N T I N U E
CA VO L D=C A VOL
XOL D = XLAST
TdEOLD=THETA
K K N = 1
K K = 1
DO 1050 N 1,8 1

1050 P P I ( N ) = 0 . 0
1100 CONTI NUE
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4.10 SECTION 9 — PUMP INLET FLOW CALCULATIONS

The calculation of pump inlet flow is identical to that described in

- 
Section 4 for  out le t  flow . The init ial  calculation is based on the imputed

steady state inlet pressure. The pum p inlet code numb er (N INL T) is checked

- at the end of Section 9. If no re turn  system load exists , control passes

- 
to Section 13 where swashplate torques are calculated . This omits dynamic

- 
balanc ing at the inlet , but  provides a good estimate of torques wi thout

modeling the re turn  system. If re turn  system load exists , control passes

• on to Section 10.
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4.10.1 Section 9 — Pump Inlet Flow Calcula tion — Lis t ing

C SECTION 9— PU-IP It~LE T FLOW CA LCUL ATIO N
C

CA VO L=C A VO LU
XLA ST=XOLD
THi

~
TA=THEOLD

DO 1150 N = 1 , 81
1150 Q Q I ( N ) = 0 . 0

C ~ R I T E ( 6 ,92 5 )  CAV OL ,NP ,L P R E S D ,XLA ST ,TE I ET A
DO 1500 ~ =1 ,NAPS
DO 1400 N=1 ,80
N K V I =N S U S O P + N + ( 1 _ 1) * 8 0

- - I F ( N K ~1.GE.NSUCL+1) GO TO 1400
T1iETA=T~~E T A + O A N G
x N E w = s sA * s I L ~( - r u E - r A ) _ s A * c o s ( T H E T A )
DX=X NEW—XLAST
VA=POVOL_XNLV ,* PIA
XLAST=XN EW
I F ( C A V O L . G T . 0 . 0 0 )  GO TO 1370
3ULKP=~ UL~<+1 2. * ( P I S P R ( N K ~-1—l)—PRESS)
IF ( P I S P R ( N K ~~— l ) . G L . C P R L S S )  ‘GO TO 1360
L E AK = S LEP ~K
LK1=l . +SQRT ( t3ULKP) *LEAI (*D’f/VA
GO TO 1365

1360 L E A K = P L E A K
L K 1= l .  +~3ULKP*LEAK*DT/VA

1365 L K 2 = ( P I S P k ~( N K ~1_ 1) + 3 U L K P / V A * D X * P I A ) / L l ~1
LK 3 = 3ULK P*DT/VA /LK 1
LK4= (ORF* VAREA (NK~•i) )**2
LK5 =LK3*LK4 * 0 5
L K E = L K 4 * ( L K 2 _ L P R E S S _ P P I ( , ~J )
L K 7 = L K 5 * L K 5  + A B S ( L K 6 )
LK8 = — LK5 +~~~R T ( L K 7 )
QIN=SIGN (LKR ,LK 6 ) - -

PISPP( NKLI )=LK2_QIN*LK3
IF(PI SPR(NY1).GT..0l) GO TO 1380

1370 C O N T I N U E
LEA K = S LE A K
QI-~4=_ (o.65*vAREA(uK ~•1)*SQR-r(2. * (LPRESs÷PPI(N))/ RHO))
P I S P R ( N K . -~) = .0l
CA V O L = C A V O L _ D X *  P I A + ~~L L A K *  D P * C P R E S 3 + ~~I -~~~~ Dr
I F ( C A V O L . L E . 0 . 0 0 )  C A V O L = 0 . 0 0

1380 QQI (~fl=QIN+~~Q I ( N )
C IF (Y .NL .5000.) GO TO 1 4 0 0
C -.~P I T E ( 6 ,9 3 0 )  CAVO L ,NN.4 ,PISPR(NK~i) ,XLAST ,DX, VA ,
C + L E A K , 3LJ L K P , T I-IETA ,QQ I ( N )

1400 C O N T I N U E
1500 CO~ TI;-~UE

~ Q I ( 8 l ) Q Q I ( l )
IF (iJI~1LT.EQ .l22) ~ O TO 350
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4.11 SECTION 10 — FOURIER ANALYSIS OF PUMP INLET FLOW

The pump inlet flow is mathematically analyzed as described in Section

- 

5 fo r the outlet flow , except that steady state balanc ing is not performed.

r

- 
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4.11.1 Section 10 — Fourier Analysis of Pump Inlet Flow — Listing

C SECTION 10— FOURIER ANALYSIS OF PUt ’iP I:~LET FLOW
C

COEF=.02469
C1= .07753 H
Si =SIN(C1)
Cl COS(C1)
S =0.0
C =1.0
FNTZ=QQI (1)
3 =1  H

1610 02=0.0
01=0.0
1= 81

C FOR~4 FOURIER COEFFICIENTS RECURSIVE LY
1620 U0=QQI(I)+2.0*C*U1_U2

02=01
tJl=U0
1=1—i
IF(I—1 ) 1630,1630,1620

1630 QIFC(J)=COEF*(FNTZ+C*U1_U2)
QIFS(J)=COEF*S*U1
IF(J—NHARt4—1) 1640,1650,1650

1640 ti3=C1*C_31*S
S =Cl*S÷Sl*C H
C =U3 H

H
GO TO 1610

1650 QIFC(1)=QIFC(1)*.5
C
C CO?IPUTE UARL4ONIC FLOWS FROL1 FOURIER ANALYSIS
C
1655 DO 1660 I=1 ,NHARH

FQ1I(I,KX) = Ci1PLX (QIFS (I+1), ~IFC(I+1))
1660 CONTINUE

I;
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4.12 SECTION 11 — INLET PRESSURE-FLOW BALANCE CALCULATION

The pump inlet flow is dynamically balanced as described for the outlet

flow in Section 6.

S

L

I
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4.12.1 Section 11 — Inlet Pressure — Flow Balance Calculation — Listing

C SECTION 11— INLET PRESSURE—FLOW BALANCE CALCULATION
C
1670 CONTINUE

I = K K N
IF (KK — 2) 1680,1690,1700

1680 CONTINUE
W=Y*PISTNO*PI*KKN/30.
ZO=l.0E5/W*(.2,_l.)
PQ1I(I,KK) = FQ1I (I ,KK )*Z0*ZAP(I)/(ZO +ZAP(I)) / 5.0
P5=CABS(PQ1I(I,KK))
P6=LPRESS/P5
IF(Y.NE.5000.) GO TO 1681
p7 p5*5.0
WRITE(6,1682) P7,QIFC(l)

1682 FORiIAT(1OX ,2(F10.4),//)
1681 P3=PQ1IiI ,KK)

GO TO 1720
1690 CONTINUE

ZO = PQ1I (I ,KK—l) /(FQ1I(I ,KK—l)—FQ1I (I ,KK))
PQ1I(I,KK) = FQ1I (I,KK_l)*ZO*ZAP(I)/(ZO +ZAP(I))
P5=CABS (PQ1I(I,KK))
P6=LPRESS/P5
IF (Y.t4E.5000.) GO TO 1691
?JRITE (6,1682) P5,QIFC(i)

1691 P3=PQ1I(I,KK)—PQ1I(I ,KK— .l)
PQ1I(I,KK+l) = PQ1I (I ,KK) — PQ1I(I ,KK—1)
PPP(I) = ATAN2(AI~4AG (PQiI (I,KK+i)),REAL(PQ1I (I,K K +i ) ) )
GO TO 1720

1700 CONTINUE
J KKNr PQ1I(J,KK) = ZAP(J) * FQ1I (J,f<K)
P5=CABS (PQII(J,KK))
P6=LPRESS/P5

1713 IF(Y.NE.5000.) GO TO 1715
WRITE(6,l682) P5,QIFC(1)

1715 ETA (J)=CABS(100*(PQ1I (J,KK)_PQ1I (J,KK_l))/PQ1I (3,KK))
KKN = K K N + 1
IF(KKN .GT. HAR~4) GO TO 340C K K = 1
FQ1I (KKN,1) = FQ1I(KKN ,3)
GO TO 1670

1720 CONTINUE
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4.13 SECTION 12 - RECONSTRUCTION OF TINE DEPENDENT INL ET PRESSURE

Pump inlet dynamic pressures are reconstructed as described for the

outlet pressure in Section 7, except that the minimum inlet pressure is limited

to .01 PSI. Balanced inlet flow and pressure are stored for return to

the main program.

t
I .

.1
P TI
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4.13.1 Section 12 — Reconstruction of Time Dependent Inlet Pressure — Listing

C SECTION 12— RECONSTRUCTION OF TI~4E DEPENDENT INLET PRESSURE
C

DO 1730 3=1 ,81
THETA (J_i)*I*0.07954
PPI(J) =PPI(J) + REAL(P3)* SIN (THE T1~t) +AThAG (P3)* COS(THETA)
IF(PPI(3).LT.—LPRESS) PPI(J)=—LPRESS

1730 CONTINUE
KK = KK + 1
GO TO 1100

340 CONTINUE
Q(NINLT)=FQlI (NHAR~1,3)
P(NIWLT)=PQ1I (NHAR~1 ,3)

350 CONTINUE

j  ‘I
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• 4.14 SECTION 13 — TORQUE CALCULATION

This section calculates the average torque acting on the swashplate.

These include torques due to spring force, piston mass acceleration forces,

and piston pressure forces. Certain pump variables are pre—defined for out-

put plotting, if desired. These include swashangle, pre—compression mis-

match, piston pressure at the start of de—compression, cavitation volume,

de—compression mismatch, piston pressure at the start of pre—compression,

actuator pressure due to spring force, and total actuator pressure.

4.14.1 Math Model — The lever arm (ACTLEV) of the swashplate actuator is

estimated based on actual pump geometry as a linear function of swashangle.

ACTLEV = ACTLEVO + ASWASH*l.428 (34)

The swashangle is inversely proportion to pump speed for constant flow. This

must be changed to suit the particular pump being modeled , since it is not

derived from input data.

The swashplate torque due to piston acceleration is the sum of torques

due to inertial forces in the variable and steady state motion planes:

TORQAC = Tv + TRQACR (35)

where Tv = Fv * TORQ]. (36)

TV M * a *TORQ1 (37)

Tv = PIMASS * a * TORQ1. (38)

The niston force moment arm at each increment of piston position (shaft

rotation angle) is

TORQ1 = RBORC*Cos(AT) + HOFF (39)

For simple harmonic motion, piston acceleration is

a = DY * w2 * Cos(AT). (40)

rT~

~ ~ 
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Piston motion maximum amplitude is

DY = (RBORC + HOFF) (DISAN — DISACT)/ACTLEV (41)

H for shaft rotation angles from

[3~/2 — SIN~~ (HOFF/RB ORC)) to [~ /2 + SIN 1 (HOFF/RBORC)]

and DY = (RBORC - HOFF) (DISAI4 - DISACT) /ACTLEV

for shaft rotation angles from

1[~ /2 + SIN (HOFF/RBORC) ] to [3~/2 — SIN~~ (HOFF/RBORC)] ,

where (DISAN - DISACT)/ACTLEV = TAN(ASWASH).

The shaft rotation frequency (W) as a function of pumping frequency is

w = Yii/30. or (42)

V = W/PISTNO

Inertial piston torque due to the steady state swashplate angle is

TRQACR = PIMASS * A * TORQ1

where A = w2 * SSA * SIN(AT )

Therefore,

TRQACR —V2 * SSA * SIN(AT) * PIMASS * TORQ1. (43)

Substituting (41) and (42) into (40), and then into (38) gives

T = ((Y*,i/30.)**2*(RBORC + HOFF)*(DISAN — DISACT)

*COS(AT)/ACThEV)*PIMASS*TORQ1 (44)

Substituting (43) and (44) into (35) yields the total piston acceleration

torque on the swashplate at any piston position.

Swashplate torque due to piston pressure is

TORQPR = PISPR(NKM) * PIA * TORQ1.

Total swashplate torque due to piston pressure and acceleration is then -
~~

4
TORQ = TORQAC + TORQPR

The torque at each increment of shaft angle Is then summed, divided by

the number of calculation points, and multiplied by the number of pistons
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to obtain total average torque (TORTAV) ;

T0RQ~U. = TORQSU + TORQ

TORTAV = TORQSU/N09 * PISTNO (45)

4.14.2 Assumptions — Swashplate actuator lower arm is assumed to vary

linearly with swashangle.

4.14.3 Computation Method — Not applicable.

4.14.4 Approximations — None.

4.14.5 LImitations - Unknown.

4.14.6 Variable Names — See 4.1.6.
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4.14.7 Section 13 — Torque Calculations — Listing

C SECTION 13 - TORQUE CALCULATION
C

ACTLEV=ACTLEVO+ASWASU*l . 428
TRQACS=O.O
TORQS U =0.O
TORQP S=0.0
TORQAS=0.0
A T O F F = A S I N ( H O F F / R B O R C )
ATPR = O.5* P I +A TOFF
ATSU=l.5*PI_ATOF F
DISACT =DISA~i_ACTL EV*TAN ( A S W A SU )
DO 1810 M=1 , NOPI ST
DO 1820 N = 1 , 80
N K~4 = N S U C L + N + (  i l — i )  *80
I F ( N R ~4 . G E .N D 9 + 1)  N K~1=N K i1— ND9
AT=(NK~1_1)*AINC/57.3
TORQ 1=RBO RC*COS( AT)  +II O F’ F
T O R Q P R = P I S P R ( N K ~~) *P IA * T O R Ql
r R Q A C R =_ ( ( Y * PI / 3 o . ) * * 2 * s SA *s I~~(A T) *PL . 1ASS *ToRQ1)
IF(A T.GE .ATSIJ.OR .A T.LE .A TPR) GO TO 1830
T O R Q A C = ( ( Y * P I / 3 0 . ) * * 2 * ( R B O R C _ ~. 1O FF ) * ( DI SA 1 1~.D I S A C T ) *

+COS( ~T ) / A CT L E V )  *pI ~4 ?~SS*rQRQ 1+TRQACR
GO To 1360

1830 T O R Q A C = ( ( W / P I S T N O ) * * 2 * ( R B O R C + [~O F F ) * ( D I S A t 1 _ D I S 1 ~C T ) *
+COS ( A T ) / A C T L E V ) * P I ~~ASS*TO RQl ÷ TRQ ACR

1960 TORQ= TORQPR+TORQ AC
TORQS (J=TORQSU+TORQ
TO RQ PS =TORQ PS + TORQPR
TORQA S=TORQAS+TOR QAC
TRQACS=TRQA CS+TRQACR

C IF(Y.EQ.5000.) GO TO 1840
C G0 T0 1820
Cl840 CONTINUE
1820 CON TIN UE
1810 CONTINUE

TORTAV TORQ SU/N D9*P I STN O
TORP~ V=TORQPS /ND9*P I STN O
TORAAV =T ORQAS /ND9*P I STN O

r • TRACAV=TRQACS/ND9*PISTNO
~ R I T E ( 6 , l 8 90 )  TORPAV ,TRA CAV ,TORAA V ,TORTAV , Y

1890 FORL-LAT(27X ,F12.2,F12.6 ,2(F12.2),ElO.0 ,//)
1870 CONTINUE
1880 Q(37)=CMPLX(ASWAST,0.O)

Q (38)=Ci~tPLX((PISPR (NPRSOP)—HPRLSS),O .O)
Q(39)=C~lPLX(PISPR (NPRCL),0.0)
Q (40)=CI4PLX(CAVOLD*i000.,O.0)
P(37)=C.4PLX((PISPR(NSUSOP)—LPRESS),0.0)
P(39)=C~1PLX(PISPR(NSUCL),0.0)H PSPG=(150._ASWASH*400.)/ARACT
PACTU TORTAV/ACTLEV/ A RACT+PS PG+C PRESS - 

-

P (38)=CMPLX(PSPG ,0.O)

H I P(40)=Ci~1PLX(PACTU ,0.O)
1900 CONTINUE

RETURN
• END

4-61



_______________ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ .
~- . ---,‘,—.— _~•!~~~~

_ — —

5.0 LINE SUBROUTINE

5.1 Introduction

Subroutine LINE computes the element values of a 2 x 2 matrix which

represents the complex relationship between input and output flow and pressure.

Both rigid line (tubing) and hose elements are modeled in LINE.

Specification statements are followed by initialization of variables from

main program input data, including computation of the line or hose element

internal radius from input outside diameter and wall thickness. A frequency

dependent friction damping factor (BETA) is then computed . The velocity of

sound is then computed depending on whether the circuit element is a rigid

tube (KTYPE = 0) or a hose (KTYPE = 1). Element characteristic impedance

is computed , and then used to compute the four matrix element values which

are returned to the main program.

5.2 Math Model

The LINE math model is represented by the following equation in matrix

form.

+ 1) BETA 
L) — 

BETA RHO ~ 
x SIN (N 

BETA L) Q (~)

P( + 1) BETA RHO C x SIN (N 
BETA 

L) , cos (N 
BETA 

L) 
P ( )

F’; - Where: (n)is the line element input

(n + l)is the line element output

BETA — Frequency Dependent Friction Damping Factor

~ ° [* ~~~2W] 

2 
- (1 ~!VISC ) + [(i ~IvIsc

) 
- 1 0] i (2)

C — Corrected Velocity of Sound Through Fluid

= ‘
~~o 

(
1 +

BUT
~~g.:~LK ) Rigid tube (3)

~~~~~~~~~~~~~
• _ • • •~~~~~•~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~



C —  Hose (4)

Equation (1) is from Reference (3), which is reprinted in Appendix A of

this report. Use of the friction factor BETA is suggested by References (3)

and (4). In early model development, BETA was evaluated from a tabulation

based on previously calculated Thompson functions. However, it was found

that the approximation for BETA per equation (2) saved computation time,

with an error of less than one percent over the frequency range of interest.

Equation (3) takes into account the elastic modulus of the line material

and the method of support by modif ying the speed of sound through the fluid

as suggested in Reference (5). Equation (4) ca1cu1at~s t~ie velocity of

sound in a hose using experimental data centered about the stemdy state ,pe:~ ting

pressure for an equivalent bulk modulus of elasticity (E), which includes both

hose material and fluid elasticity per Equation (5) below .

E (Pressure Change) x (Total Hose Volume) (5)(Volume Change)

In the absence of good experimental data, damping losses due to the hysteresis

in the hose wall expansion and contraction are not included.

5.3 Assumptions

Basic assumptions relating to equation (1) and (2) are covered in

Reference (3). Frequency dependent friction is based on laminar flow. The

dynamic friction model may be inaccurate for steady state turbulen t conditions .

Reference (9) suggests that steady state turbulence does have an effect on

laminar viscous conditions at a tube or hose wall. Fortunately , most of the

frequency analysis of an aircraft central hydraulic system is conducted for

steady state system flow which is laminar in the large centra 1 system lines .

Line mounting factors vary from 1.7 to 1.9 per Reference (5) for lines

with an expansion joint between anchors to one anchored at one end only . Equation

(3) assumes a mounting factor of 1.8.

_ _  

5-2 
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5.4 Computation Method — Not applicable.

- 5.5 Approximations — See 5.2 above.

• 5.6 Limitations - Unknown .
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5 7 Va r iable Names

Variable names unique to the LINE subroutine and/or math model are listed :-~ -

below. Common variables are described in paragraph 3.1.6.1.

SYMBOL DESCRIPTION UNITS - ‘

A Line wall thickness IN

• AREA Line or hose internal cross—sectional area IN**2

Cl Temporary variable ——

C2 Temporary variable ——

• C Speed of sound in fluid IN! SEC

E Line material modulus of elasticity or hose
• bulk modulus of elasticity PSI

Gi Complex cosine term in matrix ——

G2 Complex sin term in matrix ——

-

jw Laplace operator ——

K Line mounting factor = 1.8 ——

R Line internal radius IN

XL Line length IN

Yl Trig funct ion argument (real) ——

Y Trig function argument (complex ) ——

Z5 Characteristic impedance ——

F

_ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

j
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5.8 LINE Subroutine — Listing

S U B R O U T I N E  L I N E
C
C * R E V I S E !)  ~1ARCH 3 , 1 9 7 5  *
C
C *VARIABLE TYPES , DI~1 E N S I O N S , A N D  C0U~1ONAL ITY*
C

CO1i~ION BETA ,G ,P,Q,Z, XB £,B E R ,B E I ,B E R P ,BEIP ,RHO ,B t J L K ,V O L ,W ,V I S C , PAR

flt , PL , I E L ,N E L ,KTYI’E(40)
• CO!IPLEX BETA ,G ,P , Q , Z,Y 1 ,Y ,G1 ,G2 ,Z5

DI t1E~ SI ON G ( 2 , 2,4 0 ) , P A R I I ( 8 , 4 0) ,  P ( 4 0 ) , Q ( 4 0 ) , Z ( 4 0)

C *SOL~JTIOr ~ METHOD*
C
C *INITIA LIZE VARIABLES FROFt INPUT DATA ARRAY*
C
C LI~IE OR FI OS C LENGTH
C

XL=PAR i (1 ,I E L )
• C

C LI:~E WALL THICKN ESS (A=O.O FOR HOSE)
C

A=PAR ’~ ( 3 ,I E L )
C
C LINE OR HOSE I!’iTEItNAL RADI!!S

‘ 1  C
R = P A R M ( 2 , I E L ) / 2 . 0  — A

c
C L I N E  .IAT ERIAL MODULUS OR HOS E BULK IIODULUS OF ELASTICITY
C

E—P AR ’f ( 4 , I E L )
C
C *FREQU ENCY DEPENDENT FRICTION DAM PING FACTOR*
C

200 XB E=SQRT(VISC/(2 .0*~J ) ) / R
BE T A~~4.0*XBE**2_XBE+(O.O , I.0)* (XBE_1.0)

C
C *TCST FO 1~ AOSE ELE~1ENT*
C

I F ( K T Y P E ( I E L ) . E Q . 1 ) G O  TO 300
C
C *V E L O C I T Y  OF SOUNI) I N
C

AREA .IPI*R**2
P A R 1 I ( 6 , I E L ) A R E A
C 1 = 1 . 8 * ( R )  * B U L K
C2=BULK /(Rll0*(1.+C1/(A*C)))
C=SQRT (C2)
PAR~!( 5 , I E L ) C
GO TO 400

C



5.8 LINE Subroutine — Listing (Continued)

C ~~~~~~~~~~~~ OF SO tJ N I) IN  H O S E *
C

300 C = S Q R T ( E / R ~I O )
• P AR ’I (  5,1 CL)=C

C
- 

C *C ~LI~ULAT E FL OW & PR ESS!1RF TRANSF ER FUNC T [ON 1A rRI X ELE~1 :NTS*

C
400 Y1_ ~J* RE TA* XL /C

y..y [*(Q. 1.)
- Z 5=1% E TA * f l h l * C / ( P I * I~ *~1)

- - C 1 = C C O S ( Y )
C 2 = CS I N ( Y )
G ( 1 ,1 ,IEL)’~C 1
G ( 1 ,2,IEL)=_ (1 ./Z5)*C2
C ( 2 , 1 ,1 EL)=Z5*C2
G ( 2 , 2 , I E L ) . G 1  H
R E T U R N
E N D

z
I— I
1.

5-6
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6.0 COMPONENT SUBROUTINES

6.1 VOLUMB SUBROUTINE

Subroutine VOLUME computes the element values of a 2 x 2 matrix which

represents the complex relationship between input and output flow and pressure

across a lumped volume element in the main circuit. Lumped volume elements

are treated as pure capacitive elements, with no dynamic Inlet and outlet

losses.

Specification statements are followed by initialization of the element i I
volume from input data. Volume impedance (zV) is then computed and used in

assigning the matrix values, which are returned to the main program. A test - -
is included to prevent an indefinite value for C (1,2) should the input volume

be zero.

6.1.1 Math Model — Lumped volumes are treated as capacitive elements with no

dynamic inlet and outlet losses.

Qn Qn+l

• Q n + l

Main Line
I I

Volume Impedance(ZV) Volume of Element (VOL)

Flow and pressure across the volume element are related by:

1: [::] =

or: Qn— ~~~~= Q n + l

Pn = P n + l

Impedance for a capacitance is:

BUU(ZV
~~~j x W  VOL . (1)



_ _ _ _ _ _ _ _  
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6.1.2 Assumptions — The effect on the predicted resonant frequency of ignoring

the inlet and outlet losses are minimized by modeling the inlet and outlet

lengths as lines up to the volume cavity. The resonant pump speeds predicted

have agreed well with those measured on a test stand and the F-iS iron bird ,

over a wide range of system temperatures.

6.1.3 ComputatIon Method — Not applicable.

6.1.4 Approximations — See 6.1.2 above.

6.1.5 LImitations — None.

6.1.6 Variable Names — Variable names unique to the VOLUME subroutine and/or

math model are listed below. Common variables are described in paragraph

3.1.6.1.

SYMBOL DESCRIPTION UNITS

--

VOL Volume of element IN**3

ZV1 Temporary variable —-

ZV2 Temporary variable ——

ZV Volume impedance PSI/CIS - 

-

~ ~~ . I

!‘~
-
~

I--
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6.1.7 VOLUME Subroutine — Listing

SUBROUTINE VOLUME
C
C**** R E V I S E ! )  S EPT E U R E R  3 , 19 7 4  ~~~~
C
C *VARIABLE TYPES ,DIIENSIONS , AND COFIFIONALITY*
C

C O M P L E X  B ETA , G , P , Q , Z , Z V 2 , ZV
COMMON B ETA ,G ,P ,Q , Z, X B E , B E R ,B E I ,BE R P ,B E I P ,RHO ,B U L K ,VOL ,W ,V I S C , PAR

Vf , Pl , 1~~L , N EL , K T Y P E ( 4 O )
• DIIEN SION C(2,2,40),PARM (8,40),P(40),Q (40),Z(40)

C
C *SOLUT ION M ETHOI)*
C
C *I N tT1A1~t Z E  V O L U M E  FROM I N P U T  DATA A R R A Y *
C

VOL— PARM ( 1 ,1 EL)
C
C *CALCULATE VOLUME IMP EDANC E*
C

ZVI=W*VOL
Z V 2 — C M P L X ( O . , ZV 1)
Z V — B U L K / Z V 2

C
C *~~5s~~~fl M A I N  L I N E  M A T R I X  EL E M E N T  V A L U E S *
C

C (1 ,1 ,1 EL)—CMPLX( 1., 0.)
G ( 2 , I , I E L ) = C F I P L X ( 0 . , 0 . )
G(2 ,2,IEL)—C !IPLX(1. ,0.)
I F ( V O L . E Q .0 . ) G O  TO 100
C (1 ,2,1 EL).—1. /ZV
RETURN

100 G ( 1 ,2,IEL)—(O .,0.)
RETURN
END

H
L

. 1

i

6—3
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6.2 Resonator Subroutine (RESNTR)

The RESNTR subroutine models two acoustic devices; a short line/lumped

volume resonator, and a Pulsco acoustic filter.

RESNTR computes the element values of a 2 x 2 matrix which represents

the complex relationship between main line input and output flow across the

unit.

; Specification statements are followed by initialization of variables for

the applicable unit from the main program input data . The appropriate model

is selected based on the KTYPE number.

6.2.1 Lumped Volume Resonator (KTYPE 0) — The initial section of RESNTR

describes a lumped volume type resonator connected to the main circuit with

a length of line. After initialization of variables RESNTR computes the fre—

quency dependent friction factor (BETA), and the velocity of sound in the

resonator line. Input impedance (Z5) at the main line junction is then computed ,

and used to assign matrix values which are then returned to the main program .

6.2.1.1 Ma th Model — The resonator is modeled by combining two basic elements ;

a lumped volume , and a line .

Qn Q n + l

Pn Pn +l H

_________________________________I 
____________ 

Main Line

Resonator Input Impedance (Z5)~~ 

I 

I Line of Length (
~~

)

I
Volume Impedance (ZV)— Lumped Volume (VOL)



TIT~~ 

The resonator is treated as a line that is terminated by the volume impedance

(ZV). Resonator impedance (Z5) is then the input impedance of the line. The

subroutine solves for the impedance (Z5) by using the characteristic

LINE matrix equation, with the volume (VOL) as the terminating impedance.

Flow and pressure across the line length (XL) are related by: H

Gil G121 Q51 IQV1 -

[G21 G22j P5] 

= LPVj
or Gil x Q5 + Gl2 x P5=QV (1)

G2l x Q5 + G22 x P5 = PV (2)

Dividing (2) by (1)

G21 x Q5 + G22 x P5 
— 

PV (3)
Gll x Q5+ G12 x P5 QV

but

~~~=Z V  . (4)

Substituting (4) in (3), and dividing the left side of (3) by Q5 yields

G21 x + G22 xQ5 Q5 
— (5)

Gl lx ~~~~+ Gl2x~~~ 

- 

.

Using Z5 — in (5), and then solving for Z5 gives:

— ZV x Gil — G21ZS_
G22 + ZV X G12 —

or (6)
Z5 = (zi — z2)/(z3 — Z4) . - 

-

Matrix element values in (6) for the branch line element are computed as

described in paragraph 5.1.1 of the LINE subroutine. Volume impedance (ZV)

is described in paragraph 6.1.1.

- j  6—5 
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6.2.1.1 (Continued)

Matrix values for the main line are determined as

1 -
~~~~~ Qn Q n + l

x — (7)

0 1 Pn P n + l

or Q n — ~~~~— Q n + l  (
~ )

P n = P n + l  
•

. (
~ ) —

- 
- 6.2.1.2 Assumptions — Same as 5.1.2 and 6.1.2.

6.2.1.3 Computation Method — Not applicable.

6.2.1.4 Approxima tions — None .

6.2.1.5 Limitations — Entrance angle effects , if any , are not included.

6 . 2 . 2  Pulsco Acoustic Filter (KTYPE = 32) —

- 
I 

Line D—\ VB Line F

Volume VA 

_ _ _ _  

-LIne E
OP7S iOS3-7

NOTE: This device is manufactured and marketed by the

Puisco Division
• American Air Filter Co., Inc.

Louisville, Ky.

The design disclosed herein is the property of American Air Filter

Co. ,  Inc . ,  Pulsco Division .

The Puisco acoustic f i l t er  consists basically of th ree volumes interconnected

as shown by three lines. For KTYPE 32, RESNTR moves to the section for the

acoustic filter and initializes the three volume values. Volume impedance

values are then calculated. Line variables are initialized and line matrix 
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6.2.2 (Continued)

values are calculated for all three lines in the 00 120 loop . Main line matrix

values are then calculated and assigned to the G(— , — , —) array .

6.2.2.1 Math Model — The Pulsco acoustic f i lte r  is characterized as two

parallel flow paths between the end volumes

p ~A2 p ~D2 ~C2
• QA1 QA2

/Q
~~ 

D 

QD2 QC2

~El _______________
___ _______________ F2

QE1 E F QF2 
- 

-

~E2 1’Fl
QE2 QF1

The model is derived by combining the dynamics of three basic elements ; volumes,

lines, branches. Eq uations relating the pressure and flow across the various

basic elements are as follows based on math models in sections 3.3, 5.0, and 6.1.

Volume (VA)

QA1 — PA1/ZVA = QA2

but QA2 = QD1 + QE1

therefore

QA1 - PA/ZVA = QD1 + QE1 (10)

where, for the first branch

PA = PA1= P A 2 = PD1 = PE1.

Volume (VB)

QE2 — PE2/ZVB = QF1

and PB PE 2 PF1

therefore

QE2 - PB/ZVB = QF1 (11)

~~~~~~~~~~~ •~~• •~i ~~~~~~~~~~~~~ • •~~~~~~~~~~~~~~~~ •~~~~~~~~~~~~
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6 .2 .2 . 1  (Continued)

Volume (VC)

QC1 — PC/ZVC = QC2

but Q02 + QF2 = QC1

therefore

QD2 + QF2 — PC/ZVC = QC2 (12)

where PC = PF2 = PCi = PC2 = PD2 (13)

Line (D)

Dll . QD1 + Dl2 . PA = Q02 (14)

D21 . QD1 + D22 . PA = PC (15)

Line (E)

Eli • QE1 + El2 • PA = QE2 (16)

E2l . QE1 + E22 • PA = PB (17)

Line (F)

Fll . QF1 + F12 • PB = QF2 (18)

F2l . QF1 + F22 . PB = PC (19)

Firs t analyzing the branch path E — VB — F, starting from (11)
QE 2 = QF1 + PB/ZVB .

Substituting for QE2 in (16) gives

Ell . QE1 + El2 • PA = QF1 + PB/ZVB .

— From (18)

QF1 = (QF 2 — Fl2 . PB)/Fll ,

therefore

Ell . QE1 + El2 . PA = (QF2 — Fl2 . PB)/Fl l  + PB/ZVB .

By using (17) to eliminate PB, it can be shown that

A . QE1 + B • PA = QF2 (20)

where:

A = Fli . Eli + F12 • E2l — (Fli • E2 l)IZVB

B — Fli • E12 + Fl2 . E22 — (Fli • E22)/ZVB.

-~ --~~~~ . • ~~~~~~~~~~~~~~~~~~~~ - - 6—8 a: 
— •—•-
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6.2 .2 .1  (Continued)

From (18) and (19) it can be shown that

PB = (Fil • PC — F2l • QF2)/ (F l l  • F22 — F21 • Fl2) .

Substituting this into (17) for PB, and (20) into (17) fo r QF2 y ields

C~~ QE 1+D . PA = PC (21)

where:

C = F22 • E2l — (F 2l • F12 . E2 1)/Fll + (F2l • A)/ F l l

D = F22 E22 — (F2l . F12 • E22)/Fl l  + (F2l • B)/Fll.

The first branch may be analyzed by star ting with (10), substituting (15)

for QD1 and eliminating QE1 using (21) to yield

E •  QA 1+F PA = PC (22) 
-

where :~

E = (D2l • C)/(C + D21)

F = (D22 . C + D21 D — (D2l • C),ZVA)/(C + D2l).

The second branch may be analyzed by first eliminating QD1 from (14) using (15)

to yield

QD 2 = (Dll • PC)/D2l — (Dll • D22 . PA)/D2l + Dl2 • PA. (23)

Subst i tu t ing  (23) into (12) to eliminate QD2, (22) to eliminate PC, and (20) to

eliminate QF2 yields

(Dll • E • QA1) /D2 1 + (Dll • F • PA)/D2 l — (Dll • D22 • PA ) / D 2l + D12 PA
‘ I

+ A • QE1 + B • PA — PC/ZVC = QC2. (24)

From (21) and (22)

QE1 = E QA1/C + F PA/C - D PA/C. (25)

• • Using (22) and (25) in (23) yields

G •  Q A 1+H PA = QC2 (26)

where:

G = Dli • E/D2 1 + A • E/C — E/ZVC

H = Dll . F/D2l - Dll . D22/D2l + D12 + A F/C - A • DIC + B - F/ZVC
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6.2.2.1 (Continued)

• The dynamic pressure and flow across the filter are then given by (22) and (26),

which in the standard 2 x 2 matrix form used for all components is

• rG Hi rQAn IQC21
I I I I
LE FJ LPA J LPc J

The matrix values E, F, G, H are compu ted in the ’model as ZE, ZF, ZG, and ZR.

The matrix values for the three lines are computed in the model as values in H

the GL ( — , — , — ) array for lines 1, 2, and 3. For instance, the 11 1211 matrix

value for line D (line 1) is GL(l, 2, 1). Volume impedances are compu ted as

derived , i.e. ZVA, ZVB , and ZVC. Matrix values for the acoustic filter (ZE,

ZF, ZG, and ZH) are then assigned to the G(— , — , IEL) array for return to

the main program .

6.2.2.2 Assumptions — Same as for line and volume elements.

6.2.2.3 Computation Method — Same as for lines and volumes.

6.2.2.4 Approximations — Unknown.

6.2.2.5 LImitations — Unknown.

6.2.3 Variable Names — Variable names unique to the RESNTR subroutine and/or

math model are listed below. Common variables are described in Paragraph

3.1.6.1.

SYMBOL DESCRIPTION UNITS

~L A Wai l thickness of neck line IN

AR Internal cross—sectional area of neck line IN**2

Cl Temporary variable ——

C2 Temporary variable ——

C Speed of sound in neck fluid IN/SEC H

E Neck material modulus of elasticity PS I

EL(—) Material modulus of elas ticity for acoustic
filter line elements

Gi Complex cosine term in line matrix ——

G2 Complex sin term in line matrix --

~~~~~:



TI_ 
~ T~i 1

6 . 2 . 3  (Continued)

SYMBOL DESCRIPTION UNITS

- • GL(— ,— ,—) Matrix values for acoustic filter line elements ——

jW Laplace operator

K Line mounting fac tor = 1.8 ——

RL(— ) Internal radius of acoustic f i l te r  lines IN

R Neck internal radius IN

VA,VB,VC Volumes in acoustic filter IN**3

VOL Volume of resonator cavity IN**3

WTH(— ) Wall thickness of acoustic filter lines IN

XL Length of neck IN

YL(—) Length of acoustic filter lines IN

Yl Trig function argument (real) ——

Y Tri g function argument (comp lex) ——

Zl ,Z2,Z3,Z4 ,Z5 Temporary variables • ——

ZA,ZB,ZC,ZD Temporary variables ——

ZE ,ZF ,ZG,ZH Matrix values for acoustic filter ——

Z5 Resonator input impedance (last) PSI/CIS

ZVA1,ZVA2 Temporary variables —-
I i

ZVB 1,ZVB2 Temporary variables

ZVC1,ZVC2 Temporary variables

6—li

_
_ _  _ _ _ _  _ _  

___  J



6.2.4 RESNTL Subroutine — Listing

SUBROUTINE RESNTR
C
c * REVISE !) JULY 4, 1 9 7 6  *

C
C *VARIABLE TYPES , D I~4 E N S I O N S , AND COMMONALITY*
C

CO MM ON B ETA , G , P , Q , Z , XB E,BER ,BEI ,BERP ,BEIP ,RHO , BULK , VOL ,W ,VISC , PA~

1M , PI , I E L , N E L , K T Y P E ( 4 0 )
C O M P L E X  B ETA ,G , P , Q , Z,Z 1 ,Z 2 ,Z3 ,Z 4 ,Z5 ,G 1 ,G2 ,Y 1 ,Y,ZVA 2 ,Z V A ,Z V B 2 ,ZVB ,

H IZVC 2, ZVC ,CL ,ZA ,ZB , ZC , ZD ,ZE , ZF ,ZG ,ZH
DIMENSION G(2 ,2,40),PARM (8,40),P(40),Q(40),Z(40),YL(3),WTI-I (3),RL(3

1), EL(3) ,GL(2 , 2,3)
C
C *TEST FOR RESONATOR TYPE*
C

IF (KTYPE (IEL).EQ.32) CO TO 110
C
C *SOLITTION METHOD — LUMPED VOLUME RESONATOR*
C
C *IUTIALIZE VARIABLES FROM INPUT DATA ARRAY*
C
C LENGTH OF NEC K
C

XL=PAR’4(1 ,IEL )
C
C I N T E R N A L  R A D I U S  OF N E C K
C

R=PAR ~1(2 ,I E L )
C
C ~.IAL L T H I C K N ESS OF N E C K
C

A P A R M ( 3 ,I E L )
C
C NEC K MATERIAL MODULUS OF ELASTICITY
C

E=PARM (4,IEL )
C
C V O L U M E OF R E S O N A T O R  C A V I T Y
C

VOL=PAR’1 (5,IEL )

• C
C *FREQUENCY T)EPENDENT FRICTION DAMP ING FACTOR*

C
X!3E_SQRT (VISC/(2.O*~J))/R
B ETA 4.O*XB E**2_XBE+(O.O ,1.O)*(XB E_ t.O )

C
C *VELOCITY OF SOUND*
C

C1=1.8* (R+A)*BULK
C2=BIJLK/(RHO* (1.+C1/(A*E)))

j ___ •_ • - - --• . •- . - . -- -- -•• -•.•- --••- - - . -• - - - -•- - • -•  - - --. - . - - -  — -••----•-- - -.
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6 .2 .3  (Continued)

SYMBOL DESCRIPTION UNITS

Matrix values for acoustic filter line elements ——

jW Laplace operator

K Line mounting factor = 1.8 --

RL(—) Internal radius of acoustic filter lines IN

R Neck internal radius IN

— VA,VB ,VC Volumes in acoustic filter IN**3

VOL Volume of resonator cavity IN**3

WTH (— ) Wall thickness of acoustic filter lines IN

XL Length of neck IN

YL(—) Length of acoustic filter lines IN

Yl Tr ig function argumen t (real) ——

Y Tr i g function argumen t (comp lex) ——
Zl , Z2 , Z3 ,Z4 ,Z5 Temporary variables ——

ZA ,ZB , ZC ,ZD Tempo rary var iables —-

ZE,ZF,ZG ,ZH Matrix values for acoustic filter ——
-
. 

I Z5 Resonator input impedance (last) PSI/CIS

ZVA 1,ZVA2 1’emporary variables ——

ZVB1 ,ZVB2 Temporary variables

ZVC1,ZVC2 Temporary variables

4

‘I

I
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6.2.4 (Cont.)

C—SQRT(C2)
C
C *VARIOUS LINE MATRIX T ERIIS*
C

Y1=W*BETA*XL/C
Y = Y 1* ( 0 . , 1.)
G1=CCOS (Y)
G 2 — C S I N ( Y )
A R = P I *R * R
Z5=BETA*RHO*C

C

— 
C *SOLVE FOR LINE INPUT I’IPEDANCE* H

C
Z1=BULK*Z5*AR*G 1

— Z2=U*VOL*Z5*Z5*G2*(O .,1.)
Z 3~~J* VOL*Z 5*AR*G 1* (0. , 1. )
Z4=BULK*AR*AR*C2
Z5— (Z1—Z2)/(Z3+Z4)

C
C *ASSIGt4 M A I N  L I N E  M A T R I X  EL E ~1EN T V A L U E S *
C

G ( 1 , 1 , 1 EL ) = 1
C ( 2 , 1 , I EL ) = 0.
C ( 2 ,2,1 EL)— 1.
G( 1 ,2,1 EL)=—1 . /Z5
GO TO 2 50

110 CONTINUE
F C

C *SOL iJTION METHOD — ACOUSTIC FILTER*
C
C
C *INITIA LIZE VOLUMES FROM INPUT DATA ARRAY*
C

V A = P A R I t ( 1 , I E L )
VB—PARI (2,I E L )
VC=PARM (3,I E L )

C
C * C A L C U L A T E D  V O L U M E  I M P E D A N C E  V A L U E S *
C

Z VA 1=~-J * VA
Z V A 2 = C M P L X ( O . , Z V A I )

• ZVA— BULK /ZVA 2
Z V B 1~~W * V B
ZVB2—C’IPLX(O .,ZVBI )
ZVB..~BULK/ ZVB2
ZVCI=U*VC
Z V C 2 — C M P L X ( O . , Z V C I )  H
ZVC B I J L K / Z V C 2

H I
l 

C
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6 .2 .4  RESNTR Subroutine — Listing

S U B R O U T I N E  R E S N T R
C
c * REVISED JULY 4, 1976 *
C
C *VARIABLE TYPES , DIMENSIONS , AND COMMONAL ITY*
C

COMMON B E T A , G , P , Q , Z , X B E , B E R , B E I , B E R P , B E I P , R H O , B U L K , VOL ,W ,VISC ,PAR

iN , P1 , IEL ,NEL , KT Y P E ( 4 0 )
C O M P L E X  B ETA , G , P , Q , Z , Z 1 , Z 2 , Z3 , Z 4 , Z5 , G1 , G2 , Y 1 , Y , ZVA 2 , Z V A , Z V B 2 , Z V B ,

I Z V C 2 , Z V C ,GL , ZA , Z B , ZC , ZD , Z E , Z F , ZG , ZH
D I M E N S I O N  G ( 2 , 2 , 4 0 ) , PAR M ( 8 , 4 0 ) , P ( 4 0 ) , Q ( 4 O ) , Z ( 4 0 ) , Y L ( 3 ) , W T R ( 3 ) , R L ( 3

• 1) ,  E L ( 3 )  , C L ( 2 , 2 , 3)
C
C *TEST FOR RESONATOR TYPE*
C

IF (KTYPE(IEL).EQ.32) GO TO 110
C
C *SOLIJTI Ot METHOD — LUMPED VOLUME RESONATOR*
C
C * I N I T I A L I Z E  V A R I A B L E S  FRO M I N P U T  DATA A R R A Y *
C
C LENGTH OF NEC K
C

X L = P A R M ( 1, I E L )
C
C INTERNAL RADIUS OF NEC K

L C
R PARtI ( 2 , IEL )

C
C WALL THICKN ESS OF NEC KL

A = P A R M ( 3 , IEL )
H c

C NEC K MAT ERIAL MODULUS OF ELAST iCITY
C

E=PARM (4,IEL )
c
C V O L U M E OF R E S O N A T O R  C A V I T Y
C

VOL=PARM (5,IEL )

C * F R E Q U E N C Y  ‘ ) E P E N D E N T F R I C T I O N  D A M P I N G  F A C T O R *

XB E = SQR T ( V I S C / ( 2 . O * U i ) / R
B E T A _ 4 .0 *X B E * * 2 _ X B E + ( O . O , 1 . O ) * ( X B E _ 1 . O )r ‘—

F C *VELOCITY OF SOUNT)*
c

C 1 . 1 . 8 * ( R + k ) *B U L K
C 2 = B U L K / ( R H O * ( 1 . + C 1 / ( A * E ) ) )

L.H
~~~~~~~~~~~~ •~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~~~~
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6.2.4 (Cont.)

C—SQRT(C2)
C
C *VARIOUS LINE MATRIX T ERHS*

H
Y1=W*B ETA*XL/C

-• GI=CCOS(Y)

• AR=PI*R*R

C
C *S O L V E  FOR L I N E  I N P U T  I M P E D A N C E *

• C
Z 1 — B U L K ~~Z 5*AR*G 1

• Z 2 = W * V O L * Z 5 * Z 5 * C 2 * ( O . , 1 . )
Z 3 & J * V O L * Z 5 * A R * Gi * ( O . , 1 .)
Z 4 = B U L K * A R * A R * G 2
Z 5 ’ = ( Z 1— z 2 ) / ( Z 3 + Z 4 )

C
C *A S S I G N  M A I N  L I N E  M A T R I X  EL EM ENT V A L U E S *
C

G ( 1 , 1, I E L ) = 1 .
G ( 2 ,1 ,IEL)=0.
C(2 , 2,IEL)—1.
G (  1 , 2 , 1 EL ) — 1 .  f Z 5
GO TO 250

110 C O N T I N U E
C
C *SOLIJTION METHOD — A C O U S T I C  F I L T E R *
C
C
C *INITIALI ZE VOLUMES FROM INPUT DATA ARRAY*
C

VA=PAR 1I(1 ,I E L )
V B = P A R M ( 2 , I E L ) H

• VC=PARM (3,I E L )
C
C *CALCULATEI) VOLUME IM PEDANCE VALUES*
C

Z VA 11J * VA
Z V A 2 = C M P L X ( O . , Z V A I )
ZVA=BULK/ZVA 2
ZV B 1~ W *VB
ZVB2 CMPLX(O. ,ZVBI )
Z V B — B U L K / Z V B 2
ZVC 1=u*VC

- ZVC2’~CKPLX(O. ,ZVCI )H I Z V C — B U L K / Z V C 2
• C

6—13 
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6.2.4 (Cont.)

• 
C *CALCULATE LINE MATRIX VALUES FOR RESONATOR LINES*
C

KK=PAR ’l (S , tEL )
DO 120 1=1 ,3

C
C I N I T I A L I Z E  V A R I A B L E S  FROM INPUT DATA ARRAY
C
C —LINE LENGTH—
C

YL(I)=PARTI (1 ,KK)
C
C — L I N E  W A L L  T H I C K N E S S —
C

WTH (I)— PARM (3,K K )
C
C —LINE INTERNAL RADIUS—
C

RL(I)=PAR~t(2 ,KK)/2 .O—W TI1 (1)
C
C —LINE MAT ERIAL MODULUS OF ELASTICITY—
C

E L ( I ) = P A R M ( 4 , KK)
C
C FREQUENCY DEPENDENT FRICTION DAMPING FACTOR
C

XBE=SQRT(VISC/ (2.O*W ))/RL(I)
B ETA=4 .0*XB E**2_XB E+(0.0,1.O)* (XBE_ 1.0)

C
C V E L O C I T Y  OF S O U N D  IN L I N E
C

H cl=1.8*(RL (I)+WTH (I))*BuLK
C2=BULK/ (RHO*(1.+C1/(’1T11 (I)*EL(I))))
C—SQRT(C 2)

C
C C A L C U L A T E  L I N E  M A T R I X  T ERMS
C

Y1=W*BETA*YL(I)/C
Y=Y 1 * o . , 1.) -•

Z5=BETA*RHO*C/(P1*RL(I)*RL(1))
-
~~~~~ G1=CCOS(Y)

C 2—CS IN (Y)
E CL ( 1  , 1 , I ) =G 1

GL( I ,2 ,I)=—( 1./Z5)*G2
GL(2 ,1 ,I) Z5*G2
GL(2 ,2,I)’Gl
K K — K K +1

120 CONTINUE
C

6—14 
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6.2.4 (Cont.)

C *CALC’JLATE C M A T R I X  V A L U E S  FOR M A I N  P R OC R A M *
C

ZA~ GL( 1, l , 3 ) * G L ( 1 , 1 , 2 ) + G L ( 1 , 2 , 3 ) * G L ( 2 , 1 , 2 ) _ G L ( 1 , 1, 3 ) * G L ( 2 , 1, 2 ) / Z V B

Z B = G L ( 1, 1, 3 ) *G L ( 1 , 2 , 2 ) + G L ( 1 , 2 , 3 ) * G L ( 2 , 2 , 2 ) _ G L ( 1 , 1 , 3 ) * G L ( 2 , 2 , 2 ) / Z V B

ZCaGL(2 ,2,3)*GL(2 ,1 ,2)_GL(2 ,1 ,3)*CL(I ,2,3)*GL (2,1 ,2 ) / G L ( 1 ,1 ,3 ) + G L (

+2 , 1 , 3) *Z A / G L (  1 , 1 , 3)
ZD~ CL(2 ,2,3)*GL(2,2,2)_CL (2 ,1 ,3)*GL(1 ,2,3)*GL(2 ,2,2)/GL (1,1,3)+GL (

+2, 1, 3) *ZB/GL ( 1 , 1 , 3)
ZE=GL(2 ,1 ,1)*ZC/(ZC+GL(2 ,1 ,1))
ZF= (GL(2,2,1)*ZC+GL (2, I ,I )*ZD_GL(2 ,1 ,1)*ZC/ZVA)/(ZC+GL(2, 1 ,1))
ZG=GL (1,1 ,1)*ZE/CL(2 ,1,1)+ZA*ZE/ZC_ZE/ZVC
ZH.GL(1 ,1 ,1)*ZF/CL(2,1,1)_GL(I , ~,1)*GL(2,2,1)/GL(2 , 1 , 1)+GL(1 ,2, 1)+

- +ZA*ZF/ZC_ZA*ZD/ZC+ZB_ ZF/ZVC
C
C *ASSIGN MATRIX EL EM ENT VALUES*
C

G ( 1 , 1, I E L ) — Z G
G ( 1 , 2 , I E L ) — Z H
G ( 2 ,1 ,IEL)— ZE
G ( 2 ,2 ,IEL)=ZF

250 C O N T I N U E
R E T U R N
ENI)

I
.

;

• • 1

‘1
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6.3 VALVE SUBROUTINE

Subroutine VALVE defines the element values of a 2x2 matrix which

represents the complex relationship between Input and output flow and

pressure across a valve element in the circuit.

Specification statements are followed by initialization of valve

impedance (K) from input da ta .  Matrix values are then assigned using

the valve impedance.

6.3.1 Math Model

Subroutine VALVE uses a linearized impedance (Z) of the valve at

the steady—state flow condition ; no dynamic effects are included .

Qn Q n + 1

Pn 1~n + l  
_ _ _

~~~~~~~Va 1ve metering element

Flow and pressure across the valve are related by

01 rQ~1I l x i  I — I  I (1)
- L-K • l~1 L~~~~i 

[Pn+lJ

or Q = Qn+l 
. (2 )

-KQn + Pn — Pn+1 (3)

Valve impedance (K) is taken from the pressure—flow characteristic

-
• by using the tangential slope for the estimated steady state flow rate

through the valve. 
-

Steady. State

6-16
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For a valve pre8sure/f low relationship of the form

P = CQ~ where : P = pressure drop (psi)
Q = flow rate (cis)
C = constant
n = flow exponent

the linearized valve impedance (K) is determined as

K = ~~~~= flCQn l

but
Q
n

therefore K ~~~~~
- . (4)

If valve flow can be characterized as an orifice (n = 2), then the

impedance is K = 
2?, The orifice relationship is typical of electrohydraulic

servo valve steady state control flow. If valve flow can be characterized as

laminar for the steady state condition, then n = 1 and the impedance is K =

P
/
Q
. The laminar relationship is typical for null leakage flow across

lapped spool valves, e.g. mechanical servovalves, and second stages of

electrohydraulic valves.

Parallel valve elements, for instance those within an electro—mechanical

integrated servoactuator, may be combined for modeling as a single valve element

by computing an equivalent impedance (1(e
) for all the parallel flow paths.

1 1+i+i . . . (5)K K1 
1(
2 

K
3

6.3.2 Assumptions — Valve impedance as described above , is assumed to

• correctly define the reflection and transmission of the acoustical signals

at the valve.

6.3 .3  Computation Method — Not applicable.

6-17
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6.3.4 Approximations — None

6.3.5 Limitations — Empirical pressure—flow data, if available, is

used to calculate the impedance at the estimated steady state flow condition.

If data is not available on the modeled valve, it may be necessary to use

data on a similar valve. Inlet and outlet passages should be modeled as close

to the actual valve metering element as possible, so as to avoid errors

in length and hence in the resonant frequency predictions. - :

6.3.6 Variable Names — Variable names unique to the VALVE subroutine

and/or math model are listed below. Common variables are described in

paragraph 3.1.6.1.

SYMBOL DE SCRIPTIO N UNITS

K Valve linearized impedance PSI/CIS

6—18
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6.3.7 VALVE Subroutine — Listing

SUBROUTINE VALVE
C
C**** R E V I S E D  sE1’T E:lr!~~ 3 , 19 7 4  ****

• C
C *VARIAII L E TYPES , 01:1 E N S  IONS , ANI ) CO~1MUUA LITY*
C

C O M P L E X  3~~TA , G , P , Q , Z
R EAL K
COMMON B ETA ,G ,P , Q , Z, XHE ,BC!~,~~E 1 , I3 E R F ,B E I P ,fUli),P•tJL }~,VUL ,M ,V I S C ,P A R

ir i ,pi , I E L ,N E L ,K T Y P E ( 4 0 )
DIifl~SI O N G ( 2 ,2,4 0)  , P A R H ( 8 ,4 0 ) ,  P(40),Q(40),Z ( 4 0 )

C
C *SOLtJT1 Ot~ MET }1Ot~*
C
c *INITIAL IZE VALVE IM PEDANCE FROM INPUT DATA A i~RAY*
C

K = P A R ~t (  1 , 1 E L )
C
C *A SSICN TRANSFER MATRIX EL EM ENT VALUES*
C

C ( 1 ,1 ,IEL)=CMPLX(1 . ,O.)
G(  1,2,1 EL)=CMPLX(0. , 0.)
G ( 2 , 1 ,IEL)=CHPLX(—K ,O.)

2, 2, IEL )—CMPLX( I. , 0.
R E T U R N
END

4
~~~.

_ _ _ _  
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6.4 ACCUMULATOR SUBROUTINE (ACCUN)

Subroutine ACCUN computes the element values for a 2x2 matrix

which represents the complex relationship between input and output pressure

and flow, for an impedance looking into an attached accumulator . ACCIJM

models a piston—type accumulator as three series elements; line, piston,

and gas volume. Piston dynamics and seal friction are included in the model.

Specification statements are followed by initialization of variables

from input data. ACCUN then computes the frequency dependent friction factor ,

velocity of sound in oil, piston area, gas volume, and piston position.

A test for piston bottoming on the gas side is included to limit the computed

gas volume. Dynamic input impedance of the accumulator is computed , and

used in computing matrix element 0(1,2). Matrix element G(l,2) is given

different values if the piston is bottomed at either end of the stroke.

6.4.1 Math Model

ACCUN models a piston—type accumulator as a line , a piston with

mass and friction, and a gas volume as three series elements.

Qn Qn
~-Pfl

_____________________ 
I ~~~~ > Main line

Accumulator input 
I

impedance (ZA) ~~ Oil column length (XL)

Irnpedance (ZP) 
_ _ _  Piston seal

Accumula tor (excludes line
connections)

• Gas volume (V2) —~~~~~
Minimum gas volume (V3)

6—2 0
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Representing the oil column as a line element, and using equation (6)

derived in paragraph 6.2.1 for a resonator , the accumulator input impedance

may be written as

A —  ZPxG11 — G21
Z — 

G22+ZP x G12 
(1)

where

Gil = c o s ( Y )  = 022 = Cl

G12 = 
sin (Y) 

= G2

021 = ZC x sin(Y)

Y = j x W x B E T A x XL/C

ZC = BETA x RHO x C/AREA

The termination impedance (ZP) of the line, looking into the piston, is

the summation of piston friction and inductive (mass) effects, and the gas

volume capacitive effect such that

- 
- 

= 
~~~~~ + . 

(M x W )  + (*4~~
c
~~~
2) 

. (2)

Piston friction constitutes a steady state effect and may be represented

in units of impedance as

BZR = —
~~ (PSI/CIS) . (3)

A

Piston mass produces an inductive dynamic e f f ec t , and may be represented

as the complex quantity

• j X M X W (PSI/ CIS) . (4)
A

The gas volume produces a capacitive dynamic effect represented by the

complex quantity
1.4 x PW (PSI/CIS) . ( 5)
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where (1.4 x PW) Is the adiabatic bulk modulus for gaseous nitrogen

(Reference 6).

• H Equations ( 1) — ( 5) form the basic quantities in the ACCUM listing

for solving the dynamic impedance of the piston—type accumulator.

Matrix elements for the main line are assigned in accordance with

• the equation

- 

~~ [Q]= 

~
] (6)

or Qn — = Qn+l (7)

Pn Pn+l . (8)

If the piston is bottomed on the gas side (V2 = V3) , the line (XL)

is then a terminated element and equation (1) becomes

Z A =  -
~~~~~~~~~~ 

—

— 
cos(Y) x ZC
sin(Y)

Gl , ZC (9)
02

Equation ( 9 )  is used instead of ( 1.) to ca lculate the G(i , 2 , IEL) ma trix

element for this special case.

If the piston is bottomed on the oil side (PR>PW), the accumulator

is essentially eliminated from the circuit by making the G(l ,2 , 1EL) element

equal to zero.

6.4.2 Assutnptions_— Gaseous nitrogen is assumed to be the pressurizing

agent in the accumulator . An adiabatic expansion exponent of 1.4 is assumed

for nitrogen. .
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6 .4 .3  Computation Method — Not applicable.

6.4.4 Approximations — The piston friction damping coefficient (B) must be

• 
determined experimentally. An estimated value of 0.1 is suggested .

6.4 .5  Limitations — ACCUN is currently restricted to modeling a p is ton—type

accumulator. Bladder—type accumulators will be incorporated in the model

at a later date.

6 .4 .6  Variable Names — Variable names uni que to the ACCUN subroutine

• and/or math model are listed below. Common variables are discussed in

paragraph 3.1.6.1.

SYMBOL DESCRIPTION UNITS

A Input data accumulator wall thickness IN

AREA Piston area IN**2

B Input data piston friction damping LB*SEC/IN
coefficient

C Velocity of sound in oil IN/SEC

Cl Temporary variable ——

C2 Temporary variable ——

E Input da ta Young ’s modulus of wall PSi

• material

Cl Temporary var iable ——

G2 Temporary variable ——

KK Address of second record input data — —

M Input data piston mass LB*SEC**2/IN

PR Input data gas precharge pressure PSIA

PW Input data working pressure PSIA

R Input data internal radius of accumulator IN 
. 

- - 

-

—A
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SYMBOL DESCRIPTION UNITS

- Vl Input data initial gas volume at IN**3

I 
precharge

V2 Actual gas volume at working pressi re IN**3

• V3 Input data minimum gas volume IN**3

XL Piston position (length of oil column ) IN

Y Temporary var iable -—

Yl Temporary variable —-

-

• ZA Comp lex impedance of accumulator PSI/CIS

ZB Temporary variable --

ZC Characteristic impedance of line (oil PSI/CI S
column)

ZR Fric tion impedance (complex) PSI/ CI S

ZP Impedance looking into piston (comp lex) PSI/CIS

iJ~
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6. 4 .7  ACCIJM Subroutine — Listing

S U B R O U T I N E  A C C U M
C

* R E V I S E D  M A R C h 3 , 1 9 7 5  *

C
C * V A R I A R L E  T Y I ’ E S , D I M  ENS I O N S , A N D  CO~~M O N A L I T Y *
C
C R EAL M

-• C O M M O N  B ETA ,C , P , Q , Z, X B  E ,R E R , B E I ,B E R P , B E T  P , R H O , B U L K , VOL ,W , V 1SC , P A P ~

1!1 ,PI , I El,, N EL , KTY 1’ E(40)
COM PLEX ¶I ETA ,G , P , Q , Z,Y 1 ,Y ,G 1 ,C2 ,Z P ,ZA ,Z B ,ZC

- 

DI!-1ENSI~~N G ( 2 ,2 ,4 0 ) , P A R U ( 8 ,4 0) , P(40),Q (40),Z ( 4 0 )

• *S~~L 1 I T I O N  IETHOD*

C *I’ITIA I.IZ E V A R I A B L E S  FROM IN PUT l)ATA AR RAY*
C
C PIST ON ‘-lASS
C

M = P A R ’ l ( I , I E L )
C
C I N T E R N A L  R A D I U S  OF A C C U M U L A T O R
C

R = P A R M ( 2 , I E L )
C
C A C C U M U L A T O R  W A L L  T h I C K N E S S
C

A = P A R ’ - l (  3 , 1 E L )
C
C W A L T .  MAT E R I A L  M O I ) U L I J S OF E L A S T i C i T Y
C

E— PARM (4 ,I E L )
C
C G A S  P R E C U A R G E  VO L U M E

V1=PAR I (5 ,I E L )
C
C M INI> lUU GAS VOLU M E
C

V 3~~PAR’l (6 ,I E L )
C
C GAS PR EC IIA RCE PRESSU RE
C

P R = P A R M ( 7 , I E L )
C
c I 4 o p ~~~I’W P R E S S U R E
C

KK= PAR M (8, I EL )
PW—P A R ~1(1 ,K K )

C
C PISTON FRICTION DAM PING COEFF ICIE N T

6—25
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6.4.7 (Cont.)

C
R — P A R M ( 2 , KK )

C
C *L INE FREQUENCY DEP ENDENT FRICTION DAM PING FACTOR*
C

- - XB E=SQRT(VISC/(2 .O*~J ) ) / R
B ETA=4.O*XI3E**2_XB E+(O.O ,1.O)* (XBE_ 1. O )

C
C *VELOC ITY OF SOUND *
C

C 1 = 1 . 8 * ( R + A ) *B U L K
C 2 = B U L K /  ( R H O * (  1 • +C 1/ (A* E) ))
C=SQRT (C2)

C
C *p ~~ 5 1(f l ~ AREA*
C

AREA=P I*R*R
C
C *GAS V O L U M E  AT ‘ J O R K I N G  PR E S S U R E *
C

V2=PR*V I /PW
C
C ~T C S T  FOR B O T T O M I N G  ON GA S S I D E *
C

IF (V2.LT.V3) V2=V 3
C
C *~~~5~~()~ POSITION (LENGT ~i OF O I L  C O L U M N ) *
C

- ;- XL= (V 1—V2)/AREA
C
C *SflL~JE FOR D Y N A M I C  U 1 P E D A N C  E OF A C C T ~J M U L A T O F ’.*
C

Y1=W *BETA*XL/C
(0. , 1. )

Z C = B E T A * R H O * C / A R E A
C1=CCOS(Y )
C 2 = C S I N ( Y )
ZR=B/ (AREA**2)
ZB= M *l . I / ( A R E A * * 2 ) _ 1 . 4 * P W / ( V 2 * W )
ZP=ZR+Z~~*(O.,1.)
ZA=(ZP*G1_ ZC*G2) f(G 1+Z P*G 2/ZC)

C
C *~~35~~~~ MAIN LIN E MATRiX ELEMENT VALUES*

r~ 
C

G ( l , 1 , I E L ) 1.
1 ,2,1 EL)=—1 . /zA

• 0(2, 1 ,IEL)=O.
G ( 2 ,2,IEL)=1 .

C
C * 1 I A T R I X  EL EM E NT 1 , 2 I F  B O T T O M E D  ON GAS S I D E *



6.4.7 (Cont.)

C
IF(V2.EQ .V3) G(I ,2,IEL)_G2/(Gl*ZC)

- C
C ~M A T R I X  EL E M E N T  1, 2 IF  B O T T O M E D  ON O I L  S I D E *
C

I F ( P R .  CT . P U )  G ( 1  , 2 , I E L ) = O .  000 1
R E T U R N

• END

I,

~:•

t1~

• 

•
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6.5 QUINCKE TUBE SUBROUTINE (WHEQUT)

WHEQUT models a wide—band , helical Quincke tube, which may be used to

dampen acoustic noise in the resonant mode. The modeled Quineke

tube configuration is shown below. An outer spiraled passage is formed by

winding a solid element around the straight inner tube , which is then enclosed

in another straight outer tube. -

,/~~Outer Flow Passage

t T I Z f  I J f Z r  ~ t I ( Z Z Z ~~~ I r F F F F F F~~~ K K It K F S S

jJ• z _.• z _,’-1 
~~~~~~~~~~~~~~~~ 

~• J•.• J 1 ,, ) J
1

\— Corrnecting Hole (Typ)

\ Inner Tube
‘— Wound Element Outer Tube

(Area = LAR )

Hole No. (J)
1 2 3 4 5 6 7 8
I I I I I 1 I

XH 7~~~~
XH _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Hole ~~5
SpacIng~~ __________________ ~~~~~~~~ — — X (7)

XH 3_ ~ .

-
~~~ ~~~~~~~

X E —

~~~~~~~~~~~~~~~~~~~ out pa e~~~~~~~~~~~~~~~~~~~~
mnner T

~~~ 

M~i~~~i~~

Helix Pitch Hole ~Typ) 
______

(PIT)
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- After specification and initialization of data, WHEQUT uses the same

basic calculations as the LINE subroutine to find the transfer matrix

for each element of the inner and outer flow paths. Matrices used in the

network analysis a~e then initialized. Subsequently, a loop calculation

performs a network analysis which computes the initial element values of

a 4x4 matrix (M) representing the pressure and flow across the Quincke

tube device. Computations are then performed to “ shrink” the 4x4 matrix

- 
• to the standard 2x2 matrix (G) required to represent the Quincke tube

element in the main program impedance calculations. The 2x2 matrix values

are then returned to the main program.

6.5.1 Math Models

6.5.1.1 Network Analysis Math Model — A network analysis of flow in

the two parallel paths and interconnecting holes provides the usual

2x2 matrix element values representing the main line input and output

flow and pressure across the Quineke tube element .

Consider the following simplified Quincke tube with a single

interconnecting hole between the inner and outer flow paths.

p Q Interconnecting hole
A2 , A2 r A3 ,

Outer flow path

Pi
~
:i1 \ P 2 Q I 

L3,QB3~~~~~~~~~~~~~~~~~~
PBN~~~~~

~Bl,~Bl Inner flow path

6—29
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Equa tions for flow and pressure across line elements A1 and B1 may

be written in matrix form by combining the 2x2 matrices for each line

into a 4x4 matrix.
• ~Al ~A2

r M A 1 .  ~Al ~A2
L 

~B1 
— 

~B2

~Bl ~B2

rL~
n

~ 
A~ 0 

~ rQA~1 [QA 1
IM~~

r 1x 0 0~ I i’AlI I ~‘A2I
• 0 I ‘ I ~ I I ~~ I (1)

Line B I I ‘~BlI I ‘~B2I
l o  0 2x2 ] .J J p  ( p  I
L Matrixj L BlJ L B~J

Equations for flow and pressure across the interconnecting hole may be

expressed in a 4x4 matrix as

~A2 ~A3

[ MCi . ~A2 
= ~

‘A3

L -‘ ~B2 ~B3

~B2 1’B3

1 ZH 0 ZH ~A2 ~A3

0 1 0 0 
T’
A2 ~A3 

(2)

0 ZN 
1 — ZR ~B2 

= 

~B3

0 0 0 1 PB2 ~B3

where ZN = Impedance of interconnecting hole

4LH*RHO 
(.~i 

8WxV ISC + w~
) 

(~~

-I.
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Combining ( 1) and ( 2 )  gives a general 4x4 matrix equation, which is

applicable to a network with (n—l) elements.

~
Al

[~~].[MC~~
. Al 

= ~ AN

• 
~Bl ~BN

~Al

1. 1’Al ~AN

Bl BN

~Bl ~BN

M11 M12 M13 M14 ~A1 ~AN

M 21 M 22 H23 H24 ~Al ~AN (4)

M31 N32 M33 M34 ~B1 
= 

~BN

1441 M42 M43 M44 
- 

R
B]. ~BN

Row 1 and 3 equations of ( 4  ) may be added to yield

(Mll+N31)QA1+(Ml2+M32)P
A1+(M

l3
+ M33)QEl+(Ml4+M34)PBfQAN+QBN 

(5)

Since 
~Al = 

~Bl = P1, the second and fourth terms (columns) may be combined

• to write

(Mll+Ml3)QA1+(Ml2+M32+M14+M34)P
l
+(Ml3+M33

)QB1 = 
~N 

(6)

where 
~N 

QAN+ ~BN

Combining the second and fourth terms in the other two equations of ( 4) gives

M21QA1+(M22+M24)P
l +M23QB1 — 

~AN 
(7 )

M41QA1+(M42+M44)P
l ~~43~Bl — 

~BN 
(8)
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Equations (6 ), ( 7 ) ,  and (8 ) may be rewritten into a 3x3 matrix form as

M11 H12 M13 ~Al ~N

M21 M22 M23 =

M41 M42 M43 ~Bl ~BN

where the following equalities are valid for computer operations:

M11 = M11 + M 31

M12 = M12 + M32 + M14 + M34

M13 = M13 + M 33

M22 = M22 + M 24

M42 = N42 + M 44

It is necessary to express ( 9)  as a 2x2 matrix to achieve conformability

with the standard 2x2 matrix used in the main programs fo r cir cuit impedance

calculations .

The 2x2 matrix must also relate the input and output variables for

the Quincke tube element, i.e. P1— Q1, 
~~~ ~~

To do this, first eliminate the 
~Al term in (9 

) using the expression

~Al ~i ~Bl

to give

+ (M13
_M

ll )Q B1+ M12P1 = 
~N 

(10)

M21Q1 + (M
23

_M
2l )QB1+ M 22P1 - P~~ (11) 

•
~

.

+ (M
43

_M
41)Q B1+ M42P1 — 

~BN . 
( 1 2 )
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Solving for 
~B1 in (12) yields f

~Bl = 
PBN

_M
42P1 -M41Q1

M43—M41 . (13)

Substituting (13) in (ii) and (io) gives

(M
21

—A1441)Q1+(M
22 —AN42 )P 1 = PAN

_AP
BN (14 )

(M11—B1441)Q
1
+(1412—B1442 )P

1 
= QN

_BP
BN (15)

where

A = 
M23-M~~ 

$
M43—M41

B 
N13— N11
M43— H41

Writing (14) and (15) in matrix form using 
~N 

= ~‘~~~~
= 

~BN gives

[::: = (16)

Evaluating the right matrix determinant and dividing it into the left

matrix elements gives

M11-BM41 M12—BM42 ~l ~N

= (17)

M 21—A1441 M 22 —A1442 
p
1

1—A 1—A
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Simplifying the form of (17) , and evaluating the matrix elements

yields

[C 
— 

~N (18)

[E FJ 
P
1

where

c = 
M11M43—M13M41
M43—M41—M23+ H 21

= 
M12M43-M12M41-M13M42+M11M42

M43—M41—M 23
+M21

E = 
M21M43—M23M41 —
M43—1441—M23+M21

F = 
M22M43-M22M41-M23M42+M21M42

M43—M41—M23+M21

6— 34
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6.5.1.2 Geometric Analysis Math Model

The 2x2 matrix elements for each inner and outer flow path element in

equation ( 1) are derived in the same manner as described in the LINE subroutine

using applicable cross—sectional flow areas. The length (X) of the straight

line inner elements are related to the equivalent length (KX) and area (AR)

of the helical flow path as described below.

X = length of inner tube between successive holes

• I 
PIT = helix pitch

C mean circumference of outer flow path

C = Slxit

(OlD + IOD )
C —  2 

X~~~~T

Al helix angle

Al = tan~~ (SIx~~
)

6—35
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K = width of outer flow path

K = PIT Sin (Al)

• S = depth of outer flow path

S = (OID—IOD)/2

AR = Area of outer flow path

-~ - A R =  K x S - L A R

KX = Length of outer flow pat h between successive holes

Cos Al

6.5.2 Assumptions — Shrinking of the 4x4 matrix to a 2x2 matrix as described

in 6.5.1.1 above is assumed to be valid . Fr equency depend ent f r i c tL n

(BETA) is comput ed f or the inner tube and is assumed to also apply to the

outer helical flow path. The velocity of sound in the fluid is not modified

by a line support factor or material elasticity.

6.5.3 Computation Method — Matrix algebra .

6.5.4 Approximations - Unknown

6.5.5 Limitations — Unknown

6.5.6 Variable Names — Variable names unique to the WHEQUT subroutine

are listed below . Common variables are described in paragrap h 3.1.6.1.

SYMBOL DESCRIPTI ON • UNITS

Al Helix angle RAD

AR Area of outer flow path IN**2
$

C Velocity of Sound - 
IN/ SEC

CI Ratio of mean circumference of ——
outer flow to helix pitch

DH(—) Input data for distance from inlet IN
to each connecting hole

6—36
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SYMBOL DESCRIPTION UNITS

OH Temporary variable --

G1—G4 Temporary variables ——

HL Temporary variable ——

I Integer counter

- I lID Input data for inner tube inside IN
diameter

IOD Input data for inner tube outside IN
diameter

J Integer counter ——

• K Width of outer flow path IN

Address of second record input da ta ——

KX Distance on outer flow path

LAR Input data wound element cross—sectional IN**2
area

LH Leng th of in terconnec ting holes IN

N(—) 4x4 array for Quincke tube total matrix ——

MA(—) 4x4 array for respective inner and — —

outer tube transfer matrix

MB(—) Temporary 4x4 array while computing MC-) -—

MC(—) 4x4 array for interconnecting hole transfer ——
matrix

NH Input data for number of interconnecting ——
- - holes

OlD Input data for outer tube inside diameter IN

OOD Input data for outer tube outside diameter IN

PIT Input data for helix pitch IN

RH Temporary variable —-

S Depth of outer flow path IN
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SYMBOL DESCRIPTION UNITS

SI Mean diameter of outer flow path IN

• x (—) Array for length of inner tube segments IN
between successive holes

= 
XL Input data f or total lengt h of outer IN

flow path

X N (— ) Input data array fo r length of each hole IN
from inlet

Yl-Y3 Temporary variables --

ZR Impedance of interconnecting hole ——

Z5 Characteristic impedance of inner tube PSI/CIS

Z6 Characteristic impedance of outer flow PSI/CIS
path

- 

iii
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6.5.7 WHEQUT Subroutine — Listing 
~~~~~ ~~ f / -~ 

1r ~~ 
..

• ~~~~~~~~~~~~~~~~~~~~~~~~ •
.• 

~

•

• 
- -

SI~P
, ’](~TIN F ~~- rC~~~ (~~~ TA!~T ,V) —

• C ~ P t~V I S 1 IJ ~A A r? r~ ~ , i c 7~ ~C
C *V A ~~1~~B L E  T Y P E S ,  D~~~[r~S I C N S ,  CC~~~ P~~ A L 1 T Y*

• C
~ ‘~~~L f , P , L ~~~ ,LH ,K ,K~CC~ ’1OP~ ~ETA ,G,P,C,Z, Y9E,9rR,R EI,Bh ~PP ,8EIP,QHO ,RUL K,V01,W,VISC, °AP

l~~,P!, !r[,NFL , KTYP E (4C )
C~~~7LEX ~ET6 ,G,~~,O,Z ,7” ,’vI, Y2 ,lo ,Y~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~— 1 4, P , ~,F, F ,~-P T M F N 5 I O N  G( ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

4, ~), (4,4) ,X~~( 18) ,
fl~~~( 18) ,X (  18)

C
C ~LUT T f •~’ ~‘F THrD~C
C ~ T E S T  m R  F t R S T  ~~~~C
C * 1 \ I T T A L I 7 •E V~~~ 1~~~ 1FS FPf’~’ Ir~ t L T P~~T A  ~P P A V~
C

J F ( Y . \b .~~ S T A k T )  CC TC 12C
Xl =PA ° i’~- (l,! FL )
T1 f l ~~~~ -~~(?,1EL )

~~~~~~~~~~~~~~~~~ 
)

1JI P 4 ’ ~~~( 5 , I FL )
• L L ~P~~I)4~~k ’ ( t , 1Cl ~ 

)
~ IT~~P~~~~ ( 7, J E L )
K K = ~~~~ ’ (c ,T~~L )I~~(~~K.1~~ .O ) Ci IC 1IC

LH= P’t~~~ ( 2 , K K )
)r’ ~~~~~~~ 1= 1 , 2

? C )  X H (  I ) = P A R ~’( f
r’r 2l~ i= c,i ~

p 2 10 ~~~~~~~~~~~~~~~~~~~~~~~~
1fl L’2C ¶ = 1~~82 ’)  r T ) I

~~ l( I, K h ~ + 3)
f l ’~ ; ‘i~ 1=s ,16

2 10 fl}J ( ) PA q M (  I ,‘(k+ 4 )
X (  1)=~~H ( 1)fl ICC. I=2 , ”~Hi )-

~ ~~( 1 )  ~ XH( I )—XI-’ ( 1—1 )
Y~~ 1— 1 = x L — x H U  )

1 l C  ‘( (  1 ) = Y l
C=S (’RI( Pt JL K /PH fl )

1~~) Si~~
.’ T ( V 1~~C / ( 2 . C * W )  )

~~?. /1  IC
~1TA=L,.C*XBF**2—X8F4 .(O~~C,I.C)*(XP1—1 .J )

It HC*c~~4.~~/(p 1 * r 1 c * T I r )
V 1 =~~*2E TA/C* ~~~~ ~ 1.)

S = ( r J I I_ I C O ) / 2
C 1-= S I
4I~~A T .~N (C r )
K P h T~~~!N (~~I)
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6.5.7 (Cont)

~ S—L 
A Q

• l6=HET~~*RHC~ C /A R
D A T A  M A ,M 3 ,~’C,~~/ f 4 ~~( C . C )  /

• DO 13C 1= 1 ,4
~A A  ( I  , I ~~ 

( I  • , C • )
‘~[3( I , !  ) = (  1.,C. )

• 130 M ( I , T ) ( i .,) .)
J= 1

14C Y2~~X ( J (~~V l
K X = X (J ) /C I S ( 4 T )
Y1=K X*Y2
~ 1 = C C C S ( V ’ J
G2=C SP (Y2 )

• ~~3= rC~~~~( ’ y 2 )
04 = C S TN ( V fl
.1~~~( 1, 1 ) = C 1

I
: M~~( 1 , 2 ) = — ( 1 . /7 5 ) * G 2

H At (2,1) =7 5 * (~2M A ( 2 , 2 ) G 1

~.‘A ( 4 , 3 ) - r r 7~~~ f l 4

~~( 3 , -~ ) =— ( 1./ 7~~)*G4

cA t l• (;~~ P p ( ~~~A ,~~~~~, ’~~, 4 , 4, 4 )
I~~( j .E~).~~f ’4 I)  CC IC 150

CC IC 1’~~R H P .C*~~*V 1SC
~~~~= S T ( ~~ l- ) / PHJ )
HI =L H*4 • C* 8FIC / (~~I•~ J) *[)~ ( J ) )

• 7~~= k L* P H+HI*~~~~( C . , 1 .)
GH=1 .0/il-
‘A~~ (1, 2) =—GH
MC (1, 4) =GH
‘C ( 

~~, 2 ) =GH
MC I ~~~, 

4 )  =—GH
t CA l l  fl 0 R C ( N C , V ,PIF~ ,4 ,4, /,)

J= J+ 1
Cfl T~1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~1 1 , 2)  = ( 1 , 2 )  ÷r~ 3,?) + ~
.- (1,4) +~~ I ~1, fl=~~

( 1,3 ( 3, 3)
“ ( 4 , 2)=~~(4,2)+M(4,4)

• M (2,2 )=~~ ( 2 , 2 )  ~~~ ‘ (2, 4)

c,(1,I ,IFL )= (Y (I ,1 ) (4 )—W( 1 ,3) (4,1))/
0(1, ~ , 

r L I = ( ~ (1, 2) ~~Y ( 4 ~ 3 )  — V  (1 , ? ) ~ ~ ( 4 , 1 )— ~ 
(1 , ~ 

) i’” (4, 7 )
I+M (I, 1I~~~~( 4 , 2 )  )/CCV
~ 1 ‘ , 1, 1 ~

- I I = ( ( 2, 1) ~~~~ ‘ ( 4 ,  ~ ) —
~~~ (2, ~ ) ~~ (6  , 1)) /C fl’

C ( ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~
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6.6 NEW COMPONENT SUBROUTINES

Additional component model subroutines may be incorporated in the

frequency response program by following the general instructions outlined

below.

6.6.1 Main Program Call Requirements (Ref. Para. 3.3) — The component for

a new subroutine must be assigned NTYPE and KTYPE number identifications

• to allow the new subroutine to be called by the existing computed go to

statement in the “DO 250” 1oop of the main program . In order for currently

programmed circuit termination logic to remain valid , a new subr outine

must be assigned to an existing element family, i.e., NTYPE 1,2,3,4,5,8, or 9.

NTYPE’s 6 (branch) and 7 (dummy) should not be used for new subroutines.

It is desirable, but not necessary , that a family contain similar types of

elements. KTYPE numbers may be used for calling the applicable subroutine.

KTYPE number s fo r this purpose should be single dig i ts  from 0—9 , since the

second ( left )  KTYPE di git is used to indicate the number of extra data cards

for  an element .

As an example, suppose that a new type of valve element (KTYPE = 1) is

to be added to the valve family (NTYPE = 4). The present call statement

(#165) in the main program (paragraph 3.3.7) becomes

165 IF (KTYPE( I EL ).EQ. O) CALL VALVE
IF (KTYPE (IEL).EQ .1) CALL VALVE1 .

If the new subroutine requires the exchange of information other than

common data with the main program , it must be included in the call statement .

165 IF (KTYPE(IEL) .EQ.O) CALL VALVE
IF (KTYPE(IEL).EQ.l) CALL VALVE1(XXX)
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6.6.2 Structure of New Subroutine — The first line of a new subroutine con—

tains the subroutine name, with the same argument as the main program call

statement.

Example

SUBROUTINE VALVE 1(XXX )

The subr ou tine name is followed by specification statements. A “common”

statement is included , identical to the other subroutine “commons”.

The dimension statement for C, PARM , P , Q, and Z is also included .

Type statements are as required based on the variable names used in the

new subroutine.

Speci f ication statement s are followed by initialization of applicable

variables from the input data array, PARM (—,—). Computation of the

new component impedance follows, and finally assignment and/or computation of

the component 2X2 transfer matr ix  values is required . Control is then returned

to the main program.

4 ’
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7.0 OUTPUT SUBROUTINE S

7.1 GRAPH2 AND SCALED SUBROUTINES

Subroutine GRAPH2 plots the selected component and line element parameters

versus pump speed . Section 6 of the main program identifies the array

• addresses for a particular paranEter, and calls GRAPH2 fo r the actual plotting .

GRAPH2 sets up the plot axis scaling, writes the axis scales, and plots the

• parameter values. Plot titles are written by Section 6 of the main program.

Subroutine SCALED is called by GRAP H2 , and controls the vertical (Y)

and horizontal (X) axes scaling of the plots.

7.1.2 Variable Names — GRAPH2

SYMBOL NAME UNITS

I Integer counter —

ICHART (—) X and Y axis write characters —

• IPCHAR (1) Plot character —

ISP Integer counter for ‘1 axis —

ISPACE (—) Temporary variable for writ ing X and Y axis scales —

LINE Integer counter for plot line number —

NPLTPT Number of points per plot —

OMEGA (—) Pump speed values RPM

XAX Temporary variable for writing X axis scale values -

I •*- -

XMIN First (lowest) X axis value RPM

Y Temporary variable — Y axis scale value - 
•

• YDELTA Y—axis scale incremental value -

YLAST Last Y—axis scale value -

YLO Lowest value in YPLT search range -

YMAX Maximum value to be plotted —

YMIN Minimum value to be plotted —



Symbol Name Units

YPLT (— ,—) Array of values to be plotted —

YUP Highest value in YPLT search range —

7.1.3 Variable Names — SCALED

ANAX Maximum value to be plotted -

ANIN Minimum value to be plotted —

IBOT Variable used to calculate Y axis scale values —

IEMAX Variable used to calculate Y axis scale values -

• IEXP Variable used to calculate Y axis scale values —

ITOP Var iable used to calculat e Y axis scale values —

J Integer counter —

MANT Variable used to calculate Y axis scale values —

RANGE Range of values to be plotted -

RMAX Maximum Y axis scale value -

RNIN Minimum Y axis scale value -

SCALE (—) Scale factors for Y axis —

—I

7—2



- - •--— -~~~~~~~~~~~~~~~~ -—~

7.1.3 Subroutine GRAPH2 — Listing

S17HRO U TIN J ~ G R A P I I 2 ( O I E G A , Y P L T , N P L T P T , I P C H A t )
C
C * REVISED MARCH 3,19 7 5  *
C

• DIMENSION O’IECA (125), YPLT(125 ,1), ISPACE( 1O 1),
+ X A X ( 6 )  , ICUART(4) , IPC fI A R (  1)
DATA I C H A R T / 1 1 1 , 1l I — , I}l + , IH /

C SCAL E X
X I T A X = O M E C . A ( N P L T P T )
XMl N = O~1 EG A ( 1)
C ALL S C A L E D ( X T I AX , X I 4 I N )
XD E L T A = ( X ~I A X — X I t I N ) / I O O .

C F I N I )  Y — P A R A r I ET ER S
2 Y : I A X = Y P L T ( 1 , 1)

Y M I N = Y M A X
DO 902 1=2 , N P L T P T
Y M A X = A M A X 1 ( Y M A X , Y P L T ( I , 1 ) )

902 Y~1INI=A ’1IN1 (YMIN ,Y P L T ( I  , I ) )
IF (YMAX. NE. Y?IIW)G0 TO 9025
YIIAX=Y’IAX+2 5.
YIIIN=YIIIN— 2 5.

9025 CALL SCALED (YHAX ,Y N I N )
YDELTA= (YMAX—YMII )/50.

C ADVANCE TO TOP OF N EXT PAGE

~IRITE(6 ,6 O 1)
601 FORMA t (181)

C LOOP F O R  E A C H  P L O T  L I N E
Y =r l A X  + Y D E L T A

7 DO 907 LINE= 1 , 51
YLAST=Y
Y=Y— YDELTA
YUP=Y+Y D ELTA/2.
YLO=YUP—Y DELTA

C FIRST + LAST CHARACT ER ON LINE = *1*
ISP4.CE (1)=IC IIART( 1)

• IS PA CE( 101 ) ICHART (I)
C F I R S T  + L A S T  L I N E S  A L L  *~~~* , EXC EPT *4* I N  COL. 1I ,2 1 , 31 ,...81 ,9 1

1F (LINE.NE .1 .M1D.LINE .N’ :.51) GO TO Il
9 DO 909 IsP~~2,100

H IF’ ((ISP_ l ).EQ.(ISP_ l )/lO*lO )GO To lD
1SPACE(ISP )=1CHART(2)
GO TO 909

1’) ISPACE (ISP ) ICHART(3 )
• 909 CONTINUE

GO TO 14
C I N I T I A L I Z E  C O L . 2 — 1 0 0  OF L I N E S  2 — 5 0  TO * *, OR ** ~~— — ~~ I F  A X

11 I F ( Y . L E . O . . A N D . Y L A S T . G T . 0 . ) G O  TI )  13
• 12  1)0 9 1 2  I~~P — 2 , 100

9 12  I S P A C E ( I S P ) — I C H A R T ( 4 )
GO TO 14
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7.1.3 Subroutine GRAPH2 — Listing (Continued)

13 DO 913 ISP— 2 ,100
• ISPACE(ISP)=ICIIART(2)

913 IF ( (ISP —1 ) .
• C S E A R C H  Y P L T  FOR V A L U E S  IN RANGE YLO.LT.Y 1’LT.GE.YUP

14 DO 914 1=1 , N P L T P T
I F ( Y P L T ( 1 ,1).GT.YLO .ANI). YPLT(I ,1).LE.YUP)G 0 TI.) 145
GO TO 914

C FIND COLUMN NEAR EST TO I—TH VALUE OF OMEGA
145 ISP=(O fI ECA (t)—XMIN )/XD ELTA + 1.5

I F ( I S P )  914 ,15 ,16
15 ISP—I

GO TO 18
16 IF(ISP—102)18 ,17 ,9 14
17 ISP— 101
18 ISPACE (1SP)=IPCHAR( I)

914  C O N T I N U E
C L I N E S  1,11 ,...,4 1 ,51 HAVE Y—VALUES——— T H ES E, P L U S  L I N E S  6 ,16 ,26 ,3
C + 46 ALSO HAVE *+* IN COL 1+101 IF NO PLOT CHARACTER PRES ENT

IF((LINE_ 1).NE • (LINE_ 1)/5*5)GO TO 19
tF(ISPACE( 1).NE .IPCHAR(1))ISPACE (1)=ICHART (3)
IF(ISPACE (1O1).NE .IPCUAR( 1))ISPACE(1O1)=ICHART(3)
IF((LINE_ 1).NE .(LINE_ 1)/1O*lO)G () TO 19

C WR ITE PLOT LINE
WRITE(6 ,6 0 2 ) Y , I S P A C E

602 FORMAT( IX ,17X ,F9.2,2X ,1 IAL )
GO TO 9 7

I9~~J R I T E ( 6 ,6 3)I S P A C E
6 3 FOR 1IAT( LX ,28X ,l IA I)
9 7 CONTINUE

C C A L C U L A T E  + PRINT X—AXI S VALUES
2 DO 92 I—I , 6

92 XAX( I)=XMIN ÷ (r_ 1)*2 .*XDELTA
W R I T E ( 6 ,6 4) X AX

6 4 F O R M A T ( 1 X ,2 2 X ,5 (F9.2,1 1 X ) , F9.2)
R E T U R N
EN))

4 —
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7.1.4 Subroutine SCALED — Listing

SUBROUTINE S C A L E D ( R 1-iAX , R~1 IN )
• C

C * R C V I~~LD ~•iARCH 3 , 1975 *

D L I EN S I O N  S C A L E ( 6 )
DATA ~CA L f ~/ . 5 , l. , 2. , 5. , lO . , 2 0 ./
RANGL = Rk•1A X —R ~1 I ‘~

A~i1~X=R~1AX
• A - 1I:’~=R~1IN

IEXP=ALOGl0 (RA”~GL ’I
•~ANT=RT~NGE/lO.**IEXP
IF( RANGE. GT. L.1A~~T* 10. **IExP)
GO TO(8O ,90 ,100 ,l0 O ,lOO ,l 10 ,llO ,llO ,llO ,7 0 ) ,  ~4ANT

70 flA7’JT=l
IEXP=IEXP+l

• 80 J=2
GO TO 120

90 3=3
GO TO 120

100 J=4
GO TO 120

110 3=5

~ 2O I E~- 1 AX = A L O G l O (  R : I A X )
Ri ’1AX=l~’J T (A ~J\X / l 0 .  **I E l A X )  *10 * *I f 1~~~X

121 IF(RL ’IAX.GL .A.IAX)-GO TO 130
R~1AX=R.~AX+ .O5*SC1~LE (3)*l0.**IEXP
GO TO 121

130 Ri.iI’~J=Rt 1AX_SCALL(J)*li .**I EXP
IF (R1’iIN .LE .A.~I’J)GO TO 150
J=J+1
IF(3.LT.5.5)GO TO 130
J=l
I L X P I E X P + 1
GO TO 130

l~~0 IF (R;1I~~*A~1I~~.GT.O.)GO TO 170
P,-i I N = 0 .
RL h X=SC~!~LE (3)*10.**IEXP
I F ( R ~i A X . L T . S C A L E ( J _ l ) * 1O . ** I L X P ) R i 1 A X S C z \ L E ( J _ 1) * 1 0 . * *I I ~X P

170 IP(R:iI:-~.LT.O.)GO TO i S O
I F ( R ~1I~~.GT . . l *R L . i \ X ) G O  ro 130
R 1 I ~~= 0 .
RMAX=3CALE (J) *lO **fl.~Xp
I F ( R L 1 A X . L T . A L l A X ) R i ~l A X = S C A L E ( J + l ) * l 0 . * *I E X P
R ETU RN

130 I T O P = ( R i 1 A X — A ~~\ X ) / (  . 0 5 * S C A L E ( J ) * i 0 . **I E X P )
I3OT=(AL 1IJ\~_R~iI1fl/ (.O5*3CALE(J)*10.**IEXP)
I E ( I T O P . E Q . I - 3 O T ) ~~i T U R N
R I I N = I ; I N + I A B S ( ( I T O P _ I H O T) / 2 ) * . 0 5 * S CI \L E ( 3) * 1 0 . * * I E X P
R~iAX=R ,)I~~+~~CALL (J)*10.**IbXP
R E T U R N
LND

ø p

7— 5
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8.0 UTILITY SUBROUTINES

8.1 GMPRD SUBROUTINE

Sub routine GMP RD is a modified IBM scientific computational subrou tine

(Reference (2)) which multiplies two complex general matrices to form a

resultant complex general matrix such that

[A ]~ [B] [R] (1)

GMPRD is curren tly called only by the WHEQUT subroutine , where ft is used to

multiply comp lex matrices of 4 x 4 order.

8.1.1 Variable Names — GMPRD variable names are listed below .

SYMBOL DESCRIPTION UNITS

A Name of first input matrix —

B Name of second input matrix —

R Name of output matrix —

N Number of rows in A —

M Number of columns in A and rows in B —

L Number of columns in 13 —

_ _ _ _ _  _ __ _ _ _  
j
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1 8.1.2 GMP RD Subroutinc — Listing

SUBROUTINE GMPR D TRAC E COC 6600
• 

- SUBPOUTINE GMPRO (A, R,R ,I¼,~’,L)C
REV ISED SEPTEMBER 3,1S74 ****

5 COM PLEX A ,R,R
DI MENS ION A ( 1),B (l),R (1)

• C
18=0
IK=-M

10 00 ICO K= 1,L

I no io o  J=1,N
IR=TR +1
J 1=J— N

[5 18= 1K
P t  IR ) =0• DO I O C  1= 1, M
JI=J I +N
[8=18+1

F 20 100
R E T U R N
END

H

i

MCDOPJPJELL. DOUGLAS CORPOR4TIOP4

_ _ _ _ _ _ _ _ _ _ _ _ _  8—2
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8.2 FLUID SUBROUTINE

Subroutine FLUID calculates and writes the fluid density , adiaba tic

bulk modulus , and kinematic viscosity at the fluid steady state temperature

(TEMP) and pressure (PRESS) specified in the frequency program input data.

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

MIL—H—83282 , and SKYDROL 500B. FLUID is presently dimensioned to accep t da ta

• on three additional fluids. Fluid data sources and calculation of proper ties

• are discussed in Appendix B, along with tabulations of data presently

included in FLUID. Data sources are also contained in the FLUID subroutine

itself via comment records. Volume 1 of this report describes the option

whereby the user may specif y and input his own fluid data to the HSFR program ,

if the user desires to not use FLUID .

The FLUID subroutine argument requires the input data values for the

tempera ture , pressure , and the fluid type identification number. Also , the

• argument includes the variable names of the three fluid proper ties , since

they are not in “ common ” . Pa rameters are then dimensioned for  nine input

data points and six fluids. Data statements are then used to input the name

of each fluid , the nine temperature data points for each fluid , and the bulk

I I I 
modulus and viscosity data corresponding to the nine temperature points for

each fluid . Only two points are used for density input data since a st’aight

line interpotation is used over the entire temperature range for density

calculations .

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

the actual fluid operating temperature . Viscosity is then converted from

metric (centistokes) to English units (newts). Density , bulk modulus , and

viscosity values are then corrected to the steady state operating pressure . I

Finally FLUID writes the computed proper ties before returning contro l

~

tT 
~T maIn pro gram. - 

-



8.2.1 Math Model — Not app licable.

8.2.3 Computation Method — FLUID calls subroutine INTERP (Ref. paragraph 8 .3)

which derives the fluid proper ty at opera ting cond itions from input proper ty data.

8.2.4 Approximations — Not applicable.

8.2.5 Limitations — Not applicable .

8.2.6 Variable Names

SYMBOL N AME UNITS
L~ ~A Temperature ratio —

ABULK(— ,—) Array for ten adiabatic bulk PSI
modulus inpu t da ta poin ts for
six f l uids

ATEMP(— ,— ) Array for  ten temperature data
po in ts fo r six fluids

AVISC(— ,—) Array for ten viscosity input data CENTISTOKES
poin ts for  six fluids

B Viscosity correction exponent -

BRHO(— ,— ) Array for two density input data LB*SEC**2/IN
poin ts f or six f l uids

BTEMP(—) Firs t and nex t to las t temper ature
input poin ts

BULK Bulk modulus at operating conditions PSI

COEFF Viscosity correction factor —

IF Input data fluid type identification —

number

IFLUNN(— ,—) Array for fluid names —

1K Number of input temperature points —

IND Error indicator —

J In teger coun ter —

PRESS Inpu t da ta f l uid opera ting  pr essure PSIG ii

8—4
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8.2.6 Variable Names (Cont ’d)

SYMBOL NAME UNITS

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

TEMP Input data fluid operating temperature

VISC Viscosity at operating conditions IN**2/SEC

I

•
~~

• •

———•~~~~- •---~~~~•
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8. 2.7 FLUID Subroutine Listing

SU’WOUTINE FLUID (TE~iP ,PRE SS , I F ,VISC ,~3ULK ,k d O )

~~~~~~ REVISED I.IARCH 3, 1975 ~~~~
DIA~EN SI ON A TE~~P( 10 ,6),A V I S C ( 1 O ,6 ) , A i3ULK (10 ,6 ) , BP11O (2,6 ) ,
l3TE~iP( 2)  , C O E F F ( 6 )  , I K ( 6 )  , IFL(JN~1 ( 3, 6)

: 4  C
C S E C O N D  SUBSCRI PT R L F E R S  TO F L U I D  TY PE (IF PARAiI LTLR)
C

DATA IFL1)N~
1/8 H FOR ~-iIL ,8l1—U—5 6O6B ,BH AT
28U FOR 1IIL , S11—U—832 S2 ,8H A r
3RH FOR S1< Y ,01-iDROL 500,8H3 AT
46*811
58H , 813 , SF1 AT /

L

DArA 1\rEclP /
1 — 6 5 .  , — 4 0 .  , O. , 50. , 10 0. , l 50 . , 2 0 0 .  , 250 .  ,30 0 .  ,3 0 0 .
2— 65. ,—40. ,O. ,50. ,100. ,150. ,200. ,250. ,300. ,300.
3—65. ,—40. ,0. ,50. ,100. ,l50. ,200. ,250. ,300. ,300.
430*10 /

C
DATA B’rL:4p /

l—65. , 275. /
C
C RHO ,6ULK AND VI3C DATA ARE FOR 0.0 PSIG
C
C RHO DATA S O U R C E :
C 1—t1DC REPORT A2686 DATED 4/74
C 2—~~DC REPOEr A26 (36 DATED 4/74
C 3—~-1ONSANTO DATA SHEET DATED 6/67(DOUGLA S HYD i~A N U A L )

DATA B R EI O /
18.57E—5 ,7.63E—5 ,
28.49E—5 ,7.3E—5 ,
310. 3L_ 5 ,8.9L_5 ,6*13./

C
C B U L F ~ DATA SOURCL :
C 1—LE TTER TO G .A1IIc S FRO~l 3. ~.NOONAN DATED 11/70
C 2—TECHNICAL REPORT A F1.L— TR—73—3i DATED 4/73 H
C 3—LETTER TO G.A ;Ir:S PROj-I J.~~.~~OONAN DATED 11/70

r-\TA A1 3ULf~ /
113.47 L5 ,3.2 5L5 ,2.0L5 ,2.48E5,2.OBLS ,1.73L5 ,1.42L5,1.19E5 ,.03L5 ,
A . 9 0 E 5 ,
2l3 .47L5 ,3.2 5E5 ,2.9L~~,2.4SL5 ,2.08E5 ,l .73L5 ,1.42L5,i .19L5 ,.98E~- ,
A.9~3L 5 ,
334.26E5 ,4.O5L5 ,3.64~~5,3.1 3E5 ,2.7E5 ,2.29E5 ,1.94L5 ,1.62L5, 1.38L5 ,
lli .313E5,30*1O. /

C
C VI SC DATA SOURCE:
C 1—:IDC ~~ PORT •A2686 DATED 4/74
C 2— .-IDC REPORT A2686 D A r E D  4 / 7 4
C 3— ~~ONsAN TO DATA SHEET DATED 6 /67 (  DOUGLA S H~~) ~1Ai ~ U A L )

DATA AVISC /



8 .2 .7 FLUiD Subroutine Listing — 
Cont ’d

• 11993.5 , 482 .3 ,134.4 , 34.85 , 14.47 , 7.46 ,4.58 , 3. 10 , 2 . 3 9 , 2.  39 ,
211446. q ,2019.3 ,26q .45 ,48.87 ,15.95 ,7.40,4.24 ,2.83 ,2.04,2.04,
33485.5 , 5)8. 07,104.13,27.9,1 I . 7 ,6.5,4.1 8,2.89 ,2 .15 ,2.15 ,
A30*l0 ./

C
I )AT A I K/ 3 *~~, 3*10/
DATA COtFF’/. 335 , . 3 3 ,. 42 ,3* 10./

• C
IF’ (iF.EO .O) ~O TO 100
C A L L  I N T t R P (  rE iP , A T E~~P( 1,1 F’) , Ai3I J LK ( 1, I F ’ )  , 20 ,1 R( IF’)

1:3uLK , IND )
CALL INTERP (TLL- P ,L3T1.iP ,[3RHO (1 ,IF), 10 ,2,

1I~IIO ,I~~D)
CALL I~ TLRP ( - I L~ P , ArF. 1~ P( 1 , IF’) ,Avh ;c (  1 ,11’) ,1I. ,

1 I K (  I F )  ,V I~~C , Ii \D)
CA LL F~TLi~P ( r t : i P , A r E i ~ P (  1 , I F )  , A V I S C (  1, I F )  , 12 ,

1 F<( IF’) , C O L F ’ F (  I F )  , INI))
C
C VIsC IS CONVLRTLD F’RO i CL~~TISTO}~hS TO N L ~~TS

VISC=VISC*1 . 555E—3
c DL ’~S IT? , V I SC  AN T ) i3~~L~ •~~ L .\oJuSrLo co I’I Lssu1~~. 

‘

RL1O =2110*( 1. +PRLSS/ 2 . 5 L 5 )
L3UL~~=r1~ULx+1 2. * P RE SS
~= 5 6 0 . / ( - r ~- P + 4 6 H .
B=( (COLPF ( IF’) )**A ) *p i~L ;~~*2 3E—4
V1SC=VISC*LXP(~~)

200 NRITE(6 ,601) (IFLUN.~(J ,Ir),J=1 ,3 ) , PRLSS ,TE.1P,VI:3C ,RI1O ,r3ULK
601 FOt~ 1AT(//25X ,l1 iI FLUID DATA ,3A8 ,F7.1 ,911 PSIG AND ,F’6.1,

A 7 t !  DLG F ,//,35X ,
L 1 14I IV ISCOSITY —

‘ 
Li0 .3 ,2X ,9l1 I\~**2/ SE C ,/ , 35X ,

2 14 I I D E N S I T Y  — , E10 .3, 2X ,171I (L1~
_
~~E C * * 2 ) / I ~~**4 ,

3 / , 35X ,14HI3ULI< IIODULUS — , E10 .3,2X ,3HPSI
GO TO 2 2 2

100 CONTINUE
IF’=6

• 
~ RIrE (6,6O2) (IFL N1I(J ,6 ) , J=1 ,3 ) , TE~~P,V IS C ,RH O ,~3U L K

602 FORu\’r(//25x ,l6H FLUID DATA F’OP ,3A 8 ,12 H PSI G A N D ,F6.1 ,
A 7 U  DLG F ,// , 3 5X ,
1 14HVISCOSITY _ ,E10.3 ,2X ,9 I 1 I N * * 2 / ~~EC ,/ , 3 5X ,
2 14HDLNSIry _ ,L10.3 ,2X ,1711 (LB_5EC**2)/IN**4 ,
3 / , 35X ,14IIBULK LODULUS — ,E10.3,2X ,3HPsI

2 2 2  CO NTI NUE
R E T U RN
E N D

~~~ 8—7
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8.3 INTERP Subroutine

• The INTERP subroutine provides interpolation for continuous or discon-

tinuous funct ions of the form Y f ( X ) . INTE RP is a shortened version of a

MCAUTO library functional subroutine named DISCOT . (Reference (7)).

INTERP uses two other subroutines, DISER1 and LAGRAN , to derive the

dependent variable from tabulated data input by the programmer or already

-rn - existing in the program subroutine. Subroutine DISER1 gives the data points

around the X variable . Lagrange ’s interpolation formula is used in the sub-

routine LAGRAN to obtain a Y value . For an X value lying ou tside the range

of the tabula ted da ta , the Y value will be extrapolated . Fluid viscosities

are calculated using a modified Walther equation (Reference (8)).

8.3.1 Solution Method. The INTERP subroutine provides the necessary control

parameters to DISER1 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 funct ion Y f ( X )

TABX — X array of independent variables in ascending order

‘1 TABY — Y array of dependent variables in ascending order

NC — Control word

Tens Digit — Degree of interpolation

Uni ts Digit — 1 = Walther equation

0 = LAGRAN in terpola tion

NY — Number of data points in the Y array

Y — Dependent variable

IND — Error indica tor

0 = Normal interpolation

1 = Extrapolation outside range of data points.
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8.3.2 Assumptions. Not applicable

8.3.3 Computations. The degree of interpolation is decoded from the cont rol

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 DISER1, it is entered into the LAGRAN subroutine argument. If the

modified Walther equation is to be used for a viscosity calculation , IDX is

set equal to —1.

8.3.4 Approximations. Not applicable

8.3.5 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.,

xl, x2, x3, x3, x4, x5
Y1, ‘

~2’ ‘~3~ 
‘~4~ 

‘
~5~ 

‘
~6

Thus for discontinuous functions there must be K + 1 points above and below

the discontinuity,  where K is the degree of interpolation .

8.3.6 INTERP Variable Names.

• SYMBOL UNITS

IDX Degree of interpolation —

IND Solu tion indicator —

= 0 Normal interpolation

-: = 1 Extrapolation outside of data range

NC Con trol word —

NPX Dummy array -

NPX1 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 —

- -S

I~~ J ~
- -•- - - - - 

~~~~~~~ 
_ _ _ _ _ _
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• I SYMBOL NAME UNITS

I 
X, XA Independent variable —

Y Dependent variable —

- - a l

4

_ _ _ __ _ _ _ _  -~~~



8.3. 7 Subroutine INTERP — Lis t ing

SU13~ROI)TI’Ib INTi~R P (  X ,TA BX ,T AB Y , NC ,N Y ,Y , I N D )
D I;-~EN SI ON TI U 3 X ( 1 ) , T A B Y ( 1 ) , N P X ( 8 )
IDX = ( N C _ (  NC/100) *100)/ic)
IND=0
XA=X
CALF DIsER1(xA ,rABx ,l ,N y ,IDx ,1

~PX ,I N D )
N Px 1 N P X ( 1 )
I F ( ( N C _ I D X * l O ) . L Q . 1 ) I D X _ 1

NC_IDX* 10) . EQ. 2) IDX=~~2
CALL L A G R A N ( x A , r A r ) x ( N p x l ) , ’rAt3 Y ( N P X 1 ) , I l ) X + l , Y )

• RLrURN
END

. -

4 .

p. ‘1

8—11

TTT . 1

~ 

- ‘ 
- -•



—~~~~~~~ i-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

8.4 DISER1 Subroutine

The subroutine DISER 1 returns the array location of the lower bound

value of the interval in which the independent variable lies. DISER 1 is a

modification of a MCAUTO library subroutine named DISSER , (Reference (7)).

The arguments for the DISER 1 subroutine are as follows:

Subroutine DISER1 (XA, TAB , I, NX , ID , NPX , IND )

XA — Independent variable

TAB - X arr ay

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

8.4.1 Solution Method. Not applicable

8. 4.2  Assumptions. Not app licable

8.4.3 Computations. On entry of the independent variable , XA , and the tabu-

lated data form the TABX array , DIS ER 1 find s the tabulated data values that

bound X.A , and returns the smaller one to the calling program . If XA lies

outside the lower end of the data , DISER1 returns the first data point as

the lower bound . Should XA lie outside the upper tabulated value, the

7. second from the last data point location is returned by DISER1 .

8.4.4 
~2~

roximations. Not app licable

8.4.5 Limitations. Not applicable

8—12
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8.4.6 DISER]. Variable Names

• Symbol Name Units

IND Solution indicator —

I , ID , IT , J ,
NLOW , NP B , NPT , NPU , Integer counters -

NX ,

TAB Array of independen t variables —

- - XA Indenendent variable -

I~ 
8—13 
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8.4.7 Subroutine DISER1 — Listing

SUBROUTI.~L DISER1 (XA ,TAI3 ,I,N X ,I),N P X , I N D )
DI.IENSION T\n (1)
IF( XA—TAB( I) ) 71 , 73 , 72

71 IND=I:\ID+l
NPX=I
RE ru RN

- - 
73 XA=TAB (I)

NPX=I
RET U R N

72 J= I+NX—l
IF (XA—TAB (J) )l ,77 ,76

76 IND=I.~D+l
NPX=3—IT)
R E T U R N

77 XA=TAB(J)
N PX=J— I-)
RETURN

1 I’4PT 1!)+l
NPB=NPT/2
IJPU=NPT—NPD
IE’ (NX—r~PT) 4 ,5,10

4 ID=NX— l
GO TO 1

5 NPX=I
R E T U R N

10 NLOW=I+NP3
NUPP=I+NX—( NPtJ+1)
IF( NX—20) iS , 13,11

11 NXX=NX/2+I
IP( XA—TAB( NXX) ) 12 , 17 , 13

12 NXX=NXX—NX / 4
IF( XA—T AB ( NXX) ) 13 , 17 , 17

• 13 NXX=NXX+~I1X/ 4
IF( XA—TA~3 ( N X X )  ) 14 , 17 , 17

14 NLOW=NXX—NX / 4
ç GO TO 13

1 7 N LOW = N XX
13 DO 19 II=NLON ,~1UPP

N LOC=II
IF(TAB (II)—XA)19 ,20 ,20

-; 19 coNrI~~uE
N PX = N UP P—N PB + 1
RE TtJ RN

20 NPX=NLOC—NPB
R E T U R N
END

4
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8.5 LAGRAN Subroutine

The LAGRAN subrout ine interpolates or extrapolates a data point from two

• kno~
qj
~ tabulated values. In addition , LAGRAN calculates viscosity using a

modified Waither equation. The LAGRAN subroutine arguments are

Subrou tine LAGRAN (XA , X, Y, N, ANS)

XA — Independent variable

X —Xarray

Y —Yarray

N — Degree of interpola tion

ANS — Dependent variable

8.5.1 Math Model. LAGRANGES interpolation equation is used in this sub—

routine to calculate the dependent variable. The LAGRANGE formula is

m
P (x) = E L .  (x) y (2)

i=
wher e

L . (x) is the Lagrange multiplier function .

(x— x0 ) (x— x 1) (x— x1 1 ) (x—x .÷1)
~ 

(x—x )
L1 

(x) = (X i
_x

o) (x 1-x1) (x i
_x

i 1 ) (x i-xi+i ) ’  ( x x )

The LAGRANGE equation generates a polynomial between two data points.

The degree of the polynominal is that specified by the index value n. The

dependent variable is returned as ANS in the subroutine argument.

A modified version of the Walther equation taken from Reference (8) is

used in the calculation of viscosity. ‘The ASTM charts are based on this

equation.

LOG [LOG (v+c)] = A LOG °R + B

where

C a cons tan t

- a
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°R = Tempera ture , °RANKINE

v = Viscosity,  cSt

A ,B = Constants for each fluid

LOG = Log to the base 10

The ASTM chart expresses c as a constant vary ing from 0.75 at 0.4 cSt to 0.6

at 1.5 cSt and above.

8.5.2 Assumptions. The Lagrang ian equat ion genera ted by the subroutine only

uses the data points around the dependent variable to generate a polynomial

for interpolation. The last or first set of two data points is used for

extrapolation . The equation used to determine the viscosity uses a constant

fac tor tha t is app licable to viscosity values of 2 centistokes or more.

8.5.3 Computation. The procedure LANGRAN performs , whether it be inter-

polation or the viscosity calculation , is always recognized by testing the n

argument in the subroutine statement . If n is equal to zero , then the

viscosity is calculated using the modified Waither equation. Otherwise n

specifies the degree of interpolation to be used by the Langrange formula .

Both results are returned to the calling program through the variable named

ANS. The LAGRAN interpolation is a direct application of equation (2) to

the given data.

Before evaluating the viscosity equation (4) for the viscosity value

at XA temperature , the constants A and B must be calculated . They are

de termined using the data points that surround the dependent variable , or the

first or last set of two data points if the dependent variable lies outside

the range of the tabulated data. With the constants calculated for this

fluid the viscosity can be computed from Equation (4).

8.5.4 Approximations. In the viscosity calculation , 0.6 was used as a

constant factor for all ranges of viscosity.
p



8.5.5 Limitations. Since the LAGRANGE method only uses two data 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

two centistokes cannot be considered accura te, and should be weighed in the

final results.

8.5.6 LAGRAN Subroutine Variable Names

SYMBOL NAME UNITS

A Constant for viscosity —

ANS Dependen t variable —

B Cons tan t for  viscosity —

I,J In teger coun ters —

N Method of solution —

N = 0 Viscosi ty calculation

N > 0 Degree of interpola tion

• 
- 

PROD Lagrange partial product —

P1 LOG LOG of (Y(l) + C) cSt

P2 LOG LOG of (‘i(2) + C) cSt

Ti LOG of T( 1)

T2 LOG of T(2 )

X X—array -

XA Independent var iable —

Y Y—array —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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8.5.7 Subroutine LAGRAN — Listing

. tJ T 3 R O t J T I  ~E LAGPA ’1 (XA ,X ,Y ,N ,AN.~)
DI~~E~~SI O N  X (  1) , Y (  1)
IE’(N .L (~.—l ) GO TO 20
IF(-~ .E7.0)GO TO 10
SU~L= 0 .0
DO 3 I=1 ,N
PROD=Y(I)
DO 2 J=l ,N

~\=x (I )—x(J)
IF (A) 1 ,2 , 1
3=(XA—X(J))/A
PROD=PRCD* i3

2 CO:1?I
3 SU~- 1 =SU~1+PROD

A ~S = S U~1

- ‘ C V I S C O S I T Y  C A L C r J L A r I O N
1-3 C O - I T I N U E

Al= 0.
IF( Y( 1) . EL 2. )A1 EXP (~~l. 47~~i. 84*Y ( 1)— . ~ 1 * Y(  1) **2)
A2=0 .
1Ff Y( 2) . LE . 2.) A2=EXP( —1.47—1. 34*~~( 2)— . 51*1 ( 2) **2)
P1=ALOG1O (ALOG13 (Y(1)+ .7+A1))
P2=ALOG 10 (ALOG10(~f ( 2 ) + .7+A2))
T 1 = A L O G 1 O (  X(  1) +4  50 .
T 2 = A L O - ~ 10( X(  2 )  +4 ~~0.
3=(P1-P2)/(T2-T1)

• A = P14~~*T1
Z=l1 **( 1 0 * * ( A _ 3 * A L O G 1 3 ( X A + 4 ’ 3 0 .  )
IF (Z.LE .2.7)CO ~1) 11
ANS =Z— .7
R L T U~~N

1i A N S = ( Z _ . 7 ) ~ . L X ? ( _ . 7 4 3 7 _ 3 . 2 9 5 * ~~Z_ . 7 ) + . 6 1 1 9 * ( Z _ . 7 ) * * 2
+_ . 3 1 9 3 * ( Z _ . 7 ) * * 3 )

L •

C F ’ L U I J L  CALC !J L A 1 I D N
20 ~O:~TI:~U L

• P 1 = A L O G I O ( A L O G 1 - 0 ( Y (  l ) + . 6 )  )
P 2 = A E G G 1 O (  A L r ) G l 0 (  Y (  2 )  4- . 6 )
T1=ALOGIO (X(1)+460 .)
T2=AL3Gl0~ X (2)+460.)

V0=10**( 10**(A_ 3*ALOG1O ( XA÷ 460. ) ) )— . 6
T 5 = 1 0 * * ( ( . 1 2 5 9 8 9 + A ) / ~3 )
T 1 0 0 0 = 1 0 * * ( ( _ . 4 7 7 1 5 9 + A Y / B )
S=ALOG10 ((T5)/1~~0.+1 .)—ALOG10 ((T1300)/l00. +i )
DELX 65 . 1097’~*3
3=6. E 5/DELX
‘\LPH- ’. =3. 23523—11. 333 6*S +13. 1735*S*3_ 4 . cH3l*3*3*3
3ET~~~_ E. 33425+ 19. 9521*S_ 23.3448 *3* .3+i1 .155*3*~~*3
CHI=3.35452_ 13.1273*3+ 17.1712* .*3_ 7 . E551*5*3* .
\ ~~=\ L PH A+3 L  ‘\*AEOGlQ ( VO) + C r i I 4  ( ALOG1O( VO ) ) 4 * 2

I r ( A ~~s. L r . 0 .  ) A: JS= ()
F~LTTJ~- ~
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I~ uld is of the I rdLr iJJf l lJ 1O~ p i  

111 1

Fig. 1 Pip. c.erdinai.s -1 Jp Jr r
-

— —
~ ~ 

1 rn— Il II I
‘l’lit’ de viatinil s of ( l ie  velocities in ti ll’ r iiiil r—il i recl  1 1118 from 

15 1)1 Jr I Ill

their  steady—state values are denoted l iv l i f t r L )  111111 v(x r 1)  - - -
— 

- I I 

~f in t I 1i lT I t l l I i I  ( I l  ~A 8 I I t’ ’ i i t l i t t I  l u  I~ S i l l ’  h I ii i - i~~~i - i t i ll t t 1 h i  It
respet’t ively, and t h e  d cv i a l i i tn  of tin- lIl t- S MI t n I ’ Iv  pi.r r I) i t  - . -

- 
- 

- - u i  the baSIc a- ll(e r—i ia l i i i l l ’r i- i  ~t i t t  l u l l  If F l I t  S t I l t’ i l l .

p desig nate the fluid density , j2 t i l l -  al I s I t lu t e  vlscl is l tv , i’ the
kinemat ic viscosity arid K the fluid hU lk nilidlilUs. Sol ution of Differential Equations

TIle complete Navier-Stoke s ’ equations in cy l indr i ca l  coordi-
nates are given b~’ Pal l i i i ,  \Vi th the foregoing assumptions , We define p Its the avenilgt 

~~~~~~~ 
I T t _ I  S hl ~ i i  i l 1 5 1 0 ig l

thes e equations for t h e  deviat ions are simp lified and given in (lie I ht ic i t  in t In’ i-d inei-Iiti n Si ri ( l I e  t t i b t e  r i-tA t I .  I I I  Ii I

fol lowing text ,
lrii tfs f~ Ii ilF i f l /n

Equation of Motion: x -Di rect ion ./ t i

r ~~lI Jul ~~II1 ~~~pL~~
+ + (

~ ri~~~~~
7T (l t ul u Il I t  - ii ir r , mdr

I 4 ~~
2 ti Qh i~ I ~~tL 1 l~ / t)lu , \ ‘l ./1)

±~~~l- - - - + -  + - — + - - - - l - + - 1)L3 ax’ ar 2 r ar 3 a x\ a r  r - -
it h ere a is t he  i nt e r n a l  rail it ut i t t f  t f i t -  I i l i t e ,

Equation of Motion: r—Dir. ct io n I rci m 11SsIiIflptiItn Ii I ii. ili:IV I I I tl l i lu l  I i u . u T  / 1 ~-

rat - ó it oIl1 op I et
P L ~ t +u x +t ~~rJ 

—
~~~~ 

‘ 

-
f r , r , s)  - -~ L[lIIx , r i

[ 4  o’ti ~ l ôi’ 
— 

4 V 0 (1 Ou Ot \’} ii+ 
~~L:i Or2 + 3 ~ Or 3 r2 + 0 \ 3  Or + (2) 

-
P ( z , s i  = I~ ) i . r , I t ]

Continuity Equation
I ikiog l f i i  i a itl m- -C t r s t t s i li ii  If f I l t h  t , luI i t l u f  (‘t f t l u t l - .li i T )

~~+ 
0tt~~~ V 

_
~
_ 

OIl 

~ ~~~~ f 11 = 0 (3) t i l h z r oj f l i t i a l c i l , , l h t l l u t i l I i C . ,  f i r  ll~ - Ii ,Il u lJ i ;I l))  l t u t t l:

Equation of State for a Liquid J 2 ( ’  I J( 1 
-

— )~~~o
— ~~ 

Jr 2 r Or I - 41.1 Jr

p — 
K 1. 1 1 I’ he ilctined i ty

Tlt~ f ol lowing fur t h er i u s l i n lp t i tns are Il iade :  - I oP

• (I) Since u >~ it , we neglect e q i t at i t i n  ( 2 )  Ncgh rti iig t h i s  
- ~ P t Ox

e l i l a t i t ln  imphie~ t h at I-li e pressure is c i t i t t i t a n t  across t i t e  cross
section of tile tul e artil h I t 1 I , w ’ s  a f lIneIiI n only of x ufil I. ~ t t f I sh I I l i tiIlg Ilir of ( tj Uh t l l I t l l  5 fl I I~~t i t 1 I l I fl (~ i SIC l t I t lifl

Iii) As shown in Appendix 2 011/01 >~ t i ( O i t/ 0 x)  iLIti l  011 01 >~ ~~~ I oh ’
11(011/O r) Hence in ed itS httn (1) l I t_ I  nt inhinenr elIlt5- ’ t t h L  ac— - - 

-
~

- — — I’ 41

- 
1. cl-b rat ion 4 11 m t .  On till! It’ll -hand si le nit_v he neglected - 

3 m ’  r 3’ I

I I I )  It is also shown in Appendix 2 that t i l e  only import an t  
~~~~~ f t i regti ing t qu:u l u n h it i s nh li l t’ 5 , - l u l l  I Ii is h u h  IS 111111 ’ al

Vi scol is I erin s on tIle r i g h t  I—lilt _ nih SI Ic of ( ij l i t l t  1 111 f I) are 02 t1 /Or’ r - 0 and t i l ls is gi V t  -
and ( I  / r )  Ot t/ Or Tlte oIlier viscous teriiis in thIl’Lt (‘(11I11t it In may 

- 
t I

be neglected. 
~ - ~ 

[ 
I ( ~ ‘ l b

( i v )  In equation (3), (Ito ~~r ms v (Op/ Or)  and it (Op/ O~) may be 
,~tj , ~ 

~“ L~ i t )

Nomenclature
u — deviation of s-eho - i t y  corn- 1’ = defined it s  qu a h i l l n  i -l u I = Il-Il l k t t  I l l .  i t  i i - viii sIlty

ponent 11(2 , r I )  in x— dir e c— 2 l ’ u I I i t I i t f l h l t C  ri axial direct 11111 4 = i i  i i l l  -I l - I — i t s -
tion y dlsplacenlt tI i,Cr, I )  of pipe C t I I b ~ l i t f  i t - il, i l - ’ - i i t i f l ’ rPil—

ü — deviation of t’ro ss—sect ii)IIiLl ifl ~~~ I’ I I i : iI ih i re ch  i - t i
- - Y(x  a) Lanlci e I t -  h l t i f l l r t t T  itt tiij I)

ave rage velocity UI 
~~1 I in - . W f -  l if I I t’ I I l S n i l  I l l s

2-di rection a den s i ty  of mat erial  if pipe

- 
0 = defined it t - q u a t i i i n  ( 17)  S~b~cri pts

Ci a-, a) — Lap lace t ra nsfor m of tii r , 1) = real pt ir t  -f ~ -
- - - I lIpntrealll t I t ’Ct i I in  I

v = deviation of velocity corn- imng intsr ’ h i n t  ~t ! i3
ponent zt (x , r I) in r-dire c- coeffici en l - -f damp ing 2 = ( l i ) W i tStn  I t l I  8 1 1  I

(ion = fluid absit l t t e  ViSCl ) si tV ,t - t ’ICItl .I) St - l I e val u e
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where J0 is the Bessel funct ion  of first k in i l  and order zero and a$ sf3
f ( r , a) is a. yet an unknown function of a- and s Thus f ( x , a )  A ( s )  co. -

~~
- a- + B ( s )  sin -

~
- a- ( l ~ t

1 = ( (c , a )  1J11[ ~r ( 8  )“]
~ 

— 

~

. ~~~ when ,l (s )  and B ( s )  are the constants  of integration and may lit-
it - 

pa Or obtained from the two boundary conditions on a-, Hence

Equation (9) has to satisfy the boundary ci n il i t ion that U 0 r - I s
at r = a This will be true if r sO sf3 1 ~~0 [315 

~
- U(x , a )  I A( s ) coe - -- r +  B ( a ) s in — a - I  —~~~~~ 

- -

op r 15Y’i L C C J i
P sf( x i s) J t [ J a t

\;) j (10) ( I I )
and

Hence t

= f (x a) ~~J ø [ 3r  (
~
) / ]  — jo 

[~a ( Y1]} P (x s~ = [ A ( s )  sin ~~ x — l i (s)  1 1)8 a-] 
~ 

(20)

M ulti ply ing but Ii sl ice of equation ( 11) by 2irr and intsgrating Let P1(s) and C(s)  be the Laplace trans fit rni s of t I l e  pressure 
-

with respect to r from 0 to a, we have and vel icity, respectively, at t h e  up str can i sei l ion wh ere a- = 0
Then A (s )  and B (s)  ntay be ehi minat e l fr ill equations ( 19) and - - -

C J t a -  a )  
/

\17 “1 [ ia (~~~
)  ‘1 — j o [ja (-

~‘) 
‘]
~ 

( 20 )a t t i i  are given by 
,

t j A(s) = Ci —-- - 
~~~

—

(12) ~~0 [ 1 ( . )  ]
Sitiiilarly mu lt i pl)-i ng both sides of equation (6) by 2irr and and
integra ting with respect to r from 0th  a, we get -B ( s)  = — P ——— - - 

~• . - - - -

+ 2sr
f 

r~~~dr+ 2sr
f 

vd r + s r a ’~~~ = 0 (13) Pt io [3ti~~~~~~ 
I]

Integrati on by parts yields Hence :tt  ase ct i on  a distance a- f r u i t  the up sl ni t_ Ill (n d  Ihi e lap lace
tr ans ft i i  i ns of the velocity and priitsilre are given l v  tin following

,~a o 
-

2sr I vdr = 2sr vr t — 2si- r --~ dr = 0 —2 ir  I r~~~dr 
two eq’IrIt ions :

o Jo Or Jo Or
~t-~ - - St

- - O(x, a) = C1 COB .T — ~~ sin — a-
It1quation (13) is therefore reduced to C 3P - C

Op Oil
(14)  P(a-, s)~~ ( i3pe s tt i  - Z -

~
- l’ 1 i t 1 5 J’

a- e C

Taking the Lap lace transf ornt of Ii i t h i  sides of equat i t in  (14)  At t i t e  doa-itst re t _ n t  ci t i l  w h i ne a- ‘ 1 , I i i  - I t _ I l l  O t  I nt_ ns f - i t I u t A

with zero init ial  condition , i c , p( x , 0) = 0, it fol l t l w s  that of velot -it y ant I  p r i s i l I r ”  are lent i t t - i l  l y 172 n i t i l  i’~ antI  are g ic t it

- K O C  by
p  = — - -  — i - IL - I s~i I,

a Ox C = I ens - — J’t - -iii - — ‘21
C ~3pe

alienee
oP K O~C - S I lL s~l i .
— — = — — --- - (15) P 1 = C t idp c si n - + 1 I t’ l~~Ox s Ox ’ C C

Su list itu Ii ng for OP, tOx frt,ni ci 1llat tn (10) and for C front le t  1 ’  t )  lie t I IC I ritr isft r iit :tt ri x I It fi ni- t I i v
equal inn ( 1 2 )  in equation (15),  we have

,~ 511/ 1 - si!.
I I  I c i i  - - — ‘~ - i n  —

: ‘ I - ( S \ l u I  I c t3P ’ e
J i h j a l —  I I C(s) = I

d 1f r  a- a)  2 L \ ‘ / J ~l!. 5 11,

dx ’ 

~(: )i [ (

~~~~
)1

~~
i] 

— 1 + —~f ( a- , a )  = 0 Ct _ S

Iti) Eqilti h i n s  121 i :tntl 221 al (‘ \f l rcss I i I i l I  rt h a t i n g irt:iiihi’, Of II

f i i r — t e r t ’  t ilt_ I nc-tw i l rk In t t - s T r i x  ft r it i , t h e - are gus - -n ii’

w h i— r e  c is ( Js’/p)~” i.e - Ihii’ speed of situ nt I in tI IC Ill u I  - -

I,et I i hi’ defined I t v  I u I

2 
, [ . ( a ) u 1] 

~ (h 

((;t s ) )  

~~~~~ ~ ~~~ 

2,1

= 
- (a \ “  

-- rT7 -~ 
\ ;i,1 — I i )  Freque ucy- Res ponse Equations

j a 

~
‘)  ‘~ L312 

~~ 
) i From I t s tra nsfer nit_ Iris- ‘ 1u:tt Il l  iI u 5 hi ch i n hiFi~~ l - t I t s  t he

— I I 
dv nant ii ’ - hit i rat h’ rts l t t ’s  of tit , line 1 St I  gi lt

F1qi&atiiin ( I I )  now becomes - , -

Cl t /ll I i l l
~1f( z , a) f32s ’ -‘ l’lflI - $ Sill ‘ , -

+ — -f ( x , a)  — t~ 1 2 ~ hip - C 
12 1 )

S I / I ,  171 if
- - - 

c i ,  — / p silt
The ~oIution of t h e  foregoing equation is given iv  c P,  r

Journa l of Basic En~ nsering 
- 
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Icitl i l t t 1iii l ittlt (22 , s-i- l i t _ t i  - I1i I ; t l l l l l l s  u -27 ;  ini h 2~ in liii ih-~iri il f r i i 1 t u - i iu i - r- s~t u i t_ ’  I

1’t i-hi! 1)1 - 
, 513/ -  

t t u  Ins,

[Ii 
= l i S t  

~ 
+ 

“I 
/ / pC ~siii

- 
Experimental Test Setup

t~ , SiilslItuting for L’ l~u in the ti,r -g tirig (-i 1ii: itu-- ,i f r t t t t i  lhl1liaI ion ~ _ - - -
t ‘, I ‘ , , I h e  ex pi- riuu i i i i t :t l  l i - I t t  I I —  1 in I lii’ — iindt — u —  ‘I i- I- I t  f l  t u u u  1 t r - t u u

I — -I I tirid simpl ifvingi Wi . ,ilit t_ i it -f t i _ t I i (_ i i t \ _ n sh t llsl_ t i - i t t — lii 1 iiiii I’ l h i t ’ I ~~t i lI I ’~~~I I I I i t t t h  i u  I

i-tI I I ~i f l t -  of I) - i t l ~ — t ui ,  II I :i ti tl 0,( I I 1 , t - i t i  n:ilh h ilt h u t - — -— FI,i- t t - — t ~~

-pi 
= 

~~~~~ 
— — 

s/i!. u ~ i- ~ rr ui-iI til l Iii t iii’ ,\ t i l i  i t t  t i  i i i  ( ‘ - i t  t - -I I i~l i, u i u t u t ’ i ’ I i ,  ~‘u I I

COS ~
— — — 

~~ 
/ ipe slit _ 

~~~~1 \Iei lgiiiit :Il l’~ngintIs r inIg I’ t i l t l u I l - 1 i i i  i - i - — i t  s l iii 1 i t , - Iii i-I
- i 

I l i t u l \ Si i i  is f u : i~ t i l  l i i i  l I t -  :i~~~u u t l i l i t I h h i i  h i t  l i t,  ti ii~l - - u - - 1 l 5

I- or freqiienicv-rl-s~ionse ii l i h 2  SIS s JI~ t,iil it fti1l ia~ t h a t  ‘ l iS I t I t i t ,  lii liii’ t i s -  ti l l, tl i- \ i  it - i t t - t i  h l u u l f _  ‘ 1 i t ’ l l  t i s ’

t — ~t ’ t t i- il i- ii a font -I i i i  i f  liii i , l u I - ; u  r t i l t  l i i i  I f u r - i  l u  ,~- s i t

= _ _____ _ — - 
l Iii ’ ste~itl~- — t i i e  1 1 w  t r i tl f i t -  l I t - l u 1  lI lt r :t l i i, l I l t  l u t u u

[ ( \i , 
,, ,

‘

~ 
~, gis’t iu i n ltu-nuil r: iiliiis , the u’ t l t ’ u i l l ’  S i u ’ u i t i II ,, i i l h i i _ \ l l t t h l l t t _ l l

2 
./1 [Ii 

~\V 
) 3 -  J t bt i i i i  t nt _v  lie easily u -i le ti i tteil Ir iu ,i l i -  ~ t -  u - I s  - — l iii’ ir s _ i n f t p

— - - 
I 

— I 1-I l ’  i t _ i ll st - i l l s  — i - t , ’ it l ’ 111 w c h l t l l i l t i t l i  If lbs I l - us  f i - s ’ i - u t i  - t i  (r un

(I ~~ 
J
’ t J~ a ~ j

’ ilSstt-:I ,lv-tl l : i l - v i f t l l - ii- s litrtll l i i t t l i g f u  I l n i f  l i t”  I ntl is - nIt — i r g i t l t
p I- 

i - u t l — ~~~i t _ t h I i i t : i l l _ hhi i- l i : i i t gt -  f l b I t -  i s . —  S i — -  u t — i t S  1 — u i J l i l g

If t- it i t ’  f r u i t  l i i i  fI st- dt s h l : i t i t , n i  t i - i t t  I tt i l t I ll u l,s l i t t l i  i t  t i _ i l l  I

i—I- i t - r id t t  Ii’’ I ’ l l  t is I l ; l u i t  f I n  :1 g t s r i i  t i l l s  — i ~~i t ,  I l l — i l l - I .

13 — — — — —~~~ I l ilt ’ ti i t t i ’ ~ ’ I levi—lt t I I i ’ i l  ~ii l i i i —  t _ i l i l \~~t ’ i t , , i \  i u. - t t  I. — i1ip f t i - i

/ C l\ ~~~ 1
i~,~\ _ i , I!, f l I u n I _ > . l lS t l l I t i i f l  thuds, 112 -l r: i I i I I t- i t t 1  \ l t I _ iI _ , .itl ut - I I I ’ h i  — : .  u - - i

2 
lit-ri 0 It ) + 3 ill-i t (I 

~s t W Ioltt- ini tiIIIll 1 I t t_S  l t i l i h i f t i l t l  I l l  Ii - I i t t  li i i ’  i t u , 5 ii

- 
i ’

~~~ 
- - I — -  I 1 - t - t r l i l i \ I l n i l l f l t ’  ~t - t - S- t ,V i l l s - I- l i t - - i n  S t ’  i - i t I ~n il I l - - i l  Ii- ,- i t C u

a ~~ ~~l/~ bi-r a 
liI 

~~ 
j  l u-i ) I ,  il l i i iu’~~t f u i ’ r t ’  t h i nt ligli 1 S h i : i r 1 i - ’~ 

g i r t  u u n i f i l  I ’  t i l l i l t i
V i~ 

II 
/ ini-ssuri di-vial i t t  is 1’ oi l  1 —  n i - r i - - l i t -  i_ i u r . - u i  f t  I I I  ‘ i- i  i t  - t n t —  —

- - - I - - I I I 1 t - t - i - S I :Ifld t In v, hl t ’ i t v  ( l t .t ’ iu it  I llS I i Oil C- l t~ li -I  ‘ 1 i t t ’  , u t i l  -
where her and lieu are Fhi t nu isi t i i  Iuuicl h u t —  i f  t h e  first  k ind , 2 

~t 55’ - - -
l i u l t i le t erlI , 11111 t i t e  ri—st t l t s  s t i r  ri II ‘ ‘I i  :1 l r u 5 u i — - - i  1 1 0 1  l i t - t i  —

/ \I!i I [‘ 
/

\ u u , 
I f

_ _
\
iiI1 iti :ilvzt’t’ _ l ’l t t’ tt t - f s - i t t a t i t ’  t l i t g r : i t t t  -i lbs  i-s l ’ l lnht l t n u i i  — - lu 1t

lien a = 
~~~~~ 

L1
~’~ 

a t
\ ) — bit - i t 

i1 11
i- ~

u ) j v i - u u w i t  in I’ig, 2 and t l t i - t l i -h : - i l s in i ’  g t \ l - t t l t \  lIl t r t~ 
‘ ‘ , ‘I f , . ’  l it / ’

-u - i f  i l t i i th h i l t S t - t t ’ r i h  l- t t n i s I i t i t , - — Irl’ L ’ t v l l u iii t b - l i

( \ u i ‘ I r ( \ i  ,i \ l  1 ]  l I t r  h it - (niiliu rtl- t  — c s ~~t itsi rout ,” u n i t - i - - I  I - i t ’ t f t _~ , i ~~ 
h I l t  ii = “ [11cr a (_~~ ) ~f l u -i t a 

‘i__ u ) j t ~ t Ini-i 1t it - i i i- i i s s s t l s  fi- t t t  I I t  h h l il - ‘ 1 15 , ‘l ii- t i t u t i l t l u f -  -~ ~t - -

—‘igigil iiIltiil I I I  tIn ts- n s’ t I s t _ l t ’ i-  ‘i t i -S  kI - j t l  t ’ s u i i — i  liii t i I i ’ I t I g h it I i I i  i f S

whe re (lie prinsie tl i ’in it i-s ilil T i- r i-ni ti iti t ni , I Il-ill-v I I t . i 1 t l l_ J I I ’ \ ’  ru i l i i z i - , liii t,I i - t _ t f i  “ t i l t  I t t ’  6 ’ i i l t ’ ‘ I t  SSt ’ l i t u l i  I ii i”

= 

/ 2 

l L ~~~~~~~
(
~~~~ =_t~~~I)~1~~[t ,t ,~ 1IHti

~~~~~ ~~~~~~

\ (~
)‘
~

“
~ 

lit-r a 
(

~~
)i/

a 

+ j  bei 1 O~’ /
The Thonison funrti tt n,s i f  Z I - n l l  order and t h u t - i r  f irst t ler ivt t t iv cs i_ t g,  t lti i- I , - ; i i f \  - i - i t _ t i -  fli ts I 1 g i u s i  i i  i ’ , t l i t ’ s t t -ni li - - S l u t  t t - l I I t - i t 2

are extensively taliul at i -il liv Nt i su ivn i  [12 ] ,  I_ i - t ug  tltese It_ lilt-s s it s 1 ,1 f1ti) the l hv i it t l i l t u  n s t t t t l i-r I II IlItI ili - t u  t t i l t t t , i t u u n i .

and art electronic digital  i o n i t p t i t e n , Iht s-alue~ i f 13 were i - a I i i i —  Ii tI ni-:tnly i - t iiit t i t  at ~‘- i lt -g I .  _ \ t l l ’f t l  I Itt - i tti h ihi t ti-It- - ut t l ~

— 
laled for ditle r ent frequencies of i n t e res t  t t n il  nut ty hi- f t i t i n d  ins “ t I l tS  si l t _ I  po ssun’ I t t  t i l l  l u l l  ill st i t t -  t i  I tt~ ii-

re ference (13] .  It may he noted that ~/ is ti C(IltIp lC~ f unc t ion  of ‘Flit- s-d I l l - s if Iii,’ i-h Il ls - sl :l l l ’  ~f l - ’S5h ine a t t u l f i . u t t ’  ~- -  r liii” lit-

— the frequency i t i t i  t i t i t k t  t l n l f i i - - i t su l f i r  t b ~~- r I lnis t i e  S b t wiu Ii I ’ l L ’ . -I t i  t~u i

Let f3 = ~
- + Jo whi t -re -y is the real pant and 0 t h e  irn.Iglnanv ~~ t tC pr - S i - t i n -S  it S t - t ’ t i u l t i -  I iit l 2 i n ’ ’  i f i i t l u i t - t I  b I t  P , - i t t ’ b  P , ,  u -

part, if $ For vt-rv Il ig hi frequencies -y t -iiils to z t - n t i  ani d 0 it t  — 1  “;- i -i-hiv ’Iv -

so ( lint $ tenila to —j ,  If $ = —j  t i i l l t  t I l O V iS i l i l iS  t iueorv \- IIlilS

t lte StUlle restilts tot t h e  niiiflvisinlilis w LII ’ r—ii lniililer it1lOiIl i iis t if  Tlieoreticai and Experimental Comparison Using a
refe rence 16?. liler(-f llre the iIy ni ti iiit~ tif t h e fluiiii f low are Boundary Condition Wit hout Line Vibration
ch arac terized by the parameter a ( w , v)  -

SuI,,ti tut in~ for ~ 
in equations (2-I’ auth 251 ss - iIIi 8 = Jilt we ‘l’hie t I I 1s t n( ’ : I t ! i  i-nil f the Itti t was II,ull ll t u t  - l ~Ii’ t l  1,1111 k

get -- r l i nug  t h e  serv itv ilvi’ I n t l 1  t i l t -  t h u -k s s : i s  i- u - i - I s ’ t ; i i ’ l -  i - t i  i. i f
hit h r .  — l i i i  - iii ,- I i : —  s iu ~~;i t I l l - u i  ‘It - s i  - r s Il ft I 0

C,(~o )  
~~ ~~~~ ( — 0 -4— jy ) —i-- - _ I 

- - 
~~~~ 

(It ! 
— 

~ + ~ 

— t s r f l I t _ i l l  b _ f _ I t  11 5 I - Il l  - t t t i l I tn. i -, s i r -  1,lii’ 1 --ii

C~(jc1i ) /‘, ( J w)  C IY f j O)P C C l’ u ; l  I I ,  t l u t t -  l’~~I i s t _ i t t  ~t l f liii’ l in t . -  ss

utL— C:(jst ) ii ! - 
u l t i l i l ’ t  ut- f l i t u i i g b i  I i i ’  I t i ’  l h i . ’l’ t1 h... is I ,  Ii s’ u u t l.

i-os; ( 6  + i’)’) — 

~ ( j l ~) )~~~ 
+ ) O ) i i i n i  ~~O + 3~~) t t l t l k  by a i - bi tt li’nigt hi o i l  ‘ l u  t i p s t t l - ’  - i

i n t l  t - ,tu i l  t lun t  t i t  nt -— i l t -r - t l is’ lit _ i- t I t t u l  Iii~

T’u (j w)  
— ___________________ 

I l I t t ss rts In l - : I t i l  i nt i l  U I ’  r u - m I t  u s - - i s  f n e t - I I li s t -  In

P133Ul ) lI t!, - r1 ’2 (j t _ lt ) ~!. (21’ ) t hu I t _ I _ il d i r - I  t i - - i t 1 t int ti l l- i - - i t - — I  t i  h r_ i l  b - ~ -

cos — (— 6 + iv) — 
T12(jc,d 

PC (y + jO) s in - (—6 ~~ ‘ 
t 1l i l ’ l i l \ ’ t - f  II,i igi’ r u u i  l i t 1  t ’ i t i r t i t i . t n t u i  i- f  ii~u ’ I t t u u -

sv tu i -  i i t i u t ’ h I  :il~.ts ’ i- I~~lt ~ i t _p u I i t t i .  i t  ii f i I10 i i I l

1-’or order zero , tlte subscript is omit ted in nittati ontS for Tliomsoni - iCt- . 
-

functions , ‘I’hi’ ex; t i - r i io i - nta I st _ u i, t , f  I b u t ’ t . u  ~i i i I i i i h , - o il ltitrls lu g1- -f
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fliuuir , t h e  Iitss-es t natti rid f r i - i 1 l I l ’ u i  i -v  i t l  h , t i t- ,z ii uiul u tal s-ulu r uit it ’ t iui with z e r t -  u u i i t i t i l  (-thtillilu i lnut _ 1,1 ,, ,(x _ I bj  I) tt uih J i  J_ I l/i)t i — i )

of the line was now w ithin the e xj u - r i n i i e n t t t l  f rt ’ i i i ienicv nanlge i we g u

The equation (Or tile unuhanipeuh huun git ii u hi n al vihirat t I t uS  t if the
pipe is given by Jacobsen and Ayre  (15) anti is u l O)  — = I’l l

1/1~ b’
~i 2 y

hi i t ’] 1
lfl’ t).r ’

wh~ni
wi th b’ = E/a , where K s  t he  iuu l l i Ih i I t iM of e l u t s t i i t l v  uI the pipe , ~
tft p densit of tIle material , and y is the  disp hace ioent u h f  the jui pe 

~
‘
(~~

- , s) 11(I1Lt , Ii i
in the z -d ir ec ti oni ,

Taking the Lnp lusce I rans liur m of hot ii MilkS I if equ ation (32) 111 It t ’ solut ‘I i  of (‘III utul 11111  I :1:1 iS gi VI II i IV
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A P P E N D I X  1 I’b eu tseha ve

Oh U2
Rigi dity of Walls of a Small-Diameter Tube il ~ 0

It is customary to inc lude the effetnt of exhtaniJioul or c t l i u tra t’ t i ou
‘
~ 

of the tube walls in (lie derivation of tile contintu it equuuution itf int’l

water hammer. However , (lie assumhitionu t h at the w uu,fls are a,,- u
rigid simplifies the differential equation and t h e  botuitdutry coni - (I 

/ ~dutions. 
-

Let ~~Qu denote the change in volume due to the expa uts ioi u °~ su-I ie re the symhtd 0 s I t ’ B ig i l t u t vs  l hte order,
the pipe walls and ~~~ t i e  change u s  volume due to I-he cornipres-’
sion of the liquid element. As shown b~’ Oldeuuburger I l4j , s~(Ji “1 t3’~MCLtl value of U is 50 fps wh ile c is abotut 50110 f 1u~~’ 1 le tu - e

and ~ Qu are given by 
~~ w

2irat Out ~ / U 511 1
= - - ~~~~~- 0 - = = - = -

hE .— op Of ~~tu 1” c 5000 lIlt

Of [- -‘c
and

1 r0 ~1 Ili-oce i, t ( O i e/ O r)  and similarly v(Ou/Or) may be negle”ted wI t-ui
= —

~~ 
ira~~~lX r  ri’mpared with Ou/Ot .

K L 01 J Jn equation (1) (he viscous terms

Thus (1 / 1)0/Ox lOt /O r + i l

‘.~Qu lIE — ap t t l , Ly  be iuegleu:tetl as th ey vanish st -lie u ui t le ~in ,iI i ’ u I u r uss tIle Cru si - it

,‘5Q 
= 2Ka 

- (-12) oi ’’ lion with rlTs ItuII-i j t t r  f r t uu i l  r —s II lit r ‘— a: i.e -

For a stainless-sleei ttibe of i/2 j~ ID ituil i/ ~5~j 11 , W Sll t h ij i ’ k tut -ss , i f ~ (
~~l 

+ 
t 

) tic II
carrying a fluid usC a pressure of utltutt it 311110 psi I ~‘jui i ’id v t _ Il i t t  t t f  -~ ~~~ J Or

the constants appearing iii equation (42)  lire as folliiss iu 
I -It us uiow sht owu i  (li ii iI, N’ iS l ’ u I Iu t  lentil ( - 1 - 3  _) ‘ - i  J,~3 ill It , ,il

E—nuoduilus of eliust i t- i l3 of (tube 31) >. III psi t-t IIiSt ion nut s l ist ,  be ,tt-gbt’u ’I i l
K—hulk modiultus of the fluid = 0,3 X 1ll~ ~ SI Let uh be of order I’, r uI u nde r L , I l l - I  r of - nil -n r !  w here I -

a—inside radius of tube ‘u,  iii , If uen we have
h—thickness of the tuiue walls ‘/ i t  iti ,
p—pressu re = 3000 psi ,l u)~~i lb  

r
1 Ox 1 3 / 1

Substituting the vaIuie~ (If th ese I’u l t u h u t ~~u i  iii i’1 1 1 i ; l t  il lit 110) ,
get O i l (‘

(1
1 - ,,

~Q - - 
0r i l

L u  
uni t

If we consider a t u b e  if  i ,’ j ~ )I) anti ‘/.- in, wall ( hu it - k u ie ss , (lien 1 Os
r Or ‘

-Wi

-
~ .WI Ihi.nt ’e . O2 u/Or S > ~ - I - ’ 3 ( O t u u O t )  atu l i  ( I  r I O  Jr > 1 1  3 ~u i -
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APPENDIX B

HYDRAULIC FLUID DATA

The FLUID subroutine described in paragraph 8.2 of this report uses

basic fluid data for viscosity, density, and adiabatic bulk modulus. This

appendix discusses fluid data sources and the correction of fluid data from

atmospheric to operating pressure. Tabulated data currently input in the

FLUID subroutine are presented.

Unfortunately fluid data are not as readily available as one might

imagine, particularly for the adiabatic bulk modulus. In literature searches

for fluid data, one concludes that much of the required information is not

available, or is not traceable to specific measured data. One may also find

considerable information on base fluids, but little on the formulated version

actually used in hydraulic systems. Required information is either untrust-

worthy or not available.

In general, data should be obtained for the usable temperature range of

the fluid so that there are no limits to the system simulation. For aircraft

design, this is typically over the range of —65 to 300°F. Data is currently

input in FLUID for nine temperatures; —65, —40, 0, 50, 100, 150, 200, 250,

and 300°F.

Bl.O VISCOSITY

Viscosity data is input in the FLUID subroutine in units of centi—

stokes (CN2/SEC/lOO) for zero gage pressure. Viscosity is converted to the

English unit Newt (1N2/SEC) in the FLUID subroutine, after viscosity has been

interpolated to the operating temperature (TEMP).

Viscosity is then adjusted to the operating pressure (PRESS) using the

expression from Reference (Bi):

VISC~, — VISC0 e
B

12B —

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

~
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where:

B — COEFFA 
x PRESS x 2.3 x lO~~

VISC Kinematic viscos ity (IN2/SEC) at atmospheric pressure

(o psig)

VISC~, = Kinematic viscosity (IN
2
/SEC) at pressure (PRESS)

PRESS = Steady state fluid operating pressure (psig)

e = Napierian logarithm base = 2.718

COEFF Pressure coefficient derived from the Figure B—i PRL

chart from Reference (Bi)

A = (TEMP+460) = Temperature correction for the pressure coefficient

based on a 100°F reference

2.3 = Factor to account for PRL chart being plotted to base

10 logarithm instead of base e.

The pressure coefficient derived from the Figure 8—1 PRL chart is based

on the atmospheric viscosity (centiatokes) at 100°F and the ASTM slope from

the Figure B—2 viscosity—temperature chart. E. E. Klaus of Pennsylvania

State University confirmed that the Figure B—i chart was prepared in error

using conunon in lieu of Napierian logarithms, thereby requiring the 2.3

factor noted above.

If the pressure coefficient is not available, it is probably better to

estimate a value from a chart on a similar fluid than to omit viscosity

pressure correction. Viscosity data and pressure coefficients currently in

FLUID are tabulated in Table B—i.
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82.0 BULK MODULUS

FLUID uses the adiabatic (isentropic) bulk modulus (LBS/IN2) of the

fluid. Adiabatic bulk modulus applies under conditions where pressure changes

are rapid, and is greater than the isothermal tangent bulk modulus by the

ratio of the specific heats (C
p

/Cv) of the fluid. Isothermal tangent bulk

modulus is the thermodynamically correct value, and represents the true rate

of change in fluid elasticity at the steady state pressure of interest.

Unfortunately, adiabatic bulk modulus data are not readily available.

Based on a literature search, the best source of adiabatic modulus data is

currently the National Research Council of Canada (contact W. J. Noonan).

The Canadian source offers published information on direct measurements of

adiabatic modulus.

Adiabatic modulus data may be derived from isothermal tangent bulk

modulus available from Penn State (E. E. Klaus). However , specific heat

ratios available from a paper written by Peeler and Green in 1959, were

derived by measuring the adiabatic bulk modulus and comparing it with the

isothermal modulus.

In a report dated 24 June 1972 the data for MIL—H—5606 (presumably ‘A ’

type) and MLO—7261 (which is said to conform to MIL—H--83282) is given versus

temperature and pressure. This data was presented to the SAE—A—6C Committee

in October 1972.

Adiabatic bulk modulus data for 0 psig as shown in Table B—2 are input

to the FLUID subroutine, and interpolated to the operating temperature by

FLUID. These data are then corrected to the steady operating pressure (PRESS)

for all three fluids currently in FLUID using the expression:

BULK BULK0 + 12 x PRESS 

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~
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where: BULK
S 

— adiabatic modulus at pressure (PRESS)

BULK — adiabatic modulus at 0 psig.

The factor (12) is based on bulk modulus versus pressure plots for the three

fluids and is considered a good average value for pressures up to 3000 or

4000 psig.

e— 
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B3.0 FLUID DENSITY

Fluid density data are normally available f rom sources such as Penn State.

These data are normally obtained in the course of measuring the isothermal

secant bulk modulus, which is based on the volumetric change from atmospheric

- to the pressure of interest.

- Fluid mass density at atmospheric pressure per Table B—3 is input to
- 

the FLUID subroutine for —65°F and +275°F only, and interpola ted linearly to

- the operating temperature. Density is then corrected to the operating

-- pressure using the expression
- 

I - 

RH0~ — RHO0 (~ + 250,000) 
LB~SEC

2/IN

where 250,000 (psi) is an average secant bulk modulus at operating conditions

for all three fluids.

I I -k -

31-6 
_ _ _ _  _ _ _



~~~~~~~~T T ~~TT~~~ ~~~~~~~~~~~~~ 

O.9O~~ 

~~~~~~~~ ~ ~~~ ~~~~ ~Th. PRL Chart for Predi :t ing (f ~~~ 

I
I 41’ , . I

Liquid Press urs Coefficients - I I I ‘ 
I

up tolO .000 psig 
I ~~ 

~Iii~ ~iI ~iti
l,- , 

~ ~ ~~~ ~ 
~~ 

~~~~~~~~~~~~~~~~~~~ ~~~~ ~~
IiIi i1

~ 
f ; ; — r Jt 

~~~~~~~ 
I 

~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~I~*°0.70 ’ ft “ 41’~~~~~~~~~~~~ ’ i ’ .L

I 
“

0.45 
_ _  ~ r~~~• -

~~~~ 

1
l
I~ ~~ 

~: 1T~Th I’ I ’ H 1
I: ~ I I

~~H I I I ’ ‘ 1  1 1 11 1 ~~~ . j I J f l~‘~ ‘
~~T~ 

‘,
~ 

:li - I/I
ll ; -t~~~: i—i-titti’t1 ~~

0 40 I i 
I~ 

~I 1 
~~ ~ 

I 

~ 

1 ~- II ~~~~ H - H, 1 ~~~~~~~ ~0.35 
II ~~~~ l ’  11 1t ~~~~~~ IrlI i

_ _ _ _  ~ j Il I~~ ~~~~ ~~~~ ~W hj~ ~~~~ _ _ _

: :: 1 ~ 

~ I ~I T1I,~ I Hr h __

~ ~
1 2 3 4 5 10 20 30 4050 10~ ~~ 3~~ 5~~ 1o~

Atmospheric Viscosit y Cent istok es

FIGURE B—i
FLUID FACTOR CHART

---  -~ - _~___ __ 1-7_ _ ~~,



_ _ -_ . - __ _

~~~~~~~,

- - -- -  ~~~ —-~~~~ ‘- -~ — —- 1I I  { 
I

1 ’
~~~

ft
~~~

S

I I

- 

‘71

t I 
I / I

~ 
‘::~ ‘ j

~ 
.
~J I~~ . . . ‘ , ‘ l! . , 1. ii . .  I I I  I :  . I : :

~ ~~~~~~~~~ .. :i!, .;: ;;; :~ i~ 
‘‘ ‘ ‘~

11
~~.I :t! ~ . a

4 . . “ ‘ I I . . . . . S . , , l . ,  U
~~~~~~~~~~~~~~~ 

j f t ~f~~~ 
.
~~~. I1 . I ;  . . . . . ‘

,  :~~ -~~~~~~~~~~~~
‘

.. _
~~ 1 . t . I i_4 ~~~~~~~~~~~~~~~~~~~~~~ I I ,  _

~- 

I 

I

I 

1 j I
l
,~ ~~~~ ~~~~ 

— 

, ,

~ ~~~~ 
.
~ : • . . . 4 . : i . , 

~ ,,‘ S S S S — -

- 
- i -

~I ~~~ .:.
‘ ‘ ‘ :‘ ‘ : ; : ~~_ ~

—
~~ 1~~t_ t i t 1t t t i

. 
. : . : ‘ : : ‘ ~ , f ; . ’ H t l ~~~ ~::‘~~~ 

: ‘ .!
1 4.~~ J I I I 

I ‘I~I 
I I

~~
4
~~~~~ t,

~ .~14 I ’ ’ ’  ‘ 1  I ‘ ‘

~ ti.~ ~i~ ’ l t  ~‘ - _~ I~~~
4 4 1  ‘ ‘~~~ I I t l  ~~~~

~‘ l t . . _ :— i — — ti: .~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I ~ I.I I l j lI I

i l I !II~~I
. h i . .~~

__
~_ l  ~

I ~. I’’ I I  ~~ 1~1 1 1 t ii ~~~~~~~ 

I

‘
~~~~~

-‘
~~; ;  ~~~~~~~~~~~~ 

S 
‘ ‘ ‘  

, 
l i l t

~~.ft . H . _
~

Li r . : i
~ 

1 . 5 , 
-‘

~~~ 

.4 . .. I. L,..~ . 

, ,~_ ,, — ‘ I

:~~

‘ 

r~ 
: ~~

‘ 
. 

‘ 
.
~ 

.. 
. . . •

~ 
I , 

— -
I S I

. 5 , 5 . -i -  -
~~ 

‘ • , S
i 

S .  
I.

I 

L -

~~~~ ~ 

I -

~ 
!!‘ ! “‘‘‘‘~~~~~‘~~~~~~~~~~ . .s : ~~ : :

____________  —~~~~~~~~~~~~~ 

B1—8



TT ~~~~~~~~ —.--—~~- -p _ _ __ _ _

KINEXATIC VISCOSITY (Centistokes) at 0 psig 
_________

TEMP MIL-li— MIL—}l- SKYDROL
°F 5606B 83282 50DB

—65 1993.5 11446.9 3485.5

—40 482.3 2019.3 598.0

0 134.4 269.4 104.18
— 

50 34.85 48.87 27.9

100 14.47 
- 
15.95 11.7

150 7.46 7.46 6.5

200 
— 

4.58 4.24 4.18

250 3.19 2.83 289

300 2.39 2.04 2.15

Data (B2) (B2) (B3) 
—

Reference
_COEFF .335 .330 .42 -_________ _________ _________

TABLE B—i

Viscosity Data in FLUID Subroutine
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TEMP _________ 
ADIABATIC BULK MODULIJS(PSI) AT 0 PSIG 

_________

S 
°F MIL-H MIL-H SKYDROL

_________  - 5606B 83282 50DB 
_________  _________  _________

—65 347 ,000 — 347,000 426,000 __________ __________ __________

—40 325,000 325,000 400,000 
_________ __________ __________

0 290,000 290,000 364,000 
_________ __________ __________

50 240,000 240,000 318,000 
_________ _________ __________

100 208 ,000 208,000 270 ,000 
_________ _________ __________

150 173,000 l73 ,_000 229,000 
__________ __________ __________

200 142,000 142 ,000 194,000 
__________ __________ __________

250 119,000 1l9~OOO 162,000 
__________ __________ __________

300 98 ,000 98,000 138,000 
_________ _________ _________

Data
Reference (B4) 184) ~~ (84) 

__________ __________ __________

~~ HSFR verification tests with MIL—H—5606 and MIL—H—83282 have shown that

the Ref. B5 data for MIL—H—83282 is too high. Ref. 84 data for MIL—H—

5606 provides better frequency predictions than Ref. 85 in systems

using MIL—H—83282.

TABLE B—2

Adiabatic Bulk Modulus Data in FLUID Subroutine

5~~~

F~.
—-

~

- .~~~~~ --~~~~~~~~~~~~~~-~~~——-—- S ---



TEMP 
__________ 

MASS DENSITY (LBS—SEC 2/IN4) AT 0 PSIG
MIL-H MIL-H SKYDROL
5606B 83282 500B

—65 8.57x10 5 8.~ 9xl0
5 1O.3x10 5 

__________ _________ _________

H —40 
_ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _

50 
__________ __________ __________ __________ __________ __________

100 
__________ __________ ___________ ___________ ___________ ___________

150 
___________ ___________ ___________ ___________ ___________ ___________

200 
__________ __________ ___________ ___________ ___________ ___________

250 
__________ __________ __________ __________ __________ __________

275 7.63xl0 5 7.30x10 5
L 8.9x10 5 

__________ __________ __________

Data
Refeience (B2) (B2) (B3) 

__________ __________ __________

4-

TABLE B—3

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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