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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 ;f 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 preliminafy 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 transmitted through the lines and components of a
hydraulic system. Resonance can occur if a frequency of this os;illatory
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-

ponents.

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 HSFR program includes subroutines which model lines, a rotating axial
piston pump, and other components found in aircraft hydraulic systems. The
modular construction of the program allows 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.

1-1




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
P

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.
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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 appropriate
subroutine, calculates a 2 x 2 matrix relating input flow and pressure to
output flow and pressure for the fundamental harmonic frequencyl 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 flows 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-pistor hydraulic pump,
and establishes the 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 physical dimensional pump data are input along with other

system element data. Precompression, decompression, piston stroke, variable
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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 included.

A simpler pump representation is also available, which depicts the pump
as a constant flow source shunted by a parallel impedance. Use of this
alternative to the pump subroutine is dictated by the user in the input data,
which must include values for the source flow and shunt 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 element matrices to calculate the input
flow and pressure at each system element. The program also computes and
plots acoustic .ne'. ; density and/or intensity (power) for selected system
elements.

Subroutines are included for 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

3.1 INTRODUCTION AND FLOW DIAGRAM

General flow diagrams for the HSFR main program are shown in Figure 3-1
and 3-2.

The initial section of the HSFR main program (Figure 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
for the first pump speed. The program examines each element of the system in
turn, excluding the pump, and via the appropriate 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 element 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 pump speed up to and inclu-
ding the harmonic specified in the input data.

Impedance calculated at the pump provides the linear phase and gain
relationship between the harmonic flows from the pump 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 iterative technique is used

e ittt i
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in the subroutine to obtain the balance between output (or input) flow and |
pressure for the specified harmonic frequency.
Balanced pump output (or input) flow and pressure are returned to the

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

obtain 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 selected elemeats.

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-plots.

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 {




SPECIFICATION STATEMENTS

® VARIABLES
—COMPLEX
—INTEGER

® COMMON DATA
® DIMENSIONS
® LITERAL DATA

1. READ AND WRITE INPUT DATA

TITLE

NUMBER OF ELEMENTS

FLUID TYPE

FLUID TEMPERATURE

FLUID PRESSURE

PUMP SPEED RANGE AND INCREMENT

HARMONIC OF INTEREST

PUMP AND ELEMENT DATA

NUMBER AND LOCATION OF OUTPUT
PLOTS-FLOW, PRESSURE,
IMPEDANCE, ENERGY DENSITY,
ENERGY INTENSITY ]

v

1. CALL FLUID AND :
WRITE COMPUTED !
PROPERTIES ‘

!

1. INITIALIZE
® PUMP SPEED (RPM)
; ® PUMP SPEED PLOT
COUNTER (IWPT)

3
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- J_ GP75.0270 33
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To Calculation Control (FIG. 3-2)

FIGURE 3-1

HSFR MAIN PROGRAM SPECIFICATION
AND DATA INPUT FLOW CHART




FROM INPUT DATA (FIGURE 3-1)

REPEAT FOR
EACH PUMP
SPEED OVER
SPECIFIED
RANGE

7

]

2. CALUCLATE FUNDAMENTAL
HARMONIC FREQUENCY

&

2. CALCULATE TRANSFER MATRIX
EACH CIRCUIT ELEMENT

'

3.CALCULATE INPUT IMPEDANCE
EACH CIRCUIT ELEMENT FROM
TERMINATION BACK TO PUMP

REPEAT FOR EACH

HARMONIC UP TO AND

INCLUDING SELECTED
HARMONIC

I

A 4
4. CALL PUMP

4

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)

PO F e

+
ot
(o
-
i3

\

\ 4
6.PLOT VALUES OF SELECTED PARAMETERS
AT SELECTED LOCATIONS vs PUMP SPEED

GP76-1083-4

FIGURE 3-2
HSFR MAIN PROGRAM - CALCULATION
CONTROL FLOW CHART
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up to 49 output print plots in a single run, i.e., a single system model.

Arrays may be redimensioned 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 forty elements, (8,40). The eighth or last column on
the first record (card) for an element is reserved for internal program
addressing of extra element data records in the PARM array. Therefore, the
first element 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.

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

below in alphabetical order. Common variable names used in both the main

program and the subroutines are listed separately in paragraph 3.1.6.1. :H
i
SYMBOL DESCRIPTION UNITS
; CHAR( ) Variable name used in title of each print-plot - %
: | E(C) Acoustic energy intensity at element input WATTS g
:f EC Truncated to E for use in print-plot title - I
;;; FLOW Temporary variable for summing valve flows IN*%3/SEC
:; / I Integer counter -
f; IFLUID Fluid type in FLUID call statement -
.| IIPLT( ) One dimensional array used for storing in sequence

the junctions for which flow, pressure, impedance,
or energy are to be plotted -

IPLT Temporary variable for IIPLT -

ITYPE Type of element under examination, extracted from
single dimension array NTYPE -
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SYMBOL

IWPT

KHARM
KT

MM

MN
NEPLT
NHARM
NINLT
NPLT
NPLTPT
NPPLT
NQPLT
NTPLT
NTYPE( )
NZPLT

OMEGA( )

PANG
PHASE
PC
PISTNO
PRESS
PM

PO

DESCRIPTION
Counter used in incrementing pump speed
Integer counter
Integer counter
Order of harmonic
Used in test for improper termination of a branch
Identifies existence of extra card data for writing
Integer counter
Number of energy intensity plots
Integer form of WHARM
Pump inlet identification
Total number of plots
Number of points per plot (= number of pump rpms)
Number of pressure plots
Number of flow plots
Number of energy density plots
Type of element
Number of impedance plots

Real variable array used to store pump rpm's
subsequently used for plotting

Phase angle of complex pressure

Phase angle between complex flow and pressure
Truncated to P for use as plot title

Number on pumping pistons - input data

Data input steady state pressure

Not used

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

UNITS

PSI

PSI

e, i 2 o




TITLEL( )
TITLE2( )
TITLE3( )
TITLE4( )

TITLE5( )

DESCRIPTION
Phase angle of complex flow
Truncated to Q for use plot title
Not used

Pump fundamental output flow at 2500 rpm
(Data input for simpler pump representation)

Data input valve element steady state flow

Array used to store in sequence the values for
subsequent extraction and plotting

Acoustic energy density

Truncated to T for use in plot title

Data input fluid temperature

Data input title for.flow plots

Data input title for pressure plots

Data input title for impedance plots

Data input title for energy density plots
Data input title for intensity plots
Temporary variable for plot titles

Data input for run title

Kinetic acoustic energy density

Potential acoustic energy density

Pump speed for current calculation

Data input maximum pump speed for calculation
Data input incremental pump speed

Data input first pump speed for calculation

Data input harmonic of interest

Data extracted from STPLT to allow plotting of
each curve in turn

IN**3/SEC

IN**3/SEC

WATTS/IN**3

°F

WATTS/IN**3

WATTS/IN**3
RPM
RPM
RPM

RPM
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SYMBOL " DESCRIPTION UNITS
ZAP( ) Complex impedance of total load on pump inlet ]
1 ) 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
| zZ0 Data input equivalent shunt complex impedance for '
i simple pump representation at 2500 rpm PSI/CIS é
ZM Not used = i
ZP Total parallel complex impedance of pump PSI/CIS

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

YA Z0 corrected for pump speed, viscosity, and density PSI/CIS

3.1.6.1 Common Variable Names

A Frequency of harmonic flow RAD/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 =
15 BULK Fluid bulk modulus used for calculation, selected
{ from ABULK tabulation PSI
E‘ G(=,=,-) Three dimensional array containing transfer matrices

produced by subroutines to describe elements -

f{ IEL Number of element under examination -
KTYPE Used to identify element sub-types -
NEL Total number of elements -
P( ) Pressure at inlet to system element PSI
PARM(-,-) Data input for two dimensional array of element

physical data —
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SYMBOL

PI

Q()
RHQ

VoL

VISC

XBE

z()

DESCRIPTION UNITS
The circular measure constant -
Peak input flow into element CIS
Fluid mass density selected from ARHO
tabulation LB-SEC*%*2/IN**4
Volume of element IN**3
Fluid viscosity selected from AVISC
tabulation IN**2/SEC
Variable used in calculating BETA -
Complex input impedance of element at harmonic
frequency of current calculation PSI/CIS




3.1.7 Specification Listing - Main Program

PROGRAM HSFR(INPUT,OUTPUT,DATA,TAPE5=DATA,TAPE6=0UTPUT)

C
C * REVISED DECEMBER 1,1975 *
C
C *VARIABLE TYPES, DIMENSIONS, COMMOMALITY, AND DATA%*
(o
COMPLEX BETA,G,P,Q,Q0,PO0
COMPLEX 2,20,2Z,ZP,21P,ZAP
INTEGER TITLE1(10),TITLE2(10),TITLE3(10),TITLE4(10),TITLE5(10),
+TITLEN(I0),TITLE(10)
coiMoN BETA,G,P,Q,Z, XBE,BER,BEI,BERP,BEIP,RHO,BULK,VOL,A,VISC,PAR
I1M,PI, IEL,NEL,KTYPE(40)
DIMENSION PARM(8,40),G(2,2,40),2(40),P(40),Q(40)
+,E(40),T(40)
; DIMENSION NTYPE(40)
DIMENSION IIPLT(49),STPLT(5000),0MEGA(125),YPLT(125,1)
DIMENSION QM(40),PHM(40),ZM(40)
DIMENSION CHAR(L)
DIMENSION ZIP(10),ZAP(10)
DATA Qc/1HQ/,PC/1lHP/,2C/1Hz/,TC/1HT/,EC/IHE/
DATA TITLE4/8HACOUSTIC,8H ENERGY ,8HDENSITY ,8HIN MILLI,3HUATT-SEC
+,8H/IN**3 V,8HS PUMP R, 8HPM-HAR!MO,8HNIC NO ,8H /
| DATA TITLES/8HACOUSTIC,8HINTENSIT,8HY(POWER),8H IN WATT,8HS VS PUM
+,8HP RPM FO,8HR HARMON,8HIC NUMBE, 8HR , 8H /
; DATA TITLE1/8HPEAK FLO,8HW IN CUB,8HIC INCHE,8HS/SEC VE,8HRSUS PUM
+,8HP RPM FO,8HR HARMON,8HIC NUMBE, 3HR , 81 /
DATA TITLE2/8HPEAK PRE,SHSSURE IN,8H LBS/IN*,8H*2 VERSU, 8HS PUMP R
+,84PM FOR !i, 8HARMONIC ,SHNUMBER ,8H , 8H /
DATA TITLE3/BHIMPEDANC,8HE IN DEC,8HIBELS VE,8HRSUS PUIl,S8HP RPM FO
i +,8HR HARMON,8HIC NUMBE, 8HR , 8H , 8H /
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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.

section also initializes the first pump speed computation point.

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

statements which control the print-plots.

Format #

460

470

480

490, 495

560

500
550,555
520
540,545
496

620

570,580,
590,593,

595
3.2.1

3.2.2

READS

Description

Title of system simulated

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

pressure

First, last, increment pump speed, and harmonic of interest
Element type, sub-type, and physical data parameters

Plotting requirements for flow, pressure, impedance, acoustic

density, and acoustic intensity

WRITES
Date and title of system simulated
Pump speed input data, and harmonic of interest
Headings for writing element input data

System element input data

Error message if number of elements exceed storage dimension

Error message if circuit in improperly terminated

Plotting requirements

Math Model - Not applicable.

Assumptions - Not applicable.

3-11
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3.2.3 Computation Method - Not applicable.

3.2.4 Approximations - 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.
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*SECTION 1- READ AND WRITE INPUT DATA*

100

101

112

113

109

102

108
103

106

11l

COMPUTE AND WRITE FLUID PROPERTIES

Read and Write Listing

READ(5,460) (TITLE(I),I=1,10)
IF(EOF(5))450,101

READ(5,470) NEL,IFLUID,TEMP,PRESS
READ(5,480)USTART,WEND,WINC,WHARM,PISTNO
NHARM=WHARM+, 01

WRITE(6,500) (TITLE(I),I=1,10)
IF(NHARM.LE. 1) GO TO 112

WRITE(6,550) WSTART,VEND,WINC,NHARM,PISTNO
GO TOo 113

WRITE(H6,555) WSTART,WEND,WINC,PISTNO

CALL FLUID(TEMP,PRESS,IFLUID,VISC,BULK,RIO)
WRITE(6,520)

READ AND WRITE CIRCUIT ELEMENT INPUT PHYSICAL DATA

K=NEL+1

DO 103 J=1,NEL

READ(5,490) NTYPE(J),KTYPE(J), (PARI(L,J),I=1,7)
IF(NTYPE(J).EQ.6) GO TO 109

MM=KTYPE(J)/10

IF(MM.NE,0) GO TO 102

PARM(8,J)=0

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

PARM(8,J)=K 1
WRITE(6,540) (J),NTYPE(J),KTYPE(J), (PARNM(I,J),I=1,7)
DO 108 MN=1,MM

READ(5,495) (PARM(I,K),I=1,8) :
WRITE(6,545) (PARM(I,K),I=1,8)

K=K+l :
IF(K.CT.40) CO To 106 !
CONTINUE

CONTINUE :
6o TO0 111 i
WRITEL(6,496) 7
STOP 7700

READ, COMPUTE, AND URITE OUTPUT PLOT REQUIREMENTS

READ(5,560) NQPLT,(IIPLT(I),I=1,NQPLT)

READ(5,560) NPPLT,(ITIPLT(I+NQPLT),I=1,NPPLT)

READ(5,560) NZPLT, (IIPLT(I+NQPLT+NPPLT),I=1,NZPLT)
READ(5,560)NTPLT, (IIPLT (I+NQPLT+NPPLT+NZPLT),I=1,NTPLT)

READ (5, 560)NEPLT, (LIPLT (I+NQPLT+NPPLT+NZPLT+NTPLT),I=1,NEPLT)




3.2.7 (Cont.)

PI=3.1416
NPLTPT=(WEND-WSTART) /WINC+1.01
NPLT=NQPLT+NPPLT+NZPLT+NTPLT+NEPLT
IWPT=1
W=WSTART
DO 105 IEL=1,NEL
IF(NTYPE(IEL).NE.6) GO TO 105
KT=KTYPE(IEL)
KT=KT+I1EL
IF(NTYPE(KT).LT.10) GO TO 104
105 CONTINUE
IF(NTYPE(NEL).GT.13) GO TO 115
104 WRITE(6,620)
STOP
115 CONTINUE
IF(NQPLT.LT.1.0) GO TO 370
WRITE(6,570)NQPLT, (IIPLT(1),I=1,NQPLT)
370 IF(NPPLT.LT.1.0) GO TO 380
WRITE(6,580)NPPLT, (LIPLT (I+NQPLT),I=1,NPPLT)
380 IF(NZPLT.LT.1.0) GO TO 383
WRITE(6,590)NZPLT, (IIPLT (I+NQPLT+NPPLT),I=1,NZPLT)
383 IF(NTPLT.LT.1.0) GO TO 385
WRITE(6,593)NTPLT, (IIPLT (I+NQPLT+NPPLT+NZPLT),1=1,NTPLT)
385 IF(NEPLT.LT.1.0) GO TO 390
WRITE(6,595)NEPLT, (ITPLT (I+NQPLT+NPPLT+NZPLT+NTPLT),I=1,WEPLT)
390 CONTINUE
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3.3 SECTIONS 2 and 3 - ELEMENT TRANSFER MATRIX AND IMPEDANCE CALCULATIONS

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

" terminaking 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 inlet is automatically assigned its sequential element
number (NINLT = IE). After the last-terminating element in the circuit has
been examined, control passes to Section 3 which calculates the input impedance
for each element starting with the last element in the circuit.

Input impedance Z(I) for the next element upstream I =(I-1) is then
calculated where Z(I+l) is the input impedance of the last downstream element.
This calculation repeats until 2(1l) is calculated, which is the system 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:

l Element ’ Element l
(1) (1+1) .
i) | |
e |
Z(1) Z(I+1)
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 (I+l). The pressure and flow across element (I) are

related by the matrix form l:G(I)] ) [Q(I)] i [Q(I+1§

P(I) P(I+1
or
{‘c(1,1,1) G(1,2,1)] « {Q(I) Q(I+1)
16(2,1,1)  6(2,2,1)] [P(D) P(I+1)
In equation form
G(1,1,I)Q(I) + G(1,2,I)P(I) = Q(I+l) )
G(2,1,1)Q(I) + G(2,2,I)P(I) = P(I+1) 2
By definition
P=Q& . (3)

Dividing equation (2) by (1) yields

I I) + G(2,2,I1)P(I) P(I+1) (4)
I

G(2,1 -
G(1,1,1)Q(I) + 6G(1,2,I)P(I) Q(I+1) .

From equation (3)

g-g—j%))- = Z(1+1), -:}% - 81 (5) (6)




Using (5) and dividing the left side of (4) by Q(I) yields

G(2,1,I) + G(2,2,I1)&(1)

L) + ol nam - 2@ .
Solving for &(I) gives
a(r) = &1, D3I+ - 6(2,1,1) (7
G(2,2,1) - G6(1,2,1)2(1+1) ,

which 1is the basic equation used for impedance calculatioms.

3.3.1.1 Circuit Termination

If the circuit is closed at the terminating element (I), then Q(I+l) =
Equation (1) then becomes
G(1,1,1)Q(1) + G(1,2,I)(PI) = 0.
Rearranging

P(I) _ -6(1,1,1)

Q(D) ea,2,.ny *
2(1) = -M)_ (8)

6,21} °
If the circuit is open due to flow at a valve element (I), then P(I+1) =
Equation (2) then becomes

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

Rearranging
BQGE) . _G02.0.0) 0 .
Q(1) 6(2,2,1) °
_ _G6(2,1,1) :
SNLr = =~ ot 2,1y o

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 ~¢————Last element in first branch
first branch + 1
First element (I+l) in first
K = KTYPE(I)+1 Seutich

Z(I)————} \—————————Branch element (I)

First element (I+K) in
second branch
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(1) ~ B(1+l) z(14K)

2(1) = BIHDEI+K)

Z(I+1) + 3(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 branch
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 branch
junctions is a very important aspect of the main program.

3.3.6 Variable Names - See Paragraph 3.1.6.
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3.3.7 TIransfer Matrix and Impedance Calculation Listing

C
C *SECTION 2- COMPUTE TRANSFER MATRIX FOR EACH CIRCUIT ELEMENT*
C
IF(NHARM.EQ.0) NHARM=1
QOVB=0.0
110 CONTINUE
KHARM=0
IF(KTYPE(l).EQ.21)NINLT=121
IF(XTYPE(1).EQ.22) NINLT=122
120 CONTINUE
KHARM=KHARM+1
A= *PISTNO*PI*KHARM/30.
DO 250 IEL=1,NEL
ITYPE=NTYPE(IEL)
Go TO (130,140,150,160,170,180,175,190,200,250,130,140,150,160,
+170,180,175,190),ITYPE
130 CALL LINE
GO TO 250
140 CALL RESNTR
GO TO 250
150 CALL VOLUME
GO TO 250
160 IF(W.NE.WSTART) GO TO 165
FLOW=PARM(2,IEL)
QOVB=QOVB+FLOW
165 CALL VALVE
GO TO 250
170 CALL ACCUM
GO TO 250
175 IF(KTYPE(IEL).EQ.1l) NINLT=IEL
180 G(1,1,IEL)=CHMPLX(l.,0.)
G(l,2,IEL)=CMPLX(0.,0.)
G(2,1,ICL)=CMPLX(0.,0.)
G(2,2,1EL)=CMPLX(l.,0.)
GO TO 250
190 CONTINUE
C 190 CALL WHEQUT (WSTART,W)
GO TO 250
200 CONTINUE
IF(KTYPE(IEL).EQ.0) GO TO 220
IF (KHARM. EQ.NHARM+1) GO TO 240
IF(KHARM.NE. 1) GO TO 250
GO TO 180
220 CONTINUE
G(l1,1,1) =CHPLX(l.,0.)
G(1,2,1) =CMPLX(0.,0.)
G(2,1,1) =CHMPLX(0.,0.)
G(2,2,1) =CMPLX(l.,0.)
A=W *PISTNO*PI*NHARM/30.
250 CONTINUE

3-19




P e T

c
C
c
c

T

i odate:. o g

e

S i

3.3.7

(Cont.)

*SECTION 3- CALCULATE INPUT IMPEDANCE FOR EACH CIRCUIT ELLCMENT

260

270

280

290

300

FROM TERMINATION BACK TO PUMP*

I=NEL

IF(NTYPE(I).GE.1l1l) GO TO 270

IF(NTYPE(I).EQ.6) GO TO 290
Z(I)=(G(1,1,I)*Z(I+1)-G(2,1,1))/(G(2,2,1)=-G(1,2,1)*Z(1+1))
GO TO 300

IF(NTYPE(I).EQ.14) GO TO 280

Z(I)==-G(1,1,1)/6(1,2,1)

GO TO 300

Z(I)'-G(Z,I,I)/G(Z,Z,I)

GO TO 300

K=KTYPE(I)+1

G(l,2,1)==1/Z(1+K)

Z(I)=Z(I+1)*Z(I+K)/(Z(1+1)+Z(1+K))

I=1-1
IF(NINLT.EQ.121.0R.NINLT.EQ.122)ZAP(KHARM)=CHMPLX(0.0,0.0)
IF(I+1.EQ.NINLT) ZAP(KHARM)=Z(I+1)

IF(I+1.NE.1) GO TO 260

ZIP(KHARM)=Z (1)

IF(KTYPE(I+1).NE.O) GO TO 120 1

s

3-20

.
"




ETTITTS

FT P
ML

pa s

vy v

| —

3.4 SECTION 4 - ELEMENT INPUT PRESSURE AND FLOW CALCULATION

Section 4 of the main program computes the input flow and pressure for
each element in the curcuit beginning with the first 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(1l)) 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 flow and 3

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, flow, 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(1) = 6(1,1,1-1)Q(1-1) + G(1,2,I-1)P(I-1) (11)

P(I) = 6(2,1,1-1)Q(I-1) + G(2,2,1-1)P(I-1) (12)




WYY

Special considerations are required to handle branch calculations.

K = no. of elements J:‘\“*-Last element in first branch
in first branch First " noon "
K = KTYPE (I-1)

(my First element (I+K) in second branch
T

T L)
\Branch element (I-1)

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.

P(I) = P(I~1) = P(I+K) (13)
Flows are then calculated as

Q(I) = B(1)/2(1) ' (14)

Q(I+K) = P(I)/3A(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.




3.4.7 Flow and Pressure Calculations Listing

C
C *SECTION 4- CALCULATE INPUT PRESSURE AND FLOW FOR ‘
c : EACH CIRCUIT ELEMENT* |
C

QO=CMPLX(PARM(1,1),PARM(2,1))
Z0=CMPLX(PAR!(3,1),PARM(4,1))
Q(1)=Q0*y /2500, {
22=20%2500, /U i
ZP= ZZ*Z(1)/(22+2(1))
P(l)= Q(1)* zP ]
Q(l)= P(l)/z(1)
GO TO 310

240 CONTINUEL
CALL PUMP(WSTART,W,ZIP,NHARM,QOVB,PRESS,WINC,PISTNO,NINLT,ZAP)

310 CONTINUE
DO 335 I=2,NEL
IF(I.EQ.NINLT) GO TO 335 |
IF(NTYPE(I-1).EQ.6) GO TO 320 t
IF(NTYPE(I-1).GE.11) 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(2,2,1~-1)*P(I1-1)
GO TO 335 :

320 K=KTYPE(I-1)
P(I)=P(1-1)
P(I+K)=P(1)

| Q(1)=P(1)/2(1)
Q(I+K)=P(I)/Z(I+K)

335 CONTINUE
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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 LOG](Q 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.

3-24




e

3.5.1 Math Model - The acoustic energy density 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.

0 =

=k dx

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

Paragraph 2.7 of Reference (1) as:

t = Kinetic + Potential

e ey 2 Rgg 2 S
where: RHO = fluid mass density LB-SECZ/IN%
C = velociﬁy of sound in fluid IN/SEC
V = velocity of fluid element IN/SEC
P = feaklpressure in fluid element LBS/INZ.

However, velocity is related to peak flow (Q) and cross sectional area (A) by
V = Q/A. an

Substituting (17) in (16) yields

2
B Wl e
t =7 QA"+ TR0 c?

2 2
RHO Q p
=2 a2 towmoc? (18)

t

The average or RMS energy hensity (T) is derived by dividing the peak flow
and pressure by V2.
_ RHO[q )2 1 P \2
T= 2z 17-) * 2 ru0 2 (\IZ)

RHO Q% B IN~LBS (19)
4 RHO C? IN3

T=

4AZ




r—

TR T T T

To obtain T in MILLIWATTS/IN3, the results of equation (19) are multiplied

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
Qp
0 T
Q
. QANG
G
G ¢ Real
The active power in WATTS is
E = .113 PQp = .113 PQ cos @ (20)
where 0 = phase angle
: = PANG - QANG
and PANG = TAN © [LMAG(P).
\ \REAL (P) |

ANG = TAN-1 (:’{EAQ‘-QL)
Q AL((Q
3.5.2 Assumptions ~ None

3.5.3 Computation Method - Not applicable.

3.5.4 Approximations - None

3.5.5 Limitations - Since the energy density equation (19) requires

element area, the energy density calculation is limited to line elements

only.

3.5.6 Variable Names - See para. 3.1.6.




3.5.7

c
c
c
C

341

340

345

350

355

360

630

B
|
|

|

|

E

|

*SECTION

Calculate Energy and Store Plot Data - Listing

Q,P,2,T, AND/OR E SELECTED FOR PLOTTINGX*

DO 360 J=1,NPLT

I=(J-1)*NPLTPT + IWUPT

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

STPLT(I1)=PHASEM

GO TO 360

IF(J.GT.NQPLT+NPPLT) GO TO 345
STPLT(I)=CABS(P(IPLT))

GO TO 360

IF(J.GT.NGPLT+NPPLT+NZPLT) GO TO 350
STPLT(1)=20.*ALOG10(CABS(Z(IPLT)))

GO TO 360

IF(J.GT.NQPLT+NPPLT+NZPLT+NTPLT) GO TO 355
TK=RHO* (CABS(Q(IPLT)))**2/(PARM(6,IPLT))**2/4,
TP=(CABS(P(IPLT)))**2/RHO/(PARM(S5,IPLT))**2/4.
T(IPLT)=(TK+TP)*113.

STPLT(IL)=T(IPLT)

GO TO 360

PANG=ATAN2 (AIMAG(P(IPLT)),REAL(P(IPLT)))
QANG=ATAN2 (AIMAG(Q(IPLT)),REAL(Q(IPLT)))
PHAS E=QANG-PANG

IF(PHASE.GT.180.) PHASE=PHASE-360.
IF(PHASE.LT.-180.) PHASE=PHASE+360.
E(IPLT)=CABS(P(IPLT))*CABS(Q(IPLT))*COS(PHASE)*.113
STPLT(I)=E(IPLT)

CONTINUE

OMEGA (IWPT)=VW

IWPT=IWPT+1

WRITE(6,630) Q(5),QANGM,P(5),PANGM,PHASEN,Q(6),P(6),V

FORMAT (10X, 7(F10.4),/,10X,5(F10.4))
=W +W INC
IF(W.LE.WEND)GO TO 110

5- CALCULATE T AND/OR E, STORE THE MAGNITUDE OF EACH
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3.6 SECTION 6 — PLOTTING STORED INFORMATION

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

at a time into YPLT(K,l1) and then plotted. YPLT(K,l1) is used in the call state-

ment to GRAPH2 as the 'Y' arrav, as is the 'X' array OMEGA 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 applicable

3.6.4 Approximations - None

3.6.5 Limitations - None

3.6.6 Variable Names - See paragraph 3.1.6
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3.6.7 Plotting of Stored Information - Listing

C *SECTION 6- TAKE THE MAGNITUDE OF PRESSURE,FLOU, IMPEDANCE,
C ENERGY DENSITY, AND/OR ENERGY INTENSITY FOR

C SELECTED ELEMENTS FROM STORAGE AND PLOT*
c

DO 440 J=1,NPLT
I=(J=-1)*NPLTPT
DO 400 K=1,NPLTPT
400 YPLT(K,1)=STPLT (I+K)

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

€360 CALL PPLOT (OMEGA,YPLT,NPLTPT,125,1,41H/IMPEDANCE IN DECIBELS VERS

C360 1US PUMP RPM // )
DO 405 I=1,10

405 TITLEN(I)=TITLEL(I)

GO TO 430 ;

410 IF(JJGT.NQPLT +NPPLT) GO TO 420
CHAR(1)=PC
CALL GRAPH2(OMEGA,YPLT,HPLTPT,CHAR)

C360 CALL PPLOT (OMEGA,YPLT,NPLTPT,125,1,39H/PRESSURE IN PSI VERSUS
€C360 1 PUMP RPM// ) !
DO 415 I=1,10

415 TITLEN(I)=TITLE2(I) {
GO TO 430 i

420 IF(J.GT.NQPLT+NPPLT+NZPLT) GO TO 426
CHAR(1l)=2C
CALL GRAPH2(OMEGA,YPLT,NPLTPT,CHAR)

€360 CALL PPLOT (OMEGA,YPLT,NPLTPT,125,1,354/ FLOW IN CIS RMS VERSUS FU
c360 1MP RPM// )
DO 425 I=1,10 |

425 TITLEN(IL)=TITLE3(I)

GO TO 430

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

CHAR(1l)=TC
" CALL GRAPH2(OMEGA,YPLT,NPLTPT,CHAR)
DO 427 I=1,10 ]

427 TITLEN(IL)=TITLE4(I) ,
CO TO 430 |

428 CHAR(1l)=EC i
CALL GRAPH2(OMEGA,YPLT,NPLTPT,CHAR) |
DO 429 1=1,10 |

429 TITLEN(I)=TITLES(I)

430 CONTINUE
WRITE(6,610)CHAR(1),IIPLT(J),TITLEN,NHAR!
WRITE(6,600) (TITLE(L),I=1,10)

440 CONTINUE
GO TO 100

450 STOP 1001

460 FORMAT(10A8)

470 FORMAT(215,2F10.0)
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3.7.1 Format Statements, Main Program -~ Listing

480 FORMAT (8F10.0)

490 FORMAT(215,7F10.0)

495 FORMAT(8F10.0)

496 FORMAT(10X,70H INPUT DATA EXCEEDS ARRAY DIMENSIONS - PROGRAM TERMI

INATED )

500 FORMAT (lH1,44X,43HHYDRAULIC SYSTEM FREQUENCY RESPONSE PROGRAIL,
+//,30%X,10A8)

520 FORMAT(//,8H ELEMENT,1X,48(1H*),25HSYSTEM ELEMENT INPUT DATA,
1 48(1H*),/,7H NUMBER,//,10X,6HN K,6X,48(1lH.),
2 13HPHYSICAL DATA,48(lH.),/,8%X,10HTYPE TYPE,//)

540 FORMAT(IH ,I13,5X,13,2X,I3,7F14,3,/)

545 FORMAT(1H ,16X,8F14.5,/) ;

550 FORMAT(//,20X,27HRESPONSE IS CALCULATED FROM ,F9.2,4H TO ,F9.2, )
1 24H R.P.M. IN INCREMENTS OF ,F9.2,7H R.P.M. ,//,42X%,
2 41HRESPONSE IS PLOTTED FOR HARMONIC NUMBER ,I12, %
3//,50X,28HNUMBER OF PUMPING ELEMENTS= ,F5.0) 1

555 FORMAT(//,20X,27HRESPONSE IS CALCULATED FROM ,F9.2,4H TO ,F9.2,
1 244 R.P.M, IN INCREMENTS OF ,F9.2,7H R.P.Md. ,//,40X, |
2 S55HRESPONSE IS PLOTTED FOR THE -FIRST- HARMONIC FREQUENCY , |
3//,50X,28HNUMBER OF PUMPING ELEMENTS= ,F5.0) |

560 FORMAT(1615) 7 ?

570 FORMAT(10X,I3,37H Q PLOTS FOR INPUT TO ELEMENT NUMBERS, 2014, |
+/,50KX,2014)

580 FORMAT(10X,I3,378 P PLOTS FOR INPUT TO ELEMENT NUMBERS,20I4,
+/,50%X,2014)

590 FORMAT(10X,I3,37H Z PLOTS FOR INPUT TO ELEMENT NUMBERS,20L4,
+/,50X,2014)

593 FORMAT(10X,I3,37H T PLOTS FOR INPUT TO ELEMENT NUMBERS,20L4,
+/,50%X,2014)

595 FORMAT(10X,I3,374 E PLOTS FOR INPUT TO ELEMENT NUMBERS,20L4,
+/,50X,2014)

600 FORMAT(/,45X,10A8)

610 FORMAT(/,38X,A1,12,2X,10A8,12)

620 FORMAT( 36H THE PROGRAM HAS BEEN TERMINATED.,//,72HEITHER A BR

AANCH OR THE END OF THE SYSTEM HAS BEEN I PROPERLY TERMINATED.,//,2

BBHSUGGEST YOU CHECK YOUR DATA.)
END
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4.0 PUMP SUBROUTINE

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 relationship 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 proviags the linear phase and gain relationship between the
harmonic 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

is not 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

4-1
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initialization of pump variables from the main program input data, and cal-
culation of valve port areas for a full 360° 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 outlet flow is calculated and then analyzed by
Fourier analysis. The steady state component of the Fourier analysis is then
compared to the total 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 dynamically
by reconstructing the time dependent output pressure and recomputing flow from
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
system load. Otherwise, inlet flow is based on the constant steady state
inlet pressure and the program goes directly to the hanger torque calculations.
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.
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4.1.1
4.1.2
4.1.3
4.1.4

4.1.5

Math Model - See sub-paragraphs in section 4.

Assumptions - See sub-paragraphs in section 4.

Computation Method ~ See sub-paragraphs of section 4.

Approximations - See sub-paragraphs of section 4.

Limitations - See sub-paragraphs of section 4.




FROM MAIN PROGRAM

CALL ARGUMENTS

PUMP START SPEED

PUMP SPEED FOR CURRENT CALCULATION
OUTLET LOAD IMPEDANCE FOR EACH HARMONIC
HARMONIC OF 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

SPECIFICATION STATEMENTS |

'

CHECK SPEED

W # WSTART

1W =WSTART

INITIALIZE PUMP VARIABLES FROM INPUT
DATA ARRAY PARM 1

!

SECTION 1 - CALCULATE VALVE PORT AREAS 360° J

{

SECTION 2 - CALCULATE STEADY STATE SWASH
ANGLE OR OUTPUT PRESSURE !

GP76-1083-2

; (SEE NEXT PAGE) ’

& | FIGURE 4-1 |
I HSFR COMPUTER PROGRAM - PUMP
SUBROUTINE FLOW CHART
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SECTION 2 - CALCULATE STEADY STATE SWASH

ANGLE OR OUTPUT PRESSURE

T

SECTION 3 - CALCULATE PRECOMPRESSION
PRESSURES

v

'ﬂ SECTION 4 - CALCULATE PUMP OUTLET FLOW

4

SECTION 5-FOURIER ANALYSIS OF OUTLET FLOW

[ CHECK FOR DYNAMIC BALANCING |

CHECK STEADY STATE

FLOW OR PRESSURE ERROR

T

CALCULATE HARMONIC OUTLET FLOWS| g |
UP THROUGH HARMONIC OF INTEREST

:

SECTION 6 - CALUCLATE HARMONIC PRESSURES
UP THROUGH HARMONIC OF INTEREST

§ KK=12

SECTION 7 - RECONSTRUCT TIME DEPENDENT

PAGE)

HARMONIC QUTLET PRESSURE

KK

| INLET ANALYSIS REQUIRED
L— (NINLT = 121)

RETURN-OUTLET FLOW AND PRESSURE
FOR HARMONIC OF INTEREST

v

TO MAIN PROGRAM

GP76-1083-3

FIGURE 4-1 (Continued)
HSFR COMPUTER PROGRAM - PUMP
SUBROUTINE FLOW CHART
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(INLET ANALYSIS IS REQUIRED)
l (NINLT = 122,123)

SECTION 8 - CALCULATE DECOMPRESSION
PRESSURES

4

SECTION 9 - CALCULATE PUMP INLET FLOW

v

RETURN SYSTEM ANALYSIS REQUIRED

1 + (NINLT = 123)

SECTION 10 - FOURIER ANALYSIS OF INLET FLOW

v

SECTION 11 - INLET PRESSURE/FLOW

DYNAMIC BALANCE

lKK=1OR2

(NINLT =122) —

SECTION 12 - RECONSTRUCT TIME DEPENDENT
HARMONIC INLET PRESSURE

SECTION 13 - TORQUE CALCULATION

4

RETURN - INLET AND OUTLET FLOW AND
PRESSURE FOR HARMONIC
OF INTEREST

l GP768-1083-6

TO MAIN PROGRAM

FIGURE 4-1 (Continued)
HSFR COMPUTER PROGRAM - PUMP
SUBROUTINE FLOW CHART
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4.1.6 Variable Names - Variable names unique to the PUMP subroutine are

listed below.

3.1.6.1.

SYMBOL
ABETA
ACTLEV
ACTLEVO
AINC
ALPHA
ANG
ANGCR
ARACT
ASWASH
ASWAST
ATOFF
AVAREA
AT
ATPR
ATSU

BULKP

CAVOL
Ccl
CPRESS
CSPRESS
COEF

DANG

DESCRIPTION
Angle obtained during calculation of valve area
Swashplate actuator lever arm
Swashplate actuator lever arm at zero angle
Incremental shaft rotation angle
Angle obtained during calculation of valve area
Angular value of valve opening
Input data swashplate fixed cross angle
Area of swashplate actuator
Swashplate variable angle
Swashplate variable angle for writing in output
Angle of swashplate offset
Temporary variable in calculation of valve area
Angular position of pistons
Temporary variable
Temporary variable
Bulk modulus during pre-compression
Temporary variable used in Fourier calculation
Piston cavitation volume
Temporary variable used in Fourier calculation
Case pressure - steady state
Case to inlet pressure at zero case drain flow
Temporary variable used in Fourier calculation

Incremental shaft rotation angle used in pre-
compression calculation

4-7

Common variables are discussed in the main program paragraph

UNITS
RAD

IN

IN
DEGREES
RAD
RAD
DEGREES
IN**2
RAD
DEGREES

DEGREES

RAD

PSI

IN**3

PSI

PSI

RAD
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SYMBOL
DIACT
DIAPIS
DISAM

DLEAK

DPRESD
DPRESP

DSWASH

DT

DVOL

DX

ETA(J)

FNTZ

FQL(I,KK)

FQ1(KKN,1)

FQLI(=,-)
HPRESS
HOFF

I

IFL

JK

DESCRIPTION
Diameter of swashplate actuator - input data
Input data pumping piston diameter
Maximum actuator displacement

Leakage from one cylinder during rotation through
incremental angle (DANG)

Pressure change in cylinder during decompression
Pressure change in cylinder during precompression

Incremental swashangle due to incremental speed
change

Incremental time for rotation through incremental
angle (DANG)

Incremental displacement of piston for rotation
through (DANG)

Incremental piston stroke for rotation through (DANG)

. ; th
Percentage error between predicted and resulting J

harmonic pressure

Temporary variable used in Fourier analysis

Complex output flow of the Ith harmonic. for the KKt

test, from Fourier analysis

Complex flow for the next harmonic, KKN, equals the
last Fourier flow for the next harmonic, calculated
from the final KK=3 test balanced flow from the last

harkonic-FQL(KKN,1) = FQIL(KKN,3)
Compl¥x inlet flow

Pump outlet steady state pressure
Swashplate offset

Integer counter

Integer counter for number of steady state balance
loop iterations

Integer counter

Not used

UNITS

IN

IN

IN

IN##*3

PSI

PSI

RAD

SEC

IN*%*3

IN

>a

CIS

CIS

CIS

PST

IN




SYMBOL

KK

KKN

LEAK

LKl -~ LK8
LPRESS
LPRESD
LPRESP
LVOL

M

NAPP

NAPS

N, NJ, NP

NDEG

ND1-ND9

NHARM
NINLT

NKM

NPRSOP

NPROP

NPRSCL

NPRCL

NSUSOP

DESCRIPTION
Integer counter for dynamic balancing test
Order of harmonic (1,2,3,---)
Constant for piston lap leakage
Temporary variables used in flow calculations
Input data-steady state inlet pressure
Piston pressure in de-compression calculation
Piston pressure in pre-compression calculation
Piston volume in pre-compression calculation

Integer counter

" Number of active pistons pumping

Number of active pistons sucking

Integer counter

Integer counter for stepping cylinder rotation in

1/2 degree increments, beginning with NDEG=1 at
piston bottom dead center on the swashplate

Index positions for stepping cylinder rotation
through a full revolution, 360°

Integer form of WHARM

Inlet identification code number

Index position of first, second, third, or fourth

piston during flow calculation

Index position when cylinder slot starts to open

to pressure slot

Index position when cylinder slot is fully open
to pressure slot

Index position when cylinder slot starts to close

to pressure slot

Index position when cylinder slot is fully closed

to pressure slot

Index position when cylinder slot starts to open

to suction slot
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CIS/PSI

PSI
PSI
PSI

IN**3
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SYMBOL DESCRIPTION UNITS

NSUOP Index position when cylinder slot is fully open -
to suction slot |
NSUSCL Index position wien cylinder slot starts to close = |
to suction slot |
2 NSUCL Index position when cylinder slot is fully closed = ;
T,‘ to suction slot ?
‘ NSTEPD  Number of steps in de-compression 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 |
PIA Piston area IN*#*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 ]
PP( ), Internal pressure in pistons 1, 2, 3, or 4 at 1
PPI( ) a given index position PSI
PISPR Piston pressure FSI ;
! PPM(TI) Magnitude of the Ith harmonic peak pressure PSI
‘ PLEAK Leakage out of cylinder bore CIS/PSI
; PPP(I) Phase angle of the Ith harmonic peak pressure RAD
5. PPT( ) Time dependent amplitude of mep out?ut pressure
@ for each rotation index position during output cycle PSE
[*, PQ1(I,KK) Complex ouEgut test pressure of the'Ith harmonic,
for the KK~ test in dynamic balancing PSI
PQII(I,KK) Complex inlet test pressure of the Ith harmonic PSI
PRESS Input data for steady state pump output pressure Pl
PSPG Actuator pressure due to spring force PSI

PTP ’ Not used

i
}
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SYMBOL

DESCRIPTION

P3,P5,P6,P7 Not Used

QERR

QIN

QMAX
QOUT
QOVB

QOVBT

QQ( ),
QQI( )

QQFC(T)
QIFC(I)

QQFS (1)
QIFS(I)

QQT(N)
Qo0
RBORC

RV

RVX
RO,R3
R1

R2

R4

SA

SSA

Error between input and Fourier analysis steady
state flow

Flow into piston
Maximum flow capability at full swashangle
Flow out of piston

Total overboard steady state leakage from main
program

Test overboard flow for steady state balancing

Flow out (in) of piston 1, 2, 3, or 4 at a given
index position

COSINE peak amplitude of pu@ﬁ output (inlet) flow
from Fourier analysis for I~ harmonic

SINE amplitude of pumptgutput (inlet) flow from
Fourier analysis for I harmonic

Time dependent output flow from pump
Not used
Input data cylinder centerline circle radius

Input data cylinder and valve plate slot center
line radius

Width of valve open area

Temporary variables in area calculation
Input data cylinder slot radius

INPUT data valve plate pressure slot radius
Valve plate suction slot radius

Temporary variable in Fourier analysis

Half amplitude of piston stroke due to controlled
angle of swashplate

Half amplitude of piston stroke due to fixed swash-
plate cross angle
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UNITS

CIs
CIs
CIS/RPM

CIS

CIS

CISs

CIS

CIS

CIS

CIS

IN

IN
IN
IN
IN
IN

IN

IN

IN
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SYMBOL
SAM
SLEAK
SLOTW
SLTHAG
SWASH
THPRS
THPRE
THSUCS
THSUCE
THETA
THEOLD
TLEAK
TLEAKT
TORAAV
TORPAV
TORQ

TORQAC

TORQAS

TORQPR

TORQPS
TORQSU
TORQL

TORTAV
TRACAV

TRQACR

DESCRIPTION

Maximum piston half stroke at maximum swashangle
Leakage into cylinder bore

Cylinder slot width

Cylinder slot width half angle

Input data for maximum swashangle

Input data valve plate pressure slot start angle
Input data valve plate pressure slot end angle
Input data valve plate suction slot start angle
Input data valve plate suction slot end angle
Angular position of cylinder slot centerline
Last Angular position of cylinder slot centerline

Input data pump internal leakage to case

Test pump internal leakage for steady state balancing

Average total torque due to piston inertia
Average total torque due to piston pressure
Total swashplate torque at each calculation point

Swashplate torque due to piston inertia at each
calculation point

Summation of TORQAC

Swashplate torque due to piston pressure at
each calculation point

Summation of TORQPR

Summation of TORQ

Temporary variable

Total average torque

Average torque due to cross angle

Torque due to cross angle at each calculation point

UNITS
IN
CIS/PSI
IN

RAD

DEG

DEG

DEG

DEG

DEG

RAD

CIs
CIS
IN-LBS
IN-LBS

IN-LBS

IN-LBS

IN-LBS

IN-LBS

IN-LBS

IN-LBS
IN-LBS

IN-LBS
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SYMBOL
TRQACS

U0, Ul,U2,
U3

VA

VAREA( )

WINC
W
WSTART
XA

XLAST,
XOLD

XNEW

Z0

ZER )

ZAP( )

DESCRIPTION
Summation of TRQACR

Temporary variables used in Fourier analysis

Piston volume at a given index position

Cylinder slot flow area at each index position,
0-360° in 1/2° increments

Input data pump speed increment

Harmonic frequency (same as A in main program)
Input data first pump speed calculation point
Piston position at a given index position

Position of piston at last index position

Position of piston at new index position

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

Pump shunt impedance for Ith harmonic

Complex impedance of load on pump outlet for
each harmonic

Complex impedance of load on pump inlet for
each harmonic

UNITS

IN-LBS

IN**3

IN**2
RPM
RAD/SEC
RPM

IN

IN

IN

RPM

PSI/CIS

PSI/CIS

PSI/CIS




4.1.7 Specifications and Initialization - Listing

SUBROUTINE PUMP (WSTART,Y,Z2IP,NHARd,Q0VB,PRESS,WINC,PISTNO,

+NINLT, ZAP)

* REVISED HWARCH 3,1975 *

*VARIABLE TYPES, DIMENSIONS, COililONALITY*

W lel el e]

DO

*INITIALIZE VARIABLES FROu

REAL LPRtSS,LVOL,LEAK,LK1,LK2,LK3,LK4,LK5,LK6,LK7,LKS

REAL LPRESP,LPRESD

COAPLEX BETA,S,P,0,2,2V2,ZV
COMPLEX 0Q0,20,Z1IP,P3,%ZAP
COMPLEX FQ1,PQ1,Z2EQ,PQlI,FQlI

COMi1ON BETA,G,P,Q,2, XBE,B3Ek,BEI,BERP,BEIP,RHO,BULK,VOL,W,VISC, PAR

l4,PI, IEL,NEL,KTYPE(40)

DIJENSION G(2,2,40),PARM(8,40),P(40),0Q(40),2(40)

DIMENSION QQT(81),PPT(81),Q0FC(11),0QF5(11),PPi(11)

DIMENSION PP(6),Q00(6),PTP(81)
DIMENSION ZIP(10),ZAP(10)
DIMENSION XL(6),VAREA(800)

DISENSION FQ1(10,3),P0Q1(10,3),ZEQ(10),ETA(10)
DIMENSION PISPR(800),0Q00QI(81),PPI(81)

DIAENSION QIFC(11),QIF5(11),FQ1I(10,3),PQlI(10,3)
DATA VAREA/800*0.0/,PI5PR/800%0.0/

*SOLUTION (lETHOD*

IF(Y.NL.WSTART) GO TO 140
R1=PAR:(1,1)
SLOTW=PARM(2,1)
RV=PARM(3,1)
RBORC=PARM(4,1)
DIAPIS=PARM(5,1)
POVOL=PAR1(6,1)
R2=PARi(7,1)
R4=PAR:(1,NEL+1)
SWASH=PAR:(2,NEL+1)
TLEAK=PAR(( 3,NEL+1)
ANGCR=PARM(4,NEL+1)
THPRS=PARM(S,NEL+1)
THPRE=PAR4( 6,NEL+1)
THSUCS=PAR4(7,NEL+1)
THSUCE=PAR:(8,NEL+1)
LPRESS=PARM(1,NEL+2)
HOFF=PARA(2,NEL+2)
DISAN=PARM(3,NEL+2)
ACTLEVO=PARH4(4,NEL+2)
PIMAASS=PARA(5,NEL+2)
CPRESS=PARA(6,NLL+2)

4~14
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4.,1.7 Cont'd

CSPRES=PARM(7,NEL+2)
DIACT=PAR!i(8,NEL+2)
{ ARACT=DIACT**2*PI/4.
QOVBT=Q0V3
TLEAKT=TLEAK
ASWASH=SWASH/57.3 1
NOPIST=PISTNO |
SLTHAG=(ASIN(SLOTW/(2.*RV)})*57.3
NAPP=(180.+2.*SLTHAG-THPRS-THPRE)/360.*PISTNO+1.
NAPS=(180.+2.*SLTYAG-THSUCS-THSUCL)/360.*PISTNO+1.
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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
aircraft rotating 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 cylinder
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 plate
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 (NDEG = 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 cylinder slot to the pressure slot. Variables
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
limited by the cylinder slot width itself. As the cylinder slot closes to the
pressure slot, areas are obtained by merely reversing the values computed

during opening.
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FIGURE 4-3
PUMP VALVE PLATE PARAMETERS
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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 i

plate pressure and suction slots.

4,2.3 Computation Method ~ Areas are calculated for each 1/2 degree

increment of cylinder block rotation from 0O 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.
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i AR

RO RO = Rl + R2 - RV x ANG

Valve Plate

Pressure Slot

(Fixed)
Cylinder Slot

(Rotating)

el -

R1 AJETA

VAREA

<«€¢—— Cylinder Rotation

ANG < | —

cos (ALPHA) = (R0OZ - R1? +R2%)/(2 x RO x R2)

cos (ABETA) = (ROZ + R12 - R22)/(2 x R? x R1)

VAREA = R12(ABETA - sin(ABETA) x cos(ABETA))

+ R2Z(ALPHA - sin(ALPHA) x cos(ALPHA)) (1)
when RO < 0
VARFA = .5 x 17 (R12 + R22) - 2 x RO x R3 (2)

where: R3 = Rl if R2 >Rl
or R3 = R2 if R1 >R2

Figure 4~5 Pump Port Valve Area Calculations
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4.2.7 Section 1-- Valve Area Calculation - Listing

SECTION 1 VALVE AREA CALCULATION FOR FULL 360 DEGKLES RLVOLOUTION

 —— e ——

COrlPUTE VALVING INDEX POSITIONS FOR LEIGHTY FLOW INCRE(IENTS

(i el o W B ]

AINC=4.5/PISTNO
NPRSOP=( THPRS-SLTHAG) /AINC+1.
NPROP=( THPRS+SLTHAG) /AINC+1.
- NPRSCL=(180.-THPRE-SLTHAG) /AINC+1.
i NPRCL=(180.-THPRL+SLTHAG) /AINC+1.
; NSUSOP=( 180. +THSUCS-SLTHAG) /AINC+1.
NSUOP=( 180.+THSUCS+SLTHAG) /AINC+1.
NSUSCL=(360.-THSUCE-SLTHAG) /AINC+1.
NSUCL=( 360.-THSUCE+SLTHAG) /AINC
DO 400 NDEG=1,NPRSOP i
VAREA (NDLG) =0. 0
400 CONTINUE
R3=R1
IF(R1.GT.R2) R3=R2
ND1=NPRSOP+1
ND2=NPROP-1
DO 500 NDEG=KDI1,ND2
ANG=( NDEG-NPRSOP) *AINC/57. 3
RVX =ANG * RV
IF(RVX.GT.SLOTW) RVX=SLOTW
RO=R1+R2 ~RVX
IF(RO.LE.0.01) GO TO 410
ALPHA=(RO**2-R1**2+4R2%%2) /(2. 0%RO*R2)
ABETA=(RO**24R1*¥*2-R2%*2) /(2. 0*RO*R1)
IF(ALPHA.GT..9999.0R.ABETA.GT..9999) 3O TO 420
ABETA =ACOS (ABETA)
C360 ABETA=ARCOS(ABETA)
ALPHA=ACOS (ALPHA)
| C360 ALPHA=ARCOS(ALPHA)
B AVAREA=RI*R1* (ABETA-SIN(ABLTA)*COS(ABLTA))
< VAREA (NDEG)=R2*R2* (ALPHA-STN (ALPHA) *COS (ALPHA) ) +AVARLA
GO TO 500
410 CONTINUE
VAREA (NDEG)= 0.S*PI*(R1*R1+R2#*R2)~2.0%RO*R3
GO TO 500
420 VARLCA(NDEG)=0.0
500 CONTINUE
DO 550 NDEG=NPROP,WPRSCL
VAREA(NDEG)=PI* (R3**2)+(SLOTW~2.*R3)*2.*R3
550 CONTINUE
ND3=NPRSCL+1
ND4=NPRCL~1
1=1
DO 600 NDEG=ND3,ND4
VAREA ( NDEG) =VAREA ( NPROP-1)
I=1+1
600 CONTINUE
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750

{00

360

Cont "Vl‘

DO 6H0 NDEG=NPRCT, NSUSOP
VAREA(NDEG) =0, 0

CONT TN

[F(RT.GT.RA) R3I=RA

NDOY=NSULSOP

NDG=NSUOP=]

DO 700 NDEG=NDSY,NDG
ANG=(NDEG=NSUSOP)Y*NINC/H 703

RVX=ANG* RV

TF(RVXLOT.5LOTW) RVX=51L01TW

RO=R1ER2=-RVX

IF(ROLLELO0L.0T) GO TO 660
ALPHA=(ROY*D_RI** D4 R2*A*2) /(2 0*RO*R2)
ARETA=(RO®* 24 RI*XAD_RINXD) /(2,0 RO*R]T)
IF(ALPHALGT. 9999 L ORCABETALGT. . 9999) GO TO 670
ARETA=ACOS ( ARETN)

ABETA=ARCONS (ABLTA)

ALPHA=ACOS (ALPHA)

ALPHA=ARCOS (ALPIHA)

AVAREA= RI*YRI*(ABETA=SIN(ABETA) *COS(ABRETA) )
VAREA(NDEG) = R2*R2* (ALPHA=SIN(ALPHA) *COL(ALPHA) ) #AVAREA
GO OTO 700

CONT INUL
VAREA(NDEG) =0, 5*PT*(RI*RI+R2*R2) -2, 0*RO* R
G 1Y 700

VAREA(NDLG)=0,0

CONTINUL

DO 750 NDEG=NSUOP, NSUSCIL
VAREA(NDLEG)=PI*¥ (R3**2) + (SLOTW-2.*R3)*2,*R3
CONTINUL.

ND7=NSUSCL+1

NDS=NSUCL=-1

1=1

DO 300 NDLG=ND7,NDR

VAREA(NDEG) =VAREA(NSUOP-T)

I=1+1

CONTINUE

NDI=360./AINC

DO 850 NDEG=NSUCL,NDI

VARLA(NDLG)=0.0

CONTINUE

WRITE(6,840) NPRSOP,NPROP,NPRSCL,NPRCL,NSUS0P,NSU0P,NSUSCL,NSUCL
FORMAT(8(5%X,15))

NJI=ND9/6

DO 860 J=1,NJ

N2=J+NJ

N3=J+2*NJ

N4=J+3*NJ

NS=J+4*NJ

N6=J+5*NJ

CONTINUE
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4.3 SECTION 2 STEADY STATE SWASH ANGLE ARD OUTPUT PRESSURE CALCULATION

Section 2 calculates the steady state swash angle as a function of pump
speed, circuit overboard flow (valve leakage), and pump internal leakage.

When the swash angle is maximum, the steady state pump ouﬁput pressure is cal-
culated.

On the first call of PUMP, certain constants are calculated; cylinder
bore area (PIA), maximum half stroke (SAM), maximum flow per rpm (QMAX),
orifice flow coefficient (ORF), and the cylinder cavitation volume 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 internal leakage. If
the pump is at full stroke, control passes to the last part of section 2
where a steady state pressure (HPRESS) is calculated. If the pump speed is
high enough to meet inputed circuit flow demands, the new swash angle is esti-
mated by adjusting the old angle with an incremental swash angle adjustment
calculated from the new and old pump speeds. Various tests are included to
insure a stable calculation, and smooth transition from full swash angle at
low pump speeds, and from one pump speed to the next.

4.3.1 Math Model
4.3.1.1 Swash Angle - Two methods of calculating swash angle are used. One
calculates swash angle by multiplying 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) 3)
5703 (QMAX x Y)

ASWASH =

e et i i NS oA PN U b
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Equation (3) is used for recalculating ASWASH to balance flow, except that
adjusted values of flow are used (QOVBT + TLEAKT).
The other method computes an incremental swash angle (DSWASH) based on

the new and old pump speeds, where

DSWASH = ASWASH(2) - ASWASH(1)
From equation (3)
” SWASH (QOVB=TLEAK) X 1
DaRasH 57.3 QMAX ¥ 7 (%)
where Y1 = old pump speed
Y2 = new pump speed = Y (current calculation value)
However,
1 1 Y1 = ¥2
- i s I (5)

and the speed increment
WINC = Y2 - YI. (6)

Combining (5) and (6), and substituting in (4) yields,

11 _ -WINC o
Y2 YT T Y2 - YaWINC
_ SWASH(QOVB+TLEAK) —WINC
Sekiss 57.3 QMAX X 32 - Y=WINC (8

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 the pump maximum
delivery capacity, the input flow demand (QOVB + TLEAK), and the input steady
state pressure (PRESS).

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

(QMAX x Y) 1.05 o

HPRESS = PRESS (QOVB+TLEAK)

The flow exponent 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

4-25




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(old) x (1 - (QOVBT-QQFC(1))/25.) (10)

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

QMAX x Y

HPRESS(New) = HPRESS(old) x TLEAKT

(11)

Equation (11) is used for both initial and subsequent iterations in closed
circuit balancing. The pressure is assumed to vary linearly with flow, based
on characterizing the pump internal leakage (TLEAKT) as viscous flow.

4.3.2 Assumptions - See 4.3.1 above.

4.3.3 Computation Method - See 4.3.1 above.

4.3.4 Approximations - See 4.3.1 above.

4.3.5 Limitations - The steady state calculation is not sensitive enough to

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

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

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

4.3.6 Variable Names - See 4.1.6.




NaZn0

Y

140

151

155
156

158

159

165
LA

178

Steady State Swash Angle & Pressure Calculation - Listing

SECTION 2 G5WASH ANGLE AND STLADY STATE OUTPUT PRLSSURE CALCULATIO

PIA=DIAPIS**2*PI1/4.0

PISPR(NSUCL)=LPRESS

CAVOL=0.00

SAUM=RBORC*TAN(SWASH/57.3)

QiIAX=0.3*SAU*PIA

ORF=2.0/RHO

ORF=.65*SQRT(ORF)

CONTINUE

IFL=1

IF(ASWASH.LT.SWASH/57.3) GO TO 151
ASWASH=SWASH* (QOVB+TLEAK) /(QMAX*Y)/57.3
IF(ASWASH.GI.SWASH/57.3) ASWASH=SWASH/57.3
GO TO 158

IF(Y.EQ.WINC) GO TO 156
DSWASH=WINC/((Y)**2.-Y*WINC)

DSWASH=SWASH* (QOVI+TLEAK) *DSWASH/QMAX/57. 3
IF(DSWASH.GE.ASWASH) GO TO 156
ASWASH=ASWASH-DSWASH

GO TO 156

ASWASH=SWASH* (QOVBT+TLEAKT) /(QIAX*Y)/57.3
IF(ASWASH.LT.SWASH/S57.3) GO TO 178
ASWASH=SWASH/57.3

IF(QOVB.EQ.0.N) GO TN 165

IP(EFL.NE. L1} 60O TO 159
HPRESS=PRLESS* ( (QiAX*Y)/(QOVB+TLEAK) )**1.05
€0 "T0 175
HPRESS=HPRESS*(1.-(QOVBT-QQFC(1))/25.)

GO TO 175

HPRESS=PRESS*QuAX*Y/TLEAKT

IF(HPRESS.GE.PRESS.OR.HPRESS.LT.1.0) HPRESS=PRESS

GO TO 179
HPRESS=PRESS
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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 plate, 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.

+
s wmee TOtal Motion = SSA x sin (Theta) - SA x cos (Theta)
———— Fixed angle component = SSA x sin (Theta)
== e === === Controlled angle component = SA x cos (Theta)
(SSA)

Piston Stroke - in.
o

| | e |
0 90 180 270 360
A Theta (deg)

L Bottom Dead Center for
Controlled Swash Plate
Position




Total piston motion is the sum of the fixed angle (ANGCR) component and the
controlled angle (ASWASH) component. A pressure dependent factor for leakage
from each cylinder to case is estimated for cylinder pressures above inputed
case pressure as

PLEAK = TLEAK /(PRESS*NAPP). (12)
Leakage from the case to each cylinder for cylinder pressures below case
pressure is estimated from the factor

SLEAK = -(TLEAK/NAPS/SQRT(CSPRES)). (13)
Cavitation volume in the cylinder, if any, is calculated and tracked throughout
the cylinder block revolution. Piston pressures are stored for each position
throughout the 360° calculation. Time dependent oscillatory outlet pressure
is initialized to zero PSI.
4.4.2 Assumptions - If inlet analysis is not selected, the piston is assumed
to be completely filled on the suction stroke, and the initial cylinder
pressure is assumed to be the inputed steady étate value. Initial cylinder
pressure is assumed to be that of the last speed calculation when inlet
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 last step cylinder pressure, and the bulk modulus formula used in FLUID.

4.4.3 Computation Method -~ The calculation is performed in 1/2 degree incre-

ments (DANG) with the initial cylinder slot centerline angle (THETA) computed
from the suction slot end angle (THSUCE) and the cylinder slot half-angle
(SLTHAG). The number of calculation steps (NSTEPP) is calculated based on
index positions defining the end of the suction slot and the beginning of the

pressure slot in the value plate.
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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.
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4.4.7 Section 3 - Calculation of Piston Pre-Compression Pressure - Listing

SECTION 3- PISTON PRECOMPRESSION CALCULATION

NSTEPP=ND1+ND9-ND8-2
DPRESP=0.0

LPRESP=PISPR(NSUCL)

THETA=( SLTHAG-THSUCE)/57.3
PLEAK=TLEAK/ ( PRESS*NAPP)

SLEAK=~( TLEAK/NAPS/SORT(CSPRES))
DANG=AINC/57.3

DT=AINC/(Y*6.)

SA=RBORC*TAN ( ASWASH)
SSA=RBORC*TAN(ANGCR/57. 3)

XLAST =SSA*SIN(THETA)-SA*COS(THETA)
WRITE(6,925) CAVOL,NSUCL,LPRESP,XLAST,THETA
DO 160 I=1,NSTEPP
IF(LPRESP.LT.CPRESS) GO TO 162
DLEAK=( LPRESP+DPRESP/2.-CPRESS) *PLEAK*DT
GO TO 164
DLEAK=SQRT(CPRESS-LPRLSP) *SLEAK*DT
BULKP=BULK+12.* (LPRESP-PRESS)
THETA=THETA +DANG

XNEW =SSA*SIN(THETA)-SA*COS(THETA)
DX= XNEW -XLAST

DVOL=DX*PIA

LVOL=POVOL-XNEW*PIA

DPRESP=( DVOL-DLEAK~CAVOL) /LVOL*BULKP
XLAST=XNEW

LPRESP=LPRLSP+DPRESP

NP=NSUCL+I

IF(NP.GE.ND9+1) NP={P-ND9
IF(LPRESP.GT.0.01) GO TO 166
CAVOL=CAVOL~DVOL+DLEAK

LPRESP=0.01

DPRESP=0.0

GO TO 149

CAVOL=0.0

PISPR(NP)=LPRESP

IF(Y.EQ.50.) GO TO 161
IF(Y.EN.1000.) GO TO 161
IF(Y.EQ.3600.) GO TO 151

GO TO 160

161 WRITE(6,930) CAVOL,NP,LPRESP,

+XLAST,DX,LVOL,DLEAK,BULKP, THETA

160 CONTINUE

CAVOLD=CAVOL
XOLD=XLAST

THEOLD=THETA
DO 150 N=1,81

PPT(N)=0.0
KKN = 1
KK = 1

170 CONTINUE
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4.5 SECTION 4 - PUMP OUTLET FLOW CALCULATION

éection 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 incremented 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
in the first cylinder is initially the final pre-compression value. Pressure
in the other 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, piston motion,
and fluid compressibility. QQT(l) is made equal to» QQT(81) to reduce the
effects of the calculation start-up discontinuity, caused by assumed initial
cylinder 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) .
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Assuming that flow through the slots follows the classic orifice flow equation,

then

2 LPq
Q = Cgq x VAREA Y RHO (14)

where Cq = orifice flow coefficient
= .65

Squaring both sides of (32)
% = 2c VAREAZ x APq
RHO

If LK4 = 2C42 x VAREAZ , then
RHO

Q2 = LK4* APq (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 the loss due to flow, such that
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BULK DX PIA

PP + VA
Pl =TSk imxor - P (16)
VA
or P; = LK2 - /P¢ 17

where PP is the initial cylinder pressure,/Pf 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 es;imate of P] may be derived from the downstream pressure (P2) and
the orifice pressure drop (ZﬁPq) such that

P1 = Py +APq. (18)
Downstream pressure is the sum of the steady state (HPRESS) and the harmonic
(PPT) pressures.

P2 = HPRESS + PPT (19)
Combining (18) and (19) yields

P, = HPRESS + PPT +AP_ . (20)
Equating (17) and (20) gives

LK2 - APf = HPRESS + PPT + APq

LPq = 1K2 + /Pf - HPRESS - PPT (21)
Pressure loss due to fluid flow over time DT is estimated as
SIDEBULRY. . _ .o
arg (VA-LKl ) Q = LK3-Q (22)
where LK1 = 1 +(§HL56%EAELQE), i.e. the dimensionless leakage factor from

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

APq = LK2 - K3+ Q - HPRESS - PPT (23)
Substituting (23) in (15) gilves

Q2 =(LK2 - LK3 - Q - HPRESS - PPT)LK4

Q2 + LK4 LK3°Q - LK4 (LK2 - HPRESS - PPT) = 0. (24)

4=-34




Equation (24) may be expressed as

Q2 + 2°LK5+Q - LK6 = 0

where

LKS = LK4*LK3
2
LK6 = LK4(LK2 - HPRESS - PPT).

The solution to Equation (25) is

\

Q = SLGN(LK6)- (-1KS +YLKs® + [LK6|)

Letetng LRI = 1&5° + |1R6|
and LK8 = -LK5 +4/LK7
then the new average total flow from the cylinder is
QOUT = SIGN(LK8, LK6).
The new internal pressure for the Mth piston at the end of the incre-
mental stroke is then estimated as

PISPR(NKM) = LK2 - QOUT - LK3

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

——
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4.5.2 Assumptions - Assumptions used for calculating pump flow are listed

below.
a) flow through the cylinder and valve plate slots is described by the

orifice equation, using a low orifice coefficient (.65) applicable to

high Reynolds numbers, for all area conditions from full open to closed.

b) the last fluid flow calculated is taken as an average flow over the
incremental time period.

c¢) internal leakage from the cylinder is constant over the incremental
time period.

d) flow calculated for each active cylinder is additive with no
interaction effects between cylinders.

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
instability 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 Variabie Names - See paragraph 4.1.6 and 4.5.1.
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4.5.7 Section 4 - Pump Output Flow Calculation - Listing

SECTION 4~ PUiP OUTPUT FLOW CALCULATION

26

CAVOL=CAVOLD
XLAST=XOLD
THETA=THEOLD
DO 180 N=1,81 .
130 QOT(N)=0.0
C WRITE(6,925) CAVOL,NP,LPRLSP,XLAST, THETA
DO 200 ¢=1,NAPP
DO 190 N=1,80
NKM=NPRSOP+N+(i~1)*80
IF (NKi.GE.NPRCL+1) GO TO 190
THETA=THETA+DANG
XNEW=SSA*SIN(THETA)=-SA*COS(THL'TA)
DX=XNEW=XLAST
VA=POVOL-XNEW*PIA
XLAST=XNLW
IF(CAVOL.GT.0.00) GO ‘TG 187
BULKP=BULK+12.*( PISPR(NKci=1)-PRL33)
IF(PISPR(NKi1-1).GE.CPRLSS) GO T0O 136
LEAK=SLEAK
LK1=1.45QRT(BULKP) *LAK* DT/ VA
GO TO 185
186 LEAK=PLEAK
LK1=1.43ULKP*LEAK*DT/VA
185 LK2=(PISPR(NKi-1)+3ULKP/VA*DX*PIA) /LK1
LK3=BULKP*DT/VA/LK1
LK4= (ORF*VARLA(NK))**2
LKS =LK3*LK4 *0.5
LK6 = LK4 *(LK2 ~-iPRESS=-PPT(N))
LK7 =LK5*LKS5 +ABS(LK6)
LK8 = -LK5 +SQRT(LK7)
Q0UT= SIGN(LK8,LK6)
PISPR(NKM)=LK2-00UT*LK3
IF(PISPR(NKs#).GT..01) GO TO 183
137 CONTINUE
LEAK=SLEAK
QOUT=~(0.65* VAREA (NK#) *SQRT( 2. * (HPRESS+PPT(N) ) /RHD))
PISPR(NK#M)=.01
CAVOL=CAVOL~DX*PIA+SLEAK*DIT*CPRESS+Q0UT*DT
IF(CAVOL.LE.0.00) CAVOL=0.00
188 OQQT(N)=QOUT+QQT(N)
IF(Y.NE.5000.) GO TO 190
WRITE(6,930) CAVOL,NKs,PISPR(NKM),XLAST,DX, VA,
+LEAK,BULKP, THETA, QQT(Wd)
190 CONTINUE
200 CONTINUE

QQT(81)=QQT(1)
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%' ' 4.6 SECTION 5 - FOURIER ANALYSIS OF PUMP OUTLET FLOW

Section 5 performs a mathematical harmonic analysis of the time dependent

pump total output flow calculated in Section 4. Flow is calculated over the
cycle period for each harmonic from the fundamental up to and including the
input harmonic of interest.

Steady state flow (QQFC(l)) 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
model is closed circuit (QOVB=0). 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

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

TR

the Fourier analysis sections are then repeated until steady state balance
is obtained. Harmonic flows (FQl(I,KK)) are then calculated from the

balanced steady state conditions.

A .

Steady state balancing is by-passed during subsequent dynamic balancing

in Section 6.

o

¥
oY

4.6.1 Math Model - The Fourier analysis is an IBM subroutine (Reference @)

TNan

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 its phase related to

the opening angle of the first cylinder. A phase of 0 or 2l 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. X
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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
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220
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900
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Section 5 - Fourier Analysis of Pump Qutput Flow ~ Listing

SECTION 5~ FOURIER ANALYSIS OF PUMP OUTPUT FLOW

COEF=.02469
C1=.07753
51 =SIN(C1)
Cl =COS(Cl)
S =0.0

=1.0
FNTZ=Q0T(1)
J =1
U2=0.0
Ul=0.0
I= 81

FOR4A FOURIER COEFFICIENTS RECURSIVELY

U0=0QT(I)+2.0*C*Ul1-U2

U2=Ul

Ul=00

I=1-1 {
IF(I-1) 230,230,220 ]

NQFC(J)=COEF*(FNTZ+C*U1l-U2)
QQFS(J)=COEF*S*Ul
IF(J-NHAR:M~1) 240,250,250
U3=C1*C~S1*S i
S =C1*5+S1*C

C =U3

J = J+1

GO TO 210

QOFC(1)=QaFC(1)*0.5
IF(QQFC(1).LE.0.01) QQFC(1)=0.01

oo

CHECK STrADY STATL FLOW ERROR

IF(KK=2) 252,255,255

IF(ASWASH.GE.SWASH/57.3) GO TO 253

DERR=ABS (QQFC(1)-QO0VB)

GO TO 256

QERR=ABS(QQFC(1)-Q0VST)

ASWAST=ASWASH*57.3

WRITE(6,900) ASWAST,SwWASH,HPRESS,PRESS,QQFC(1),
+Q0VB,QOVBT, TLEAKT, TLEAK, Y
FORMAT(/,9(F19.4,3X),F10.0,/)
IF(QERR.LE.0.0100) GO TO 255

CORRECT OVERBOARD (VALVE) FLOW AND/OR PU:P INTERNAL LEAKAGE

IF(QOVB.NE.0.0) GO TO 254

TLEAKT=TLEAKT-0QFC(1)/3.

IF(TLEAKT.LE.0.001) TLEAKT=0.091 .
GO TO 258 .

IF(ASWASH.LT.SWASH/57.3) G0 TO 257 -




4.6.7

257
259

258

975
980

(8 @ W

255

260

(Cont.)

QOVBT=QOVBT~(QOVBT-QQFC(1))/3.0
GO TO 259

QOVBT=Q0OVBT+( QOVB-QQFC(1))/3.0
TLEAKT=TLEAK*HPRESS/PRESS
IF(QOVBT.LE.0.001) QOVBT=0.001
CONTINUE

IFL=IFL+1

IF(IFL.EQ.50) GO TO 975

GO TO 980

STOP 2222

CONTINUE
IF(ASWASH.GE.SWASH/57.3.AND.HPRESS.LT.PRESS) GO TO 158
GO TO 155

COMPUTE HARMONIC FLOWS FROM FOURIER ANALYSIS
DO 260 I=1,NHARM

FQ1(I,KK) = CMPLX(QQFS(I+1l), QQFC(I+l))
CONTINUE




4.7 SECTION 6 - OUTLET PRESSURE-FLOW BALANCE CALCULATION

After the calculation of pump output flow and its Fourier analysis in
Sections 4 and 5, Section 6 estimates the shunt impedance (Z0). Shunt
impedance is then combined with the system load impedance (ZIP) to give the
total impedance seen by the pump.

To analyze the pump/system interaction, 1/5 of the calculated dynamic
flow FQ1(I,KK) is applied to calculate a time dependent pressure output
(PPT(J)) in Section 7. This new output test 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 update the time dependent output
pressure. Again, pump output flow is recalculated from Section 4 using the
new output pressure. Finally, a third output pressure is calculated using
the third estimate of output flow and the load impedance. Earlier simulation
has shown that this balancing routine produces a very small error ETA ( ),
which is calculated so that 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 earlier empirical 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 were based on a constant output pressure which is the same as working
into a zero impedance load. Earlier simulations showed that the reduction

in output flow was somewhat analogous to putting a shunt impedance across the

output in parallel with the system input impedance. In reality this shunt

impedance does not exist because the output flow is reduced by the very presence

B e e ———




of the dynamic pressure. However, using the shunt impedance analogy allows

the use of conventional theory and has produced some interestiug results.

e ——

The idea of predicting the pump/system interaction is complicated by the i
fact that the system input impedance, pump output flow, pump output pressure,
and analogous shunt impedance, are all complex quantities with interacting
phase and amplitude relationships. It is difficult to understand the actual

mechanism that creates the above noted relationship, but the method seems to

work.

4.7.2 Assumptions - 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.

4.7.6 Variable Names - See 4.1.6.




4.7.7 Section 6 - Pressure Flow Balance - Listing

C SECTION 6- OUI'LET PRLSSURL~FLOW BALANCL CALCULATION i

270 CONTINUL
I = KKN
IF (KK - 2) 280,290,300 gj“

| h £ ™ 2

280 CONTINUL A =\l AL/ -
W=Y*PISTNOYPT*KKN/30. jL*JSQ_fL{;" ~ i N
20=1.0ES5/W*(.2,-1.) X LT YV
PO1(I,KK) = FOL(I,KK )*20*2IP(I)/(20 +2IP(I)) / 5.
P6=CABS(PQL(I,KK))*5.0
IF(Y.NE.5000.) GO TO 281
WRITL(G6,1682) P6,Q0FC(1)

281 P3=PQI1(I,KK)

JK=0
TO= -45
INQ= 10

PPU(I) = CABS(PQI(I,KK))
GO TO 320
290 CONTINUL
20 = PQl(I,KK-1) /(FQI(I,KK=1)-FQl(I,KK))
PO1(I,KK) = FQI(I,KK=1)*ZO*ZIP(I)/(20 +2IP(I))
P6=CABS(PQI(I,KK))
IF(Y.NL.5000.) GO TO 291
WRITL(6,1682) £6,00Q0FC(1)
291 P3=PQ1(I,KK)-PQl(I,KK-1)
PQl(I,KK+1l) = PQI(I,KK) - PQ1(I,KK-1)
PPP(I) = ATAN2(AIMAG(PQL(I,KK+1)),RLAL(PQL(I,KK+1)))
pPM(I) = CABS(PQL(I,KK+1))
GO TO 320
300 CONTINUL
J=KKN
PQL(J,KKY = ZIP(J) * EQL(J,KK)
P6=CABS(PQL1(I,KK))
IF(Y.NL.5000.) GO TO 301
WRITE(6,1682) P6,0QFC(1)
301 CONTINUE
ETA(J) = CABS(100 * (PQOl(J,KK) - PD1(J,KK-1)) / P0O1(J,KK))
KKN = KKN + 1
IF(KKN.GT.NHAR:i) GO TO 335
KK = 1
FQl(KKN,1) = FQIl(KKN,3)
GO TO 270
320 CONTINUE
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4.8 SECTION 7 - RECONSTRUCTION OF TIME DEPENDENT PRESSURE

Section 7 computes the time dependent output pressure (PPT) from each
estimate of complex dynamic output pressure (P3) from Section 6. The dynamic
balance counter (KK) is incremented and control is returned to Section 4 until
dynamic balancing is completed. Complex pump output balanced flow (Q(1l)) and
pressure (P(1l)) for the harmonic of interest are then stored for returning
to the main program. The pump inlet code number (NINLT) is then tested. If
inlet analysis is required, execution continues to Section 9. TIf not, control
is returned to the main program.

4.8.1 Math Model - PPT(J) is the array which stores the 80 values of the time
dependent pressure for the pump cycle period. The array values, which are
initialized to zero for each new RPM, are accumulative as the calculation pro-
gresses for each balance iteration and each harmonic.

The value of PPT(J) is added to with each test pressure and harmonic so
that it contains the total of the balanced pressures for each harmonic up
through the selected harmonic. The final values in the PPT(J) array then
represent the actual time dependent total pressure waveform on the downstream
side of the pump valve plate.

The PPT(J) value is made up of the last PPT value, and the magnitudes
of last complex dynamic pressure (P3) by

PPT(J) = PPT(J) + REAL(P3)*SIN(THETA)
+ AIMAG(P3)*COS(THETA) €33)
where THETA is the cylinder block rotation angle for each

incremental position translated into a 27m cycle period, in multiples of

the harmonic number (I).

4.8.2 Assumptions - None.
4.8.3 Computation Method - Not applicable.




S 4.8.4 Approximations - None

4.8.5 Limitations - None

4,8.6 Variable Names - See 4.1.6.

™
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4.8.7 Section 7 - Reconstruct Time Dependent Pressure - Listing

€ SECTION 7- RECONSTRUCTION OF TIME DEPENDENT OUTLET PRESSURE
2
DO 330 J=1,81
THETA= (J-1)*I*0.07854
PPT(J) =PPT(J) + REAL(P3)* SIN(THETA) +AIMAG(P3)* COS(THETA)
330 CONTINUE
KK = KK + 1
GO TO 170
335 CONTIWNUE
ASWAST=ASWASH*57.3
WRITE(6,900) ASWAST,SWASH,HPRESS,PRESS,QQFC(1),
+Q0OVB,Q0VBT, TLEAKT, TLEAK, Y
Q(1)=FQ1(NHARM, 3)
P(1)=PQl(NHAR:,3)
IF(NINLT.EQ.121) GO TO 1900




4.9 SECTION 8 - PISTON DECOMPRESSION CALCULATION

The calculation of piston pressure during de~compression are identical j

T R ———

to the pre-compression calculation described in Section 3. Index numbers 1

for the de-compression portion of the block revolution are used. Cylinder

cavitation volume is tracked continuously. Piston pressure is limited to

.01 PSI if the cylinder cavitates.
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922
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930
925
& 1000

1050
1100

Section 8 - Piston Decompression Calculation - Listing

SECTION 8- PISTON DECOMPRESSION CALCULATION

LPRESD=PISPR(NPRCL)
NSTEPD=NSUSOP-NPRCL

DPRESD=0.0

WRITE(6,925) CAVOL,NPRCL,LPRESD,XLAST, THETA
DO 1000 I=1,NSTEPD
IF(LPRESD.LT.CPRESS) GO TO 360
DLEAK=( LPRESD+DPRESD/2.-CPRESS) *PLEAK*DT
GO TO 365
DLEAK=SQRT(CPRESS~LPRESD) *SLEAK*DT
BULKP=BULK+12.* (LPRESD-PRESS)
THETA=THETA +DANG

XNEW =SSA*SIN(THETA)-SA*COS(THETA)
DX= XNEW -XLAST

DVOL = DX * PIA

LVOL= POVOL-XNEW *PIA

DPRESD=( DVOL-DLEAK-CAVOL) /LVOL*BULKP
XLAST=XNEW

LPRESD=LPRESD+DPRESD

MNP=NPRCL+I

IF(LPRESD.GT.0.01) GO TO 918
CAVOL=CAVOL-DVOL+DLEAK

LPRESD=0.01

DPRESD=0.0

GO TO 920

CAVOL=0.0

PISPR(NP)=LPRESD

IF(Y.EQ.50.) GO TO 922
IF(Y.EQ.1000.) GO TO 922
IF(Y.EQ.5000.) GO TO 922

GO ‘TO 1000

WRITE(6,930) CAVOL,NP,LPRESD,
+XLAST, DX, LVOL, DLEAK , BULKP, THETA

FORYAT(F10.7,5%X,13,5X,F8.2,2X,4(F10.56,2X),F13.0,5X,2(F10.3,5X))
FORMAT(F10.7,5%X,13,5X,F8.2,2%X,F10.6,53X,F10.3)

CONTINUE
CAVOLD=CAVOL
XOLD=XLAST
THEOLD=THETA
KKN = 1

KK = 1

DO 1050 N=1,81
PPI(N)=0.0
CONTINUE
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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 outlet flow. The initial calculation is based on the inputed
steady state inlet pressure. The pump inlet code number (NINLT) is checked
at the end of Section 9. If no return system load exists, control passes

to Section 13 where swashplate torques are calculated. This omits dynamic

balancing at the inlet, but provides a good estimate of torques without

modeling the return system. If return system load exists, control passes

on to Section 10.
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4.10.1 Section 9 - Pump Inlet Flow Calculation - Listing

&
C
C

1150

1527,

1380

1500

SECTION 9- PUNP IWNLET FLOW CALCULATION

CAVOL=CAVOLD

XLAST=XOLD

THETA=THLOLD

DO 1150 N=1,81

QQI(N)=0.0

WRITE(6,925) CAVOL,NP,LPRESD,XLAST,THETA
DO 1500 M=1,NAPS

DO 1400 N=1,80

NKi4=NSUSOP+N+(M-1)*80
IF(NKM.GE.NSUCL+1) GO TO 1400
THETA=THLETA+DANG
XNEW=SSA*SIN(THETA)-SA*COS(THETA)
DX=XNEW-XLAST

VA=POVOL~XNLwW*PIA

XLAST=XNEW

IF(CAVOL.GT.0.00) GO TO 1370
BULKP=BULX+12.* (PISPR(NK1-1)-PRESS)
IF(PISPR(NKM-1).GL.CPRESS) GO TO 1360
LEAK=SLEAK
LK1=1.+SQRT(BULKP)*LEAK*DT/VA

GO TO 1365

LEAK=PLEAK

LK1=1.+4+BULKP*LEAK*DT/VA
LK2=(PISPR(NKi1-1)+3ULKP/VA*DX*PIA) /LK1
LK3 = 3ULKP*DT/VA/LK1

LK4= (ORF*VAREA(WKu))**2

LK5 =LK3*LK4 *0.5

LK6=LK4* (LK2-LPRESS-PPI(J))

LK7 =LK5*LK5 +ABS(LK6)

LK8 = -LK5 +SQRT(LK7)
QIN=SIGN(LK8,LK6)
PISPR(NKM)=LK2-QIN*LK3
IF(PISPR(NKM).GT..01) GO TO 1380
CONTINUE

LEAK=SLEAK .
QIN=-(0.65*VAREA(WNK:) *SQRT(2.* ( LPRESS+PPI(N))/RHO))
PISPR(NK1)=.01
CAVOL=CAVOL-DX*PIA+SLLAK*DT*CPRESS+QIN*DT
IF(CAVOL.LE.0.00) CAVOL=0.00

QAL (W)=QIN+QQI(N)

IF(Y.NE.5000.) GO TO 1400

WRITE(6,930) CAVOL,NK4,PISPR(NKu) ,XLAST,DX,VA,
+LEAK,BULKP, THETA, QQI(N)

1400 CONTINUE

CONTINUE

NQI(81)=0QQI(1)
IF(NINLT.EQ.122) GO TO 350

4=51




4.11 SECTION 10 - FOURIER ANALYSIS OF PUMP INLET FLOW

The pump inlet flow is mathematically analyzed as described in Section

5 for the outlet flow, except that steady state balancing is not performed.




4.11.1 Section 10 - Fourier Analysis of Pump Inlet Flow - Listing

[oNoNe!

L
?
A
4
e
4

SECTION 10- FOURIER ANALYSIS OF PUNMP INLET FLOU

COEF=.02469
Cl=.07753
S1 =SIN(C1)
Cl =COS(C1)
S =0.0
C =1.0
FNTZ=QQI(1)
J =1
U2=0.0
Ul=0.0
I= 81
FORM FOURIER COEFFICIENTS RECURSIVELY
U0=0QI(I)+2.0*C*Ul1-U2
U2=01
Ul=U00
I=1-1
IF(I-1) 1630,1630,1620
QIFC(J)=COEF* (FNTZ+C*(U1-U2)
QIFS(J)=COEF*5*Ul
IF(J-NHARM-1) 1640,1650,1650
U3=C1*C-3S1*S
S =C1*5+51*C

C =03
J = J+1
GO TO 1610

QIFC(1)=QIFC(1)*.5
COMPUTE HARMONIC FLOWS FROM FOURIER ANALYSIS
DO 1660 I=1,NHAR!H

FQlI(I,KK) = CHPLX(QIFS(I+l), QIFC(I+l))
CONTINUE
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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 4

flow in Section 6.




4.12.1 Section 11 - Inlet Pressure - Flow Balance Calculation ~ Listing

C SECTION 11- INLET PRESSURE-FLOW BALANCE CALCULATION

1670 CONTINUE
I = KKN
IF (KK - 2) 1680,1690,1700
1680 CONTINUE
W=Y*PISTNO*PI*KKN/30.
20=1.0E5/W*(.2,-1.)
PQII(I,KK) = FQLI(I,KK )*ZO0*ZAP(I)/(20 +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) P7,0IFC(1)
1682 FORHMAT(10X,2(F10.4),//)
1681 P3=pQIlI(I,KK)
GO TO 1720
1690 CONTINUE
20 = PQII(I,KK-1) /(FQli(I,KK-1)-FQlI(I,KK))
PQlI(I,KK) = FQLI(I,KK-1)*Z0*ZAP(I)/ (20 +ZAP(I))
P5=CABS(PQLlI(I,KK))
P6=LPRESS/PS
IF(Y.NE.5000.) GO TO 1691
ARITE(6,1682) P5,QIFC(1)
1691 P3=PQ1I(I,KK)-PQlI(I,KK-1)
PQII(I,KK+l) = PQLI(I,KK) - PQLI(I,KK-1)
PPP(I) = ATAN2(AI4AG(PQlI(I,KK+1l)),REAL(PQLI(I,KK+1)))
GO TO 1720
1700 CONTINUE
J=KKN
PO1I(J,KK) = ZAP(J) * FQlI(J,KK)
P5=CABS(PQ1I(J,KK))
P6=LPRESS/P5
1713 IF(Y.NE.5000.) GO TO 1715
WRITE(6,1582) P5,QIFC(1)
1715 ETA(J)=CABS(100*(PQ1I(J,KK)~PQ1lI(J,KK=1))/PQLlI(J,KK))
KKN = KXN + 1
IF(KKN.GT.<vHARM) GO TO 340
KK = 1
FOII(KKN,1) = FQLI(KKN,3)
GO TO 1670
1720 CONTINUE
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4,13 SECTION 12 ~ RECONSTRUCTION OF TIME DEPENDENT INLET 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.
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4.13.1 Section 12 - Reconstruction of Time Dependent Inlet Pressure -~ Listing

(> SECTION 12- RECONSTRUCTION OF TI#AE DEPENDENT INLET PRESSURE

DO 1730 J=1,81
THETA= (J-1)*I*0.073854
PPI(J) =PPI(J) + REAL(P3)* SIN(THETA) +AIMAG(P3)* COS(THETA)
IF(PPI(J).LT.-LPRESS) PPI(J)=-LPRESS
1730 CONTINUE
KK = KK + 1
GO TO 1100
340 CONTINUE
Q(NINLT)=FQII(NHAR,3)
P(NINLT)=PQ1I(NHARH,3)
350 CONTINUE

L)
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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*1.428 (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 * TORQl | (36)
Tv =M * a * TORQL (37)
Tv = PIMASS * a * TORQl. (38)

The piston 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)
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Piston motion maximum amplitude is
DY = (RBORC + HOFF) (DISAM - DISACT)/ACTLEV (41)
for shaft rotation angles from
[37/2 - SIN ' (HOFF/RBORC)) to [7/2 + SIN ' (HOFF/RBORC)]
and DY = (RBORC - HOFF) (DISAM - DISACT)/ACTLEV
for shaft rotation angles from
[v/2 + SIN® (HOFF/RBORC)] to [37/2 - SIN | (HOFF/RBORC)],
where (DISAM -~ DISACT)/ACTLEV = TAN(ASWASH),
The shaft rotation frequency (W) as a function of pumping frequency is

w = Yn/30. or (42)

w

W/PISTNO

Inertial piston torque due to the steady state swashplate angle is
TRQACR = PIMASS * A * TORQL

where Ac = W2 * SSA * SIN(AT)

Therefore,

TRQACR = -w? * SSA * SIN(AT) * PIMASS * TORQL. (43)

Substituting (41) and (42) into (40), and then into (38) gives

Tv = ((Y*n/30.)**2%(RBORC + HOFF)*(DISAM - DISACT)

*COS(AT) /ACTLEV) *PIMASS*TORQl (44)
Substituting (43) and (44) into (35) yields the total piston acceleration
torque on the swashplate at any piston position.
Swashplate torque due to pist;n pressure is

TORQPR = PISPR(NKM) * PIA * TORQl.
Total swashplate torque due to piston pressure and acceleration is then

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

e Stk it
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to obtain total average torque (TORTAV);

TORQSU. = TORQSU + TORQ

TORTAV = TORQSU/ND9 * 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.

VIR T
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4.14.7

1330
1860

C1840
1820
1810

1890
1870
1880

1900

Section 13 - Torque Calculations -~ Listing

SECTION 13 - TORQUE CALCULATION

ACTLEV=ACTLEVO+ASWASH*1,428
TRQACS=0.0

TORQSU=0.0

TORQPS=0.0

TORQAS=0. 0

ATOFF=ASIN(HOFF/RBORC)
ATPR=0.5*PI+ATOFF

ATSU=1.5*PI-ATOFF
DISACT=DISAA~ACTLEV*TAN(ASWASH)

DO 1810 M=1,NOPIST

DO 1820 N=1,80

NKA=NSUCL+N+(i1-1)*80

IF(NK4.GE.ND9+1) NKA=NKid-ND9
AT=(NKi-1)*AINC/57.3
TORQ1=RBORC*COS (AT) +HOFF
TORQPR=PISPR(NKi) *PTA*TORQ1

TRQACR=-( (Y*PI/30.)**2*35A*SIN(AT)*PI.IASS*TORQ1)
IF(AT.GE.AT5U.OR.AT.LE.ATPR) GO TO 1830
TORQAC=( (Y*PI/30.)**2*(RBORC-HOFF) * (DISA!-DISACT) *
+COS(AT)/ACTLEV) * PIAASS*TORQ1+TRQACR

GO TO 1360

TORQAC=( (W/PISTNO) ** 2% (RBORC+HOFF) * (DISA(I~DISACT) *
+COS(AT) /ACTLEV) * PTiASS*TORQ1+TROACR
TORQ=TORQPR+TORQAC

TORQSU=TORQOSU+TORQ

TORQPS=TORQPS+TORQPR
TORQAS=TORQAS+TORQAC
TRQACS=TRQACS+TRQACR

IF(Y.EQ.5000.) GO TO 1840

GO TO 1820

CONTINUE

CONTINUE

CONTINUE

TORTAV=TORQSU/NDI*PISTNO
TORPAV=TORQPS/NDI*PISTNO
TORAAV=TORQAS/NDI*PISTNO
TRACAV=TRQACS/NDI*PISTNO

WRITE(6,1890) TORPAV,TRACAV,TORAAV,TORTAV,Y
FORWAT(27X,F12.2,F12.6,2(F12.2),F10.0,//)
CONTINUE

Q(37)=CHMPLX(ASWAST,0.0) .
Q(38)=CHPLX( (PISPR(NPRSOP)=-HPRESS),0.0)
Q(39)=CHMPLX(PISPR(NPRCL),0.0)
Q(40)=CilPLX(CAVOLD*1000.,0.0)
P(37)=CAPLX( ( PISPR(NSUSOP)-LPRESS),0.0)
P(39)=CHPLX(PISPR(NSUCL),0.0)
PSPG=(150.-ASWASH*400.) /ARACT
PACTU=TORTAV/ACTLEV/ARACT+PSPG+CPRESS
P(38)=CMPLX(PSPG,0.0)
P(40)=CHPLX(PACTU,0.0)

CONTINUE

RETURN

END .
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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.
2
Q JWBETAL) _ __ R jW_BETA L Q
(n+1) COS( C ) ’ BETA RHO C * SIN ( c (n)
G ' x 1
Pa+1) EE_TA_R.*Z‘_O_C x SIN (JE_E'E_A_L) ., cos (jw BgTA L)
mR

Where: (n)is the line element input
(n + 1)is the line element output

BETA = Frequency Dependent Friction Damping Factor

—
[1 JVIsc 1 [Visc 1 J¥isc) _
il LR _z'vT] x (R W )+ [(R 2w ) 1’0] ] (2)

C = Corrected Velocity of Sound Through Fluid

—

ULK

[ B
K- R-BULK Rigid tube (3)
RHO (1 + R I




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 modifying the speed of sound through the fluid 4

as suggested in Reference (5). Equation (4) calculates the velocity of 3

sound in a hose using experimental data centered about the steady state operating
pressure for an equivalent bulk modulus of elasticity (E), which includes both

hose material and fluid elasticity per Equation (5) below.

(Pressure Change)

4
(Volune Changs) x (Total Hose Volume) (5)

E =

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 turbulent 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 central 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.

S5=2
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5.4 Computation Method ~ Not applicable.

5.5 Approximations - See 5.2 above.

5.6 Limitations - Unknown.




5.7 Variable Names j‘

)
i
3 Variable names unique to the LINE subroutine and/or math model are listed |

below. Common variables are described in paragraph 3.1.6.1.

E SYMBOL DESCRIPTION UNITS }
:v: A Line wall thickness IN 3
E i AREA Line or hose internal cross-sectional area IN*%2
t< Cl Temporary variable ==
E c2 Temporary variable ==
'; ' c Speed of sound in fluid IN/SEC
% E Line material modulus of elasticity or hose
E bulk modulus of elasticity PSI
; Gl Complex cosine term in matrix ==
? G2 Complex sin term in matrix ==
| 3 :T hd
| jw Laplace operator ==
K Line mounting factor = 1.8 -
R Line internal radius IN
XL Line length IN
- Y1 Trig function argument (real) -
b»' Y Trig function argument (complex) -
%if zZ5 Characteristic impedance -




5.8 LINE Subroutine - Listing

SUBROUTINE LINE

E * REVISED MARCH 3,1975 *
c *VARIABLE TYPES, DIMENSIONS, AND COMIONALITY*
X coMMON BETA,G,P,Q,Z, XBEL,BER,BEI,BERP,BEIP,RHO,BULK,VOL,W,VISC,PAR
IM,PI, IEL,NEL,KTYPE(40)
COMPLEX RETA,G,P,Q,Z2,Y1,Y,G61,62,25
DIMENSION G(2,2,40),PARM(8,40),P(40),Q(40),Z(40)
g *SOLUTION METHOD#*
g *INITIALIZE VARIABLES FROM INPUT DATA ARRAY*
2 LINE OR HOSE LENGTH
5 XL=PARM(1,IEL)
g LINE WALL THICKNESS(A=0.0 FOR HOSE)
3 A=PARM(3,1EL)
é LINE OR HOSE INTERNAL RADIUS
‘ R=PARM(2,1EL)/2.0 = A
g LINE MATERIAL MODULUS OR HOSE BULK MODULUS OF ELASTICITY
; E=PARM (4, 1EL)
g *FREQUENCY DEPEWDENT FRICTION DAUPING FACTOR%*
c

200 XBE=SQRT(VLISC/(2.0%71))/R
BETA=4.,0*%XBE*%*2-XBE+(0.0,1.0)*(XBE~1.0)

c
C *TLCST FOR UOSE ELEUMENT*
C
IF(KTYPE(IEL).EQ.1)GO TO 300

C *VELOCITY OF SOUND IN LINE*

AREA=DPI*R**2
PARM(6,IEL)=ARFA

Cl=1.8%(R) *BULK

C2=BULK/ (RUO*(L.+C1/(A*E)))
C=SQRT (C2)

PAR!I(5,1EL)=C

GO TO 400




5.8 LINE Subroutine - Listing (Continued)

*VELOCITY OF SOUND IN HOSE*

300 C=SQRT(E/RN0)
PARM(5,IEL)=C

*CALJULATE FLOW & PRESSURE TRANSFER FUNCTION ATRIX ELEMENTS*

400 Y1=U*BETA*XL/C
Y=Y1*(0.,1.)
25=BETA*RHO*C/ (PL*R*R)
G1=CCOS(Y)

G2=CSIN(Y)
G(1,1,IEL)=Gl
G(1,2,1EL)==(1./25)%G2
G(2,1,1FL)=25%G2
G(2,2,1EL)=C1

RETURN

END
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6.0 COMPONENT SUBROUTINES

6.1 VOLUME 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 B
losses.

Specification statements are followed by initialization of the element |

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 G (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 lousses.

Qn Qn + 1

Pn Qn + 1
]

~——— Main Line

Volume of Element (VOL)

Volume Impedance(ZV)

Flow and pressure across the volume element are related by:

L v Qn Qn + 1

0 1 Pn Pn + 1 J
[

Pn
or: Qn - 7V Qn+1

{ | Pn=Pn+1 %

Impedance for a capacitance is:

w —BULK __
J x W x VOL ‘ (1)

YA'Y




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 5

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-15 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 ;
3 /-1 T

VOL Volume of element IN**3

VAR Temporary variable —

ZV2 Temporary variable -—

VA Volume impedance PSI/CIS
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6.1.7 VOLUME Subroutine - Listing

C

SUBROUTINE VOLUME

C**** REVISED SEPTEMBER 3,1974 *%*x%

C
C
C

aaaaoaon

(5 B il |

*IN

*VARIABLE TYPES,DIMENSIONS, AND COMMONALITY*

COMPLEX BETA,G,P,Q,%,2V2,2V

comMonN BETA,G,P,Q,Z, XBE,BER,BEI,BERP,BEIP,RHO,BULK,VOL,W,VISC,PAR

1M,PI, IECL,NEL,KTYPE(40)
DIMENSION G(2,2,40),PARM(8,40),P(40),Q(40),2(40)

*SOLUTION METHOD*
ITIALIZE VOLUME FROM INPUT DATA ARRAY*

VOL=PARM(1,IEL)

*CALCULATE VOLUME IMPEDANCE¥*

ZV1=W*VOL
ZV2=CMPLX(0.,ZV1)
ZV=BULK/ZV2

*ASSIGN MAIN LINE MATRIX ELEMENT VALUES*

100

G(l,1,1EL)=CHPLX(l.,0.)
G(2,1,TEL)=CMPLX(0.,0.)
G(2,2,1EL)=CHPLX(l.,0.)
IF(VOL.EQ.0.)GO TO 100
G(1,2,1EL)==1./2V
RETURN
G(1,2,1EL)=(0.,0.)

R ETURN

END




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 O) - 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 Math Model - The resonator is modeled by combining two basic elements;

a lumped volume, and a line.

-

Qn Qn + 1
Pn Pn + 1
| I
| |
- |
i I Main Line
5 l -
l
l

Resonator Input Impedance (Z5)— Line of Length (XL)

Volume Impedance (ZV)— Lumped Volume (VOL)




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:

! anaz] fos] [ ‘
I |4
G21 G22 P5 PV . f%

or Gll x Q5 + G12 x P5 = QV (1)

G21 x Q5 + G22 x P5 = PV (2) k|

Dividing (2) by (1)

G2l x Q5 + G22 x P5 _ PV (3)
‘ Gll x Q5 + G12 x P5 QV
i
but
PV _
av = ZV . (4) |
Substituting (4) in (3), and dividing the left side of (3) by Q5 yields i
621 x L + ¢22 x 22 ;
K 9 B . gy (5) 1
?; Gll x g% + G12 x %%
Bl P5
g. Using 25 = 63 in (5), and then solving for Z5 gives:
B
2! 25 = ZV X Gl - G21
W a G22 + ZV x Gl12 ,
b ' (6)
£ z5 = (21 - 22)/(z23 - z4) . :
E Matrix element values in (6) for the branch line element are computed as

f described in paragraph 5.1.1 of the LINE subroutine. Volume impedance (ZV)

is described in paragraph 6.1.1.




s, il

T R YR e

e

6.2.1.1 (Continued)

Matrix values for the main line are determined as

1
1 75 Qn Qn+1
X = (7)
0 1 Pn Pn+1
Pn
or Qn - 75 Qn+1 (8)
Pon=P o+l . 9)

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 Approximations - None.

6.2.1.5 Limitations - Entrance angle effects, if any, are not included.

6.2.2 Pulsco Acoustic Filter (KTYPE = 32) -

Line D — VB Line F
Volume VA \ _\ / vC
‘\\7 > 1 o
L ]
i) B
—_— B A
| == 1

s

\\h—LMeE

NOTE: This device is manufactured and marketed by the

-

GP78-1083-7

Pulsco Division
American Air Filter Co., Inc.

Louisville, Ky.

The design disclosed herein is the property of American Air Filter
Co., Inc., Pulsco Division.
The Pulsco acoustic filter consists basically of three 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

6-6




6.2.2 (Continued)

values are calculated for all three lines in the DO 120 loop.

Main line matrix

values are then calculated and assigned to the G(~, -, -) array.

6.2.2.1 Math Model - The Pulsco acoustic filter is characterized as two

parallel flow paths between the end volumes

P Pp2
PA1 gl
Qa1 \ CiAz Oy Qp2 \ */ Qc2
D - B e
QE1 E /;f\XBP\\\ F Qr2
Pg2 Pr1
Qe2 Qr1

The model is derived by combining the dynamics of three basic elements; volumes,
lines, branches. Equations 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)
QAl - PA1/ZVA = QA2
but QA2 = QD1 + QE1
therefore
QA1 - PA/ZVA = QD1 + QE1
where, for the first branch
PA = PA1 = PA2 = PD1 = PEl.
Volume (VB)
QE2 - PE2/ZVB = QF1
and PB = PE2 = PFl
therefore

QE2 - PB/ZVB = QF1
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6.2.2.1 (Continued)
Volume (VC)
QC1 - PC/ZVC = QC2

but QD2 + QF2 = QCl

therefore

QD2 + QF2 - PC/zZVC = QC2
where PC = PF2 = PC1 = PC2 = PD2
Line (D)

D11 « QD1 + D12 - PA = QD2
D21 -« QD1 + D22 « PA = PC

Line (E)
Line (E)
E1l -« QE1l + E12

PA = QE2

E21 . QE1 + E22 - PA

PB
Line (F)
F11 . QF1 + F12 - PB = QF2

F21 . QF1 + F22 - PB = PC

First analyzing the branch path E - VB - F, starting from (11)
QE2 = QF1 + PB/ZVB.
Substituting for QE2 in (16) gives
E1l - QE1l + E12 - PA = QF1 + PB/ZVB.
From (18)
QF1 = (QF2 - F12 « PB)/F11,
therefore
E11l - QEl1 + E12 « PA = (QF2 - F12 . PB)/F1ll + PB/ZVB.
By using (17) to eliminate PB, it can be shown that
A+ QEl + B + PA = QF2
where:
A = F11 - E11 + F12 + E21 - (F11 - E21)/2ZVB

B = F11 « E12 4+ F12 « E22 - (F11 ¢ E22)/ZVB.

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

PR VN




6.2.2.1 (Continued)

From (18) and (19) it can be shown that

PB = (F11 « PC - F21 - QF2)/(F11 « F22 - F21 - F12).
Substituting this into (17) for PB, and (20) into (17) for QF2 yields

C+* QEl1 +D -+ PA=PC €21)
where:

C = F22 - E21 - (F21 - F12 - E21)/F11 + (F21 +« A)/Fl1

D = F22 - E22 - (F21 - F12 - E22)/F11 + (F21 - B)/Fll.

The first branch may be analyzed by starting with (10), substituting (15)

for QD1 and eliminating QEl using (21) to yield

E+ QAl + F - PA =PC (22)
where:-
E = (D21 - C)/(C + D21)

F (D22 «+ C+ D21 « D - (D21 - C)/ZVA)/(C + D21).

]

The second branch may be analyzed by first eliminating QD1 from (14) using (15)
to yield

QD2 = (D11 - PC)/D21 - (D11 « D22 - PA)/D21 + D12 + PA. (23)
Substituting (23) into (12) to eliminate QD2, (22) to eliminate PC, and (20) to

eliminate QF2 yields

(D11 « E * QA1)/D21 + (D11 * F + PA)/D21 - (D11 « D22 - PA)/D21 + D12 -« PA

+ A+ QElL + B » PA - PC/ZVC = QC2. (24)

From (21) and (22)

QEl1 = E * QAl/C + F *+ PA/C - D * PA/C. (25)
Using (22) and (25) in (23) yields

G+ QAL + H « PA = QC2 (26)
where:

G = D1l + E/D21 + A « E/C - E/ZVC f

H = D11 « F/D21 ~ D11 * D22/D21 + D12 + A+ F/C - A+ D/C + B - F/ZVC

6-9




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

G H QAl QC2
3 = (271
E F PA PC
The matrix values E, F, G, H are computed in the ‘model as ZE, ZF, 2G, and ZH.

The matrix values for the three lines are computed in the model as values in

i

the GL ( -, -, -) array for lines 1, 2, and 3. For instance, the '"12" matrix
value for line D (line 1) is GL(1, 2, 1). Volume impedances are computed 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

Fa 1061
SYMBOL DESCRIPTION UNITS
A Wall thickness of neck line IN
AR Internal cross-sectional area of neck line IN**2
CL Temporary variable i
c2 Temporary variable -—
C Speed of sound in neck fluid IN/SEC
E Neck material modulus of elasticity PSI
EL(-=) Material modulus of elasticity for acoustic

filter line elements
Gl Complex cosine term in line matrix -
G2 Complex sin term in line matrix -

et i i s i e Mhlﬂ
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|
-
E |
b | 6.2.3 (Continued)
|
SYMBOL DESCRIPTION UNITS
GL(=,—5-) Matrix values for acoustic filter line elements —
3 V-1
jw Laplace operator
K Line mounting factor = 1.8 -
RL(~) Internal radius of acoustic filter lines IN :
3
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 |
14
XL Length of neck IN i
t
YL(-) Length of acoustic filter lines IN
Y1 Trig function argument (real) —
Y Trig function argument (complex) ==
21,722,23,24,25 Temporary variables Y - 1
ZA,ZB,ZC,ZD Temporary variables -
#! ZE,ZF,ZG,ZH Matrix values for acoustic filter - }
% Z5 Resonator input impedance (last) PSI/CIS
i |
% ZVAL, ZVA2 Temporary variables -
ZVB1,ZVB2 Temporary variables
ZVCl1,2vCe2 Temporary variables
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6.2.4 RESNTL Subroutine - Listing

SUBROUTINE RESNTR

f g * REVISED JULY &4, 1976 *
; E *VARIABLE TYPES, DIMENSIONS, AND COMMONALITY*
COMMON BETA,G,P,Q,Z, XBE,BER,BEI,BERP,BEIP,RHO,BULK,VOL,W,VISC,PAR
1M,PI, IEL,NEL,KTYPE(40)
£ | COMPLEX BETA,G,P,0,Z,21,22,23,24,25,61,62,Y1,Y,ZVA2,2ZVA,2VB2,ZVE,
E 1 1zve2,zvec,GL,ZA,%2B,2C,2D,ZE,ZF,2G,ZH
DIMENSION G(2,2,40),PARM(8,40),P(40),Q(40),Z(40),YL(3),WTH(3),RL(3 .
1) ,BL(3),6L(2,2,3) ;
g *TEST FOR RESONATOR TYPE* )
Z Z IF (KTYPE(IEL).EQ.32) GO TO 110 :
E G *SOLUTION METHOD - LUMPED VOLUME RESONATOR*
% g *INITIALIZE VARIABLES FROM INPUT DATA ARRAY*
; g LENGTH OF NECK
: XL=PARM(1,I1EL)
- o
c INTERNAL RADIUS OF NECK
y R=PARM (2, IEL)
g WALL THICKNESS OF NECK
‘ : A=PARM (3, 1EL)
? g NECK MATERIAL MODULUS OF ELASTICITY
g E=PARM (4, I1EL)
g VOLUME OF RESONATOR CAVITY
) VOL=PARM (5, IEL)
g *FREQUENCY DEPENDENT FRICTION DAMPTNG FACTOR*
5 XBE=SQRT(VISC/(2.0%W))/R
BETA=4.0%XBE**2=XBE+(0.0,1.0)*(XBE=1.0)
g *VELOCITY OF SOUND*
c

Cl=1.8%(R+A)*BULK
C2=BULK/(RHO*(1.+C1/(A*E)))
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6.2.3 (Continued)

SYMBOL

GL(—")’)

W

RL(-)

R
VA,VB,VC
VOL

WTH (=)
XL

YL(-)

Y1

Y
Z1,722,23,24,25

ZA,72B,2C,ZD
ZE,ZF,ZG,ZH
Z5

ZVA1, ZVA2
ZVB1,ZVB2

Zvecl,zve2

DESCRIPTION

Matrix values for acoustic filter line elements
A

Laplace operator

Line mounting factor = 1.8

Internal radius of acoustic filter lines
Neck internal radius

Volumes in acoustic filter

Volume of resonator cavity

Wall thickness of acoustic filter lines
Length of neck

Length of acoustic filter lines

Trig function argument (real)

Trig function argument (complex)

Temporary variables

Temporary variables

Matrix values for acoustic filter
Resonator input impedance (last)
Temporary variables

Temporary variables

Temporary variables

UNITS

IN
IN
IN**3
IN#**3
IN
IN

IN

PSI/CIS
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2.4 (Cont.)

C=SQRT(C2)
*VARIOUS LINE MATRIX TERMS*

Y1=W*BETA*XL/C
Y=Y1*(0.,1.)
Gl=CCOS(Y)
G2=CSIN(Y)
AR=PI*R*R
Z5=BETA*RHO*C

*SOLVE FOR LINE INPUT IMPEDANCE%*

Z1=BULK*Z5*AR*G1
Z2=U*YOL*Z5%Z5%C2%(0.,1.)
Z3=W*VOL*Z5*AR*G1l*(0.,1.)
Z4=BULK*<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>