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ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies (ISO
member bodies). The work of preparing International Standards is normally carried out through ISO technical
committees. Each member body interested in a subject for which a technical committee has been established has
the right to be represented on that committee. International organizations, governmental and non-governmental, in

liaison

ith 1ISO_also take part in the work. ISO collaborates closely with the International Flectrotechnical

Commisy
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Annex A

ion (IEC) on all matters of electrotechnical standardization.
nal Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 3.

rnational Standards adopted by the technical committees are circulated to the mémber bodie
bn as an International Standard requires approval by at least 75 % of the memberbodies castin

nal Standard 1SO 10767-2 was prepared by Technical Committee ISO/TC 131, Fluid pow,
hittee SC 8, Product testing.

7 consists of the following parts, under the general title Hydraulic flaid power — Determination
els generated in systems and components.

1: Precision method for pumps
2: Simplified method for pumps
3: Method for motors

forms a normative part of this part of ISO 10767. Annexes B and C are for information only.

5 for voting.
j a vote.

Pr systems,

of pressure
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Introduction

In hydraulic fluid power systems, power is transmitted and controlled through a liquid under pressure within an
enclosed circuit. Hydraulic pumps are devices which convert rotary mechanical power into fluid power. Pump flow
has a large, steady component and a smaller, cyclical component superimposed upon it. It is this smaller, cyclical
component of the pump flow that reacts with the fluid system of the pump and its circuit, that results in pressure
ripple or flyid-barne noise. This fluid-barne noise can be transmitted through the liquid under pressure to other

attached cgmponents and structures, and can result in unwanted noise and vibrations.

While the flpw ripple is the cause of the pressure ripple, it is more difficult to measure. Therefore préssure fipple will
be used in this procedure to characterize the fluid-borne noise generation potential of hydraulic fluid powgr pumps.
Pressure ripple is a function of the pump design and the circuit in which it is measured. It is\important, {herefore,
that the tes} circuit be controlled so as to provide uniform results when comparing the fluid-berne noise ggneration
potential of different types of pumps. Pressure ripple determined in accordance with this ‘part of ISO 1076 may be
different to that measured in fluid power systems because of the high impedance of the,test line.
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Cuits to emit airborne noise that most concerns designers ofyhydraulic fluid power systems. |

pressure ripple characteristics of hydraulic fluid power, pumps. Annex B contains a tutorial ex

e

of ISO 10767 specifies a procedure for measuring the fluid pressure ripple.characteristics of hy
mps with a maximum error of + 1 dB to — 3 B.

7-1 can be used if pressure ripple measurements at lower pressure/levels, lower frequencies,
levels is required. This procedure covers a frequency and preSsure range that has been fou

ripple data to be published with minimal calculations and\processing of the measured data.
7 promotes quieter fluid power systems by establishing.-ayuniform procedure for measuring al

ical basis for this test procedure.

ving normative documents contain provisions which, through reference in this text, constitute g
Df ISO 10767. For dated references, subsequent amendments to, or revisions of, any of these
bply. However, parties to agreements based on this part of ISO 10767 are encouraged to iny

of applying the most recent editions of the normative documents indicated below. H
s, the latest edition of thenormative document referred to applies. Members of ISO and IE
of currently valid International Standards.

:1992, Sl units and.recommendations for the use of their multiples and of certain other units.

-1:1991, Fluig-power systems and components — Graphic symbols and circuit diagram
Eymbols.

:1985,-Fluid power systems and components — Vocabulary.

draulic fluid

br at greater
nd to excite
[ allows the
This part of
hd reporting
planation of

rovisions of
publications
estigate the
or undated
FC maintain

s — Part 1:

ISO 9114

inciples.

ISO 10767-1:1996, Hydraulic fluid power— Determination of pressure ripple levels generated in systems and
components — Part 1: Precision method for pumps.

3 Terms and definitions

For the purposes of this part of ISO 10767, the fluid power terms and definitions given in ISO 5598, the acoustical
terms and definitions given in ISO 10767-1 and the following apply.
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3.1

pump outlet port passage length

Ls

average length from the volume exchange cavities of the pump to the entrance of the test line in normal operation at
the test conditions specified

3.2

pump outlet port passage diameter

Ds

average diameter of the discharge cavity from the volume exchange cavities of the pump to the entrance of the test
line in normal operation at the test conditions specified

4 Symbols and units

4.1 For the purposes of this part of ISO 10767, the symbols given in Table 1 apply.

Table 1 — Symbols

Symbol Quantity
B bulk modulus of elasticity of the test fluid
Co reference speed of sound in test fluid not corrected for test line elasticity
D, inside diameter of test line

Do,min | Minimum line termination orifice diameter

Do max | maximum line termination orifice diameter

Dg pump outlet port passage diameter
E modulus of elasticity of test line material

f1 fundamental pumping frequepey

fnax maximum frequency limitlofitest procedure
K orifice flow coefficient, K = 49 0}

T DOZ\/A_D

L. test line length

Ls pump outlet port passage length
Z numberof pumping chambers per revolution
n harmonic numbern=1, 2, 3, ...
N pump shaft speed

Py amplitude of n-th harmonic of pressure ripple (i.e. ¥z of peak-to-peak)

PrMS the root mean square (RMS) average of the pressure ripple harmonics from f; to f 4

Pmax maximum pump outlet test pressure

Prmin minimum pump outlet test pressure
Ap orifice pressure drop
q average pump flow rate

mass density of test fluid

t wall thickness of test line

Vg pump outlet passage volume
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4.2 Units used in this part of ISO 10767 are in accordance with ISO 1000.

4.3 Graphic symbols used in this part of ISO 10767 are in accordance with ISO 1219-1 unless otherwise stated.

5 Instrumentation

5.1 The instruments used to measure flow, pressure, drive speed, and oil temperature shall be in accordance with
the recommendations in ISO 9110-1.

5.2 Pressure transducers for _measuring pressure ripple shall be piezoelectric type transducers capable of

accurate
ISO 9114

5.3 The

achieved
accurate

6 Geng

6.1 Con
accordan

6.2 Useg

with the test pump.

6.3 Useg
condition

6.4 "Ru

6.5 Run
be stabili

6.6 Useg
exceed t]
affect thg

WARNIN

Incorrect
both test

7 Dete

-1.
harmonic content of the pressure ripple shall be established as a function of frequency. T

using a Fast Fourier Transform (FFT) narrow-band spectrum analyzer. The/analysis sh
measurements from drive shaft frequency up to 10 kHz minimum in accordance\with 1ISO 9110

bral provisions

trol the average pressure, drive shaft speed, and fluid temperature to a class B accurg
ce with ISO 9110-1.

the test fluid for which pressure ripple data is desired..Make sure that the test fluid is accept

s and to prevent air from leaking into the circuits

n-in" the pump in accordance with the manufacturer's recommendations prior to running tests.
the pump to purge air from all linessand circuit components prior to running tests. All test con
red within the limits specified in 6.2

he manufacturer's ratings: DO not install any additional components to the test circuit becay
accuracy of the measurements.
G — Line pressure.is determined by pump flow and the orifice size selected for the test cir

orifice size can result in extreme line pressure. Take the necessary safety precautions to pro
equipment and-personnel from extreme line pressure.

Fmination of geometric parameters and speed of sound in the test fluid

measurements from the pump drive shaft frequency up to 10 kHz minimum in aceefdance with

his may be
all produce
1.

cy level in

able for use

extra care when installing pump inlet lines to maintain the inlet pressure within the manufacturer's rated

ditions shall

extra care to ensure that the-operating pressure of the test lines, components, and the test pump does not

se this can

Cuit.
ect

7.1 Values for Dg and Lg can be obtained in any one of the following ways:

a) using the diameter of the pump outlet port as an approximation of Dg and calculating Lg from titration
measurements of the pump outlet port volume Vg using the following equation:

av
Ls= 82
n D§
NOTE Vg includes all fittings up to the entrance of the test line.
b) from the manufacturer of the test pump;

)
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c)

ISO 10767-1).

©1SO

by estimation from the results of a test procedure that measures the internal impedance of the test pump (e.g.

7.2 Values for the speed of sound in the test fluid cy and the test fluid mass density p can be obtained from the
manufacturer of the fluid. The speed of sound in the test fluid can be corrected for the elasticity of the test line using
the following equation:

1
1, O*Yp

c B

®3)

7.3 Ifaval
estimated u

co =4/

8 Valid fr

8.1 The fu
measured i

z
f —
176

where N is

8.2 Them

ue for the speed of sound in the test fluid ¢ is not available from the manufacturer of the fluid
sing the following equation:

B/p

equency and pressure range

ith this test procedure.
N
)
expressed in rotations per minute in order to give f; in*hertz.

nimum pump outlet pressure that can be measured with this test procedure is pyin-

2pcq

Prmin =

8.3 The hi
limit. The fo

max

8.4 Pmax IS
than the ma
of 6.6.

| dc D_f
_ﬁLsH 1

f
nDétanwg

phest frequency that can bermeasured with this test procedure is 2,5 kHz or f,,5«, Whichever is
lowing equation is used.to-Calculate fy,4y:

defined.as)the maximum pump outlet pressure where pressure ripple data is desired. py,ax Shé
ximum pump outlet pressure allowed by the pump manufacturer and shall comply with the reqy

t may be

4

hdamental pumping frequency is f;. It is the lowest frequency of the\pump pressure ripple that can be

®)

(6)

the lower

()

Il be less
irements

8.5 Accep

able pressure ripple measurements can be obtained with this test procedure at pump outlet pressures

from ppin 10 Pmax @nd over a frequency range from f, to f,,5, Or 2,5 kHz whichever is the lower limit. If the value of
Pmin Calculated in 8.2 is greater than pyay Vvalid pressure ripple measurements cannot be obtained using this test

procedure.

9 Test circuit

9.1 A test circuit shall be constructed as shown in Figure 1. The test pump can be a single pump, as shown in
Figure 1, a multiple stage pump, or may include a boost pump or supercharge pump.
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1 Dy
S
2 L
<02 L 3
Key
1 Text|pump
2 Piezpelectric pressure transducer
3 Inside diameter > 5D
NOTE Pipeline and orifice symbols are for illustrative purposes only and are not in accordance with ISO 1219+
Figure 1 — Schematic@iagram of test circuit.
9.2 The|transition from the pump outlet port to the'entrance of the test line shall be completed within a
less thar) 20 % of the pump outlet port passage-length Ls. Install the pressure transducer and pres
between [the pump outlet port and the entrance\to the test line.
If the transition from outlet port to the entrance of the test line cannot be achieved within the distance sp
this part pf ISO 10767 does not apply-1SO 10767-1 may be a suitable alternative.
9.3 Mount the pressure transddcer so that its sensing surface faces upward and is essentially tangentia
stream.
9.4 The|outlet pressuré.gauge shall be shut off from the test circuit when making pressure ripple measurements.
The gauge shut-off valve shall be located as close as possible to the test line to minimize branch circuit i
9.5 The| test linesbetween the pump and the termination orifice shall be steel tubing with an insigle diameter

estimated using’the following equation:

_ 4pcq
L= |—F 1
\/TI:( Pmax* Pmin)

(8)

A tubing inside diameter shall be chosen that is equal to D, or the next smaller standard tubing size. The wall
thickness of the tubing shall be chosen to comply with the operating pressure requirements given in 6.6.

9.6 The

0,9L

test line length L, as shown in Figure 1, shall be within the following limits:

c=L, <1llg

(9)
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9.7 Determine the maximum test line termination orifice diameter using the following equation:

4q
Do max = (10)
K Pmin
Testing with this orifice diameter will yield pump outlet pressure approximately equal to pyin
9.8 Determine the minimum test line termination orifice diameter using the following equation:
[ 49
I:)O,min_ L T~ (1)
T K/ Pmax
Testing with this orifice diameter will yield pump outlet pressures approximately equal to pyax-
9.9 The tgrmination orifice shall be located at the entrance to the fitting at the downstream, end of the|test line.
Care shoulfl be taken not to create any significant oil volume cavities between the end\of the test ling and the

entrance to[the termination orifice.

9.10 The line downstream of the termination orifice shall have an inside diametergreater than 5D, .

10 Test procedure

10.1 Install the test line termination orifice with diameter Dg 45 as*determined in 9.7.

10.2 With
desired test

the pressure gauge shut-off valve opened, adjust the pump drive speed and inlet oil temperatiire to the
values.
10.3 Meadure and record the actual average pump outlet port pressure.

10.4 Closg the pressure gauge shut-off valve.

10.5 Meag
frequency.
whichever i

10.6 Shut
repeat 10.2

10.7 If pre
many intern
10.5 with ed

10.8 If pre
is required,

ure the harmonic content of the “pressure ripple. Record only the first 10 harmonics of
Establish the peak amplitude\‘of each harmonic. Discard any harmonics above 2,5 kHz
5 the lower limit.

down the test pump and)install the test line termination orifice diameter Dg i, as determined i
to 10.5.

ssure ripple data’ at an average pump outlet pressure between py,i, and pyax IS desired, c
hediate testiline termination orifice diameters as desired between Dg a4 and Do min and repe
ich orifice,

5sufe fipple data at other test conditions (i.e. drive speeds, pump displacements, oil temperaty

pumping
or fmaXv

n 9.9 and

hoose as
at 10.2 to

res, etc.)

calculate a new test line diameter according to 9.5 and termination orifice diameters accordi

ng to 9.7

and 9.8 anad

repeat 10.2 10 10./. The requirements of 8.2, 8.3 and 8.4 shall be met with each corresponding test line
diameter, termination orifice, and operating condition.

11 Data presentation

11.1 Report the harmonics of pumping frequency obtained in 10.5 for each pump operating condition. This data
shall be reported as the amplitude (i.e. 1/2 of the peak-to-peak value) of the pressure ripple.

11.2 Calculate the overall RMS average pressure ripple amplitude for the integral harmonics of pumping frequency
from f; to f,ax Or 2,5 kHz (whichever is the lower) for each pump operating condition of 11.1. Do not include
pressure ripple measurements above the tenth harmonic of pumping frequency. This can be calculated using the
following equation:
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_|P2+P3+ P3t..+ PP
Prms =

5 (12)

11.3 All pressure ripple measurements and test conditions shall be expressed in units in accordance with
ISO 1000.

11.4 The test information and conditions shall be reported using the forms given in annex A.

12 Identification statement (Reference to this part of ISO 10767)

Use the following statement in test reports, catalogues and sales literature when electing to complyCwith this part of
ISO 10767:

"Fluid bprne noise characteristics of this pump were obtained and are presented #in accorfance with
ISO 10767-2:1999, Hydraulic fluid power — Determination of pressure ripple levels ,generated in systems and
compongnts — Part 2: Simplified method for pumps."
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Annex A
(normative)

Test report forms

Al Pu

Description
Model or id
Serial num§

Part numbe

H l + ot +1 £
M MPICooUlT TIYPIT LTOU TTTHUTTTTAtlurT TUTTTI

OF PUIMIP. ettt et e e sbb e s sbne e e s snnneeessnnneeessnne dhg Treeees

SaLeLiTor= Ao A I aTU 11 0] oT=T o TP, e ST

er:

NE=T 0 g0 A F 0101 =Tt (U (=] TP TR

Address of
Name of teg
Address of
Date of test

Location of

A.2 Pun

Test fluid d¢
Pump inlet
Speed of sq

Reference §

Scription

Dil temperature

LA T ALTL 2= T (0 =] P

TING OFJANIZALION: ...ieeiiiiiiiiie e Sae e ettt e e st e e e e

€StiNG OrganiZatioN: .......vvviiiieeiiiiiiir e O e e e

p pressure ripple test conditions form

und in test fluid (corrected)) c =

peed of sound in testfluid (uncorrected)

©1SO

[0 ST PRSPPI
Density of test fluid DD T e e et e e
Drive shaft ppeed N TP PR PP PPPUPPPRRRR
Pump outlef flow Lo PSRRI
Pump outlet port passage diameter  Dg = ..ociiiiiiiiiiiiii e s
Pump outlet port passage length G T it

Method used to obtain Dg and Lg (see 7.1)

Number of pumping chambers

Test line internal diameter
Test line length

Test line wall thickness
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Test line material MOAUIUS Of EIASHICITY E = ........uuuiiieiiiiiiiiiiiiiiieieiiieeeieeseeeeeeeereeeeeeeeeaeeeaeeeaeaeaeaeaeaeaearrerrerrrrearrerrrrrrrrrrrrees
Termination orifice diameters DO, Max T reereererrerserne e
DO, MIN T +ereeserereseesene st s
(@1 = PR OURRR
Test pressures DN e veeeseeeeeeanneaneane e e et et e et e e e a e r e r e R e e h e e e et e e e nre e nre e e
DINAX = ++eveesererreemneeareeaeeareeat et et e et e e e e nr e e et e et nre e
(@1 = P PRRURSUPSSPRTP Y SRR
Fundameéntal pumping frequency LT PP PP PUPRROUPRPPPURPRL ) Sty INSRPRRPR
Maximum frequency Frax = eeeeererermre g e

A.3 Puymp pressure ripple test results form

Drive SNAft SPEEA: ... ..o e et e e e e s e
LIS A o1 (2E: 51U (TP T TP PURRRPUP TN, S0 ST TR URUPPPPTPTTRRRPURPPPRPY FARTUPPPPRPTIN

PUump inlet Oil LEMPEFATUIE: ...t et e e sibe e e s e snre e e s snbne e e s nnne de e
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Annex B
(informative)

explanation of the basis for the test procedure given in this part of
ISO 10767 for measuring pump pressure ripple

Introductior

This part @
measurems
a method s
cover as br
data on wh
specified in
application

ISO 10767-
pressure ri
impedance,
calculations
equipment.

B.1 Add

f 1ISO 10767 has been developed as a test method to provide an unbiased pumpppressu
nt directly from a simple test. This part of ISO 10767 is similar to ANSI/(NFPA) T 2.7¢2:1995 [7
litable for measuring the pressure ripple of many commonly used industrial hydraufic’pumps. It
pad a frequency range and pressure range as this part of ISO 10767 but it will 'yield valid con
ch to make selections of pumps where fluid-borne noise is a concern. It is al§o, possible for th
this part of ISO 10767 to be conducted with the test pump operating in a modified version of its
or comparison with manufacturer’s laboratory measurements.

1 (the precision method) requires more specialized laboratory test equipment and an additiona
bple source to provide measurements that allow the test pump pressure ripple, flow ripple
and the speed of sound in the test fluid to be calculated. Because of the nature of the required
, ISO 10767-1 is best suited for use in a laboratory with computer based data acquisition and

tional Symbols

requency, in hertz (Hz)

maginary unit vector (v/-1)

heoretical blocked pressure ripplelamplitude

bressure ripple amplitude at therentrance to a test pipe
hverage pump outlet pressure

Fated average pump oltlet pressure

bump flow ripple amplitude

hverage pumpiflow loss at rated average outlet pressure
requency;-in radians per second (rad/s)

Histance. along a transmission line

enptryNimpedance of a transmission line with a termination impedance

©1SO

re ripple
which is
does not

nparative
e method

intended

pump or
, internal
complex
analysis

S

10

characteristic iImpedance of test pipe

characteristic impedance of pump outlet chamber

pump internal impedance

termination orifice impedance

termination leakage impedance of pump

ee Table 1 for symbols not listed above.
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B.2 Description of the ISO 10767-2 test procedure

ISO 10767-2:1999(E)

This part of ISO 10767 is based on the assumption that a short, small diameter (but standard size) steel tube and
orifice can be connected to the pump outlet port that will allow the measured pressure ripple to be independent of
the test circuit and only dependent upon the pressure ripple generation characteristics of the test pump. This will
only be true when the combined impedance Zg of the tube and orifice is large relative to the internal impedance Zg
of the test pump.

The recommended test circuit is shown schematically in Figure B.1.

N

/

Do

<02 L

Key
1 Text|pump
2 Piezpelectric pressure transducer
3  Inside diameter > 5D
NOTE Pipe-line and orifice symbols,are-for illustrative purposes only and are not in accordance with ISO 1219}
Figure B.1 — Schematic diagram of test circuit
Figure B2 shows the impedance representation proposed by Bowns, Edge and Tilley [1] of the hyd
shown in[Figure B.1.
L
X
\ ds q.p
f‘\j —_— ] Z:
Zy

Figure B.2 — Impedance representation of hydraulic circuit

aulic circuit

11
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Distances x and L in Figure B.2 are intended to represent measurements along a transmission line with a
characteristic impedance Z; that is connected between the pump outlet port and a termination orifice Zy The
internal impedance of the pump is represented by Zs.

By differentiating the equation for pressure drop across an orifice it can be shown that the termination orifice
impedance is given by equation (B.1):

2

p

ZT1=—
q

Equation (B

.1) has been independently verified in tests performed by both Claar [2] and Theissen [3] on a

(B.1)

djustable

throttling vg
such a thro
effect was

taken in thi

precautions,

to that freqy

Keller [5]
termination

ZE

If the press
calculated f

4
ZO:_
T

Edge [6] ha
same form
that the py
passagewa
termination
that pressu

Zs

Ives at frequencies up to 450 Hz. McCandish, Edge and Tilley [4] have shown that the impe
(tling valve can be lower than that described by equation (B.1) at high frequency, but it.is/fel
brobably due to the volume chamber typically found at the entrance of such valves. Steps h
part of ISO 10767 to avoid such volume chambers at the entry to the termination ofifice Zt. \
equation (B.1) has been shown to be valid up to 4 kHz and suitable for pressure’tipple meas
ency.

defines the impedance of a hydraulic transmission line of length L, characteristic impedance

impedance Zt with equation (B.2):

BB i

e P

ure drop along the transmission line and the leakage-from the line are assumed to be zero, 2
‘om equation (B.3):

b ¢
[ 2
D

S shown that the internal impedance)of the pump Zg behaves like a short transmission line an
s equation (B.2). The pump internal impedance can be calculated using equation (B.4) if it is

y, the transmission line Jdength is based on the apparent length Lg of this passageway,

impedance Ztg is based“en the ratio of the average pump outlet pressure to the average flo
e (i.e. based on the pump's volumetric efficiency).

%TS cos %m—% j Zossin %’L@
%os cos%‘w—% j Ztssin gﬂ—@

L
U

O
B

dance of
that this
ave been
Vith such
Lirements

Zy, and

(B.2)

[0 can be

(B.3)

H has the
assumed

mp characteristic impedance-Z,g is based on an apparent diameter Dg of the pump's dlischarge

and the
w loss at

(B.4)

and

Z1s=

Aq (p")

(B.5)

(B.6)

An impedance representation of this circuit that includes the transmission line effects can be drawn as shown in

Figure B.3.
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©I1SO
v = -
Zs Ze
I I
Figure B.3 — Impedance representation of circuit including transmission line effects
The pressure ripple at the outlet of the pump (i.e. at the entrance of the transmission line connected t
can be calculated using equation (B.7):
1QsZsze
PEq————
Zst+ ZE

The product of Qg Zg is the pressure ripple that would be developed at the pump outlet port if Zg was in
(equivalgnt to blocking the outlet port). The ratio of the pressure ripple measured at the outlet of the pun
theoreticl blocked pressure Pg can be obtained by rearranging equation (B.7):

Pel 4

Ps | Zg+ Z
where

Pg 4 Qs Zs
The pregsure ripple ratio PgiPg of equation (B.8) depends only on the relative complex values d

impedan
iS much
measure
Zg > Zg |
independ

These re

Ce of the transmissSion line connected to the pump outlet port Zg and the pump internal impedar
larger than Zg then the pressure ripple ratio is nearly equal to 1 (i.e. 0dB) and the pre
0 at the pump outlet port is nearly equal to the theoretical blocked pressure Pg. This cong
vill be subsequently referred to throughout the remainder of the annex as "low error". If we cou
ent measurement of Zg, then the pump flow ripple Qg could be calculated from equation (B.9).

ationships in a typical pump circuit are shown graphically in Figure B.4.

b the outlet)

(B.7)

finitely high
p Pg to the

(B.8)

(B.9)

f the entry
ce Zg. If Z¢
ssure ripple
ition where
d obtain an

In this circuit, the pipe inside diameter D, is about 1,1 times the apparent diameter of the pump outlet port chamber
Ds and the length L of this pipe is about 4,6 times the apparent length of the pump outlet chamber Lg. Such an
outlet circuit would be common for typical customer installations of such a pump. There are two frequency ranges
where the magnitude of the test circuit entry impedance Zg is less than the pump impedance Zs. These two ranges
are from 0,02 kHz to 1,2 kHz and from 1,75 kHz to 2,25 kHz. In these ranges the measured pressure ripple error is
very large. Even over the remainder of the frequency range where Zg is larger than Zg, it is not large enough to

yield alo

W error.

If the outlet pipe is shortened to about 2,7 Lg but with the same inside diameter, the critical frequency ranges are
shifted to higher values, but the error remains high as shown in Figure B.5.
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Figure B.4 — Effect of complex values of entry impedance on pressure ripple ratio
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Figure B.5 — Effect of higher frequencies
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urves of

Zg and Zg more nearly parallel. In fact, if L is made equal to Lg, the Zg and Zg curves will be nearly parallel with
identical critical frequencies. Furthermore, if D =Dg and L =Lg then Zg would have a similar shape and
magnitude as Zg at all frequencies. In this case, the shape of Zg and Zg would only differ by the magnitude of their

respective termination impedances.

The form of equations (B.2) and (B.3) causes the magnitude of Zg to be large relative to Zg when the pipe inside
diameter D, is much smaller than Dg. Selecting a small diameter, short test pipe will therefore yield a test circuit
with low error. Figure B.6 shows the effect of choosing a pipe of diameter where D = 0,28D, and length L = 1,0Lg.

Figure B.6 shows that the difference between the pressure ripple measured at the pump outlet port and the
theoretical blocked pressure ripple is very small from about 100 Hz up to the maximum value shown in the graph of

2,5 kHz.
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Figure B.6 — Comparison of measurements of pump outlet and blocked pressure ripple

e principle used in this part of ISO 10767. The test pipe diameter is chosen in 9.5 so that its ¢
Le Zg is equal to the termination orifice impedance Zt at theraverage pump outlet test pressure.

Zy

- 2P
q

procedure allows a range-of-pressures from py,in 10 Pmax With a single pipe diameter. The equ
in T Pmax)/2 as the pressure where Zy = Zt. Substituting this average test pressure for p in equ

4pcq
T (pmin+ H’nax)

the variarlions of Zg as a function of frequency relatively small. Figure B.7 is a graph of equation (B.13) fg

pipe dia

haracteristic

(B.10)

(B.11)

(B.12)

ation in 9.5
ation (B.12)

(B.13)

the pipe diameter in this way has the effect of increasing the magnitude of Zg relative to Zg and keeping

r a range of
fluid mass

eters D, from 2 mm to 32 mm. The values used in Figure B.7 for the speed of sound c ang

density p were 1 302 m/s and 908 kg/m3 respectively.

The test pipe length is chosen in 9.6 so that the first anti-resonance of the test pipe coincides with the first anti-
resonance of the pump internal impedance; that is where L; = Lg. This makes the critical frequencies of Zg and Zg
equal, reducing the number of times that these two curves can intersect and thereby reducing measurement error.

The minimum pressure pn,, Oof paragraph 8.2 is the pump outlet pressure below which the magnitude of the
pressure ripple ratio of equation (B.8) is greater than — 3 dB at the fundamental pumping frequency f;. Similarly, the
upper frequency limit of f,5¢ in 8.3 is the frequency above which the magnitude of the pressure ripple ratio is
greater than —3 dB at a pump outlet pressure of p.,,. The derivations of the minimum pressure and maximum
frequency equations are described in clause B.3.
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The root mg¢an square (RMS) average pressure ripple as a function<of’the average pump outlet pressure fg
piston pump tested according to an early version of this part of ISO 10767 is shown in Figure B.8. It dis
overall RM$ average value of all of the harmonics of the measured pump pressure ripple from the fun
frequency fo 4 kHz. The two lines on this graph are for_data taken at drive shaft speeds of 1 500

1 800 r/min

The spectrdl distribution of this pressure ripple data and’ knowledge of the pump internal impedance are the
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Figure B.7 — Flow vs. average test pressure for a range of pipe diameters

all that is ngcessary to predict the pump pressure fipple in other defined impedance circuits.
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Figure B.8 — RMS average pressure ripple vs. pump outlet pressure
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