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'SUMMARY

A thorough study of standing waves in hydraulic lines is carried
out using transmission line theory. Special emphasis is attached to
the representation of standing wave patterns of different systems by
three dimensional graphs. From this study a new experimental test
method has been developed for evaluating the fluid Dborne noise
characteristics of pumps and other hydraulic components. The
validity and accuracy of this test method, named the “tuned Ilength
method”, was éssessed by comparison with other existing methods.
Unlike many other experimental methods, the tuned 1length method is

capable of testing hydraulic components at low mean pressures.

The "tuned length method" was used to evaluate the inlet fiuid
borne noise characteristics of three gear pumps and an axial piston
pump. A purpose built pressurized reservoir was used to control pump
inlet conditions. Large pressure fluctuations were measured at some
positions in pressurized suction lines and were foundrto be similar
to fluctuations measured in pump discharge lines. The 1levels of
pressure ripple in a pump.’suction line were found to have a
significant affect on the air borne levels generated by the hydraulic

system.

There is strong evidence of air release occurring in the pump
inlet passageway under normal operating conditions. This accounts
for the very low pressure ripples in the suction line of a normally
aspirated pump. However, +this does not affect +the volumetric
Vefficiency of the pump. Whén the pump 3inlet is pressurized air

release is inhibited and the pressure ripple can be very large.

An axial piston pump was tested when bhoosted by another piston
pump and the inlet  characteristics were evaluated. These
characteristics are very similar to those obtained when the pump is

supplied by a pressurized reservoir.

In order to maintain low fluid borne noise in pump suction lines
the mean inlet pressure must be kept as low as possible. The
existence of air disolved in the £luid in small quantities is
favourable as it prevents very low instantaneous pressures and hence
limit the possibility of cavitation. The use of a pressurized
reservoir is recommended for this purpose, as long as steps are

taken to avoid solution of additional quantities of air.
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NOTATION

a local speéd of sound in the fluid

A internal area of pipe

b " gear width

c coefficient

d internal diameter of pipe

d piston diameter(section 3.6.1)

D displacement ripple of pump

flowi instantaneous flow delivery by ith piston

g acceleration due to gravity

J complex operator

n ’exponential coefficient

n number of pistons (section 3;@.1)

PJ pressure fluctuations at junction

Po pressure fluctuétions»measured at.pump flange
:Pm ‘ pressure fluctuations due to motor flow ripple
me " Pm measured at distance x from pump

pr ' press. fluct. due to pump ripple measured at point x
Px pressure fluctuation at distance x from source
0 flow ripple at junction

QL mean leakage flow

Qs source flow fluctuation of pump

Qsm motor flow ripple‘

Qsp pump flow ripple

Ql flow ripple at entrance to branch 1

Qz flow ripple at entrance to branch 2

R pressure drop in pipe/unit length/unit flow

s laplace transform operator

[m]
[m]
[m®/xad]
[m°/s]
[m/s?]

[¥/m” ]
(8/m’]
[N/mzl
(8/m’]
(/)
(%/m’)
(m’/s]
[m’/s]
[m’/s]
(m’/s]
[m°/s]
[m°/s]
[ma/s]
[Ns/m°]

[1/8]
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velocity

volume of oil

volume of oil inside pumé outlet chamber
distance ;etween source and point in line
number of £eeth per gear

impedance

entry impedance

eqnivélent impedance §£Atwo impedances in parallel
inductive impedance ‘ |
leakage impedance

line impedance

source impedance

source impedance of motor

source impedance of pump

termination impedance

entry impedance to branch 1

entry impedance to branch 2

pump swash ahgle

bulk modulus of fluid

variation in temperafure

variation in volume

propagation constant

dynamic viscosity of oil

lengthbof line

wave length

density of oil

source reflection coefficient

termination reflection coefficient
termination reflection coeff. at motor harmonics

termination reflection coeff. at pump harmonics

[m]

[Ns/m”]
[Ns/m’]
[Ns/m’]
[Ns/m"]
tNS/msl
[Ns/n®]
[Ne/m’ ]
[Ns/m”]
(Ns/m°]

[Ns/m"]

[Ns/msj

[Ns/m’]
[rad]
[N/m]
(K]
[m)]

[Ns/mz]'
[m]}
(m]

[Kg/m?]




pump shaft angle of rotation

frequency

[rad]

[rad/s]
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1.1 GENERAIL BACKGROUND

In recent years hydraulic component manufacturers - have been
confronted with customers takiné the noise aspect of systems much
more seriously than in the past. It is quite common these days to
decide to purchase a pump oh the basis of a low noise generating
potential rather than on a marginal price diffe;ence‘ This is mainly
a consequence of the action undeitaken by most western nations, and
ip particular E.E.C. countries, to set maximum limits on noise levels
acceptable in industrial environments. It is also a reflection of
the wide usage of hydraulics in fields where 1low noise ievels are
extremely impqrtant, such as hospitals, lifts and defence

applications (submarines),

The noise radiated from hydraulic systems can be intermittent, as
when a directional control valve opens or closes a line, or'can be
coptinuous as in the case of a pump, the discharge of a relief valve
or the oscillation caused by the actuation of a servomechanism. In a
great majority of systems, however, it ié the pump that is consideied
the main component responsible for system noise. This is not only
because the pump is noisy in its own right, due to the motion of its
elements, but also because the pump is capable of inducing vibration
in the whole system. This vibration can take two forms: fluid borne
or structure borne vibration, more commonly known as fluid borne

noise or structure borne noise.

When a pump is mounted rigidly on a supporting structure, the

-~
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vibration generated in the pump is propaggted to the base and all
attached components creating structural vibration. Furthermore, in
many systems the pump is rigidly attached to the hydraulic reservoir,
and rigidly connected to the system by 1rigid pipes. In these
circumstances the system as a whole may resonate in sympathy with the
excitation generated by the pump. The air borne noise produced as a
result may in some cases be greater than the noise generated‘by the
pump. Research work carried out in this field has resulted in the
formation of guidelines for the reduction of structure borne noise,
such as the efficient use of flexible mounting arrangemgnts [1] and

the use of flexible hoses.

Fluid borne noise is the oscillation induced in thé fluid by the
unsteady flow generated by positive displaceﬁent hydraulic phmps.
This oscillation is propagated through rigid pipes and flexible hoses
and therefore is present at aﬁy point in the system. It is wusually
measured in terms of the pressure fluctuation of the fluid. Needless
to say, the fluid pressure fluctuation acting on the gystem and
attached components may. generate structuial vibration even at points
quite remote from the pump. Unlike structural Qibration, it is
difficult to prevent fluid borne noise from propagating to all parts
of the system. Some attempts have been made at designing suitable
‘silencers' to attach to pumps which can remove a considerable amognt
of pressure ripple and hence isolate the pump from the system. These
silencers are either based on similar principles to those used in tﬁe
design of car exhaust silencers [2], or on the use of 1long flexible
hoses due to their damping characteristics [3]. These solutions have
some disadvantages such as the large power losses associated with
acoustic silencers and the length of flexible hoses ~necessary to

reduce significantly pressure ripple in sgystems over a large

frequency range.
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The need for reducing fluid borne noise in hydraulic systems makes
an understanding of the mechanism of t&e generation and transmission
of pressure fluctuations of the utmost importance. 1In recent years a
great deal of research has been put into the séudy of the generation
and propagation of pressure waves in systems [4][5]1[6]}[7] and the
relationship between fluid pressure fluctuations and air borne noise
[8]. The vast majority of this research work has concentrated on
high' pressure 1lines as fluid borne noise has always been associated

“with the existence of a high mean pressure in a line. Indeed, Jthe
higher the mean pressure in a system, the larger the pressure
fluctuations generally are. Peak—-to—peak pressure variations of
around 30 bar have been recorded in hydraulic pressure lines [9]

which must lead to concern about the beha&iour of some of the most

fragile components in the system when subjectéd to such excitation.

When the unsteady flow produced by positive displacement hydraulic
pumps is discharged into‘a loading system, the pressure in the system
varies according to that change in flow. 1In the light of +this, it
would appear that a pump - that produces large flow variations is
likely to generate high values of pressure fluctuations in a systen.
noreover, steps Thave >been taken to develop experimental methods to
measure pump fluid borne noise generating potential in unique terms

[10].

In a pfevious work [11] the author reported the study of pressure
fluctuations in the boost line of an axial pisten pump. It was found
that the level of pressure ripple measured in a boost line could be
as large as that measured on the pump outlet line, even though the
fluctuations wexre superimposed on a much lower mean pressure,
Indeed, it was found that the peak—to—-peak pressure variation could

be higher than the value of the mean pressure in the line. The
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pressure fluctuations generated in the boost line of a pump are due
to two sources: the unsteady flow delivered by the boost pump and the
unsteady flow drawn in by the boosted pump. The flow fluctuations
generated on the inlet of a piston pump were found to be of tﬁe same
order of magnitude as those produced by its outlet. This suggests
that if a pump is working at low inlet pressures, indeed even if
unboosted, it mdy still create‘pressure fluctuations in the inlet
line of a similar magnitude to its 6utlet line. This conclusion is
difficult to accept as very large pressure variations cannot occur
around a mean. pressure of, say, 1 bar absolute because this would
result in the creation of very low instantaneous pressures causing

cavitation or air release in the inlet line.

Research work carried out by Lindsay [12] on the suction line of a
gear pump fevealgd that the pressure pulsations in the line were not
sufficienfly stable for accurate theoretical analysis to be
undertaken. Furthermore, the use of a transparent pipe in the same
test rig revealed the formation of air bubbles even at mean inlet

pressures within normal pump operating conditions [13].

To sqmmarize, fluid pressure pulsations inbthe inlet 1line of a
positive displacement pump may not only assume values comparable to
those typical of high pressure lines, and hence cause structure and
air borneA noise, but may also create conditions of air release and

éavitatioh with the possibility of pump early degradation.

1.2 OBJECTIVE OF THE WORK

Some of the shortcomings of previous research work [11][12] were
related to both theoretical and experimental approaches. Theoretical
studies of fluid borne noise in hydraulic lines have been undertaken

in recent years and methods of analysing and predicting pressure
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ripple ﬁave been proposed, for high pressure lines, but have proved
to be either relatively inaccurate or involved lengthy experimental
testing of systems. Therefore, the available methods were not
regarded as suitable for analysis of pressure ripple in 1low mean
pressure lines where the stability of the pressure waveform is knoﬁn
to be relatively poor [12]. Qne objective of the present work is to
give an explanation to the theoretical difficulties reported in
references [11] and [12] on pressure wave heﬁaviour in hydraulic pump

suction lines.

In terms of the éxperimental approach, researchers have always
faced difficulties when +trying to simulate different suction
conditions on pumps suction lines. Intrusive solutions have normally
been adopted for the purpose, and as a consequeﬁce in—-line restrictor
valves have been uéed to contrel mean inlet pressure [12] or as in
the case of [14] a boost pump was used to 'starve' of fluid the pump
under test. 1In the 1attér case the mean pressure was controlled by a
restrictor valve positioned in a branch 1line drawing flow from a
resexvoir. In the work reported in this thesis a purpose built
pbressurized reservoir was used to produce a wide range of conditions
on the suction 1ine of pumps. This choice is in strict agreement
with the increasing use of pressurized reservoirs in practical
applibations, namely in aircraft and mobile equipment hydraulic
circuits, The use of pfessurized reservoirs or bhoost pump fo prevent
the occurrence of cavitation on the inlet of pumps has received
little attention from the fluid borne noise point of view., The
testing of hydraulic pumps using these +two approaches allowed the

bump inlet characteristics to be examined in detail.
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1.3 SCOPE OF THE THESIS

This thesis starts with a fundamental study of the application of
wave propagation theory to hydraulic 1lines. Extensive use of
graphical representations of pressuré standing waves 1is employed

(chapter II).

In chapter III, wave propagation theory is used. to develop a new
experimental test method for evaluating the fluid borne noise

characteristics of hydraulic components.

Chapter IV presents an analysis of the suction performance of
pumps together with a discussion of the generation of inlet flow
fluctuations. This is followed by a descriptidn of how the

experimental test method can be adapted to suction line work.

In Chapter V, a detailed review of hydraulic tank design is given.
A'purpose built pressurized reservoir based on this review and on the

requirements of the test method is, then, descxibed.

Chapters'VI and VII describe the experimental tests performed on
the inlet lines of axial piston and external geaxr pumps under

unboosted and boosted suction conditions.

Appendices I to IV present a detailed documentation of the digital
computer program, which was gséd to implement the test method,
togethei with the related sub~progr;ms. Apéendix V gives a worked
example of the sizing of a reservoir and appendix VII presents
details of +the hydraulic compoﬁents tested during the experimental

work.
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2.1 PRESSURE FLUCTUATIONS GENERATED IN A SIMPLE SYSTEM

Fig.2.1l shows three pressure ‘signals recorded from a system
composed of an axial piston pump, a rigid steel pipe and a restrictor
valve at the .end. These signals, which were measured with
piezoelectric transducers, are all periodic repeating at piston
frequency. However, .there are considerable differences in waveform
shape and peak—to4peak amplitude, even though all signals were

recorded at identical conditions (i.e. same mean pressure,

temperature and pump speed). The differences, as shown 1in fig.2.1,

are due to the fact that the’pressures were measured at different
positions in a line (case cases a and b) or in a system with a
different pipe configuration (case c). The values of peak—to—peak
pressure variation showﬁ in the figure are typical of pressurized
hydraulic 1lines (up to 15 bar), but larger values of pressure ripple

have been recorded (abové 30 bar) [9].

Although all pressuré signals are a consequence of +the flow
fluctuation created by the pump, they can be understood to be
modified images of the flow-depending upon the characteristics of the .
circuit connected to it and the position in the system 'wﬁere the

pressure fluctuation is measured.

As 'the pump fluctuating potential and loading system
characteristic are dependent upon rxunning conditions the pressure
fluctuations in the system will also vary with these parameters.

This makes any analysis of fluid borne noise only valid for a
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specified system at the gtated running conditions.

Fig.2.2 shows the flow ripple generated by the piston pump which
was responsible for the pressure signals shown in fig.2.1. Both
pressure and flow signals show~the same fundamental f£frequency which
is jdentified in this case by sharp variations at regular intervals.
The flow fluctuation of the piston pump shows the port plate timing
effects, indicated by the sharp f£all in outlet flow when a piston
filled with low pressure fluid is opened to the pressurized '1ine.
Thesé changes create the mentioned sharp variations in the pressure
signals and are typical of piston pumps. The pregsure signals are,

~in general; very repeatable and steady.

The pressure fluctuations created by an external gear pump are
very different in shape " from those typical of axial piston pumps.

" Nevertheless they retain the same essential properties with a well

- defined fundamental frequency, and a very stable waveform. These

pressure waveforms, as shown in fig.2.3, have a much smoother shape.

Under some circumstances these signals may even approach almost

sinusoidal shapes. This is a consequence of the flow ripple.

generated by external gearrpump; which generally exhibits a smoother

waveform than an axial piston pump (£fig.3.16).

Instantaneous pressure fluctuations can be easily measured at
virtgally any point in a hydraulic system with great accuracy by
means of suitable pressure tiansducers.- However, instantaneous
readings of flow fluctuations are not as simple to measure. Hot film
anemometers or laser anemometers have a sufficiently good frequency
response, but such methods are expensive. Even when such techniques
are employed, though, it is often extremely difficult to measure flow
ripples at certain locations, as for egample inside the pump.

Nevertheless, using plane wave propagation theory [5] it is possible

SR
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to establish a mathematical relationship between pressure
fluctuations and flow fluctuations in a system. In order to do this
it is necessary to have means of representing, in mathematical.terms,

the measured pressure ripple.

The pressure fluctuations often exhibit rather complex waveforms,
but because tﬁej~are periodic it is possible to analyse them in terms
of harmonic qomponents, using Fourier Analysis. Each individual
signal of pressure fluctuation (oxr indeed flow fluctuation) can be
considered as the sum of several sinusoidal waves. These sinusoidal
functions must have frequencies at integer multiples of the pressure
signal‘ fundamental frequency. For example, fig.2.4 shows how ten
sine functions, when summed together, compose a signal which can beA
compared with the acfual recorded pressure signal generated by an
axial'piston pump in a system. On the 1left hand side column of
fig.2.4 the individual sine waves are represented, whilét on the
‘right hand side these functions are summed'one at a time wuntil the
tenth i§ reached. A satisfactory agreement was reached between the
mathematical model and the actual signal, as presented at the bottom
of the figure. Consideration of ten harmonics has been found to be
satisfactory to describe ﬁost piston pump generated pressure signals.
Although this particular signal has very strong 6th and 8th harmonic
components, other signals generated at other positions in the system.

may reveal a rather different composition.

Due to the smoother shapes of flow ripples generated by external
gear pumps, it is generally sufficient to use only six harmonics to

define pressure fluctuations generated by them.

A frequency spectrum of a signal gives a clear understanding of
the relative magnitude of the components which are necessary to

characterize it. Fig.2.5 shows a frequency spectrum of the signal
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>shown in fig.2.4. The signal is described by the amplitude and phase
of its harmonic components. The consideration of the phase of each
harmonic component is very important. Depending upon the relative
phasing of the individual sine waves the synthesized signal may
either exhibit very large peak-to-peak amplitudes or very low
" amplitudes. This is because thg relative phasing of the harmonic
compénents may allow them to be added to one another but may, as

well, contribute to each othexs partial cancellation.

2.2 THE STANDING WAVE.

In most cases the representation of a pressure waveform in its
Fourier components is acceptable, as the synthesis of these génerates
-an accurate reprodﬁction of the pressure signal. Hence, the study
of pressure fluctuations in a system can be simplified consigderably,
since it is possible to examine each sinusoidal pressure wave in
isolation, and determine ifs relationship with the sinusoidal

component of the flow ripple generated by the pump.

In the following paragraphs the +terms “pressure and flow
fluctuation” will be understood to mean one harmonic component of the
actual preséureA oi flow signal. According to +this simplified
analysis any simple hydraulic system can be modelled as if it were as
shown in fig.2.6. Here an ideal sinusocidal flow fluctuation. is
géﬁeraﬁed at one end of a line and therefore fluctuations of pressure

are created about a mean level in the line.

As the fiuid is compressed by the sinusoidal movement of the
piston;‘ the pressure varies accordingly, starting at the piston face
and being propagated along the line, of length &, at the speed of
sound in the fluid (=1400 m/s). This wave, named the incident wave,

Propagates to the end of the line where it is reflected back +towards
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’the pump, not necessarily with the same strength, as some energy has
invariably been lost at the termination. This reflection can be
represented by a complex variable, named the ‘termination reflection
coefficient’ (pt), the amplitude of which shows how much of the
incident wave has been reflected, and the phase indicates how much
the reflected wave is lagging the incident one. The reflected wave
travels back towards the pump where a further reflection occurs as
determined by the, "source reflection‘ coefficient" (ps). This
process continues indefinitely. For all practical purposes,
however, after a small number of further reflections they are of such
émall amplitude that they may be considered negligible in comparison
with the incident wave. This is due to the continuous loss of energy
when the wave is reflected several times at tﬁe source and the

termination and also due to the friction in the pipe.

Both the incident wave and the subsequent  reflections have the
same frequency  although different amplitudes andr phases.
Fu;thermore, they travel in opposite directions interacting with one
another and hence +the result is a "standing wave”™, as detailed in
fig.2.7. 1In this example; the iﬁcident wave (top left) is propagated
from the source to the termination with an amplitude (top centré)
which is continuougly decreased by pipe friction. The phase (top
right) decreases linearly with the distance travelled. The first
reflected wave, of lower amplitude, when' added to the incidént,
generates at some positions in the line larger values of amplitude
than the incident wave alone. At other positions the amplitude is,
however, smalJer. The phase graph is also affected so that the phase
ceases to vary uniformly along the line. The consideration of
further reflections results in better defined amplitude and phase v
graphs of the standing wave. In this example, the 7th reflection was

of sufficiently low amplitude for any further reflections to be

BRI A i
N
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considered negligible. Clearly the formation of the standing wave in
a length of 1line reveals positions where very large variations of
pressure occur (anti-nodes) and others where the fluctuations are
very low (nodgs). If theAlength of line is such that the standing
wave has a complete period, then this length is called a wavelength
(A). In general, if a length is shorter than 1/20th of a wavelength
for a given frequency, the standing wave effects can be neglected.
Nodes are half a wavelength apaft (A/2) along a line. This distance
is generally less than 5m for the fundamental frequency of wmany
hydraﬁlic pumps. At each node the phase of the standing wave changes
its sign, which means that the instantaneous pressure varies from a
value above the mean instantaneous pressure level to below it, ox

viceversa.

As the pressure at the source varies in time, at each point in the
line the‘pressure is continuously changing. If a discrete number of
succeésive waves are represeﬁted on one figure a clearer view of the
standing wave can be obtained, as shown in fig.2.8. - This figure
demonstrates how the wave actually behaves, passing from above to
below the mean pressure line, and how all successive waves follow the

same envelope.

When different line lehgths are used in a sgystem, keeping source
and fermination characteristics constant, the standing wave patterxn
cﬁanges. If the pressure is monitored at one point in\the line, say
at a fixed distance from the pump, and several tests are performed
with different 1line lengths, the envelope of the standing wave could
be as in fig.2.9.’ For this particular system the position considered
ih the 1line was close to the pump flange. This position coincided
with a node when the line length was around 0.6, 1.9 or 3.2m and

hence the pressure fluctuations there were very low (0.2 bar), but
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"~ amplitudes over twenty times larger (4 bar) were measured when the
length was around 1.0 or 2.4m. These lengths are usually referred as
resonant lengths for the system at the considered frequency (in this

case =~300Hz). Resonant lengths are half a wavelength apart.

This study of the standing wave can give some indication of how
line 1lengths should be chosen to produce low levels of fluctuations.
It must be emphasized that this description of the standing wave
refers to one frequency only and several harmonic frequencies must be
considered in fluid bérne noisé analysis., Consequently, line lengths
that generate Ilow amp;itudes at one frequency may correépond to
resonant lengths at others, and in the design of low noise systems a

compromise must be found [16].

2.3 THEORETICAL MODEL OF A SIMPLE SYSTEM

Plane wave propagation theory was used by Bowns e£ al [5] ¢to
interpret the behaviour pf the pressure fluctuations in hydraulic
lines. This study was similar to that used by Electrical. Engineers
in telecommunications and power transmission through electrical
lines. The analogy is made between current and flow, and voltage anéA
pressure. The pump (transmitter) is characterized by its "source
flow"” fluctuétiqn (QS), as desciibed above, and its "source
impedance™ characteristic (Zs). At this stage the source impedance
may“£e considered as a capacitance due fo the volume of oil held
inside the pump. A further discussion on source impedance will be
given in a later section (chapter III). The electric cable, of a
known impedance, is substituted by thé pipe line filled with oil at a
ﬁeaﬁ pressure and represented by its "characteristic impedance” (Zo).
This is a function of the dimensions of the pipe and its rdughness as

described below. At the end of the line, the hydraulic valve, or the
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receiver in electrical systems, offers an impedance +to the system,
known as the "termination impedance" (zt)' The phase shift and

attenuation of the transmitted wave along the line are characterized

by the “"wave propagation constant” (7), which is dependent upon line

dimensions and running conditions.

The frequencies involved in,eledtrical systems, from 50Hz (power
transmission) to several gigahertz (microwaves) cover a very wide
range which is not typical of fluid borne noise work. As fluid borne
noise is mainly studied in connection with its air borne noise
generating potential the range of frequencies of interest generally
lies between 100Hz and 10kHz, which are audible fregquencies. In some
special cases, as in submarine applications, lower " frequenéies may
also be‘important. The velocity of propagation of electrical signals
(~3*108m/s) is again véry differént from the speed of sound in fluids

(=1400m/s for oil).

LINE DEPENDENT PARAMETERS
In a hydraulic system, the line dependent parameters (¥ and Zo)
can be determined from the fluid properties, pipe dimensions and

running conditions. The line characteristic impedance 1is given by

[5]:
1/2
R+ £ jw
Zz = A
2.1
° - (2.1)
8 J
- ©
where: R — pres. drop/unit length/unit flow {Ns/m" ]
‘ 3
p — fluid density [Kg/m ]
2
A - pipe cross—sectional area [m ]
' - 2
B — fluid bulk modulus (N/m ]
j — complex operator -
w — frequency [rad/s]

-~
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Hydraulic lines usually have smooth internal walls which results
in low pipe friction and consequently, the friction term (R), in
eq.2.1, can be considered negligible. Hence, eq.2,1 can be

simplified for a lossless case:

1/2

Zo_ 1 .0p B ] (2.2)
A

The characteristic impedance is, then, inversely proportional to
the pipe area, and may be represented in the simplified case by a

real value instead of a complex one.

The wave propagation constant (7)) is given by [5]:

1/2
y = %“jm(R + 2 jw)- - @3
where A, B8, R, p, jJ and w are as in eq.2.1. For a lossless line,
with R=0:
1/2
Y =3jw (—g—) (2.4)

: 1/2
as the speed of sound in a fluid is given by a= (8/p) / , ©4.2.4 can

be written as follows:

Y=3 _W . (2.5)

In normal hydraulic lines‘ the lossless condition applies (the
attenuation is negligible unless the line is very long) and eq.2.5 is

acceptable. In this case the value of ¥ is imaginary.

A computer subroutine was written to evaluate the 1line dependent
Parameters (Zo and 7v) and is documented in appendix II. The
properties of hydraulic fluid necessary for the calculations were

evaluated using another subroutine presented in appendix I.
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TRANSMISSION LINE EQUATION

The fluctuation of pressu?e in a simple system measured at a
distance x from the source, as shown in fig.2.6, is a function of the
punp and termination characteristics and the 1line dependent

parameters. It is given according to the following equation:

A B
| i | |
—Yx -y(24-X)
Q.42 12 e +p, €
s S .
P_-= © t (2.6)
ZS + Zo ) -271

1-pg Py ©

This equation is the key to most of the work related to pressure
standing waves in a line and consequently a large part of this
chapter will be devoted to its understanding. The derivation of this

equation may be found in reference [5].

Equation 2.6 is valid for a single frequency (w) only, as
considered in the prévious section. The variables are defined as

follows: (* denotes a complex variable)

Px — press. fluct. at distance x from source at frequency w *
QS — source flow fluct. at frequency w *
X — distance from measurement position to source
Zo — line impedance at frequency w : *
Zs - source impedance at frequency w *
v- - wave propagation constant evaluated at frequency w *-
t - length of line

‘ Py — source reflection coeff. evaluated at frequency w *
Py - termination reflection coeff. evaluated at frequency w *

. The reflection coefficients are given as a function of the 1line
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and end impedances,

Zs - Zo Zt - Z

(2.7) and Py = (2.8)

Ps " "z +z Z + Z
s [o) t e}

The values of the reflection coefficients are limited to amplitude

values <1, which simply means that a reflected wave cannot have an

amplitude greater than the incident which caused it.

Eg.2.6 has two distinct groups of terms: one which has the units
of a pressure (flow x impedance) (factor A) and the second which is a

dimensionless éomplex quantity (factor B).

The value of factor A does not vary with line length or position
of measurement >on the 1line and hence establishes a mean level of
fluctuation in.the line by which the second factor is multiplied.
The second part of equation 2.6 characterizes the formation of the

rx characterizes the

standing wave in the line. Here, the term e
incident wave at a distance x from the source. The wave propagation
constant v is a comple# variable (a+jB8), and its real part <«
determines the attenuation of the wave as it travéls along the line,
due to friction. This effect although negligible in most hydraulic
lines, can be seen in the top graph of fig.z.8, where the amplitude
of the wave at the source is larger than at the termination, The
imaginary part 8 of the wave propagation constant determines the_rate

of variation of the phase of the wave along the line. When the phase

shift reaches 27 the wave has travelled one wavelength.

o~ Y(24-X) 4 oracterizes the reflected wave at a

The term Py
ﬁiétance x from the source kzl-ﬁ is the distance the wave has already
travelled since it was created at the source). The existence of pt
in this term means that the wave has been reflected once at the

< - -1 .
termination. The factor (1-pp.© 271) can be expanded into an
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infinite series of terms which when multiplied to +the incident and
ist reflected wave terms takes into consideration all the subsequent

reflections existent in the line.

GRAPHICAIL, REPRESENTATION OF STANDING WAVE PATTERN

Using eq.2.6 it is possible to predict the pressure at any point
in a simple system. As most of +the wvariables involved in the
equation are complex numbers, including the resultant pressure, it is
difficult to appreciate the sort of values the equation can produce
unless some constraints are imposed on it. If the values of Qs' Zs‘

z Z0 and 7 are fixed at realistic levels for hydraulic systems,

tl
eq.2.6 becomes a function of x and £ and consequently the results of
pressure describe the standing wave pattern along any length 2 of

line. These effects can best be understood if plotted in the form of
two three—-dimensional surfaces. One surface charactexizes the
behaviour of amplitude whilst the other describes the phase of the
pressure fluctuations, as shown in fig.2.11. These three-dimensional
surfaces have a triangular base (fig.z.10) due to the impossibilify
of placing a transducer beyond the end of the line. The values used
in this example are typical of the second harmonic component (400 Hz)
of an external gear pﬁmp of medium size (®=36cc/rev), with a source

i1 5
Ns/m™ ; 4—-90deq.

flow Qs=5*10-5m3/s;4odeg and source impedance Zs=3*10
The termination value (Zt=2*1oloNs/ms;4odeg) represents the impedance
of a restrictor valve creating 200 bar mean pressure in the system
corresponding to +the mean flow delivered by the pump. The pipe

internal diameter was chosen to be 25mm for which the corresponding

9 5
value of Zo is about 2*10 Ns/m ;Z40deg.

n

Using these values for the system, the length of the line between
source and termination was varied from O to 4m and the pressures were

predicted using eq.2.6. The top graph in f£fig.2.11 shows the
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behaviour of the amplitude 9f the ’pressure fluctuations in such
system. Fach 1line parallel +to the "TRANSDUCER POSITION" axis
represents the values of amplitude of the sfanding wave along a
length of liﬁe. The 1lines parallel to the "LINE LENGTH" axis
indicate the values of amplitude at a fixed position from source for
different iengths of line used in the system. The amplitude of the
pressure ripple reaches values as ﬁigh as 6 bar and as low as 0.1
bar. The range of lengths chosen covers in excess of a wavelength of
the standing wave (A=3.3m). If longer lengths of line were t6 be
considered the graph would be virtually a continuous repetition of
itself at intervals of half a wavelength. Line lengths of i.65 and
3.30m coincide with resonant lengths creating large fluctuations,
whereas 0.8 and 2.45m lengths coincide with anti-resonant cénditions.
Furthermore, for all line lengths there are positions along the line
where the amplitude of the fluctuation is always very low which are
found at fixed distances from the termination. In fig.2,11 théy are
found 0.8m and 2.45m away from +the termination. One important
feature of this amplitude plot is the way it shows how accurate a
length needs to be defined to achieve resonant conditions. Minor
changes in length can dJecrease the overall level of pressure

fluctuations in a line to well below 40% of the resonant levels.

The bottom graph in fig.2.11 shows the behaviour of the phase of
the pressure fluctuations corresponding to the amplitudes in the top
éraph. In this figure the phase is not made to be confined to a
fixed interval ({-180.,+180.] as in f£fig.2.7) but is plotted on a
cpntinuous phase shift scale with line length. this scale interprets
correctly the actual behaviour of the phase of the standing wave.
This justifies the scale used which starts at an uncommon value of
800 deg and decreases until 0 deg. By using this continuous phase

scale the phase plot is represented by a smooth surface, very much
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like a waterfall. In this particular example, the phase varies along
a length of line in "steps". Two steps are about half a wavelength
apart. This view of the phase plot does not provide enough
information about the variation of the phase at fixed positions away
from the source, because part of the surface is .obscured.
Nevertheless, if the position close to the source is considered, the
~variation of phase for different léngths of line is very large. This
may not appear to be significant when c§nsidering fluid borne noise
in a system but it is important to remember that when thé pressﬁre
waQe is synthesized from the harmonic components, the relative phases
are very significant in the determination. of the peak-to-peak

ampli{ude variation of the signal.

Further information can be obtained from the plot shown in
fig.2.11, if it 1is rotated around its éressure axis, as shown in
fig.2.12., Pig.2,12a is a reproduction of £fig.2.11 and is +taken as
the basis for comparison. Fig.2.12b is the view of the same surface

- from the side. This gives a perféct view of the standing wave at
fixed distances from the termination. Clearly, the standing wave
does not move in relation to the termination when the line length is
altered, and hence conditions of maximum and minimum values of the
amplitude of fluctuations are always positioned at fixed distances
from the termination. The phase of the standing wave follows, again,
a pattern that is fixed relative to the termiﬁation, with the changes
in -"step" occurring at the positions where the amplitude pattern
shows an anti-resonant condition. This graph of phase provides a
clarification of the way the phase behaves at fixed distances from
the source. Alﬁhough close to the source the phase varies over a
Qide' range of values, at a position about 0.8m from the source the

phase is virtuvally unchanged for any length of line used.
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In £ig.2.12c the two surfgces of fig.2.12a are seen from behind.
The amplitude plot shows at the forefront plane the variation of the
standing wave at the termination, which in this example never falls
below 1.0 bar. This is because the termination coincides with an

anti-nodal position on the standing wave.

Figs.2.11 and 2.12 were produced from eq.2.6 for fixed values of
Qs’ Zs, Zt’ ¥ and Z,- The surface is changed éonsiderably by the

variation of one or more of these variables.

The use of a 3D representation of the standing wave will be found
to be particularly useful in examining the effects of system
parameters on pressure ripple levels. By a simple computer
simulation of a pressure standing wave pattern, é complete view of

the pressure ripple in the system is obtained.

2.4 THE INFLUENCE OF PUMP AND SYSTEM CHARACTERISTICS ON THE STANDING

WAVE.

2.4.1 Standing wave pattern parameters. when a designer is faced

with - the task of trying to reduce standing wave effects in a system
by selecting appropriate components, he must look for indicatofs that
reflec£ the characteristics of the pattern of the standing wave. One
very important indicator to consider is the pressure standing wave
ratio (PSWR). This is ﬁormally defined as the ratio between the -
maximum and minimum values of the pressure amplitude of the standing
wave pattern for a given length of line. In this work, when
examining the standing wave pattern on a three—dimensional basis, the
maximum value of PSWR, which occurs for the resonant lengths, will be
considered. 'The value of PSWR is dependent.upon the wvalues assumed
by factor B, in eq.2.6. The value of PSWR can vary from a minimuﬁ

value of 1 to maximum values that, theoretically, tend +to . A
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‘second point to consider is the average level of fluctuations in the
line as given by factor A of eq.2.6. This does not interxrfere with
the PSWR but if it is a small wvalue it ensures that the overall

pressure ripple in the system is reduced.

The value of the wavelength is another parameter to consider as it
gives the period of the standing wave. The position where nodes and
anti-nodes occur in the line is also very important, as they can turn

resonant lines into anti-resonant lines or viceversa.

2.4.2 Variation of termination characteristics. In section 2.3 the

special relationship between the position of the standing wave
pattern and the termination characteristic was stressed. In
transmission line studies, the termination is representéd by its
impedance Zt’ which is generally a complex variable. Its value may
vary considerably with the type of element used for termination and
with running conditions. For example, if a restrictor valve is
placed as termination, its impedance can be calculated by the

formula:

P
Zt_nQ

(2.9)
where: n - coefficient 1€n«&2

P — mean pressure

Q — mean flow

This is only an approximation and is only valid for low
freéuencies; further details of restrictor valve impedance
characteristics will be given in section 3.6.3. However, it is clear
from eq.2.9 that a variation in mean pressure oIX flow through the
valve alters the value of impedance. In this section this and other

changes in termination impedance will be studied for its influence on
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the standing wave pattern.

LA’ N
RELATION BETWEEN Zt AND pt

Although the termination impedance is the characteristic intrinsic

to the component used, this variable is found only implicitly in part

B of eq.2.6 as a constituent of the termination reflection
coefficient (pt). This means that the termination impedance does not
have a direct affect on the standing wave. It is the relationship
between Ztvand zo (line impedance), as given by Py- which alters the

standing wave patﬁern.

The line characteristic impedance (Zo) is given by a real value
for the case where the pipe friction is negligible (eq.2.2), i.e. the
phase of ZO=0. degrees. Hence, it 1is possiblé to establish a

relationship between Z_ and p, from eq.2.8, knowing IZOI, as follows:

1+ p
z, = 1z _] S I (2.10)

t 1 - o
t

A éraphical representation of this equation is shown in fig.2.13.
This figure shows the values of Py represented by numerical symbols.
Differenf symbols ('0° to"9') correspond to different values of lptl
as indicated on the right hand table. The phases of Py are given by
the dotted 1lines which link points of equal phase of Py
(—180.<4pt<+180.), in 10 deg steps. The amplitudes of p, considered
are not only the realistic vélues (0<lptl<1), but are extended ﬁp to
1.6 for reasons that will become clear later. In fig.2.13 the wvalue
of IZOI was chosen to correspond to that of a pipe of internal
diameter =0.025 m (lzol?z*lo9 NS/m5 or |z 1=187 dB). This value
(187dB;0.deg) is the centre of the graph, meaning that when Iptl=0
(symbol \6“) the value of Z_ is equal to Z . As the values of Z
corresponding to the different values of p, Vvary in magnitude over a

very wide range of values, the amplitude axis of Zt was plotted on a
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logarithmic scale (dB=20.*log, (amplitude Ns/m>))).

All the values of Py which are realistic (symbols '0' to 'x') lead
to values of 4zt which are limited to the range —-90 to +90 degrees.
If lptl>1.o the phase of Z lies outside this range. This means that

the impedance values cannot assume values outside +this interval,

otherwise Iptl would be >1.0.

As the value of lptl is varied from 0.0 to 1.0 the corresponding

values of Zt move further away from Zo' either in amplitude or in

phase or both. For example, when pt=0.8;40.deg the corresponding
value of Z, is 206dB;40.deg and when Py =0.6;4-90.deg the value of Z_

becomes 187dB;%—63deg. When the phase of Z

+ approaches f906eg or

-90deg the, amplitude of Py is always very close fo unity, although
the reverse is not true. It is possible +to achieve lpt =1,0 with
very large or very small values of lztl, without having .4Zté—90 or
+§0 deg. Moreover, when the value of %p, is close to 0 or 180 deg
small changes in pg afféct the values of Z  significantly. When #pt

approaches +90 or —90 deg very large changes in Iptl do not alter

lztl, but only the value of %%z .

This figure enables a quick assessment of the magnitude of the
reflection coefficient from typical termination impedances. For
example, as a phase of —90 deg 1is characteristic of a volume, a
volume located at the termination will creafe very large reflecfions

of the pressure wave.

Impedance at other points in a line

It is gometimes convenient to refer to the impedance at a point in
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‘a line, say.at»a distance x from the actual valve,

£

VALVE
z/
t2

Z41

The impedance Z is given by {[5]:

t2

1+ py, e 27X
Z,, = Z, — (2.11)
k4
1= Py ©

In essence, th is the impedance of a length of line (x) with the
impedance of the- vaive (ztl) at the end. If this sub-system is
connected to- the end of a line of impedance Zo, the termination

reflection coefficient at that point is, as in eq.z.B:

- 2
th [o}

Po., = ———— (2.12)
t2 Z,, + Z _

As eq.2.12 is similar to eq.2.10, it means that the impedance Z,,
must have, again, a phase €[-90.,+90.], otherwise the reflection
coefficient at that point would be greater than unity. Hence, the
impedance values at a point in a system, can theoretically have
values of amplitude in tﬁe interval ]O,+[, whilst the phase must be
between -390 and 90 degrees. Later in this chapter, the impedance as

defined for th will be referred as an entry 1impedance +to the

sub—-sgystem.

VARIATION OF lztl

When these concepts are applied to the standing wave equation the
value of p, can change the 1levels of fluctuation in the line
cbnsiderably. In fact, as shown before, the very existence of a
standing wave- is due to the existence of pt. Indeed, if in eq.2.6

vy

Pg~1.0;%0., p,+1.0;%0. and e ' "=1.0;%0. the denominator of the
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equation assumes a very small value and the pressure becomes

extremely large.

The influence of the termination values on the pressure levels
will now Dbe examined, using the standing wave pattern shown in
fig.2.11 as a basis for comparison, as reproduced in f£fig.2.14a. In
this example the value of the reflection coefficient is pt=0.8;40.
The value of thl was increased by a factor of 5, as would occur' if
the mean flow was increased by a factor of 5 at the same mean systém
pressure. Supposing that the pump characteristics remained
unchanged, the effect of this variation of lztl on the standing wave
is shown in fig.2.14b. The value of Py increased to 0.95;40. Due to
the low value of the phase of Py it would be necessary to ’increase

the amplitude of %

. to much higher levels to achieve values of Iptl

closer to unity (see fig.2.13). The standing wave values of
amplitude increase at the anti-nodes and decrease at the nbdes.
Hence, the PSWR increases substantially and the maximum value of
pressure ripp1e<reaches.about 18 bar. The position of the nodes and

anti-nodes remained unchanged with this case of variation of lztl.

VARIATION OF PHASE OF Zt
Consider now a volume of liguid is introduced very close to the
termination such that the impedance phase to change to -90 deg, but

‘ - 10 5 -
1Z, | remains at the original value of 2%10 Ns/m . The changes

t

incurred in the standing wave are as shown in fig.2.l4c. The value
of lptl changes to unity #nd hence the maximum levels of fluctuation
in the system increased dramatically, reaching much higher levels
than those shown in fig.2.14b. The amplitude scale has been changed
to accommodate these increases. Maximum values of 27 bar are reached
compared to just 18 bar in the previous figure. This is solely due

to the difference between the reflection coefficients: Iptl=0.95 and
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'lptl=1. Although the change‘in phase of Z, was very large its effect
on the phase of Py was small due to the large difference between the
values of thl and IZOI. It was mentioned earlier that when the
value of lztl is much larger (or smaller) than lzol the phase of pg
is very insensitive to wvariations in phase of Zt (see fig.2.13).
Nevertheless the small phase variation of Py (=10 dgg) is reflected
in a minor shift in the position of the nodes and anti-nodes. They
are now positioned 0.2Zm nfurther away from the termination. By
comparing figs.2.14b and 2.14c it is clear that there is no simple
relationship between 2 énd the standing wave. Large changes in- the

t

amplitude of Zt do not produce corresponding changes in the amplitude
of the standing wave. The importaﬁt factor is the reflection
coefficient.

In the cases shown in fig.2.14b and c, 4pt always remained very
closeAto 0 because the values of‘lztl are much greater than Izol. As
a result, the nodes are found at positions in the line corresponding
to odd multiples of a quéfter Qf a wavelength away from the
termination. If the phase of Py is changed by 180 deg for example,
the position of the nodes and anti-nodes are> shifted away from the
terminatién by a quarter of a wavelength. This case occurs when the
values of termination impedance are relatively low in 'amplitude and
is. shown in fig.2.14d. This example will be recalled later as it is
typical of pump suction lines, but it is convenient now to stress
that although the impedanée amplitude chosen was ten times smaller

than IZOI the pressure ripple levels in the line were not

significantly decreased.

REFLECTIONLESS TERMINATION
A reflectionless condition is obtained when 2z equals Z . No

wave is reflecéed under these conditions and Ipt|=0. For a
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‘reflectionless termination, fig.2.14e shows that the amplitude of the
wave is consfant along the 1i;e, regardless of which length of 1line
happens to have been chosen. This constant value of fluctuation is
determined by the value of factor A in eq.2.6, as factor B is reduced

to unity.

2.4.3, Variation of the source' characteristics. The source

characteristics are defined as the source flow (Qs) which represents

the disturbance input to the system and the source impedance (Zs).‘

VARIATION OF Qs'

The source flow is included in facto¥ A of eq.2.6 and may be
considered as a term by which the whole equation is multiplied.
Hence, fhe magnitude of the pressure £fluctuations ‘anywhere in the
system 1is directly proportional to the values of the flow ripple
generated by the pump. Obviously, if the source flow produced by the
' pump could be reduced to zerc no variations of pressure will occur in
the system. As factor B 1is unchanged, the PSWR and the nodal

positions of the standing wave are not altered.

Alterations in Qs may occur if the pump speed is changed or if the

mean system pressure is varied, for example.

VARIATION OF Zs

The source impedance is present in eq.2.6 in two forms: explieitly

in factor A and implicitly in the term p in factor B.

The ratio (ZS.ZO)/(ZS+ZO) in factor A was studied to examine the
effect of different values of the variables. The value of Zo was
once again chosen to be characteristic of a 25mm pipe diameter
(2_=187dB) and the values of Z_ were made to vary over a wide range

of values (1000:1). The results are presented in £ig.2.15. This
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‘graph was constructed in a similar manner to fig.2.13 with the
amplitude axis on a logarithmic scale and the phase axis covering the
intexrval [-180.,+180.] degrees. The 1lines of constant wvalue of

lztl/lzol are defined by +the same numerical symbol and the dotted

lines represent the contour of constant phase of Zs' As Zs cannot
assume values of phase outside the interval [~90.,90.], given that

Ipsl cannot assume values greater than unity, +these wvalues are

cross—-hatched in the picture. The remaining surface is delimited by
the two lines of constant phase, 4%,=%90 deg. When the value of IZSI
is very much smaller than JZOI, as in case corresponding to symbol

"0", the value of the fraction strictly follows the value of Zs, both

in terms of amplitude and phase. For larger values of lzsl the

values of the fraction increase in amplitude but not without limit.
When the value of Izsl approaches and exceeds the value of lzol the
value Qf factor A ceases being very dependent upon z_ and the results
start getting closer and closer tq a constant value (IZOI) which is

never exceeded.

To summarize, the value of factor A of eq.2.6 may vary from Qs‘zs’
for low wvalues of lzsl in relation to Izol, to QS.Zo for values of
|Zs| much greater than IZOI. .This value (QS-ZO) is the maximum the
factor can assume. As factor A determines the average level of
fluétuatién in a line a reduction of Izsl below the wvalue of Izol
will have a significant affect on the standing wave. This however is
ﬁét easy to achieve because, typically, the source impedance of pumps

is always very much larger than the 1line impedance.

It is important at this stage to stress the relative insensitivity
"of factor A +to changes in phase of Zs' This will prove to be
important when discussing experimental methods of determining pump

source impedances and will be raised again in chapter III.
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Case of IZS|>IZOI
In general, compact pumps have very large source impedance
amplitudes, whilst pumps +that have large volume chambers near the

outlet port show lower values of source impedance.

A simulation of such conditions was carried out wusing three
dimensional plots to characterizé the standing wave. The original-
value of Z; (fig.2.16a is a reproduction of fig.2.11) is
ZS=5f1010NS/m5;4—Bodeg which corresponds to a very large value of
gsource reflection coefficient (lpsl=1.0) and a relatively low phase
given that the value of IZOI is 25 times smaller than lZsl. The
pressure standing wave pattern would not change if IZSI were
increased from the originél value as neither factor A nor Py would be
significantly wvaried. Consequently, fig.2.16b shows the standing
wave pattern corresponding to a decrgase of lzsl by a factor of 10
(ZS= 5*109N3/m§;4—906eg). As IZsI is sgtill 1larger than lzél the
valge of factor A was not considerably altered but the standing wave
shows guite a different éat£ern. This variation in the standing wave
is, hence, almost solely due to the variation in ps. At first sight
it would appear that the effect of pg ON the standing wave would be
of secondary importance, as it >concerns only the introduction of
reflections after the first termination reflection on the standing
wave. However, in this ‘case the value of Ipsl changed from 1 to
6:55.‘ This resulted in a large 'smoothing' effect on the standing
wave. The important modification in this figure is that resonant
conditions aie no longer of major importance and the PSWR is very
much reduced. When the value of lp 1 is decreased the term
ps-pt.e_zyl in factor B assumes values which are no longer close to
upity .regardless of the len;th £, and the denominator of factor B
cannot reach values very close to zero. Consequently, resonant

lengths will not produce very large values of pressure ripple in the

~
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line.

Case of lzsl<lZ°l
The value of Zs was reduced then to 5*108Ns/m§;4—9odég, such that

the amplitude was lower than IZOI. This variation of Zg caused not
only a decrease in the value of factor A but also a variation in 4ps
without any change to the valge of'lpsl. The effect on the standing
wave is shown in fig.2.16c. As 3Py changes by around 160 deg, the
:esonant lengths change bylabout A/4. Hence, a resonant length of
1.75m in fig.2.16a is anti-resonant in fig.2.16c, whilst the

anti-resonant length of 0.75m in fig.2.l16a is resonant in fig.2.16c.

The huge difference in amplitude levels of these two figures is due

to the change in Zs such that 'Izsl<lz°l. This leads to a drastic

change in the value of factor A. However, the PSWR remains constant

as Ipsl did not change.

To summarize,Awhen the value of Izsl is below the value of IZOI
the standing wave is very sensitive to any changes in Izsl. Hence
these conditions, if it is possible to achieve these conditions, a
considerable reduction in pressure standing wave in hydraulic lines

can be obtained by pump source impedance modification.

2.4.4 vVariation of line parameters. The line parameters in eq.2.2

are the 1line characteristic impedance (Zo) and the wave propagation

cbnstant (v). As these are dependent wupon line dimensions and

running conditions, a variation of their values, if effective on the

standing wave behaviour, may be relatively easy to achieve.

VARIATION OF Zo
By changing the value of Zo the standing wave in a hydraulic 1line
changes considerably as it varies both factors A and B (see eq.2.6).

The relationship between the reflection coefficient (p,) and Z , seen
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in fig.2.13, for a constant value of Iz°l=187dB, is located on the
value of Zo and, hence, by varying Zo it is possible to modify the
value of Py for a given value of Zt to achieve high or low values of
Py (the same applies to ps). A suitably selected Zo (by choosing an
appropriate pipe diameter) " could in this way transform large
reflections into small reflectiops. As factor A in eq.2.6 - is also
very much dependent upon Z, (when Izsl>lzol the value of factor A
tends to Qs'zo)' a larger pipe diametgr (small Zo) results in a lowgr
ptessure ripple. 1If IZOI is very much greater than IZSI, then factor

A remains very nearly constant irrespective of any variations in

IZQI.

A particularly important condition is obtained if the pump is

connected to a pipe of sufficiently small diameter such that

izol«lzsl. Eq.2.6 becomes, then:

or P = Q .2 (2.13)

if the pressure is measured at the pump flange, x=0:

272
1+p, ©

o s -] -2y 4
1-pg ©

or P =Q .2 (2.14)
this result means that it is possible to find the product of the pump
characteristics (Q_ & Z_) by measuring the pressure fluctuation at

s s

the pump .flange, provided the pipe attached to it has an impedance

characteristic Izo|<lzsl. This point will be raised again later in
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‘section 3.3.3..

To summarize, the mean levels of pressure fluctuation in a line
increase with decreasing diameter (i.e. increasing Zo) but remain
unaltered when |Z_ | is well above the value of 1z 1. However,
although the fluid borne noise decreéses with ZO{ the air borne noise
and the vibration of the pipe may not necessarily decrease because

the pipe area over which these fluctuations act is considerably

larger.

VARIATION OF TA

Pig.2.16d presents the case of halving the frequency (200Hz),
which corresponds to a doubling of the wavelength, and hence a
comparison between figs.2.16a and d shows that the levels remain the
same but +the base scale, which has changed by a factor of 2, This

makes nodes become anti-nodes and resonant lengths anti-resonant.

2.5 MODELLING MORE GENERAL SYSTEMS

"2.5.1 Description of a more general system. The system that has

been under consideration (fig.2.7) shows little resemblance to most
realistic hydraulic systems. However, the theory can be adapted to

cope with more complicated circuits.

A more realistic system (fig.2.17)>may contain pumps, rigid lines,
flexible hoses, branches, -elbows, vaives,' hydraulic motors,betc.
This type of system can also be modelled using wave propagation
theory and good agreement between experimental and predicted results
is found if some of the basic requirements such as mean temperature
and pressure in the system are kept constant [17)]. Furthermore,
mechanical vibration of the system must be kept to a minimum as the

oscillation of components >may result in spurious fluctuating flow
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sources, particularly when their frequencies are of the same order as

the fluctuation generated by the pump [9].

In the following paragraphs several different systems will be

studied which, when combined, constitute the basis of most circuits.

2.5.2 Pump-Motor Systems. In much the same manner as a pump
behaves as a flow ripple generator, a hydraulic motor is also a flow
;ipple generator. Consequehély a motor is capable of generating
pressure fluctuations in a system as a pump when presented with load

and identical running conditions.

Whereas pumps tend to work at constant speed in a system, the
speed of hydraulic motors is dependent upon mean flow and lpad.
Therefore, even if a pump?motor system is composed of +two similar
reversible units (fig.zkla), thebspeed of the pumé is unlikely to be
the same as the motor, particularly under load, due to unavoiéable

leakage effects.

The source flow (Qsp) and the source impedance (Zsp) of a pump
were defined as characteristics whose values are given at the
discrete fregquencies of pump fundamental and its harmonics.
Therefore, the pressure fluctuations measured in a system reveal
those particular ffequencieé as their components. If in addition a
hydraulic motor also generétes a source flow (Qsm) and has a source
impedance (zsm), defined at the harmonic frequencies associated with
the motor the pressure fluctuations generated in the system by the
motor are given at thosé frequencies only. If a system contains,
-say, two flow generators, the principle of superposition may be
applied and the pressure‘fluctuation at each point in the line can be

given as the sum of the pressure fluctuations generated by €ach flow



chapter ii -37-

ripple source at that point. Hence,

Qsp ~ x y Qsm
t
Zsp P Zsm
Px = pr + me (2.14)
where: Px —~ press. fluct. at distance x from pump
pr — press. fluct. generated at x by pump only
me — press. fluct. generated at x by motor only

The pump-motor system may, then, be divided into two ’ separate

simple systems:

Qsp Qsm : Qsp : Qsm
. Z
Zsp Zom Zsp sm
where :
-rx -y(22-x)
: ‘ VA A e + e
P = %p “sp "o . Pem (2.16)
pPx Zsp + Zo . -2y 4
1= Pgp Pem ©
and:
—y( 4-x) -y ( L+x)
Z + e
- ____.____Qsm “sm 0 . 2 Prp (2.17)
Pox = Zo, * Zg -27L
1 - Pgp Pp ©

If the pump and motor frequencies j:nvolved are the same, then it

is impossible to differentiate between the individual effects.
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(However, if the frequencieg of pump and motor harmonics are
différent, then +the harmonics of a pressure signal will reveai the
individual components of each generator, and so pr and me can be
measured, as shown in fig.2.19. 1In this case, eq.2.16 and 2.17 will
refer to different frequencies. The values of Pim must be given at
pump harmonic frequencies whilst the values of ptp must be referred
to motor frequencies. This creates an apparent contradiction bgcause
the reflection coefficient at the motor end is only known, from the
motox impedance, at motor harmonics. 1In order to find the values at

other frequencies, interpolation must be performed.

ﬁhen two standing waves are added together, as in this case, the
result is only & standing wave if their harmonic frequencies are
equal, This is very seldom the case, and when the frequencies differ
é beat phenomenon takes place [17]. This is characterized by very
large variations of the overall fluctuation repeating themselves at
frequencies equal to half of fhe difference between the individual
component frequencies. This phenomena when involving relatively low
frequency beating of large amplitude components can create conditions
leading to serious structural vibration. The beating is frequently
accompanied by a characteristic noise which tends to be very annoying
for the human ear. Fig.2.20 shows a typical beat phenomenon for

piston pump and motor generated pressure ripples.

2.5.3 Branch line systems. The existence of branches in hydraulic

systems is very common, dividing a flow into two lines., In terms of
pressure and flow fluctuations the electrical analogy 1is very
helpful. Kirchoff's 1st law states that at the junction the sum of

all the currents is equal to zero. Using the hydraulic analogy:

&, %

P
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QJ = Ql + Qz (2.18)

where: @

3 Ql and Q2 represent the flow fluctuations at the junction

and into each line, respectively.

The relative magnitudes of Ql and Q2 will depend upon the

impedance of each branch measured at the entry:

4,

EZ

t2

Using eq.2.11, the entry impedance for each line branch line is:

7 1+ ptl e—27£1
= Z ' 2.19
ZEl o] -2y41 ( )
1 =Py ©
and,
- 14 p,, e 2722
=7 2.20
ZEz o -2y L2 ( )
1= Pz ©

Hence, as the pressure at the junction is common to both branches:

PJ B PJ
Ql = — and Q2 =
ZEl ZEZ
and, Qs = P 1 + 1 : (2.21)
ZEl ZEZ

Representing the impedance at the junction by ZJ, then:

where, 1 _ _1 + _1 (2.22)
Z
ZJ ZEl E2

N| r
&

Qy =

o

Tests carried out at Bath University [17] have shown that extra
reflections that occur at the junction, due to turbulence and wall

effects, are of\secondary importance when compared to the source and

-~
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termination reflections and therefore may be ignored in the analysis.
Furthermore, when tests were performed before and after changing over
two branch lines it was revealed that the direction of the branch
does not change the fluctuations in the line significantly. The use
of bends and elbows in circuits , also has very little effect [17] on
the propagation of the wave provided that the radius of the bend is

of higher order of magnitude than the pipe diameter.

2.5.4 Systems with hoses, The introduction of flexible hoses in

systems introduces an additional and important secondary effect:
there 'is a significant movement of the hose wall which can have a
coﬁsiderable effect on the pressure ripple levels. Even witp rigid
pipes movement of the walls exist, but these aie negligible compared
with the fluid vibration, and the transmission of the wave through
the pipe walls occurs at speeds far greater than the speed of sound
in the fluid. With flexible hoses, however, the two waves can be
considered to have speeds of a similar order of magnitude (a ratio of

approximately two to one) [3].

The movement of the walls and the damping properties of hose
materials contribute to the loss of energy and so hoses may be
regarded as attenuators of both structure borne and fluid borne noise
[3].

. The theoretical interpretafion of fluid borne noise in hydraﬁlic
hoses involves spatial wave propagation theory which is not within

the scdpe of this work but can be found in refs. [3][18] and [19].
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Fig. 2.1  Piston pump generated pressure signals in a system
(n=1500 rev/min; p=100 bar)
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Fig. 2.2 Flow fluctuation generated by an axial piston pump
‘ (n=1500 rev/min; p=100 bar)
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Fig. 2.3
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Gear pump generated pressure signals in a system

(n=1500 rev/min; p=50 bar)



chapter ii —-43—

Ist

nd

fth
Sih
6th
7ih
. 8ih
9

10th

=

experimental wave - | h N A l A ﬂ n ﬂ

—

Fig. 2.4  Fourier synthesns of a piston pump generated pressure wave
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Fig. 2.9 Variation of pressure at fixed position from pump
for varying line lengths

Fig. 2.10 Base—plane for three dimensional plot
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Fig. 2.17 Example of complex system for fluid borne noise analysis
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Fig. 2.18 Pump-—motor system
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mx

Fig. 2.20 Example of beat phenomena in a pump-motor system
(ffreq. of Ppx=240Hz ; ffreq. of Pmx=260Hz)
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3.1 INTRODUCTION

As described in the previous chapter, plane wave propagation

theory can be used to predict the behaviour of the pressure

fluctuations in hydraulic systems. Knowing the characteristics of

the hydraulic components, it is possible to predict the pressure
ripple at any point in a system with a high degree of confidence.
However, in most systems the fluid borne noise characteristics of
components are unknown, and cannot, in general, ’be éccurately
predicted from their design details. The characteristics of‘
components will also vary with several factors. such as pressure,

temperature, frequency and weaxr.

Although it is possible to develop theoretical models of Athe
instantaneous flow delivered by positive displacement pumpsA[G] [20]

these models may not be accurate in predicting instantaneous effects

. of leakages, pressure'pulses, timing effects and relieving grooves.

The same criticism applies to the prediction of the impedance of
components. = In some cases the impedance can be predicted from the
steady state characteristics but this is only satisfactory for low
frequency studies [21] (this subject will be digcussed in section

3.3.1).

It is, therefore, important to find methods of determining whether
a component has suitable dynamic characteristics to use in a system

in order to reduce fluid borne noise.
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In this chapter some methods of evaluating the fluid borne noise
characteristics of hydraulic components are described. Some of these
methods are directed at pumps, since they are the main source of
fluid borne noise. 1Indeed, there has been a great demand to find a
straightforward test +to define, in simple terms, the fluid borne

noise generating potential of pumps.

The methods described below are mainly related to the evaluation
of components characteristics 1in pressurized lines. From a clear
understanding of these methods it will be pos;ible to choose a
Asuitable method for testing systems under low mean pressure, as in

the case of pump suction lines.

The methods described below are based on the assumption that it is
possible to measure the fluctugtions of pressure at required points
in‘ a systeﬁ. Since equationé exist +to predict the. pressure
fluctuations at +those points in the sysfem as a functicﬁ of
. components characteristics, the séme equations must provide wvalues
for components charadtefistics if the pressure fluctuations are

known.

3.2 DATA ACQUISITION

The measurement of pressure fluctuations in a hydraulic system
must be regarded as an essential part of all test methods and the
reliability of the end result is very much a function of the quality

of data acquired.

A pressure transducer appropriate for this task must be able to
work at very high pressures (up to 400bar or 50% above maximum
working pressure), to cope with high temperatures (120C), to be

reliable and to be insensitive +to temperature variations and
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' mechanical vibration. In addition it must have good 1linearity and

regolution, with Ilow hysteresis, and have very good repeatability.
If is not desirable to read mean pressure because this would lead to
a reduced sensitivity when measuring fluctuations around a high mean
pressure, particularly if +the fluctuating  component - is a small
pexcentage of the overall signal. Most important of all, the
transducer must have high frequenéy response (well above maximum
audible frequency) and be sufficiently small to be able to locate it

at any point in the system where the pressure must be measured.

Piezoelectric pressure transducers are an appropriate choice for
this +type of work. The material most commonly used as the basis of
these transducers, quartz, has excellent piezoelectric properties. A

number of tiny discs of quartz, joined together in between a .

‘diaphragm and the +transducer body, become electrically charged in

proportion to the force applied +to the diaphragm. However, +this
charge decays gradually preventing the transducer from measuring mean
pressure, Quartz has most Aof the properties desired for the
transdﬁcer. Fig.3.1 shows a typical tranéducer. These devices have,

nevertheless two  disadvantages which must be taken into

- consideration: their cost is high and, due to their small size, they

are relatively fragile.

Charge amplifiers are normally used in conjunction with this type
of +transducer as opposed to voltage amplifiérs as the calibratioﬁ of
the latter is dependent upon cable length. However, care must be
taken to make sure that the charge generated at the transducer
reaches the amplifier unaffected by the capacitance of the cable. It
is particularly important to be aware that the capacitance of most
cables varies slightly with the mechanical vibration of the cable,

which is sufficient to interfere with the measurements. This is
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‘called triboelectric noise.

The output of the charge amplifier is a voltage which can be
readily displayed on an oscilloscope. However, as shown in chaptei
II, it is useful to filter the signal in ordei to examine individual
harmonic components, in terms of their amplitude and phase. For this
purpose, it is common to use either a discrete frequency analyser
(Frequency Response Analysei), a continuous £frequency énalyser
(Speétrum Analyser), or an on-line (mini) computer with fast Fourier

transform (F.F.T.) algorithm and data acquisition capabilities.

Determining the amplitude components of a signal is relatively
easy to achieve, as basically it is only necessary to. use a
narrow-band filter centered at the desired harmonic frequency.
However, finding “the phase of a Pourier compoﬁent requires a

reference signal to which all phases must be related.

The reférence signal must be of the Same frequency as the pump
fundamental and mechanically 1linked to the pump shaft, so that it
follows any variation in pump speed exactly, as well as maintaining a
fixed relationship tq each pumping element. The reference signal is
generally produced byA a proximity detector (magnetic pick—off)
activated by a toothed wheél positioned onlthe pump drive shaft, with
the number of teeth correspoﬁding to the'number of pumping~ elements.
gs the ‘signal from the magnetic pick—-off might be of.low amplitude,
or noisy, a Schmitt trigger network‘is used to convert the signal
into a buffered square wave of the same frequency whicﬁ is fed in
turn to the frequency response analyser (f£fig.3.2). Care must be
exercised in the machining of the toothed wheel in order to ensure a -
precise division and sharp edges, otherwise the intervals between
teeth will not have the same length of arc leading to slightly

different step lengths on the square wave, As the analyser reads the
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frequency of each cycle on the square wave, inaccuracies on the
machining of +the wheel will be converted into wrong frequency

-information by the analyser.

For fluid borne noise measurements a maximum frequency variation
of =*2Hz can be accepted at the fundamental. The frequency response
analyser generates sine waves perfectly synchronised with the
reference at fundamental and harmonic frequencies and performs the

Fourier analysis,

During experimental fests of fluid borne noise the values of
amplitude and phase of the pressure readings tend to fluctuate around
a mean value due +to some variations ;f the pressﬁre waveform. In
chapter’II it was stated that pressure signals aré assumed to be
periodic with a fundamental frequency equal to pumping fregquency.
This may not be completely accu?aﬁe as each successive cycle of the
pressure ripple is due fo. a different pumping element. Slight
differences in ~toleranqes during machining and increased 1o§al
clea;ances ’due to wear may. result in the flow ripple and source
impedance of a pump being. different from one pumping element +to
another. Fig.3.3 shows the case of pressure Signal prodﬁced by a
piston pump with one faulty piston. Fortunately, thg result shown in
fig.3.3 refers to”an extreme case and usually only minor differencies
are found in each individual cycle. In the analysis of the signal

this is mainly revealed by some scatter in the readings at the higher

harmonics.

A representative value of the pressure fluctuation is generally
found by a simple averaging process of, say, five or ten successive
readings. There is no easy way of determining4a priéri how 1lengthy
or detailed the analysis should be as this is, generally, not a

function of the analyser but, rather, of the signal being analysed

~
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and the reference signal. Otper type of errors can also be incurred.
~ Results of tests performed at Qifferent times cannot be expected to
agree unless running conditions are closely reconstructed, In
general, fluid borne noise measurements are repeatable if test

" conditions are similar, within the following limits:

a) mean pressure 2%
b) mean flow . | 2%
_é) mean pump speed +2%
d) meén temperature +2C

Mechanical vibration of pipes and components must also be kept to

a minimum as they can affect the results éonsiderably [9].

3.3 METHODS FOR THE DETERMINATION OF PUMP CHARACTERISTICS

When proposing a fesf method for determining characteristics of
components; it is important that +the technique is relatiyely'
'straightforward, uses widely accessible instrumentation and is of
reasonable lqw cost. -From chapter II it is apparent that tﬁe
relationship between system component characteristics and pressure
fipple is very complex indeed. Devising a simple test to expiess
sgch_relationship appears to be qguite difficult. A number of
different methods for testing pumps will be reviewed. Each of the
methods uses a special loading system connected to the pump which,
‘according to the authors, ‘allows the pﬁmp characteristics to be
determined. Several attempts at measuring pump characteristics using
only one transducer (simple and of low cost) have been made, and four
methods will now be described and assesgsed. The most difficult
problem to solve in any of these methods is to find a loading system
which reQeals a representative noise characteristic for the pump. If

this happens, then if the pump is ‘noisy' in such a system it will be
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noisy in any circuit and vice versa.

3.3.1 Unruh's and Szerlag's Methods. The methods of testing

hydraulic pumps developed independently by Unruh {22] and Szerlag
[23] are similar as they require the same type of loading system.
These researchers decided upon a simple loading system connected to
the pump as a method of obtaining its fluid Dborne noise
characteristics. The load consisteé of a very short line (to avoid
the need for distributed parameter theory), terminated. by a

restrictor valve.

Both methods are based on the assumption that the characteristics
of the restrictor valve are known and are identical to i@s steady
state impedahce (nP/Q). It is also assumed that thev pump impedance
is that of a lumped volume equal to the internal volume of the pump,
plus the leakage impedance of the'pump. Under such conditions, the
gource flow (IQSI) can be obtained by measuring the pressure

fluctuation at the pump outlet, and using the equation:

IPOI
lel = - (3.1)
where: gt - amplitude of source flow
IPOI — amplitude of pressure fluctuation
Z -~ calculated effective impedance of pump,

line and termination

This equation is only valid if standing wave effects  are
negligibly small in the line. This can be achieved with‘a‘length of
line shorter than 1/20th of the wavelength of the highest frequency

considered during the analysis.

\

This is a simple method of predicting 'Qsl’ which is considered by
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Upruh and Szerlag as the relevant parameter to define a pump.
However, as the technique is gased on assumptions concerning pump and
termination impedances considerable errors can be incurred. Results
of tests performed at Bath University [17] have shown that the source
impedance of pumps evaluated by consideration of volume and leakage
in the pump produces values which are much higher than obtained
experimentally. In addition, it was found that the assumption of an
ideal orifice for the impedance characteristics of a restrictor valve
is incorrect. The characteristic impedance of a restrictor vaive
actually shows some dependency on frequency. This will be explained

in section 3.6.3.

3.3,2 Reflectionless Termination Method. The reflectionless

termination case (ptzo.) has been already referred to in chapter II.
In such circumstances the general equation for the standing wave in a
line is simplified to:

Qs Zs Zo
« "z +z, °© (2.2)
s o
and if the pressure ripple is considered at the pump flange:

Qs Zs Zo ‘
= 3.3
Px Z + Z ( ,)
s o
Individual values of Qs and Zs can be obtained by carrying out a

second test, with a different value of Zo, i,e, a different pipe

diameter. The pressures thus obtained are given by:

Z Z
p _ Qs Zs Zol a p Qs s o2
ol 7z + % an oz Z_ + %
s ol 5 02
hence,
Z =% _ % Foz ~ Yo1 (3.4)
S ol o2 Z02 Pol - Poz Zol
and
- Z P
o Poz + Poz zoz (Zoz Pol _ ol 02) (3.5)
8 Zol zol (Poz - Pol)
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At first sight, this method appears to be extremely simple and
powerful, with no assumptionsl except for the condition -of a
non-reflection termination. The difficulty lies in achieving a
loading system which is reflectionless at all pumping fregquencies.

This can, however, be obtained in two ways:

a) a vexry long line - If a Qery long line is used so that the wave
is attenuated completely before reaching the termination, then
there will be no reflection regardless of the characteristics of
the actual termination. This is best implemehted by a long
length of hydraulic hose which inherently has good attenuating
properties. Tests carried out at Bath University [17] have
shown that lengths of over 30m would be necessary for a near
reflectionless case. However, even with the use of double
braided hoses the results were not very reliable due to problems
of waves in the hose wall. Another difficulty experienced was

the accurate prediction of Zo for the flexible hose.

b) a matched termipation valve such that Zt=z0 - . It is very
difficult to match the values of line impedance with a valve
under different loading conditions and over a large range of
4frequencies. Recently though, Theissen [24] developed a valve
'in_an attempt to achieve such conditions. As the valve must be
4finely adjusted for each particulaf test, the only way of .
checking whether reflectionless conditions have been achieved is
by measuring the pressure fluctuations at several points along
the 1line and verify that they show identical signals. This
involves the use of at least two transducers for the set-up,

although only one is used for calculations. This valve is

claimed to be reflectionless over the normal range of harmonic
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frequencies of hydraulic pumps. The tuning of the valve at the
beginning of each test and the constant checking of its

effectiveness makes this method rather awkward to use.

3.3.3 High Impedance Pipe Method — This method was developed at

Bath University [21], and is based on the argument proposed in
section 2.4.4. By using a small bore pipe attached to a pump, a high

entry impedance is achieved and the value of the pressure reading at

the pump flange is given by:

P =Q .Z (3.6)

Hence, by a simple pressure reading it is possible to measure the

product of the source flow and the source impedance of the pump.

A difficulty in the application of this method arisee, however, in
that if Zs is unknewn, it is only possible to decide What‘pipe
diameter is required by experiment.  Tests are carried out- with
different diameter pipes until a constant value of pressure is

reached regardless of any further reduction in pipe diameter. If a

. pump ‘has relatively low values of source impedance amplitude at some

harmonic frequencies, two tests with different diameter pipes could
be. sufficient. However, for higher source impedance values the pipe
diameters required would have to be so small that they would be

impracticable. This problem may be solved by examining the effects

.ef pipe length on the load system entry impedance. If eq.2.6 is

rewritten in terms of the entry impedance (ZE), then the pressure at

the pump outlet is [21]:

Q Z Z
P __s s E (3.7)
o Z + ZE
where,
—27L
1+ pt e 2
= 3.8
ZE zo —27 1 ( )
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IfI'ZEl»IZéI, eq.3.7 is reduced to eq.3.6. Z; is, therefore, a
function of both Zo and ¥ an for a frictionless case can be obtained

from eq.3.8:

(Z, + Z_ 3 tan (v4/a))

Zg = % (Z, i tan (Y4/a) + Z)

(3.9)

The value of Z tendg to:
E Z

Z. —>

E . when tan (Y/a) —> « (a)

2y

and, ZE -> Zt , when tan (v%/a) —> 0 (b)

as IZOI has a large value fo; a high impedance pipe, and is
usually greater than lztl, condition a) p;oduces maximum values of Zp
which are far greater than lZol. Therefore, by choosing a high
impedance pipe of suitable length it is possible to obtain IzE|>lZs|
even if the source impedance of the pump is very large. The only
inconvenience of this soiuﬁion is that thé length 2 is a function of
upxessure, temperature and, 'mésf‘ important of all, freqﬁency. | A
length which suits +the odd harmoniés of the pump will generate low

values of ZE for the even harmonics, which means that several pipe

diameter and pipe 1ength combinations must be used to test one pump.

Pig.3.4 shows a typical set-up for the high impedance pipe test of
a pump, and fig.3.5 presents some results for different diameter
pipes. As the values of Zs for the higher harmonics are relatively
low, the pressure Treadings are virtually constant for al; pipe
diameters. The 1st and 2nd harmonics tequiré larger values of ZE

(smaller pipe diameters) to obtain constant values on the pressure

curve.

Once the values of le.Zsl are evaluated for all harmonics, the

pump can be characterized by the RMS value of all harmonics,

according to the following equation:
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_ .
2 -
R.M.S. -vz IQ’3 - 2 1 s i= harm. number (3.10)

Bath University proposed this method as a draft British Standard
for measuring fluid borne noise generating potential of pumps. A

full description of this method can be found in [25].

The product of the source flow and the source impeéance as a
measure of the fluid borne noise potential of a pump is in marked
contrast with Unruh's and Szerlag's methods which cbnsider the source
£low only as the important fluid borne noise characteristic of a
pump . In fact this latter point of view is‘in accordance with the
study presented in section 2.4.4 where it was verified that Zs is
only significant in determining the f£fluid borne noise generating
potential of a pump if it has a value IZSI<IZOI. As this condition
is wvery seldom the case, at least for the lower harmonics unless an
uncommonly small diameter pipe ié attached to the pump, the important
cﬁaracteristic of the pump must be considered Qs' Consegquently, the
- results of this method do not provide a true reflection of the fluid
" borne noise generating potential of a pump in a real system. This
can be understood by the following simple example: Two pumps have
gimilar values of Qs'zs but one has a source impedance twice as 1§;ge
as the other (hence half the wvalue of Qs)' If both pumps are
attached to a system with a value of IZOI lower than either of the
sodrce impedances, the pump with half the value of Qs would generate
;bogt half the pressure ripple in the system as the other. The QS.Zs
rating of the pumps does not provide, in this case, an accurate

reflection of the pump fluid borne noise generating potential.

3.3.4 Additional Capacity Method. The high impedance pipe method

allows for the evaluation of pump parameters, in the form of the

product Qs'zs only. This may be regarded only as a first step in the



[ chapter iii —69—

5

i ' determination of the pump fluid borne noise potential. For a more
l detailed analysis of the pump it 3is necessary to know the
[ characteristics Qs and Zs separately. 1In order to separate the two

terms, a supplementary method was suggested [10].

This method is based upon the assumption that the source impedance
of a pump is mainly characterized by the héhaviour of a lumped
! volume, the volume of the pump outlet chamber. If the impedance is
modified by attaching to the pump outlet a known volume of oil (V),

in the form of an expansion chamber, then the < new source impedance

will be:
Z_ . Z
z v === (3.11)
s Z + Z *
s v
r ' where,
' z = B (3.12)
: v jwv
where: Zs — pump source iméedance
% ' — source impedance of modified pump

S

Zv — impedance of volume V, at freq. w

If a high impedance pipe test is carried out on the modified pump,
then the wvalue of P'=QS.ZS' will be measured. Using the results of

the high impedance pipe on the pump alone and the results of tests on

the modified pump, it is possible to separate the values of QS‘ and

2I, according to the following formula:

s
7z = (P-P' ). Zv (3.13)
s . P’
and,
E (3.14)
Qs VA
s

This method can be difficult to apply as large volumes are

.sometimes necessary to modify the pump impedance sufficiently. This



chapter iii -70—-

-introduces the possibility of sﬁanding waves within the chamber, and
inevitably will create errors at the higher harmonics. Other errors
may result from the vibration of chamber walls. Experiments
perforﬁed on expansion chambers by Wing [26] demonstrated that thése
effects may cause the impedance of the chamber to be‘substantially
different from the impedance of the v&lume contained in it. This

creates some doubts about the effectiveness of this method.

Summarizing, the additional capacity method is a complement to the
high impedance method described in the previous section. If the
difficulties inherent +to each method are considexred it Dbecomes
. evident that the end result cannot be expected to be particularly

accurate.

3.4 SYSTEM TESTING METHODS USING TWO TRANSDUCERS

The various methods described above fail to agree on the wa& of
representing pump fluid borne noise behaviour. It is important on
one hand to make sure thét the results obtained from a wmethod are
represented in terms of pressure. This is not easy, however, due to
the complex behaviour of the pressure fluctuations in a system as
explained in chapter II. On the other hand, reflecting the pump
fluid borne noise generating potential ih terms of flow ripple (Qs)
ﬁay be misleading as it states nothing in terms of the pump source
ihpedance. In the view of the author, tﬁere is n§ simple way of
defining pump fluid borne noise potential and consequently it should
be defined by both the pump source flow (Qs) and source impedance

(Zs) frequency spectra.

The methods described below aim at determining these
characteristics not only for pumps but for motors as well. The same

methods may also be used to £find the characteristics of passive
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components in a system such as valves and actuators.

It is at this point that the requirements of a simple test must be
relinquished, and so two transducer or multi transducer methods may
be considered. Various proposals will now be described, and their

advantages and disadvantages examined.

3.4.1 Extending Pipe Length Method. If two pressure transducers are
connected in a system composed of a pump, a pipe and a termination

valve, the pressure fluctuations (Pl and Pz) can be given, according

to eq.2.6:
P P,
n r T
X4
X2
£
. -rx, e—‘y(zil—xl)
Qs S o . e + pt
Ptz vz 271 (3.1%)
s o - _ e 4 1
1 Pg Py
Q Z_ 7Z_ e“7x2+ P e_7(211—x2)
Pz = _Zg_.i_o_. . t (3.16)
s t 2, -274,

If a ratio of the two pressures is formed, the resulting equation
is independent of the pump parameters:

P VX t Py TV(24,7K,)

2
= = — (3.17)
B VX Py V(287X))

Eq.3.17 is, however, a function of p, and hence a.function of Z, .

- Therefore, with two readings of pressure along a line it is possible
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" to evaluate the termination impedance (Z.), provided Z_ and 7 have

been calculated (as in section 2.3), By this very simple test, it is
possible to evaluate the chafacteristics of valves or any other
passive components positioned at the end of the pipeline. Once pilis
known, eqs.3.15 and 3.16 become dependent upon pump parameters only

(Qs and Zs)‘

If a second test is carried out with a different line length (12)

and the pressure is measured at a distance x3 from the pump:

Q. %2, 2 e +p, €
p - S 8 o . + (3.18)
3 Zs + Zo o -2712

1l - ps pt e

Forming the ratio between P, and P _:

1 3
N —7(212—x3)
e +p, e
-274,

P3 1- pS pt € .
— = — (3.19)
P, S VX, -7(28,-%,)

e +p, €

-2724,

1-Pg Py ©

This equation is only dependent upon Pg (as p, is known) andg,
hence, Zs can be obtained. Finally, using eqs.3.15, or 3.16 or 3.18,

the value of Qs can be readily evaluated.

Theoretically, two line ‘length +tests, comprising two pressure
readings on the first test and only one on the second, should be
enough to evaluate Qs, Z8 and zt at each harmonic frequency.

However, in practice, small experimental scatter on the pressure

readings can generate large errors in the predicted values.

This method was used by McCandlish et al [16] to verify wave
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éropagation théory and obtain pump and termination parameters. In
ogder to avoid erroneous results, it was found that a large number of
pipe lengths had to be used and statistical analysis employed to
obtain mean values of Qs, ZS and Zt’ This is, indeed, a lengthy
Process which is only eased by the use of on-line computer data
acquisition, ‘This method provided gatisfactory results, mainly when
predicting Qs and Zt’ as preseﬂﬁed in reference [16]. The results
relating to the source impedance of pumps were particularly

inconsistent at the lower harmonic frequencies, and wmany different

line lengths tests were required to provide meaningful results,:

3.4.2 Tuned Lengths Method. The difficulties experienced during the

extended pipe length tests justified the need for a éareful study éf
the inaccuracies encountered, as the method is theoretically sound.
One obvious shortcoming is the‘assumption that & very complicated
1 function, as eq.3.19, can be defined by only two data polnfs. Thié
can prove disastrous if if any scatter is associated with the

measurements.

In the case of the extending pipe length method the experiﬁental
errors mentioned in se&tion 3.2 are partially responsible for
scatter, but some other errors must also be considered:.'
instrumentation errors and test procedure eirors. The analysers
commonly used for fluid borné noise measurement are accurate ‘tq
within #1dB on amplitude and %5 degrees on phase. Test procedure
errors can also occur since the pump must be stopped to change the
length of the pipe, and it is difficult té ensure that identical

conditions are maintained from one test to another.

It will now be shown that the lenéth of pipeline selected for the

tests is extremely important and the effects of experimental scatter
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can be minimized by a judicious choice of the line lengths.

EVALUATION OF p,

Eq.3.17 may be simplified considerably if a particular case is
chosen: one transducer is positioned near the pump flange (xi=0) and
the other is placed near the termination (xz-z), This case is
particularly attractive in practice as the transducers can be located
in blocks directly attached to the pump and termination. Equation

3.17 becomes,

P 1+p
2 —
2 . 7L f‘_z‘“ (3.20)
Pl , 1+p, e ‘
If the line is considered frictionless, Y=jw/a

P "

P2 _ _-i(wesa) il (3.21)
2 1+ p, e 2i(we/a)

This equation is a periodic function with wt/a, with a period of
A wl/a=27w. This equation assumes particular values when wil/a=n7 , with

n=0,1,2,etc. Then:

P

— = 41 ,for n even number

P

1 .

(3.22)

P2 .

- = =] ,for n odd number

P1

Tﬁerefore, the pressure fluctuation at points separated by infeger
mu}tipleS‘ of a half waveléngth must have the same amplitude and
either equal phase angles or phases 180 degrees apart. Under such
conditions, any value of pg is acceptable as a solution of the

equation. This is clearly a hopeless situation.

Consider now values of wl/a equal to /8, /4 and /2 (due to the

cyclic variation of the exponential function of eq.3.20, only these

values of wi/a are necessary to understand the relationship between
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fhe pressure ratio and pt). These cases are represented graphically
in fig.3.6. The amplitude of pressure ratio is presented on a
logarithmic scale whilst the phase has a linear scale in the interxrval
[—180.,18d.] degrees. The value of py was varied both in amplitude
and éhase over a large range of values. Each numerical symbol
represents a constant lptl (according to the key in figure) and the
dotted lines represent lines of<cons£ant ip, - These figures will be

examined to obtain the importance of the 1line 1length in a

qualitative, rather than a quantitative manner.

For wt/a equal to /4 (fig.3.6a) the solutions mainly occupy only
a small part of.the.graph, around Pz/Pl=1. This inﬁicates that small
errors ih measured pressure ratiogs around unity qan lead to large
errors in the evaluation of Py For wl/a=7/4 the solutions of the
equation occupy a larger area of the pressure ratio plane (£fig.3.6b),
but it is only when w2/a reaches the value 7/2 that the solutions for
Py are evenly distributed in the graph (fig.3.éc). Here, the values
of Py are relatively insenéitivg to small variations in pressure
ratio. Case Db) may be considered as a limiting case between

conditions of high and low sensitivity to data errors,

From these examples, if the cyclic behaviour of +the exponential
functions is taken into consideration, it is possible to conclude
that the érediction of p, is least sensitive #o errors in data ﬁhen
the line lengths tested are odd integer multiples of a quarter of the
wavelength of the harmonic considered. Furthermore, it is possible
to specify ranges of values of wf/a over which the results of Py can
be predicted with reasonable accuracy. From numerous tests,
experience has proved that this range, centered at values w!l/a=n7/2,

should be: .
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/4 + nm < YL/a < 3/4 + nw , for n=0,1,2,... (3.23)

or, in terms of wavelengths,

A/8 + nA/2 ¢ L < 3\/8 + nA\/2 , for n=0,1,2,... (3.24)

If the positions of the pressure transducers (x1 and xz) are not

constrained to the extreme values of O and L, eq.3.17 can be written

as:
27(4,7%,)
e—y(xz_xl) - * Py (3.25)
27(Ll-x2) —27(x2—xl) T
e + pt e

k7 |
.

This shows that the sensitivity of the prediction of p, to errors
in PZ/P1 is, in fact, only dependent upon the distance between the
points of measurement (xz—xl) and the actual length of the 1line is
unimportanf.

EVALUATION OF p

The evaluation of ps’using eq.3.1§, is only possible if p, is
known as explained in the previous section. The equation is based on
the results of the pressure fluctuations measured at one point in a
system for two different 1line length tésts. It is particularly
convenient, not only from the analysis point of view but from the
tesﬁing proéedure as well, t§ keep the position of measurement fixed
in relation to the pump from one test to another. Assuming the
position of the pressure transducers is xl=x3=o‘, eq.3.l§ gsimplifies »
to:

ez-yr,l .o e—z-y(!.z—tl) ez'ul o b
3 t s "t

— = (3.26)
2711 2711 27(12—11)

e + Py e - Py Py ©

)

-

This equation is more difficult to examine than eq.3.20, in as

much as the evaluation of p, is a function of both p, and the
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and P Hence, the prediction of p  will be

1 3
affected not only by data errors but also by the inaccuracies in the
prediction of Py- If the recommendations above are followed,
however, the determination of p, should be regarded as fairly

accurate.

The sensitivity of the prediction of pg to values of the pressure
ratio depends upon the values df Py and the propagation term

e 27(12=21) e effects of these will now be discussed.

Influence of Py

Firstly consider the effect of a reflectionless termination.
Although a such a condition is not sought during thié test, it may
occur at a particular harmonic frequency, >¢ausing éq.a.zé to be

reduced to:

= 1 , for lptl=0. (3.27)

In this case, any value of Py is feasable as a solution of this

equation, and again this is a hopeless situation.

Consider now thé effects of different reflecting' terminations.
Fig.3.7 shows the relationship between p and the pressure ratio
(P3/Pl) for three values of Iptl and constant value of w(lz—llf/a.
The first value shown in fig.3.7a is Ip 1=0.3 , which corresponds to
a 1ow.ref1ection and hence . low resonances on the standing  wave
éattern. Conéequently, the values of P‘3/Pl possible in the system
(corresponding to lpsl<1) are concentrated in a small area of the

graph. Any error in the values of P3 or P, may result in large

1
errors in the prediction of Py- wWhen the value of lptl is increased

to 0.6 (fig.3.7b) the range of possible values of pressure ratio is

enlarged. This is even more pronounced in the final case, when
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Iptl=0.9 (fig.3.7c). Hence, the prediction of pg is least sensitive

to experimental data errors when [p,l is as large as possible.
t

Influence of the propagation term 27 (22-41)

For simplicity, the frictionless case will be considered, and
e 2Y(L2-21) poiomes e 23W(R2-41)/3 Lo cach value of Ip I, the
relation between P3/P1 and ps is- dependent upon the value of

e'_zjm('lz_!'l)/al assumes the real

w(l2~-L1)/a. In fact, when the term
value of 1. (i.e. when w(t2-21)/a=nw, with n=0,1,2,...) eq.3.26 is
independent of pg and therefore any value of pg is a possible

solution of the equation. Yet again a hopeless case.

Other values of w(22—-21)/a will now be examined. In fig.3.8 the
value of Iptl was fixed at 0.7 and w(42~21) was varied. The three
cases are shown for w(%t2-21)/a = #/8, /4 and 7/2. When the value of
w(L2-21)/a is very small (fig.a.aé) the pressure values (Pl and P3)
are very close. All the solutions of p (ips|<1) correspond-to a
very small band of values of pressure ratio of amplitude close to
unity. It is only wheﬁ w(f22-21)/a reaches w/2 that there is an
uniform distribution of the solutions (ps) of the equation. In this
case, any minor variation in data values due to experimental scattér
will not lead to a drastic change in the prediction of Py- The value
/4 (£fig.3.8b) represents a satisfactory limiting condition between

high and low sensitivity of results to data errors.

The condition that must be satisfied for accurate prediction of Pq
is that the +two 1line 1lengths must be a quarter of wavelength

different or, in general, if ranges of conditions are considered:

/8 + noT ¢ 7(22—11)/a < 37/4 + nv¥ , for n=0,1,2,... (3.28)

or,

A/8 + nA/2 < L,-%, < 3\/8 + n\/2 , for n=0,1,2,... (3.29)
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This study was made under the assumption that xl=x3=0, i.e. Dboth

pressure transducers were blaced at the pump flange. However, the

same conclusions can be reached for x; and X, being at any position

in the lines. If eq.3.19 is presented in an alternative form,
o e—-')'x3 . e—'y(zlz—x3) 271.2 )
2 P - Ps P (3.30)
P, -rxy —v(22,7%,) 272, —27(L4,-4,)
e + pt e e - ps pt e

the factors that ps is multiplied by (and hence influence the
sensitivity to the pressure ratio variations) are still the same:

p, and e"27(L2-21)

All the other differences between eq.3.30 and
eq.3.26 only affect the relative values of P3/Pl in relation to [

The sensitivity of Py to experimental scatter is unaffected.

IMPLEMENTATION OF THE TEST METHOD

According to thé study presented above, it is bossible to improve
the accuracy of the extended pipe length test method considerably
simplf by aﬁoiﬁing some conditions that can generateA erroneous
results out of small scatter in the data acquired. This‘means that
the number of tests required to obtain the characteristics of the
pump are substantially reduced. For each test the two transducers
should, ideally, be separated by an odd integer multiple of a quarter
of a wavelength. Successive line length +tests must have lengths
.that also differ by about an odd integer multiple of a quarter of a
wavelength. As the whole meﬁhod is based upon the standiﬁg wave
equation, the method fails if there is no sfanding wave in the iine
(Iptl=0.). Therefore, the termination characteristic must be such
that it provides a large value of |pt|. In section 2.4.2 it was
gtated that such values of lptl can be achieved either by large
values of Iztl (a restrictor valve creating a large mean pressure in
the system for a low mean flow), or by the use of a volume at the

termination which makes %2, approach —90 degrees and hence Iptl* 1.
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When the relations given in eq.3.24 and 3.29 are applied to a pump
undexr test, they must be considered for each harmonic of the pump.
There are, therefore, many different 1line lengths and transducer
posiﬁions necessary to satisfy the conditions at all harmonics.
However, as the harmonic frequencies are integer multiples of the
fundamental frequency, conditions suitable for one harmonic may be
suitable for other harmonics, thch reduces the number of tests

considerably. In order to determine suitable pipelengths which meet

the requirements given above, an interactive computer program was

- written.

When the program is supplied with +test data’ characterizing the
running conditions (mean pressure, temperature, frequency, -etc.) the

program advises on line lengths that are are suitable for the test.

For 10 harmonics of pumping f£requency, for exahple, about eight
lengths would be required, When loaded with +the actual. test
measurements the program then selects all the conditions that are

dppropr

This method was comgared with the extended pipe 1ehgth method on
reéults from early tests carried out by McCandlish [16]. The new
approach was found to be superior, both in terms of accuracy énd
simplicity. As a result it was selected as the standard method for
the work reported in chapters VI and VII. A full description Of_ the
computer program used for the +tuned 1length method is given in

appendix III.

3.5 MULTI TRANSDUCER METHOD.

Recently, a method has been developed by Wing [26], which although
based upon the wave propagation theory used for the two transducer

methods, takes the experimental work one stage further and attempts
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"to define the stahding wave ‘'surface’', of the type shown in fig.2.11,

using more than two sources of information (transducers).

Monitoring, for example, the pressure fluctuations at four
positions in a sysfem composed of pump, pipe line and termination
valve, the standing wave can be defined much better than if only two
transducers were used. Successive tests of different line lengths,
should provide éufficient information to define the two‘ surfaces
(amplitude and phase) that describe thé standing wave pattern in the-
line in‘an unigue way. As the pressure ﬁeasurements are subjected to
the same errors reported previously a least square fit is carried out

in order to find the best surfaces to represeht all measurements.

For each pair of surfaces which define the standing-wave, there is
a unique value fqr each of the characteristics Qs’ Zs and Zt. The
greater the number of pressure tfansducers_used inya line and the
greater the number of line lengths tested, the better the standing
wave pattern is described. Consequently the probability of finding

the correct values of pump and termination characteristics is higher.

It is’a manifestly difficult task to examine, with only four
transducers, one~‘waveleng£h of the standing wave for all harmonic
frequencies. This is simply because the corresponding wavelengths
may vary from, say, 6 metres (for the fundamental frequency) to .6
metres (for the 10th harmonic).‘ If the transducers are, say, 0.15m
apart they should define the pattern of the sténding wave
corresponding to the 10th harmonic well. BRBowever, only a small part
of the 1st harmonic is covered. If the transducers remain at a fixed
distance from the pump when different line lengths are tested, they
will alﬁaYs be positioned at‘d{fferent points on the standing wave.
Hence, it is possib;e)to compensate for the lack of definition of one

harmonic cycle by examining the pressures for a number of different
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line lengths. Of course, a large variation in 1lengths has to be
covered +to describe the wave pattern completely. Alternatively, the
greater the number of pressure transducers used in a line, the fewer

the number of line lengths required.

In order to make this method feasible, an instrument was developed
by Wing [26] to facilitate the{expérimental process. It is based on
a telescopic tube arrangement ( *hydraulic +trombone® £ig.3.9) which
facilitéfes a change of length of line without actually having to
disconnect pipes. The transducers are always mounted in the fixed
part of +the trombone and so remain at fixed distance from the pump.
Wing suggested that up to 9 line lengths may be necessary to produce

acceptable results,

Bearing in mind that the method is based upon the existence of a
‘standing wave in a pipe, it may produce poor accuracy when the

termination impedance is low or zero.

In the two transducer methods previously described, anechoic or
near—anechoic conditions were avoided by the use of a restrictor or
relief valves as a te;minati§n. With the hydraulic trombone
solution, the ‘'termination’' consists of a length of line terminated
5y a valve. The entry impedance to the smaller tube ié likely to
assume values close to the 1line impedance at some frequencies,
Provided conditions of low value of lptl afe avoided this méthod

proves to be very successful and practical [26].

A slightly modified version of this method was used to produce

some of the results reported in chapter VI,

v

3.6 EVALUATION OF CHARACTERISTICS OF HYDRAULIC COMPONENTS
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A large experimental Program was carried out to assess the
potential and accuracy of the two previouslyvdescribed methods of
evaluating characteristics of hydraulic components. in pressurized
lines, Indeed, no attempt could be made at usiﬁg the methods undex
low pressure conditions (pump suction lines) without a thorough test
of their wvalidity under pressurized conditions. fumps, motors and
valves were the main components +tested, over a range of running
cdnditions; a summary of the results obtained is presented in the
following paragraphs. The testing of suction lines is reported in

chapter VI.

3.6.1 Evaluation of source flow,. The ‘tuned lengths' and the

*hydraulic trombone' methods were used to tést an axial pistbn pump
(pump A described in appendix VI) at a fixed rotation speed and a
constant mean outlet pressure (106 bar). The results, presented in
fig.3.10 in the form of frequency spectra, show that both me£hods
agree very well both in terms of’amplitude and phase, for ‘at least
the first six harmonicé. wWhen the harmonic»values are syntheéized
for both sets of results (fig.3.11) the agreement is still marked.
This comparison of the synthesized values is a very severe test of
accuracy of the prediction of QS as it reflects in one only trace tﬁe

accuracy of all the harmonic componenté both in amplitude and phase.

~Fig.3.11 shows‘clearly the‘backflows that occur each time a piSton,
comes into contact with the outlet line, due to portplate timing
mismatch. If the result of source flow, shown in fig.3.11a, is
pPlotted as volume variation (volume ripple) delivered by the pump
(fig.3.12) as a function of pump angle of rotation, it is possible to
quantify the volume of f£luid that was compressed in the piston
chamber, as shown by the cross-hatched area. This area is delimited

by the measured volume ripple and the ripple delivered by the pump if
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'ideal timing existed.

These results shown above for pump source flow were typical of the
agreement that can be expected between the two methods and hence in

the following results no comparison of the two methods is made.

Pump A was tested at different mean pressures and the results are
shown in fig.3.13 as volume riéple. As ekpected, due to timing
mismatch, the higher the mean system pressure the larger the volume
of o0il compressed. Furthermore, when the system pressure increaées
the rate of compression of oil increases, i.e. the changé in wvolume

with pump angle of rotation is steeper.

The effects of pump shaft speed on backflow was examined ‘by Wing

[26]. Fig.3.14 shows the results obtained by Wing for flow
- fluctuations generated by an axial piston pump (pump B, as described
in appendix VI) at 850, 1300, 1700 and 2150 rev/min as a function of
\)time. The source flow plots are supeiimposed on different mean flows
and the nﬁmber of cycles per unit time is different from one trace to
another. This makes any comparison of results difficult. A Dbetter
) éompa;ison of the four sets of results can be made if they are
plétted as volume ripple‘as.a function of pump angle of rotation
(£ig.3.15). In this figure all the plots are superimposed, because
the displacement per radian is the same. The only difference between
the results is»iﬁ the compreésed volumes., Of course the compressed
volumes ought to be the same regardless of the pump speed and this is
shown by the very similar volumes of backflow. However, when the
pump is running at the slowest speed of 850rev/min, the backflow
~exists over a smaller angle of rotation of the pumé. Although all
compressions start at the very same angular position, the compression

rate is a function of time and not of angular rotation of the shaft.
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An externalkgear pump was also tested at different pressures (pump
C, as described in appendix VI). Although the values of éressure
ripple in the line vary considerably with mean pressure the results
of source flow (fig.3.16) for the pump are virtually identical
regardless of the mean pressure. As external gear pumps have no
valve plate timing effects, +the instantaneous flow ripple is
virtually constant despite having been tested at preésures as

different as 50 bar and 200 bar.

The tuned lengths method waé used to test the inlet source flow
generated by hydraulic motors. This was a vital exercise in
pieparation for pumps suction 1line work due to the resemblance
between inlet side of motors and pumps (apart from the differences in
mean pressure). The approach used to evaluate the inlet source flow
was explained in section 2.5.2. The results of tests on an axial
piston motor (same dimensions as pump A) are presented in fig.3.17.
The negative mean flow is takén to mean ,fluidi entering the motor.
The results show that in this case no backflows exist in the motor.
Indeed, the opposite occurs, kThe pump instantaneocus flow +trace is
cﬁaractefized by instantaneous drop of flow deiivered occurring each
time a piéton opens to thé pressure line. The instantaneous flow
admitted by the motor is characterized by a momentarily sharp
increase in flow when a piston opens to the inlet line. This peak of
flow increases with meaﬁ preésure again due to the portplate tiﬁing

mismatch.

An external gear motor (motor D) was also tested under different
running conditions, two different mean pressures and two different
running speeds. The flow fluctuation was always very similar

(fig.3.18) regardless of the test conditions.



chapter iii -86—

The details that can be extracted from the previous examples of
pump and motor instantaneous flows under very different running
conditions reflects the degree of accuracy with which the source flow
characteristic can be evaluated by using the tuned 1length oxr the
‘hydraulic trombone’ methods. 1In general, it has been found that the
prediction of Qs 'is not significantly affected by experimental
scatter. This is due to the fact that the value of Qs is related to
the 'mean' level of the standing wave pattern (see section 2.4.3) énd

not to values of resonant or anti-resonant conditions in the line,

3.6.2 Evaluation of source impedance. This proved to be the most
difficult characteristic +to predict accurately and consistently
throughout all the tests. Even results of the two methods used did

not fully agree in some cases, as will be shown below.

The results of source impedance are represented as frequéncy
spectra. The source impedanée of the axial piston pump (pump A) at
100 bar mean pressure was evaluated using both testing methods and
the resulfs are shown in fig.3.19. The results reéveal that the pump
source impedance has a characteristic equivalent to a lumped volume,
‘i.e. a phase close to -90 degrees and an amplitude that decreases
with frequency at a rate of about 204B/decade. There is however, a
éetail that 1is quite important to consider: The result of phase of
the 1st harmonic obtained froﬁ the trombone meﬁhod cannot be corréct
(-120 degrees), because the phase must lie within the range
[-90.,490.] degrees. At first sight this would suggest that +the
method did not work correctly for this case. However, the reason
lies in a more basic problem. Due to the mechanical construction of
the hydraulic trombone (with one piston sliding inside a tube) the
_internal diameter of the pipeline that was attached to the pump was

32mm (lzol=1.3x109 Ns/m5=183dB). The amplitude of the first harmonic
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of the pump impedance is about 2054B (2‘.2x10lo Ns/m?), giving a ratio
between the two values of 17:1. 1In section 2.4.3 it was showp that
under these circumstances any vériation in Zs amplitude or phasé had
little effect on the pressure standing wave. Consequently, the
mathematical approximation could not finding the actually true value
because of the insensitivity of the standing wave pattern to changes
in Zs' The same‘circumstances did not occur with +the tuned length
method as a 17.5mm internal diameter pipe was used, which has a much
larger value of line impedance '(IZ I=4.5x:|.09 Ns/m§=l93dB). If a
larger diameter pipe were to be used with this method the same
dlfflcultles experienced with the trombone method would be
-encountered.

The results of the source impedance of +the exterhal gear pump
(pump C) when tested at different mean pressures (fig.3.,20) show an
invariance.of results with mean system pressure. This is in strict
agreement with +the assumption that +the pump behaves as a lumped
volume, The mean pressure has a small effect on the bulk modulus of
the o0il, but this is sufficiently small to be uﬁdetectable in the
impedance characteristic. A comparison of the two methods shows 'yet
. again the difficulty of predicting the values of the larger amplitude

harmenics with the hydraulic trombone.

The axial piston pump (pump B) which was tested at dlfferent
running speeds is a much larger unit than either pump A or C. This
unit when tested by Wing using the hydraulic trombone (fig.3.21)
shows that the spectrum of the source impedance of a pump follows the
same pattern regardless of the speed at whigh it is tested.
Furtﬁermore, the amplitude spectrum shows an anti-resonant point at
around 1.5kHz after which the amplitude values start increasing.

This is accompanied by a shift in phase values from ~90deg to 90deq.
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"These results can be interpreted, ., nevertheless, if the pump is
modelled by distributed parameter theory as explained by Edge [27].
In the case of pump B the difficulties in the evaluation of some
harmonics of pump impedance, described above, did not occur. This
was due to the low values of impedance (#195dB maximum) compared with
the previous pumps. 1In other words, the size of the pipe used in the
hydraulic £rombone was compatiblé with the impedance of the pump

under test,

Unit A was also tested when running as a motor at low swash
setting. The results of source impedance at 40 and 60 bar mean
bressure are represented in fig.3.22. The values of both amplitude
and phase coincide with thése obtained when the unit-was running as a
pump at 100 bar (£ig.3.19). (There is a slight discrepancy at the
ist harmonic éomponent at 40 bar; this would not occur if a smaller

diameter pipe were used).

Summarizing, the prediction of source impedance for pumps or
. motors ié somewhat more difficult than evaluating the source flow.
‘The main difficulty is experienced when testing pumps that are very
compact and hence have very high values of source impedance
ampiitude. This is due to the fact that these large values of
impedance, under Some coﬁditions, may not alter the pressure standing
Qave pattern significantly.. If these conditions are avoided,_by
selecting é pipe diameter such that the pipe iﬁpedance is of the same
order of magnitude as the iﬁéedance of the unit under test, +the

results obtained are very satisfactory.

3.6.3 Evaluation of a termination impedance, When the tuned

length method was used to obtain pump characteristics a restrictor

.valve was used as the termination. The impedance of the valve was
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évaluated as pait of the analysis procedure. The ‘'‘trombone' method
did not provide termination results when the pump was tested, due to
the physical arrangement used for its impleﬁentation. Consequently,
no comparison of termination characteristics obfained from the two

methods will be presented below,

The restrictor valve (1" size), was tested when passing 27 f/min
mean flow. The results for 50,’100, 150 and 200 bar mean pressure
are plotted in.fig.3.23. The values show a mainly resistive type
characteristic with increaéing magnitude as mean pressure is
increased. Indeed, when the mean pressure was changed from 50 to 100
bar the 1st harmonic of the valve impedance increased by 6 dB, which
corresponds to a doubled impedance value. Furthermore, when the mean
. pressure was raised to 150 bar the impedance had a further. increase
. of about 4 dB (1.5 times increase). These results vary, hence, in
’:the éame manner as described by eq.2.9.' It is nevertheless'important
. to notice +the significant ‘phase shift present at the higher
harmonics. When testing the restrictor valve at lower mean pressures
- fhe impedance results obtained were much lower and did not present
the same patterﬁ {fig.3.24) as the above results. The values plotted

in fig.3.24 show a considerable amount of scatter. This is due to

the low values of reflection coefficient (Ipt|<0.3) which existed.

Fig.3.25 shows the impedance résults for the same restrictor valve
wh;n tested at a constant mean system pressure. (50 bar) and
different mean flows. The amplitude results increase with decreasing
mean flow, but not in the same manner as in fig.3.23. The amplitude
of the high frequency harmonics appears to be very insensitive to
changes in mean flow conditions, The trend of the low frequency
harmonic amplitudes; nevertheless, 1if extrapolated Lo the steady

- state values would follow closely the relation given by eq.2.9 (but
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only for the steady state vglues). The phase spectrum corresponding
to the lowest mean flow, however, is considerably shifted from the
zero phase line. This is consistent with the amplituae results which
decrease with‘frequencyf suggesting the presence of a ‘capacitive

component: .

In conclusion, the tuned lengths method was found to be suitable
for evaluating the termination characteristics as well as the fluid
borne noise characteristics of the source. In general, the

prediction of the termination characteristics does not create any

~difficulties because of the sensitivity of the pressure standing wave

in the line to the termination impedance. Some difficulties may
arise, however, when the relation between Z, and Z_ is such that Ip, |
becomes very small. 1In this case the pipe diameter used in the tests
must be modified in order to increase the value of the reflection
cogfficient.

Tﬁe results obtained for the restrictor valve at the Ahigher

harmonic compdnents clearly demonstrates how difficult it is to

predict the impedance spectrum of a restrictor valve from the steady

- state pexformance. In this respect, these results prove how

inaccurate the results of the test methods proposed by Unruh and

Szerlag can be for the high frequency components.
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Fig. 3.1  Piezoelectric pressure transducer used for
fluid borne noise tests

SCHMITT || FOURIER
ﬂ TRIGGER ANALYSER

NETWORK

Fig. 3.2 Generation of phase reference signal

Fig. 3.3  Pressure signal showing faulty piston on a 7-piston pump
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Fig. 3.4 High Impedance Pipe Test Diagram
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Fig. 3.9 *Hydraulic Trombone’ lay—out
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Fig. 3.25 Impedance of restrictor valve A ct different mean flows

and constant system pressure (50 bar)
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CHAPTER IV

"FLUID BORNE NOISE GENERATION IN PUMP SUCTION LINES

4.1 — SUCTION PERFORMANCE OF HYDRAULIC PUMPS
4.1.1 — Axial Piston Pumps
-4.1.2 - External Gear Pumps

4.2 — METHODS OF DETERMINING PUMP INLET CHARACTERISTICS
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4.1 SUCTION PERFORMANCE OF HYDRAULIC PUMPS

The suction capability of a hydraﬁlic pump is generally measured
in terms of +the minimum mean inlet pressure at Which it will run
withouf creating cafitation. This is very often presented
graphically as a function of éump épeeé, as shown in fig.4.1la. This
figure shows threg regions, one for conditions at'which no cavitation
. occurs, a second of severe cavitation and a third transitional region
of incipient or 'micro-cavitation'. This information.iskacquireé by
testing a unit over a rangé of speeds and inlet pressures, and
. monitoring the mean oufput flow from the pump (see fig.4.1b). As the
mean inlet pressure is reduced below a certain level the output flow
falls, slowly at first butAAthen more rapidly when the pressure
reaches very low values, revealing the lack of f£fluid to £ill the

pumping elements of the unit.

One of the difficulties related to the detection of cavitation in
a pump is the lack of an eérly warning of itsAoccurrence. In fact,
cavitation is mainly detected by its consequences in fhe loss of
output performance of the pump and by the existence of typical
ca;itation wear (see section 5.3.4) when the pump is‘ dismantled.
There is, however, a non-intrusive technique of monitoring the
existence of cavitation, which is by measuring the air borne noise
emitted by the pump. Cavitation effeéts are associated with air
borne noise at Thigh freQuencies (above 10 kHz [28]). Maroney,
gtudying the effects of aeration and cavitation in before pump inlet

lines, concluded that ultra sound measurements can detect cavitation
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in its early stages, that ‘is before damage is likely to occur or
before pump and system performance is lowered., Furthermore, Maroney
found that the pump-generated air borne noise decreases with
decreasing mean inlet pressure, but below a certain pressure the air
borne noise increases again as a result of cavitat;on effects. This
is a very important conclusion as it méans that when
'micro—cavitation' occurs in the inlét line, the pump generated noise
is minimum, due to the attenuation provided by microscopic air
bubbles (less than 0.1% in volume [29]), even +though no noticeable
pump performance degradation occurs [28]. This leads to Maroney's
remark that "hydraulic system air/liquid volume ratios, like human

blood sugar levels, should neither be too great or too small”.

The fluid that enters a pump must be drawn from the reserveir by
creating a pressure differencé _between the reservoir and the pump
inlet. The flow taken in by a hydraulic pump is similar to that
delivered by it in as ymuch as both are composed of a fluctuating
component superimposed on a mean flow. Due to the existence of this
fluctuating flow transmission line effects occur in much the same way
as in high pressure lines. Therefore, instantaneous variations of
the fluid flow are transléted into pressure variations which, in low
mean pressure lines may assume very low instantaneous pressures
indeed. Consequently, cavitation may occur on the inlet line to a
pump, either as a result .of the high fluid velocitf (low mean
pressure) or due to very low instantaneous values of pressure ripple.
In addition, cavitation may occur in the suction port of the pump
itself due to restricted passageways. If the inlet line is well
dimensioned, however, the fluid velocity in the line is low and the
possibility of cavitation effects is a function of the pump‘'s own
internal design and its fluid borne noise characteristics. Hence, in

general, the steadier the flow drawn in by a pump, the better its
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suction capabilities.

Axial piston and external gear pumps are the two most common types
of hydraulic pump and a discussion of their suction characteristics

is given below.

4.1.1 Axial piston pumps. Axial piston pumps are, perhaps, the most
.important type of pump used in hydraulic systems, due to their high
efficiency, versatility, and ability to work at very high pressures.
However, mqst have a poor suction performance and réquire boosting

even at average running conditions.

Internal Design

The control of the fluid in the inlet of axjal -piston pumps is
méae through the use of a valve plate. In order to maintain a force
balance at the sliding surface beiween the c¢ylinder block and the
valve plate (portplate), the area of each cylinder port is made much
smaller than the piston area (up to four times), aé shown in fig.4.2.
This restriction creates inevitable pressure 1losses and very Ilow
pressures occur near the portplate, and inside the piston chamber.
Furéhermore, if cylinder port areas were large the axial forces
acting on the cylinder barrel would be proportionally increased.
Large bearings would be required in the pump to sustain such loads.
This would mean an increase in the overall size of the pump. Indeed,
tﬁe current need for small size units with high flows compels the use
of small ports at the expense of a boosted suction line for all
except very low speed operation. on piston motors, these
restrictions - are no longer an inconvenience, and smaller size units

can be designed for the same capacity.

If the suction mechanism of a piston pump is examined in more

detail, it is possible to define four effects which determine the .
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pressure losses when the fluid flows from the portplate to the piston
chamber. One is dependent upon the axial velocity of the fluid, as
referred above, the second is due to the tangential velocity of the
fluid in the portplate, the third due to the centrifugal forces in

the piston chamber and the fourth due to the fluid inertia.

For the loss of pressure due to the axial velocity of the £fluid,

the cylinder port may be considered as an orifice:

bpy =, p (v)) /2 (2.1)

This pressure drop not only varies with the movement of the piston
but also with the shape and dimensions of the port. ‘These dimepsions
are variable during the induction stroke. For most of the séroke the
‘dimensions correspond to the whole port.area. At the start and the
‘end of the stroke, however, the area depends on the interference
between the portplate area and the cylinder port and, in the case of
the Star£ of the stroké, depends in addition on the existence of
relieving grooves. 1In oraer to determine the worst case for pressure
drop, three conditions must be considered: at the start and end of
the stroke, where the area is small (although the flow is small) and
at mid-stroke when both the area and the flow are maximum. At the
beginning of the induction stroke the dead volume, which is at pump
discharge - pressure, must pe decompressed. This creates a reverse
flow which will increase the pressure locally; Hence, cavitation. is
unlikély to occur. However, if relief grooves are not used to smooth
the rate of change of area, the decompression will not be controlled
and harsh fluctuations of pressure, will occur [30] creating, after
the initial rise of local pressure, very low values due to the rapid
reversal in the fluid velocity. This may give rise to local and

instantaneous cavitation. Severe cavitation occurs when the pressure
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"loss around mid—stroke is very large and as a consequence oil vapour
pressure is reached, At mid;stroke, when the mean fluid velocity is
maximum, the pressure drop Api does not change its value sharply with
time. Consequently, if Apl gives rise to pressures as low as the oil
vapour pressure, these will exist ovef a large angle of pump rotation
and cavitation may not only occur near the portplate but inside the
cylinders, as well. At the end of‘ the stroke the conditions are
geometrically similar to the beginning of the stroke. The f£luid is,
‘however, decreasing its velocity which gives origin to an increase in
pregsure and hence no iikely danger of cavitation. Both at the
beginning and end of the suctibn stroke one of the factors that must
be considered is the rate of variation of area opening with pump
angle of rotation against the'rate of change of flow. One ;uthor has
,sﬁggested that for both these conditioné the instantanéoué pressure
must reach values very élose to zero absolute [14]. This is simply
because the existence of baqkflows, relieving grooveé and inerfia of

the fluid in the piston chamber are not considered.

The loss of pressure due to the tangential velocity of the fluid
is determined by the pitch diameter of the cylinder ports. Wwhen the
fluid reaches the portplate it must enter a side branch (cylinder

port) which is travelling at a speed (vzj, which is:
Vy=r.w (4.2)
The pressure drop is, hence, given by [14]:
bp, =c, . p .V -V, /2 (4.3)
The need to reduce this loss component led designers to reduce the

cylinder port pitch diametér, without changing the distance between

the pistons and the pump centre line, by drilling the port paths at
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an angle, as shown in fig.4.3: This solution is also favourable from
the centrifugal forxce point of view by helping drive the £1luid into
the cylinders. When the oil enters the cylinder it is forced towards
the §a11 furthest from the centre line due to centrifugal effect.
Hence, the wall closest to the pump centre line is last to fill. If
the cylinder port is located at the cylinder centre 1line +the fluid
has to move against the centrifugal,forces to £ill the innermost
wall., Consequently, pésitioning the cylinder port closer to the pump
dentre line helps filling the piston chamber and consequently avoids
very low pressures.., The pressure drop Aue to the centrifugal force

is then given by:
2 2 :
Apy = [ 1 - (x/x) 1.p . (v,) /2 . (2.4)

‘where : rl — minimum distance between cylinder wall and pump centre

line
Finally, the pressure lost to accelerate the £fluid uniformly

4through the cylinder port, of length L and area A, is given by:

-c Pt 4o '

The equations given above were used by Hibi et al [14],[31] to
evaluate the pressure 1losses in an axial piston. The pressure in
thg cylinder chamber during the stroke is gi&en in fig.4.4. Although
>this was a very good theoretical exercise, the result has very little
p;actical application as it does not +take into consideration the
existence of relief grooves, backflows (indeed the experimental tests
were performed at an unrealistic delivery pressure of 11.5 bar [31])
and the effects of portplate timing mismatch [30]. ‘ Furthermore, if
-pressure were to fall to the levels shown in fig.4.4 air release

and/or cavitation would occur which would invalidate the theory.
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Flow Ripple

The theoretical fluctuating component of the flow taken in by an
axial piston pump is determined by the geometry of the uﬁit.
Consequently, there is a direct relationship between the theoretical
inlet displacement and the outlet displacement of the pump. However
compressibility effects must also be ‘considered. When a piston
reaches T.D.C. the small dead voluﬁe delinited by the fully extended -
piston and the portplate is at mean discharge pressure. At the
instant the inlet line is connected to the piston chamber an outfléw
will occur until pressures equalize. The fluid in the vicinity of
the cylinder port first moves outwards after which it is forced back
into the piston chamber. The pump insfantaneous flow may, thén, be
represented as in fig.4.5. The timing effects’sh0wn in thé figure
were studied by Martin and Taylor [30] for' different relief groove
shapes and decompressionbzone angles. These effects depend, however,
on the running conditions such as mean inlet and outlét pressureé and
on pump ~swash‘ angle and speed of rotation. Unless the pump has
constant runniﬁg conditions timing mismatch effects will always

occur.,

4,1.2 External gear pumps. External gear pumps invariably have

good suction performance. The inlef mechanism of these pumps is
rather different from piéton gnits due to the absence of a<portpl§te.
The suction cycle starts as two gear £eeth-coﬁe out of mesh and ends
when the tips of ﬁhe following teeth come into contact with the outer
body wall (fig.4.6). The volumetric displacement on the inlet of the
pump must be similar in shape to that on the outlet (see section
3.6.1), as the mechanism is identical, although the gears move in the
reverse sense, Once again, the inlet flow is a mirror image of the

outlet of the pump, as shown in fig.4.7.
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The agreement between actual displacement and theoretical
prediction depends upon whéther the spaces in between teeth are
completely filled with fluid or not. Due to centrifugal forces, the
roots of the teeth 4are the zones of lowest pressure. 1In general,
gear pumps have radially orientated suction inlets and therefore the
direction of the fluid flow is opposite to the centrifugal force. In
some cases, however, geér pumps have axially orientated inlet lines
which are terminated near the roots of the +teeth and hence have
better kchance of f£illing the spaces completely. The equation

defining the pressure loss due to the centrifugal forces is [14]:
Ap = - /r )2 ' 2 /2 4.6
P = [1- (rg/r)] p . (v)) / (2.6)

where: ra — radius of addendum
r. — radius of dedendum
v - tang. veloc. measured at addendum diameter

P — fluid specific weight

This pressure loss increases with the size of the gear pitch

diameter and the module.

When a pair of téeth come out of mesh and are ready for the
induction of fluiqg, thé space between the teeth and the following
pair is in contact with the inlet line over a limited angle. This

.angle could be as 1little - asv‘45 deg and for a pump speed of 3000
réﬁ/min the corresponding time this space is open is less thén 3ms,
which may be insufficient for the complete filling. One of the
important factors in tﬁe determination of this angle is the shape of
the inlet chamber. Zalka -et al [32] demonstrated that the inlet
chamber of a gear pump could be changed (see fig.4.8) in order to
e#tend the angle of entry which would improve the pump suction

performanbe considerably. This modification of gear pump inlet
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@éhamber was also proposed by Khaimovitch [33] as an example of a

'‘quiet*’ gear pump. However, such an approach seems to have been

ignored by pump manufacturers because of production difficulties with

pump bodies which are usually aluminium extrusions.

From this brief explanation it is easy to understand that the
suction of a gear pumé should have better performance than a piston
pump’both due to the internél design, which does not contain
restricted passageways, and due to tﬁe smoother flow fluctuation

generated.

4.2 METHODS OF DETERMINING PUMP INLET CHARACTERISTICS

Most of the experimental methods presented in chapter IIX for the

. determination of +the outlet characteristics of pumps and the
" impedance of valves are not directly applicable to inlet lines. Some

‘methods require the existence of high pressure in the line and

others, if applied, would generate cavitation in the suction line of

pumps.

It is therefore impossible to use a very high impedance pipe or a
restrictor valve on the inlet side of a pump. The same applies to
the reflectionless termination valve referred in section 3.3.2 which

would cause turbulence and air release in the inlet line.

a 6nly one single-transducer method is feasiﬁle for using on pump
suction 1lines: this is the reflectionless termination method based
on the use of a long hose. However, unless the tank static pressure
is  relatively large the 1losses in the 1ine‘may be so great that

cavitation will occur.-

The most realistic approach to the experimental evaluation of pump

inlet characteristics is through the use of two- and multi-transducer
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méthods. These are based on the existence of a standing wave in the
line. If cavities exist in the fluid then a standing wave may not
exist and the theory behind the methods is inappliéable. Such an
could occurrence must be explored in detail. There are +two
possibilities: cavities could occur inside the pump, which is
considered for all purposes a lumpgd element, or cavities céuld be
formed in the line in the form of air bubbles. If cavities are
formed inside the pump only, they will be swept to the discharge side
of the pump and not propagated to the inlet line. 1In consequence the
pump characteristics must be affected by this occurrence but whatever
is produced inside the pump is propagated to the’inlet line in the
normal way. If cavitation is significant, however, the flow ripple
génerated by the pump may no longer be periodic, but-be‘affected by
A thé rate of formation of cavities. If air bubbles are formed in the
. line, Thowever, there will be a th phase flow and the transmission

"line theory no longer applies.

The existence of air or cavities can be very effectively detected
by monitoring the speed of propagation of sound in the fluid (i.e. by -
measuring the wavelength at a given 'frequency). If the pipe is
filled with fluid, then the speed of sound should be around 1400 n/s,
but if any amount of air is mixed with the fluid a sharp drop of
speed of sound is experienced ( around 93% drop in speed of sound for
1% volume air entrgined in thé fluid [29]). The most effective w&y
of monitoring the speed of sound of the fluid in a hydraulic line by
' non—intrusive means is to measure the fluctuations of pressure at
several points $10ng the line, for different 1line lengtﬁs until a
full wavelength at a parficular frequency is described. This
coxresponds to the mdlti—transducer method (section 3.5). The tuned
length method may also be used but it is less effective in

determining the speed of sound as it relies on the information from
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oﬁly two transducers. Ag the speed<of sound may vary considerably,
the information from only two transducers could lead to erroneous
conclusions,

When using either of these methods for the evaluation of pump
characteristics the amplitude of the termination reflection
coefficient must be large (section 3.4.2). For a suction 1line the
tank is the termination. If the tank behaves in the same manner as a
volume, then zt will have a phase angle of -90 deg which results in a
reflection coefficient, (Iptl) of wunity. This 1is ideal for the

implementation of the test method.

Practical Difficulties

Previous authors researching into pump suctioﬁ lines have
controlled mean suctionk pressure through the use éf a restrictor -
: valve between overhead tank and pump [12] or by means of a restricted
.fbleed line on a boosted .suction line [31]. Both solutions are
',Qnéatiéfactory as they can create conditions which produce the
formation of air bubbles or cavities under low mean Pressures, An
apparently simple »solution wQuld be’to use a tank that could have a
variable head. However, this could result in long 1lines and a
dependence between the length of line and the mean head pressure,
The existence of inevitable bends in the pipe 1is, in addition, a

disadvantage.

The solution adopted in the present work was to use a pPressurized
tank. Such a tank could provide the desired range of pump inlet
pressures and flows without introducing any disturbing element in the
suction line. Indeed, as discussed in a later section, it was also

possible to perform tests at subatmospheric pressures.
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Using the tank connected to.the inlet of a pump through a straight
and horizontal pipe 1line, it is possible to apply either the tuned

length or the multi-transducer methods described in chapter III.
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Fig. 4.6  Detail of external gear pump suction stage (from ref.[32])
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CHAPTER V

HYDRAULIC TANK AND SUCTION LINE DESIGN

5.Al —~ INTRODUCTION
5.2 - THE TRADITIONAL ROLE OF THE HYDRAULIC RESERVOIR
5.3 — THE FUNCTIONS OF AN HYDRAULIC RESERVOIR
5.3.1 - The Reservoir as an Expansion Chamber
5.3.2 - The Reservoir as a Temperalfure Confroller
5.3.3 — Control of PUmp Inlet Pressure
5.3.4 — Aeration and Cavitation Systems
'5.3.5 - Control of Contamination in a reservoir
5.4 — DESCRIPTION OF PRESSURIZED TANK

USED FOR SUCTION LINE STUDIES
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5.1  INTRODUCTION

The hydraulic reservoir, an inheient component of all hydraulic
systems, is genefally not very highly regarded as it is very seldomV
mentionedvin any detail in circuit diagrams. However, poor systém
performaqce and short component 1life can frequently be traced to

improperly designed reservoirs [34].

The diversification of‘applications of hydrauliés_as well ' as the
‘much higher demanded performance of the systems has seen improvements
in all coméonents 'in an orderly and objective way, but still the
design of hydraulic tanké ;nd suction lines is, apart from basic
'Aruies dictated by common sense and experience, as varied as if has

eveér been.

This chapter presents some aspects of the design of early
reservoirs and the improvements. that have been made and concludes
with a description of some of the latest concepts in hydraulic taﬁk
design. This study was used as the basis for the design of the

pressurized reservoir used during the experimental tests.

5.2 THE TRADITIONAL ROLE OF THE HYDRAULIC RESERVOIR

Until the early 1950's the hydraulic reservoir was considered the
component where the fluid was 'stored’, and was specifically designed
to cool the o0il and allow sufficient time for sedimentation of

particulate matter to take place, before the oil was drawn into the

pump suction line.
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The flows and pressures involved in circuits were usually low
which seldom caused problems in terms of the sizing and the shape of
the reservoir. The shape would invariably be a box-like with large
rectangular walls usually supported on a stand to increase its heat
transfer capabilities; this would determine its capacity. More often
than not, if the reservoir was to be part of a machine, its size and

shape would be determined by the available space.

Some accessory components were common in reservoirs. For example
a sight glass to read the oil level, a breather tube, draining plug

and filler cap.

The position of the reservoir relative to the other components was
varied depending upon the situation, but it was common practice +to
place the pump at a level above the oil in order to prevent leakages
’through the pump packings [35], when the system was stopped. Another
advantage that could be drawn from this procedure was that the pump
could be disconnected without having to drain the tank. For the same

"reason, return lines were very often vertically orientated.

Placing the elect;icAmotor and hydraulic pump on top of the
reservoir, +together with valves,ﬂ was a common feature which would
make the system neat and compact. Pig.5.1 shows a sketch of a simple
resexvoir of this +type, which may as ’well be considered

representative of today's available proprietary reservoirs.

5.3 THE FUNCTIONS OF AN HYDRAULIC RESERVOIR

From these early stages, hydraulic systems have found applications
in many varied fields of engineering as main and vital components of
ships, aircraft, heavy industrial machines (for example presses,

guillotines, calenders, injection moulding machines), and mobile
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equipment (earth moving vehicles, cranes, harvesters, etc.). 1In each
of these fields hydraulics evolved in specific directions and the
reservoir was one of the components which suffered most modifications

depending on the type of application for which it was to be used.

In recent years there has been a trend towards increased use of
hydraulics in mobile applications,‘and pumps have been developed to
increase their power—to-weight ratio. This has lead to higher shaft
speeds and ptessures, closer tolerances and better materials to

ensure reliability and long life.

However, as a pump manufacturer claimed in 1970 [34], "a high
percentage of pump failures which occur during the first 500 hours
can be directly traced to the reservoir®. ’This staiement had its
origins in many pump failures and there has been great demand from
pump manufacturers [34] and users [36] to reconsidér the importance

of the role of the hydraulic reservoir.

The two main functions'of an hydraulic reservoir are: a) to work
as an expansion chamber, in oxder to cope with the variafions in
volume of the oil and system; and b) to supply oil to the pump in a’
suitable condition to ensure a trouble-free functioning of the
‘sysfem. These conditions depend‘ upon the pump suction
characteristics. Hydraulic pumps are designed to work at very high
efficiency levels, within a controlled range of mean inlet pressurés,
fluid viscosities and temperatures. It is a function of the
reservoir to ensure that these conditions are met. Furthermore, the
fluid must be free of air bubbles and must not contain solid

particles greater than the clearances in the pump.

Each of these functions will be discussed in the following

paragraphs.
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_5.3.1 The Reservoir as an Expansion Chamber. One of the main

functions of the reservoir is to hold a variable quantity of f£fluid.
This function is of vital importance in a system due to the variation
of volume of the fluid with temperature and pressure, and due to the

changes in the volume held by actuators and accumulators.,

The thermal volumetric expansion of fluids can be given by:

Av o (5.1)
v c . AT
where: AV - variation of fluid volume due to AT [m?]
V - volume of fluid [m3]
¢ - coefficient of thermal expansion [K—l]
AT - variation of temperature . [k]

The expansion of the system walls (pipe and hoses) due to
variations in temperature is given by a similar equation, but the
coefficients are different (2.4*10—% for o0il and 1.6*10_5 for steel).
This makes the wall expansion negligible compared with o0il thermal

expansion.

The inclusion of single rod actuators in a system, whether single
or double-acting, involves changes in the overall capacity of the

system and hence a change in the level of fluid in the tank.

The minimum level of a reservoir is obtained by considering the
syétem at its lowest temperature, with the actuators fully extended
and the accumulators completely filled with oil. fhe maximum level
of the reservoir is obtained when the temperature is highest and the

actuators and accumulators are holding minimum quantities of fluid,

5.3.2. The Reservoir as a Temperature Controller. The reservoir

has traditionally been assigned the function of controlling the
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‘temperature of the fluid. Indeed this practice is still fav&ured in
the most recent recommendations on tﬁe manufacturing of hydraulic
reservoirs [37] [38]. This practice results in the design of
oversized reservoirs, in order to produce as large a surface area as
possible. In tﬁrn, this results in a large volume of o0il and a long
time to reach the heat balance temperature. This means +that the
traditional approach does not achieve temperature control but simply

sets a maximum temperature limit.

In general, most pumps are designed to run at 50C with the fluid
at a specified viscosity. Any major deviation from #he design
specifications can only mean a loss of_efficiency if the viscosity is
too high, or lack of lubrication if the visgcosity is.  too low. For
instance, the viscosity of Shell Tellus 27 hydraulic oil'decreases by
‘L a factor of & when‘the temperature changes from 20C to 50C, and for

.:each 10C the temperature rises above 60C the rate of oxidation of the
0il normally éoubles, Hence,>the reservoir must be designed to allow
the o0il to reach the design temperature rapidly and then maintain it
at that level. This is best achievéd in a system with low oil
volume—to-heat generation ratio, and>a suitably dimensioned cooler.

This is the approach favoured by Fitch [15].

The capacity of a tank has traditionally been linked to +the -size
of the pump. ‘Rules of thumb' give guidelines which have in fact
tu£ned into standard recommendations. The NFPA Standards [38] for
non-integral industrial fluid power hydraulic reservoir recommends:
"the tank capacity (L) must be a minimum of three times the pump
operating capacity (L&/min)". However, common practice in mobile
equipment is a ratio of pump flow (&/min) to tank capacity (1) of 5:1
[39]. However, these anomalies are small as can be seen by comparing

the JIC (Joint Industry Conference) recommended practice [40], in
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v machine tool applications, of 10:1 (tank to pump flow) and the design

of a D-9 bulldozer tractor [36] with a 7004/min pump and a 652

reservoir. The ratio between these two practices is over one hundred

to one, which reflects the ad lib nature of these rules of thumb,

and in fact to the principle of linking the sizing of the reservoir

to the pump capacity. At leagt, these anomalies illustrate that

small capacity reservoirs are feasible, and indeed this .can mean

great savings in oil.

At one time the use of a cooler in a hydraulic system was avoided,
if at all possibie, due to the re;atively high price. BHowever, if a
small reservoir is used, the savings in oil’are such that a cooler is
no longer an unacceptable expensive item. This is, perhabs, only
appreciated when o0il has to be changed or when a major spillage

occurs.

From this discussion it is apparent that the reservoir should not
be used to control temperature. If a cooler is used on.the return
‘line prior to the «xreservoir the fluid temperature can be Qell
Acontrolled. This means that the temperéture rises quickly during
start—up conditions, due to the low system capacity, "and when the
normal temperature is reached +the cooler wili maintain it at that

level.

. Although the cooler is geﬁerally' connecteé in series with the
reservoir there are circumstances where anti—surge valves are
introduced to by-pass the cooler when sudden surges of flow are
returned to tank. These surges create piessure peaks that could
damage the coolers [39]. If this occurs frequently in the operation
of a machine, as in large presses for instance, there could be a case
for considering the cooler to be run in parallel with the main system

(see section 5.3.5),
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The use of a proprietary electronic temperature controller, which
switches +the cooling fluid on and off, together with a thermocouple

completes the fluid temperature control system.

5.3.3 Control of Pump Inlet Pressure. Improvements in +the design

of hydraulic pumps have always concentrated on higher pressures,
higher efficiencies and reduged size. However, the guction
capabilities of some pumps (mainly axial piston units) can only be
referred to as poor. 1In fact, the fluid is invariably subjected to
large, sometimes enormous, accelerationé to fill each cylindér as it
is suddehly opened to the inlet line. Recent improvements  in pump
design involving increased shaft speeds has oniy aggravated the

Pproblem.

Hence, modern pumps require oil to be suppliéd at a sufficiently
high enough pressure to £ill the pump inlet chamber (piston c&linder

or gear tooth spaces) completely without air release or cavitation.

Supplying oil at the correct pressure to a pump is not the usual
role of the reservoir. Very often pumps are boosted by other pumps
which, due to their copstructién or size, have better suction
' characteristics. Indeed, a piston pump is the most difficglt to f£ill
| and it is common practice to use a gear pump.as a boost pump. Very
‘often the two units are built in one body only, resulting in ‘a

compact arrangement. When using two positiie displacement pumpé in
series, a relief valve is introduced to relieve excess flow. This,
however, is not required if a centrifugal pump is used for boosting,
becaﬁse the excess flow is returned to the suction line as leakage.
Such a solution can be found, for instance, in a Dowty Vardis axial
piston pump [41]. However, the increased fluid turbulence at pump

inlet is a disadvantage of this solution.
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The boost pump can sometimes‘be omitted by elevating the tank to
give a large positive head. In hydrahlic presses, for example, this
is the wusual practice. Some presses are oﬁer 10 m high and
positioning the hydraulic tank at the top provides a pressure of
around 1 bar. Furthermore the reservoir is suitably positioned to

fill the very large triple-acting actuators rapidly.

As an aiternative, pressuriéed reservoirs may be employed. This
is not a new idea, but in‘most cases the applications have been
rather specialized as in aircraft hydraulic systems, for example.’
The most basic type of pressurized reservoir is almost identical to a
conventional unpressurized tank, except that the breathe; is
sdbsfituted by’a pressurized air supply line, and the filler' cap is
properly sealeqd. These reservoirs normally operate at pressures ﬁp

to 1 or 2 barg.

. The use of pressurized reservoirs has also been linked to the'need
’of having an air-free systém‘ This can be achieved by fitting a
rubber bag inside a sealéd reservoir, and éressurizing it internally
(f;g,s.Z). Although this solution is similar to a bladéer4type
;ccumulator, the rubber bag is thin, and the pressures involvéd are
generally low (up to 1.5 bar). Perforated plates-must be provided to
limit the maximum expansion of the membrane an hence to protect the
membrane from being damaged against rigid pipes or other compénents

inside the tank.

Other designs of pressurized reservoirs include diaphragm and the
" piston types, being the latter widely used in aircraft for safety (as

there is no danger of rupture of the membrane).

Fig.5.3 shows details of the pressurized tank used in the Concorde

supersonié passenger airplane. In this design the interface between
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‘air and oil is a metal bellows which can contract and expand with the
variation of fluid in the tank. These reservoirs are pressurized to

3 bar by bleed air from the aircraft engines [42].

5.3.4 Aeration and Cavitation in Systems. Aeration is one of the

main problems associated with badly designed reservoirs. Such
effects can cause the oil to foam which causes the f£fluid
compresgssibility to drop considérably resulting in sluggish system
response accompanied by high frequency noise and the eventual loss of
éower and failure of main components,'su;h as pumps.

Air can bé present in a hydraulic system in three different forms:

dissolved, entrained and free,

At normal conditions of temperature,. ang~ pressure, hydraulic
minerél oil cpntains approximately 10% dissolved air (by volume). It
cannot be visually detected and does not alter'the properties of the

~o0il (e.g. bulk modulus, viscosity, density). Under equilibrium
conditions the oil is said to be saturated.

:

If the temperature or the pressure of the oil is changed, the
amount of air dissolved varies. A similar phenomenon occurs when a
bottle of champagne is opened and bubbles of carbon dioxide are

formed as the pressure of the fluid suddenly drops.

J’The volume of air dissélved under equilibrium conditions is
Qoverned by Henry's law which states tha£ the vo;ume of air that can
be dissolved under equilibrium conditions is proportional +to the
absolute pressure the fluid. If tﬁe fluid in the pump inlet line is
saturated (10% air), when it enters the discharge 1line at a much
higher pressure, it will become undersaturated and can dissolve
cénsiderably more air. Any air bubbles that may have béen formed in

*the inlet line will tend to go back into solution.
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The complex process of gas solution and evolution in 1liquids was
studied by Schwietzer and Szebeheiy [43] for water, four fugl oils
and thirteen lubricating oils. From this study it was clear that
there are two main circumstances that can considerably influence the
rate of evolution and solution of a gas in a liquid:

a, the level of agitation of the fluid;

b) the existence of nuclei, i.e. contamination.

Consider a quiéscent (motionless) liquid in equilibrium with air
at 2 Dbara, say. If the pressure is slowly reduced to atmospheric,
no bubbles of air are likély to be formed although the pressure has
been halvéd. The fluid is said to be supersaturated and is no longer
in eéuilibrium. It could take a considerable time to get back to -
equilibrium conditions. However, if at this moment the container is
shaken, bubbles will be formed instantaneously. The ratio between
the rate‘bf evolution under agitated and quiescent conditions is
“always of the order of severél thousand to one [43]. If the pressure
drop from equilibrium is sudden, however, then rapid release of air

bubbles takes place (as when a bottle of champagne is opened).

In another study, Weyl and Marboe [44] examined the evolution of
carbon dibxide from water, saturated at atmospheric pressure, in an
ordinarily clean bottle. Reducing the pressure | slowly from
atmospheric to 0.06 bara readily produced pubbles. When the test was
fépeated with a thoroughly cleaned container no bubbles werxe
produced. This phenomenum can also be noticed in a glass of
champagne where the bubbles are only generated near the glass walls,

particularly where there is an irregularity on the surface.

The major difference between the evolution and solution process
is pérhaps, its timing. Evolution is far quicker than solution,

which means that if the pressure momentarily changes recovering its
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initial value quickly, some air is more likely to come out of

solution than go into solution. This can be exploited as a means of
removing air from oil, by deliberatly causing turbulence in the fluid

and allowing the air bubbles to be released to atmosphere.

Entrained air occurs as a result of dissolved air that has come
out of solution as bubbles, or atmospheric air that is mixed with
o©il. Such occurrences must be avoided at all cost because the
presence of entrained air in a hydraulic system causes a reduction in
the bulk modulus and viscosity of the fluid and can also resuit in an

increase in the temperature of the system.

The bulk modulus of a liquid-gas mixture is given by:

1 1 v, P,
= + > ' (5.2)
v
B B N P
. ' L - 3
where: V - volume of mixture (=volume of liquid) [m ]
Va = volume of entrained air (at atmos. pressure) {ma]
’ 2
B8 — bulk modulus of mixture [N/m ]
8, - bulk modulus of liquid [N/m?]
p — absolute pressure of mixture [N/mZ]
2
P, - atmospheric pressure [N/m ]

As the bulk modulus of air at atmospheric pressure is about 15000
ﬁimes smaller than that of oil, even less than 0.1% of entrained air
at atmospheric pressure will reduce the bulk modulus of the fluid by
a factor of 10, if the pressure of the fluid is atmospheric. This
reduction will result in sluggish response and in some instances lead

to system instability.

)

As the viscosity of air is much 1less than that of o0il, the

presence of aerated oil in a pump results in the destruction of the
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lubricating f£ilm and metal to metal contact is established in +the
bearings, vanes, gears or pistons. As the air passes from the low to
the high pressure side of a pump the bubbles of air are compressed,
which causes heat to be generated. This overheating, associated with
the lack of lubrication, causes considerable wear +to pumps. In
fig.5.4(a) three stages of the wear of vanes are shown, taken from a
vane pump run on aerated oil [34]. Fig.5.4(b) shows the eroded

port plate of an axial piston pump that ran under aerated conditions

[34].

Air is prevented from being released from solution if the pressure

at any point in the system does not fall below tank pressure. The

 lowest values of bressure in a system occuxs particularly at the

inlet to a pump, downstream of valves (relief valves and non—return

valves) and in general whenever jets and vortices occur. In

' .particular any turbulence in the inlet line of a pump is likeiy to

".generate air release if there is pressure drop relative to the tank.

Atmospheric air is mixed with the cil by two mechanisms: the tank
air-oil interface and ineffective (non air-tight) joints on the pump
suction side. The tank is usually the only component where air and
§i1 are 1in contact. Air is drawn into the oil either by the high
turbulence or due to the formation of vortices at the surface. Large
turbulence at the oil surface is the result of the high velocity of
£he oil from the return 1line being deflected to the surface or
vibration of the tank itself (as in mobile equipment). Vortices are
due to the inlet of a suction line being too close to the air—oil

interface (less than 1.5 times the diameter of the line) [38].

Oone of the most common solutions to remove entrained air from the
0il is  to use a diffuser inside the tank. A diffuser (see £ig.5.5)

is designed to reduce the velocity of the oil returning to tank to
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‘about 0.5 +to lm/s. This dgcreases the agitation of the oil surface
considerably [34] and controls the size of the air bubbles returned
to tank. If the diffuser has a large number of small holes (from 0.1
to 0.5mm diameter [45]1), the numerous smali air-bubbles in suséension
in the oil are forced to combine and form larger bubbles, which rise

rapidly to the surface where they are liberated.

As there are no standard dJeaerators suitable for hydraulic
isystems, the removal of entrained air must déepend upon correct design
of the reservoir. This should allow the slip velocity of the‘bubbles
to be greater than the mean velocity of the oil in the tank. This
has encouraged the use of baffles in early reservoir designs (as
shown in fig.5.6) in order to increase the path between the return
and the inlet lines, allowing sufficiéht time for air to be released
,énd pafticulate to sediment. In some gonstructions (£ig.5.6.c) the
oil is forced to go over a baffle driving the bubbles cloée to the
surféce. In addition, screeﬁs have been used instead of diffusers to
trap bubbles in a +tank. This is particularly true in the case of

larger tanks.

The slip velocity of air bubbles in oil can be evaluated from

Stokes's equation:

g
vV = d 5.3
.18 u ( )
where: v - slip velocity of air bubble [m/s]
3
pl ~ liquid weight density {Kg/m. ]
3
pg - gas weight density ' [Kg/m ]
. - 2
g - acceleration constant of gravity [m/s ]
d - diameter of air bubble [m]

2
4 = dynamic viscosity of fluid [Ns/m ]
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Table 5.1 gives some values of s8lip velocities for different

diameter air bubbles.

If a bubble of air is swept into the pump suction 1line, this is
readily revealed by the change in the noise generated in the system.
If the outlet pressure of the pump is, say, 100 bar the bubble will

be reduced in volume by 100 times and be readily adsorbed in the oil.

In special applications, such as submarines, the agitation of the
oil in the tank, and consequent noise, is defeated by the use of a
balsa wood float. Fig.5.7 shows the arrangement used in a Polaris

submarine [46].

Free air in an hydraulic system is the air tﬁat is +trapped in
_:pockets. In a properly designed system, free air should not
_constitute a problem, as the pipes should be orientated to allow all
the ’air to be removed Vduring the £illing stage ana, where
‘appropriate, bleediné valves should be introduced and used whenever
air enters the system. Even if purging is not performed, free air
‘will, eventually, disappearwbecause it will Dbe dissolved. Until
complete solution takes place the responée of a system may be

sluggish due to the reduction in stiffness.

There are circumstances where an "air-less" system 1is necessary.
This is particularly the case when using hydrocarbon hydraulic oil at
elevated temperatures (above 80C). The existence of a mixture of air
and oil vapour at high temperatures is an explosion hazard. The two
common solutions to this problem are to use a diaphragm or piston
typé pressurized reservoir or use a sealed reservoir pressurized by

v

an inert gas such as nitrogen, argon oxr helium [47].
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Cavitation can be distinguished from aeration as +the rupﬁure of
the fluid due +to a very low pressure. It is difficult to create
conditions for testing a liquid under tension in a laboratory. If a
force is applied at both ends of a container filled with liquid, in
oxder to create a negative pressure, it is likely that air bubbles
may be formed before the liquid tears apart. Haxvey [48] subjected
water to a negative pressure of 50 bar withouf visible failure. This
shows that pure cavitation is not reédily achieved and in most cases
‘when the pressure falls to the vapour pressure of the fluaq (=0.02
bara for watgr and "='2x10-—6 bara for oil at 50C) it is the presence of
air nuclei that provide the starting points of real cavitation.
These cavities, filled with air, start being filled with oil vapor
or, in more drastic cases, a vacuum may gven insténtaneously exist.
When these cavities collapse next to a metal boundary, wear occurs

due to the fatigue of the surface.

5.3.5 Contamination Control in a Reservoir. The role of +the
reservoir in the sedimentation of particulate matter is no longer

acceptable. Only filters can perform this function efficiently.

The level of filtration required by hydraulic systems ranges from

- 10Mm »to soum on the inlet of a pump. In order to prevent larger
particles from entering the suction line some system designers use
éilters on the inlet to a pump. This is, .generally, considered bad

bractice unless the tank is pressurized, as the pressure drop in the
filter may create aeration in the 1line. Another solution is to

install a strainer or coarse filter which does not create an

appreciable loss of pressure. Provided the fluid returned to the

reservoir is clean, there is no need to filter the tank outlet.

The presence of contamination in a tank can only result from the

following sources:
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a) Improper cleaning of tank at the time of installation;
b) Return line fluid;
c) Breather intake;

d) Pilling and topping—up of reservoir.

Before installation, the reservoir must be thoroughly cleaned.
After connecting to the rest of the system, a comprehensive flushing

program must be followed.

A filter must always be  fitted on the retﬁrn line. filter
elements are rather fragile and can be damaged by the pressure peaks.
In some systems, an anti-surge valve is used to by-pass the filterr
allowing unfiltered o0il to enter the reservoir. This solqtion may
prove tempting but can 1lead +to drastic consequences, such as the
* rapid wear of a pump. A better approach is to return the oil to a
secondary reservoir which is used as a surge tank. The oil is,_then,
transferred to the main .reservoir ’by a full—lew pump and filterx
arrangement.

The decision to position the filtexr either inside or outside the
tank, is very important as in—tank filters aré considered as an
"invitation to lack of maintenance due to their poor accessibility.
When positioned outside the tank, some designers tend to fit two
filters in parallel, eaph one capable of passing full system flow, so
that one can be removed, for element replacement, whilsf the system

can be kept running.

The air breather is a serious source of contamination. An
appreciable proportion of the particulate matter found in oil is dust
which can be traced to the working eﬁvironment of the system. Due to
the changes in fluid 1level of the reservoir, atmospheric air is

constantly drawn in or expelled from it. To prevent dust from
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entering the reservoir, most air breathers today are equiped with a
fine filter (2um). However, iﬁ very hostile environments, such as
earth moving machinery these breaihers are quite easily blocked.
This problem can be dealt with in two different ways. Some
manufacturers employ rubber-bag type reservoirs (see £fig.5.2.a)
without pressurization, using the bag as a separator, and avoid the
need for an filter. Others (for example, the Caterpillar Tractor

Co. ) use sealed reserxrvoirs [36].

Some reservoirs are, in a way, pressur;zed reservoirs as they are
aesigned to hold the air to approximately atmospheric pressure when
the o0il is cool and jacks fﬁlly extended (the condition of minimum
0il in +the tank) and be less than 1 bar when the fluid level in the
tank is maximum. With this solution{ the lack of breathing is
compensated by a variable pressure in the tank. If the systemAis
'_changed and the variations of pressure prove +to be excessive, an
additional volume of air >may be necessary to lower tﬁe maximum

pressure possible in the tank.

The last source of contamination is the filling and topping up of
"the system. According to the manufacturers, hydraulic oil cannot be
guaranteed to be within the contamination requirements of modern
hydraulic systems. Furthermore if the 0il is introduced into the
tank through the usual filler opening, this  tends +to - increase the A
éontamination levels as dust is drawn in from the atmosphere. The
corre;t procedure is to provide a filling point upstream of the
return filter wusing a gquick release coupling for the purpose. A
flushing rig should then be used £o £ill the system. 1In this way any
new 0il entering the system would pass through two filters: one in
the flushing rig and one in the system. A filling point can be made

available, in a non—pressurized reservoir, to be used only as a last



chapter v ~140-

resort.

To illustrate the application of these concepts, a detailed

example of the sizing of a reservoir is given in Appendix V.

5.4 DESCRIPTION OF PRESSURIZED TANK USED FOR SUCTION LINE STUDIES

The test rig used during the unboosted pump studies was basically

a purpose built pressurized tank. In addition to the features

discussed above, the design had to meet the special requirements of

the suction line test method.

These requirements imposed a number of constraints "which may be

summarized as follows:

a)_mean pressure in the tank must range from 0.4 to 11 bara

.b) tank outlet must be at same height as pump inlet

c) it must be possible to use a variable length of line between

pump and tank |

d) mean temperaturé of fluid must be controllable to within iéC“

e) effective means of removing entrained air must be provided

£) it must be possible to deliberately dissolve air in the oil

g) 1in cases where the pump has a casing drain, which cannot be

pressurized, means of recovering the lost fluid must be provided

Fortunately, the system iunder test does not contain any actuators
or accumulators and the thermal expansion of the system walls is
negligible., Consequently, the only variation in fluid level is due

to the thermal expansion of the fluid in the reservoir.

Thus, the main feature of the tank is the ability to control air
release in the fluid under different mean pressures. This is
achieved through the use of two tanks instead of one (fig.5.8). The

first tank consists of a horizontal cylindrical vessel and has the
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duty of allowing the air bubbles to be released and is named +the
"stabilizing tank". The second is again a cylindrical vessel but is
mounted vertically. This is the "delivery tank". Both tanks are
completely filled with fluid and the air-to-oil interféce occurs in a
-small tertiary reservoir, named the "interface tank", situated above
the two main reservoirs. The duty of.the tertiary reservoir is to
maintain a perfectly steady intexrface at ail times, i.e. no surface
turbulence, in order to minimize the solution of air even under large
mean pressures. The small interface area is of considerable
assistance in this respect. Even if the fluid close to the surface

is saturated, it will not be mixed with the fluid in circulation.

Any air bubbles entering the "stabilizing tank" are foréed upwards
into the "interface tank” whilst the 611 is transferred to the
- "delivery tank". If_ any bubbles find their way into the "delivery
”tank", the inlet and outlet are positioned to ensure that the bubbles

are forced upwards to the "interface tank™ and liberated.

The laboratory éir supply is used to pressuxize the tank wvia a
filter and a fine pressure regulator. The fluid level in the tank is
controlled using two level detectors which switch a small top—-up gear
pump on and off as required. The detectors are situated on the side
of the "interface tank”. Should the fluid level rise above the fop
deteCtbr for more than 15 sec, as a result of thermal expansion of
the fluid, for example, then the bleed valve is operated until the
detector is cleared. Each level detector consists of a light
sensitive switch and a bulb mountéd either side of a sight glass.
The difference 1in transparency due +to the presence or absence of
fluid is detected by the sensor and used to provide a logic signal.
Details of the electronic circuit are given in Appendix VI. The

top—up pump is connected to the "stabilizing tank" via a wverxry fine



chapter v —-142-

filter and a non-return valve which stops the pump from motoring when

the tank is pressurized.

The cooling is performed by +two air-oil coolers positioned
underneath the “stabilizing tank" with an electrically operated fan
between them. O0il temperature was measured using a thermocouple
attached +to the pump inlet and an electronic temperature controller

was used to control the fan. The coolers were connected in parallel.

A large full-flow filter was connected upstream of the coolers
preceeded by a turbine flowmeter and a non—;eturn valve, This makes
the tank unit self contéined and sealed. Oon the "delivery ténk“
outlet 1line a bellmouth was machined to reduce the possibility of
vortices when the fluid entered the suction line. A ball Qalve of
exactly the same dimension as the internél diameter of the line was
connected to facilitate changes in the length of line between the
tank and pump. Pig.5.11 shows a photograph of the préssurized{tank

.and of a pump under test.
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Fig. 5.5 Example of a diffuser (from ref.[34])



chapter v -146—

System

lquetum

= ||

-
System refurn
: — plugs ‘ /

(a)

Gate volve Main plate

Air breather
~ ond plate

Weir

Sight glass \

Filter compariment

Fig. 5.6 Example of baffled reservoirs

~ (57} — T

|

l

AIR TANK § .

N
Al
}\
~

Il
[

|
I
|

I.
|
'l

,‘
)

II
|
l

]
1

2
<
™
'3
2
N

TEMP

1)
h
~

I
]
x
1

1L
|
i

NC

—><XH]

|

Fig. 5.7 Use of floats on Polaris submarine reservoirs (from ref.[46])



Bii sa) jupj pazunssaid jo woibpig  8'G ‘614
an-doLN M N

431009 43LINMOT4

0
N

XNV
dN-4oL =

/

INTYA Q3308 :

4317714 NIVA - IANTVA
4OL1O1Yy1S3y

-147-

\

dAnd 1S3l

INTVA TVE

\ B A A A |

/ MNYL AY3IAN3A

ANVL ONIZINIEVIS

$¥0103130 dﬁfﬂu ~=3NYL 30V443INI
N
| 431714 3INI A - \
A1ddNS —s T worvinom
: 2

v = T4NSSINd

chapter v




L Ay




chapter vi ~149-

CHAPTER VI

EXPERIMENTAL WORK ON UNBOOSTED SUCTION LINES

6.1 — DESCRIPTION OF INSTRUMENTATION
6.2 — TEST OF AN EXTERNAL GEAR PUMP (pump E)
6.2.1 — Time Domain Analysis | |
6.2.2 — Frequency Domain Analysis
6.2.3 — Air Borne Noise Tesls
6.2.4 — /nferprefafion of Resulfsi
6.2.5 - Evaluation of Pump Inlet Characteristics
6.3 — TEST OF AN EXTERNAL GEAR PUMP (pump C)
6.4 — TEST OF AN AXIAL PISTON PUMP (pump A)
6.5 - MODELLING TANK IMPEDANCE
6.6 — CONCLUDING COMMENTS ON PRESSURE RIPPLE

IN UNBOOSTED SUCTION LINES
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The work presented in this chapter dJdescribes the use of the
pressurized tank test rig to evaluate pump inlet characteristics. A
detailed analysis of pressure ripple is given both in the +time and
the‘ frequency domain for four different pumps. The inlet
characteristics of the'pumps and the impedance of the pressurized
tank were evaluated under different conditions and the results are

presented and discussed.

6.1 DESCRIPTION OF INSTRUMENTATION

The instrumentation required for fluid borne noise analysis has

been discussed in general terms in section 3.2. »

For the studies reported in this chapter, up to six piezoelectric
pressure 'transducers were mounted on the pump inlet line, flush with
the intefnal wall of the pipe. Each transducer was connected to a
charge amplifier, The éressure signals were analysed both in the
time démain_and in the frequency domain. For the -time domain
analysis a two-channel Gould-Advance digital storage oscilloscope was
used. Its digital storage. capability and the use of a plotﬁer
interfacevenabled the recording‘bf some. pressure waveforms éresented
later in this chapter. The resolution of the output plot was 500
points per channeél which proved very satisfactory. FPrequency domain
analysis of +the signals were carried out using both a contiquous
frequency analyser and a discrete frequency analyser. The spectrum
analyser (Hewlett-Packard model 3582 A) provided a full amplitude

spectrum of each signal. The Fourier Harmonic BAnalyser (Solartron
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FRA 1170) was used to calculate the first ten harmonic éomponents of
each signal in terms of both amplitude and phase. Due to the large
amount of data required for theoretical analysis of pressure ripple,
the harmonic analyser was connected to an on-line computer (PDP-8)

for fast acquisition and storage of data.

Two extra piezoelectric transducers wexe used, one mounted in the

delivery tank and another at the test pump outlet.

The mean inlet 1line pressure was monitored by +two diaphragm
transducers (S.E. Lab type), one connected close to the pump inlet’
and the other close to the tank outlet., A turbine flowmeter measured

the full flow through the system.

Fig.6.1 shows a full lay-out of instrumentation used during the
tests whilst fig.6.2 shows .a schematic diagram of the

instrumentation.

A full description of details of instrumentation is presented in

appendix VI.
6.2 TEST OF AN EXTERNAL GEAR PUMP (pump E)

An external gear pump (pump E, appendix VI) was mounted on a
variable speed rig, using a hydraulic gear motor as thekprime mover.
The inlet of the pump was connected to the pressurized tank using a
25mm internal diameter pipe and the outlet of the pump was loaded by

a restrictor valve.

6.2.1 Time Domain Analysis. An example of pressure fluctuations

measured in the inlet line is shown in fig.6.3. These results were
obtained with the pump at 900 rev/min and the mean pressure (measured

close to the pump inlet) at atmospheric (1.0 bara). Pl refers to the
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pressure ripple measured close(to the pump inlet flange, P3 refers to
the pressure ripple at a position c¢lose to the tank and P2 is the
pressure ripple measured at 0.8m from the pump. The length of line
used was 1.85m. The pressure signals shown in the figure reveal
relatively large values of peak—to—peak variation (1.2 bar for PZ)

around the mean level which is represented by the straight line. The
pressure ripple both at Pl and PZ fails to values close to 0.5 bara
and rises to values of around 1.5 bara at regular intervals of about
10 ms. Thgse traces show that when the préssure is low the shape of

the signal is relatively smooth whereas when the pressure reaches a
maximum it assumes sharp peéked forms. Por this particular test the

variation of pressure close to the tank is very much reduced compared

with the other fluctuations.

Effects of mean inlet pressure

The effect of variation of mean pump inlet pressure on the
pressure ripple is shown in fig.6.4. The waveforms presented
correspond to position P1 in the line., The mean pressure was varied
from 0.9 to 2.0 bara with intermediate settings of 1.0 and 1.5 bara.
The wvariation of meén inlet pressure produced very large changes “in
the pressure riéple. Tﬁe pressure fluctuations not‘only chaﬁged
significantly in peak-to-peak amplitude but also in shape. The
pressure signal at 0.9 bara had a peak—to-peak amplitude of about 0.5
bar and a rather smooth sﬁape. This signal was not very steady,
however. At non-periodic intervals (typically several seconds) the
signal momentarily changed showing: a sudden collapse of pressure
fluctuations followed by a recovery. The pressure ripple at mean
pressures Jlower than 0.9 bara are not shown in the figure, but were
found to be very unstable and aperiodic, with a wvery 'low amplitude.

When the pressure was increased to atmospheric (2nd signal in

fig.6.4) - the pressure fluctuations became quite stable. The



chapter vi -153-

amplitude ripple virtually doubled but the rather smooth shape
remained. This signal shows a much clearer definition than that
obtained at 0.9 bara, revealing a very strong 2nd harmonic component.
At 1.5 bara mean pressure the signal exhibited very sharp variations
of pressure which are associated with high frequency components. The
amplitude of the signal was again almost doubled. When the pressure
was raised to 2 Dbara the peak~t6—peak pressure variation reached

values of around 1.5 bar.

As the mean Pressure was increased, itA was found that the
corresponding lafge fluctuations that occurred resulted in very low
instantaneous pressures. This is illustrated in fig.6.5 which shows
the péessure fluctuation for +two different test conditions.
K.Fig.6.5a, whi&h shows the results at a mean pressure of 1is baia and
‘a pump speed of 900 rev/min, clearly sﬁows preésures as low as 0.2
bara. Even lower instantaneous pressuies (0.1 bara) are shown  in
fig.6.5b, This signal was obtained at mean pressure of 2.0 bara and
a speed of 1500 rev/min. Both signals'were found to be periodic and
quite repeatable. At mean pressures of abéut 0.8 ana 0.9 bara the

bressure ripple never fell below 0.5 bara.

Effects of pump speed

Fig.6.6 presehts the behaviour of the pressure ripple in the pump
suction 1line for pump shaft sbeeds of 900, 1500 and 1800 rev/min.
For each running speed the mean pressure measured at the pump flange
was adjusted to 2 bara. The traces demonstrate that peak—to—peak
pressure fluctuations larger than the mean pressure in the 1line are
quite common not only close to the pump inlet but even cldse to the
tank (pressure P3 at 1500 rev/min). At 1500 rev/min some pump
frequency components appear to have assumed resonating values and

hence the ripple is larger.
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At a speed of 900 rev/min there is a strong 2nd harmonic component
which is anti phase with +the first harmonic. This reduces the
amplitude of the first harmonic preventing very large excursions of
the pressure signal from taking place. At twice this speed (1800
rev/min), and for that ‘matter at 1500 rev/min as well, the 2nd
harmonic reinforées the first and very high level sharp peaks in the

pressure ripple occur.

Repeatability of waveform
In order to obtain repeatable results it is absolutely essential
to régulate mean pfessure accurately, which demands a fine control of

tank pfeésure. Furthermore, because of the pressure drop along the

pipe, it is necessary that the mean pressure is always measured at

the same position (the pump inlet flange was considered througho;t
ail the tests). Accurate means of measuring the mean pressure must
‘be provided for tﬁis purpose (accurate pressure transducers).
Fig.6.7 shows a comparison of Vthree pressure signals measured on
different days for near identical running conditionsi Although the
lack of repeatability of the résults on the left hand side of the
figure would be expected, given the instability of the waveform at
low pressures, the results-on the right hand side which correspond to
a mean pressure of one bar above atmospheric shows the sensitivity of

the pressure ripple to minor changes in running conditions.

6.2:2 Frequency Domain Analysis. The pressure signals shown in
fig.6?4 were analysed in terms of their frequency components, as
presented in fig.6.8. The results are shown on a dB-scale (10dB
steps) for a range of frequencies from 0 to 2.5kHz. All four spectra
reveal very well defined harmonic components, the 2nd harmonic (300
Hz) being the larbest in most cases, This was due to the line length

and speed combination used which amplified this particular harmonic.

>
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As the mean pressure increased all harmonic components assumed largerxr
values. The higher harmonics, however, exhibited larger increases

than the lower harmonics.

The results shown in fig.6.8 refer to the pressure measured closé
to the pump inlet. When the pressure ripple measured close to the
tank was analysed in the frequency domain the resﬁlts were as shown
in fig.6.9. From this figure the dependence of the ripple on the
mean pressure is even more apparent. Furthermore, at the 1low mean
pressures the higher harmonics generated by the pump do not reach the
terminétion with any degree of strength. One possible hypothesis is
that air is appeariﬁg,somewhere in the éuction line. This is a
particularly importént point and will be discussed in detail later.
It is also important to‘note that in the cases of 1.5 and 2.0 bar
mean pressure all harmonics up to the 13th are of the same order of
magnitude (within 10dB). This gives sémé idea of the difficulty in
fully characterizing the inle£ pressure waveform by Foﬁrier harmonic

components,

Foxr a theoretical analysis of the pressﬁre ripple it is important
to assess thg repeatability of pressure signals in the frequenéy
domain., Fig.6.10a shows the values of one harmonic of the pressure
éignal measured at a fixed position relative to the pump inlet at a
mean pressure of 2 bara. The results correspond to successive tests
of the system with different line lengths between pump and tank. The
amount of scatter agsociated with the measurements gives an estimate
of the repeatability of results. It must be emphasized that the
system was disconnected between changes of line lengths and was reset
to the same working conditions afterwards. The solid line represents
a least squares fit of +the +transmission 1line \equation to the

experimental values. The results shown in fig.6.10a correspond to a
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mean pressure of 2.0 bara in the inlet 1line. For comparison
purposes, fig.6.10c gives an example of the repeatability that exists
in the pressure ripple generated on the outlet line of the same pump,
at a mean pressure of 50 bar. The results for the inlet 1line when
the mean pressure was 1.5 bara are presented in fig.6.10b. This
figure shows a rather more scatter of the data, although still
follows a distinct wave pattern. However, at atmospheric pressure

the results were much less consistent.

The existence of cavitation in suction lines is generally
associated with high frequencies. Consequently, the pressure ripple
measured close to the pump was analysed over a 25kHz frequency span
at low mean pressures to search for very high frequency components
(=10 to 20 kHz)vof the pressure ripple. Fig.6.11 shows the spectrum
of the pressure riéple when the mean inlet pressure was 0.8 bara. No

‘significant high frequency components were found.

6.2.3 Air Borne Noise Tests. In all experimental tests performed,
one féct was perfect clear: the change .in inlet pressure had a
Asignificant effect on air borne noise levels. When the mean inlet
pressurekwas low (0.8 to 1.0 bara) the system was noticeably quieﬁer

than when the mean inlet pressure was above atmospheric.

In order4to quantify this effect, a sound level meter (BS&K type
.2204) was positioned 1m away.from the pump inlet flange. The vaiues
of aixr borne noise recorded are shown graphicgllyﬁin fig.6.12 on a
A-weighted scale. Measurements at sub—-atmospheric pressures were not
possible due to the increased background noise produced by the vacuum
purp employed. However the tests at pressures from atmospheric to
1.0 barg, and at different running speeds, clearly identify the
relationship between the fluid borne noise in the line and the air

borne noise. With the outlet pressure constant, an increase of 1.0
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bar in the mean inlet line pressure (at 1500 rev/min) lead to an
increase of 44dB in the overall noise levels radiated from the system
(tﬁis is an increase of about 60%). At all running speeds the
variation in system air borne noise with mean inlet pPressure was
significant. These results indicate that the use of flexible hoses
in suction lines will assist in the design of quiet systems; not only
from the structural isolation point Qf view, but also as a means of

damping pressure fluctuations.

6.2.4 Interpretation of Results. The most striking observation

from the results previously described is the remarkable difference
- between the pressure ripple characteristic of a gear pump in;et line
and the outlet line. 1In chapter II it was stated tha£ the pressure
ripple on the outlet of a gear pﬁmp had a rather smooth shape and
‘-could be represented mathematicélly by six  Pourier harmonic
components. This is not fhe case for the inlet line where high
frequencies are as important as the low frequency components. The
dist;ibution of the preSSQre ripple about the mean pressuré level, is
such  that it is possible to have peak—to—-peak préssure variations of
more than twice the vélue of the‘mean pbressure in the line (£fig.6.5).
Although the existence of large pressure ripples in the inlet line of
a pump were expected (chapter IV), the strong sensitivity to small
variations in mean pressure is rather surprising. There are two
possible explanations for such an effect: changes in the tank
reflection coefficient with mean pressure or changes in the pump
characteristics with mean pressure. These possibilities will now be

examined in detail.

6.2.5 Evaluation of Pump Inlet Characteristics. All the methods of .

détermining the characteristics of hydraulic components in

pressurized 1lines, as studied in chapter III, assumed that the
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tpfessure ripple measured in ghe system was repeatable and that the
speed of sound in the fluid was accurgtely known. From the above
considerations it is unclear if these assumptions would apply to
conditions in pump suction lines. Consequently great care had to be
exercised at all stages to ascertain that no spurious results were
wrongly considered. This was the reason why a large amount of
experimentél data had to be acquireé to define the pressure standing
wave in the 1line at eaqh running condition. Six transducers were
connected in the pump suction line to measure fhe pressure rippie.
The results were analysed according to the multitransducer method
described in chapter III. However, no trombone-like apparatus was
used in the 1line due to the adverse effects that a sharp change in
pipe section might cause in the flow bpattern and pressgre ripple.
Therefore +the 1line between the tank and the pump had an uniform
internal diameter; with a small béllmouth at the tahk end to prevent

vortex effects from occurring. The variation of line lengths between

tank and pump was achieved by actually changing the pipe.

. Four transducers were positioned at fixed distances from the pump
and only two fixed in relafion to the tank. The distances between
the first four transducérs were chosen such that the shortest
wavelength considered during tests was well defined (the highest
frequency being the 10th harmonic). Consequently, the distance
between the first and fourfh transducers was kept below 0.5m. ‘The
pipe lengths were increased in steps until the difference between the
shortest and the longest 1lengths of 1line was at least half a
wavelength of the fundamental (lowest) frequency. In this way all

harmonics of interest were obtained.

In order to obtain representative data, mean pressure was

controlled to within 0.05 bar. In addition the Pourier anaiysis of
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each signal was performed over +ten successive periods of the
waveform. The average of five successive analyses was taken as one

result.

TESTS AT A SHAFT SPEED OF 900 rev/min

Pump E was firstly tested at a speed of rotation of 900 rev/min
and mean inlet pressures ofyl.s and 2.0 bara. The results of pump
source flow are shown in fig.6.13, where they are compared with the
outlet flow produced by the pump at 50 bar (the inlet flows are
deliberately displaced for clarity). The results show that the inlet
and outlet éource flows of the pump are of the same order of
magnitude. Furthermore, the inlet results are very similar in terms .
of the waveform shape, apart from the béckflow which occurs at the
centre of each cycle. In fact, the same effect can be noticed on the
outlet flow of the pumé, although of much smaller amplitude. This
shows that there is some volume that is transferred from the pump

outlet back to the inlet.

The inlet source impedance of the pump (fig.6.14) was evaluated
for the two mean pressure conditions. The two results, although well
defined, are quite different from what could be expected,
’particulariy wheﬁ compared to the pump outlet impedance shown on the
same figuré. Ovei most of the frequency range the inlet impedance is
much lower than the-outlet impedance, even though the volume of oil
iﬁ:bothAthe inlet and discharge passageways is virtually the same.
This suggests that a low impedance element is present which dominates
the capacitive effect. It will be shown later that air release in

the pump body is responsible for this phenomenon.

The tank impedance is shown in fig.6.15. Initially, the large
volume of oil contained in the tank was expected to result in a very

low amplitude impedance at the termination and a phase close +to =-90
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deq (section 4.2). However; the results consistently show an almost
~inductive type characteristic with én amplitude spectrum increasing
with frequency, and a relatively constanf positive phase spectrum.
The tank impedance clearly decreases in amplitude with mean pressure,
with a corresponding increase in phase. As the 25mm diameter pipe
used in the test has a Qalne of lzol=187dB, a decreasing value of
lztl (below 187dB) corresponds' to an increase in Iptl. 'This
Partially explains the larger pressure ripple values in the line at
2.0 bara mean pressure,. Indeed, in terms of the experimeﬁtal
approach, this is favourable. From the theory of the tuned lengths

method, large values of lptl are desirable for an accurate assessment

of the pump characteristics.

Some of the difficulties experienced .in the intexpretation of
- these results was at first attributed to the assumption that the
~.speed of sound in the‘fluid was the same as in high pressure - lines.
 If entrained air was present in the suction line, the speed of sound
wouid fall considerabiy {29] énd the predicteé pump and tank
charaéteristics would be incorrect. However, careful analysis of the
results revealed <that consistent and sensible characteristics could
only be obtained by aséuming that the speed of sound remained

unchanged.

TEST OVER A RANGE OF SHAFT SPEEDS

Pump E was tested at different shaft speeds for the 1largest mean
pressure possible in the suction line (2.0 bara). The aim here was
to maintain as stable a waveform as possible. Indeed, in view of the
difficulties in obtaining satisfactory repeatability at low speeds,
;n increase in pump speed will increase the amplitude of the flow
fluctuation which could well lead to a decrease ih waveform

stability. The pump was tested at 900, 1200, 1500 and 1800 rev/min



with the same 25mm diameter pipe. Although this procedure of

maintaining a common diameter pipe for different mean flows is open

to criticism, the practical difficulties involved in testing , say,
two diameter pipes would be enormous. Consequently, it must be
s understood that the pressure drop in the pump suction line will be
different for each running speed. For example, in the tests
7 performed at 900 rev/min the taﬁk outlet pressure was very similar to
pump inlet pressure regardless of the line length. The same cannot
_be stated for the case of 1800 rev/min where the tank pressufe was

0.15 bar above the pump inlet pressure when the line length was 1.8m.

Fig.6.16 shows the results of sourcé flow evaluated’ for pump E
when running at different shaft speeds. These results are compared
with the‘flow delivered by the unit at 50 bar when running at 1500
rev/min, In the case of the pump outlet, an increase in frequency

- (speed of rotation) results in an increase in -the flow ripple
amplitude. Fig.6.16, however, shows that this is not the case for

the pump inlet.

The source impedances obtained at different speeds (fig.6.17) all
follow the same trend. However, the v;riation with frequency is very
different +to +the outlet in terms of both amplitude and phase. The
amplitude spectrum is virtually constant and the phase changes from
—60 deg at low frequencies to +60 deq at the higher frequencies. The
impedance of the tank at different mean flows (fig.6.18) shows an

inductive characteristic, as in the low speed test in fig.6.15.

To summarize, the pump characteristics obtained were completely
different to those for the pump outlet and the tank impedance was
found to be inductive rather than capacitive. In order to ‘'gain a
bette; understanding of these effeéts, further tests were performed

on two other external gear pumps and an axial piston pump. The
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" results of these tests will now be discussed.

6.3 TEST OF AN EXTERNAL GEAR PUMP (pump C)

The tests presented for external gear pump E give an impression of'
pressure ripples to Dbe expected in geai pump suction lines, There
were, however, some constraints. in those tests which limited
conclusions, such as the range of mean pressures tested (up to 2.0
bara) and the difficulties inherent to testing a large sized unit
(1arge velocities in the suction iine). Consequently, a smaller size
unit of modern design was tested. This pump could be tested at a

maximum continuous inlet pressure of 3.0 bara.

The pressure.ripple generated in the suction 1line by t£is pump
followed the same pattern as pump E, althougﬁ in general the higher
harmonic éomponents were not as pronouhced. The  pressure
fluctuations were, again, very dependent upon mean iniet pressuﬁe as

shown in fig.6.19,

The inlet characteristics of fhis pump were evaluated for 1.5, 2.0
and 3.0 bara mean inlet pressures. The source flow Qenerated on the
inlet of the puﬁp under fhese conditions is shown in fig.6.21. These
results show that the three source flow traces are‘well defined.
Both inlet and outlet source flows for tﬁis pump show no evidence of
a significant 2nd harmonic'component as in the case of pump E. The
results of the source flow for different mean pressures are again
deliberately displaced in mean flow for clarity. A comparison of the
inlet and outlet flows show that the minimum flow drawn in and
delivered by the pump occur at almost the same pump angular position.
>The main difference between the inlet flow traces occurs when the
flow is a kmaximum, It appears from the figure that when the mean

inlet pressure is reduced the fluid flow does not follow +the
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- geometric displacement of the pump. When the mean pressure is large
(3.0 bara) the pump displacement is closely followed. In oréér to
examine this effect fuxther, the pump was testea at atmospheric
pressure (1.0 bara). The source flow corresponding to this condition
(fig.6.22) is wvirtually non-existent. It is unlikely that this is
the true flow ripple for the pump inlet. The results indicate that
air is being released inside fhe pump, which damps most of the
pressure ripple and this is reflected by the reduction in the
predicted flow fluctuations. It 4is extremely wunlikely tﬁat
cavitation is occurring in this case as this would almost certainly
have been accompanied by an increase in air borne noise and a loss of

output flow. Neither of these occurred.

The mean inlet pressure was raised up to 5 bara for short periods
»of time for air borne noise measurements. The results presented in
fig.G.éd correspond to the air borne noise ‘levels measured at a
distance of 1m from the pump (on the inlet side), when the pump was
running at 1500 rev/min. Several combinations of mean inlet and
outlet pressures were tested and the results demonstrate clearly that
the increases in air borne noise levels due to variation in mean
outlet pressure are as significant as the increases due to mean inlet
pressure, In fact, when the mean inlet pressure was increased by 2
bar the air borne noise levels increased by as much as when the mean
outlet pressure was increased by 150 bar. Another interesting point
is that increasing the mean pressure above 3 bara produced virtually
no further increase in the air borne noise levels (fig.6.20).

Assuming that air release does not occur above this pressure, the
source /flow fluctuation would be maintained at a constant level (as
on the outlet 1line). Since the amplitude of the reflection

coefficient at the +tank has a value very close to unity, then the
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’ ﬁressure fluctuations in the line would remain virtually constant.

Further tests were carried out using a pump of the same batch as
pump C (designated as pump C'). It was decided that as air release
appeared to be the causerf the reduction of inlet source flow in
pump C, the fluid should be partially deaerated before testing
commenced. Under these conditions the fluid would at all +times be
undersaturated, reducing the possibility of air release. The partial
deaerafion was performed by running the pump for 30 mins at a mean
inlet pressure of 0.5 bara (well below the lowest mean test
pressure). Obviously, it was necessary to run the pump at this
condition after each pipe change. For each pipe length selected the
pressure was then raised to 1.0, 1.2 and i.s bara‘respectively. In
order to prevent significant ingression of air into the gystem the
time for each test was keptﬂas short as possible. The mean pressure
was not raised above 1.5 bara for the same reason; The results of
these tests, are shown in fig.6.23., Previous tests on the delivery
of this pump had shown that +the outlet flow ripple exhibited a
distinct}backflow which variéd with mean outlet pressure (in much the
same manner as pump E). This effect alsoﬂappears on the pump inlet,
again in much the same wéy as occurred with pump E. It is clear that
for pump E and pump C', a volume of o0il passes from the outlet éide
of the pump back to the inlet independent of the geometrical
displacement of the pump. In addition to this phenomenon, there was
a congiderable difference in the amplitude of the fluctuations
compared to those obtained with pump C (see fig.6.22 and the results

at 1 bara in fig.6.23, for an example).

These two effects can be examined quite separately. Clearly,
there is a basic difference in the two pump flows irrespective of the

air content or the mean pressure setting, even though the pumps are
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from the same batch. This may be explained by a detailed study of
the tolerances on the relief grooves machined in the pump bushes.
The relief grooves are machined to relieve the pPressure from the
meshing-teeth towards the optlet line. The grooves are positioned to
leave this process until as late as possible. The size and position
of the grooves is limited by the need to prevent direct leakage from
the outlet 1line to the inlet (fig.6.24). In general, pump relief
grooves are machined to achieve a certain amount of underlapping (25A
Mm). This prevents sharp pressure peaks occurring in the ouflet
line. Even if the bushes on different pumps are machined within the
same tolerances, togethér with the gears, it is always feasible that
the bushes might be positioned at a slightly different> position
(bushes are manufactured in two halves) creating a"differe;t sealing
length. Furthermore, pressure relief occurs twice every pumping
cycle and the same tranéfer of flow to the inlet can be observed at
the point of minimum flow taken in by the pump. This éan be seén in
fig.6.25 where the actual inlet flow at 1.5‘bara mean pressure is

compared with the pump geometric displacement.

Consider now the behaviour of pump C' when tested at low mean
inlet pressures with bartially deaerated o0il. It was found that
under such’conditions, the pressure ripple in the line was much more
stable than for pump €. 1In addition, the flow ripple was much larger
when the o0il was deaerated. This is a further argument for the
existence of air release in the pump inlet passageway of pump C,
although of course in microscopic proportions as no decrease in mean

outlet flow was observegd.

The source impedance results for pump C (fig.6.26) are similar to
those evaluated for pump E although of sliéhtly highex magnitude.

This is to be expected since pump C is much more compact than pump E
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" and therefore has a smallgr dead volume. For pump C', however, the
amplitude spectrum (fig.6.27) decreases with frequency (excluding 5th
harmenic). This is closer to the characteristic associated with +the
outlet of the pump and should be expected if air release effects are
less pronounced. The phase still shows quite unexpected values,

pProbably due to small quantities of air still being released.

6.4 TEST OF AN AXIAL PISTON PUMP (pump A)

The axial piston pump (pump A) whose outlet characteristics were
pPresented in chapter III, was tested in order to evaluate the source
flow fluctuation and source impedance at the inlet. As the unit had
variable swash setting, and could be rxun as a pump as'well as a
motor, it offered considerablé potential for an investigatioh of
inlet 1line Dbehaviour. Indeed,’it was possible to test the suction
line under different flow conditions and different mean pressures

without tight limitations.

TIME DOLﬁ\‘IN ANATYSIS
- The timeldomain signals‘recorded on the inlet line to +the piston
pump (fig.6.29) show that there is a marked similarity to the time
signals recorded on the outlet of the pump (fig.2.1). In fact, kif
‘the inlet pressure fluctuations are in;érted iti is wvirtually
impossible to distinguish inlet pressure ripple from outlet pressure
ripple. Indeed even the peak—-to-peak amplitudes are similar. The
pressure peaks which occur in the suction line are due to the
decompression of the dead volume of o0il in the cylinder as the piston
passes from outlet to inlet. Consequently, the pressure ripple in
the suction line is not only dependent upon mean inlet pressure, as

shown in fig.6.29, but on mean outlet pressure, as well. Apart from

these two facts, the pressure signals presented a similar behaviour
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" to that experienced with pump E, such as loss of stability of the
waveform at low mean pressures accompanied by loss of definition of
the high frequency components. There is little change in the shape

of the waveform for pressure above 3 bara.

PISTON PUMP INLET CHARACTERISTICS

_Pump A was tested using the tuned 1lengths method at +two swash
settings and five mean inletbpressures (1.0, 1.5, 2.0, 3.0, 4.0 and
5.0 bara). The results of'source flow fluctuations for a range .of
inlet pressures were evaluated and are shown in fig.6.30. The
results for both full and half swash settings are’ mainly
cﬁaracterized by the<sudden reduction in flow being taken in by the
pump. This is due to the decomprgssion of the Qolume of 0il in the
cylinder and, as expected@ from the discussions in chapter IV, the
backflow is laréer at half swash setting. As the backflow is also
dependent upon the differencg betweeﬁ mean outlet énd inlet presSurés
the results at different inlet pressures show ver§ small but definite

reductions in backflows..

This can be seen more clearly in fig.6;31 thch shows the
magnitude of +the backflow as a function of the mean inlet pxessure.-
The size of backflow for thé haif swash setting is larger +than for
the full swash. As the mean inlet pressure is reduced; the backflow
increases until a maximum is reached. This strongly suggeéts that at
inlet pressures below this, air release tends to damp out the flow
fluctuations. Furthermore, +the inlet pressure at which this occurs
is different for the two swash settings. This seems to indicate a
greater possibility of air release occurring at the lower of the two
mean flows. This is somewhat surprising and means that the existence
of air release is more likely caused by the magnitude of the flow

ripple rather than by the mean magnitude of the flow level.
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The results of pump inlet source impedance at full swash are shown
in fig.6.32). For low pressures (1.0 bar test) the spectrum is very ‘
clogse to the characteristics presented for pumps C and E. However,
at the higher pressures, 5 bara for example, the spectrum is very
similar to the pump outlet characteristic (fig.3.19), and is typical
of a lumped volume; Similar spectra were obtained from the results
at half swaéh, although these exhibited considerably more scatter for
the lower mean pressure tests. In this reépect, the behaviour was
similar +to the source flow results. The results of impedancé at the
larger mean pressures again have amplitude and phase values,

corresponding to a capacitive impedance.

The spectra of the tank impedance (£fig.6.34), for the 1tests at
half swash (24%/min), are very similar to the results from the other
~pumps tests. This indicatgs that in all cases air release ~did not
occur in the suction 1line, otherwise +the calcqlation of the
termination impedance would be affected. In addition, the results in
fig.6.34 show that there is a variation of impedance with pressure in
much the same manner as in the gear pump tests. Furthermore, the
results of the tank impedance obtained from tests at full swash
(472%/min) were very simiiar to those at half swash (242/min), but . of

a slightly lower amplitude.

ATR BORNE NOISE

Air borne noise tests performed on the system when pump A was
running at different mean inlet pressures produced results quite
different from those obtained in gear pump tests. It was noticed
that when the inlet pressure was reduced the system became gquieter. -
Decreasing the mean pressure to very low values, however, increased
again the air borne noise levels so that at 0.3 bara the system was

20 dBA noisier than at atmospheric pressure. When the pressure was
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increased above 2.0 bara the air borne noise measurements did not
chaﬁge appreciably. This ‘behaviour can be explained from the
consideratioﬁ of pump inlet characteristics. When the mean pressure
in the inlet line is increased the pump inlet flow ripple decreases,
tending to lower pressure ripple ievels. However, the increase in
mean pressure also results in a small decrease in the amplitude of
the tank impedance, which in’ turn increases the termination
reflection coefficient. These two effects tend to cancel each other,
keeping the fluid borne noise level at a fairly constant value. ﬁhen
air is being released inside the pump, however, both source flow and
the tank reflection coefficient are reduced and the fluid pressure

ripple in the line is lowered considerably.

€.5 MODELLING TANK IMPEDANCE

The large volume of the fluid present in the tank ~was initially

expected to produce a capacitivé impedance, given by the equation,

7, = &L ‘ | (6.1)

where: VT ~ tank volume [m3]

For the very large volume of oil present this eqdation gives very
low values of impedance amplitude with a corresponding phase of —-90
degrees at éll frequencies. . The amplitude decreéses with frequency
éf 20 dB/decade. As at these low values, Iztl is smaller than Izél,

| the corresponding reflection coefficient assumes a magnitﬁde close to
unity and a phase between 170 and 180 degrees. The +tank impedance
evaluated from the tests, however, corresponds to a tank reflection
coefficient with of unity magnitude but with a phase of around =170
to -180 degrees. At first sight there appears éo be a considerable

difference between the two reflection coefficientsT This is simply
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" because of the convention employed for defining phase angles (i.e.
—-180. to +180 deg). If a phase range of 0 to 360 degrees was
employed, for example, it becomes clear that there is only a small

difference between the two coefficients.

In order to account for the differences between theoxry and
experiment it is necessary to refer to the work of Rayleigh [49],
concerning open ended pipeé. Rayleigh found that the actual
reflection does not occur at the physical end of the pipe,‘but a
short distance beyond the end of the line. This is due >to the
impossibility of AChieving zero pressure fluctuation conditions
within the limits of the pipe. .Such an occurrence would imply the

flow fluctuation at that point would be infinite.

This effect can be incorporated in the theory by assuming that the
reflection occurs a short distanée inside the tank, and that this can

be represented by a pipe of length £.
Using eq.2.11, which gives the entry impedance to a line terminated

by a component of impedance Zt'

Zt + 2 3 tan(wt/a)
Z_ =z 2 : (6.2)
E o Zt j tan(wi/a) + Z, ’

assuming that the length of line is very short, tan (wl/a) = wl/a and,

Z, + 23 (wi/a)
Zp = Z t o : (6.3)
Z, J (wi/a) + z

and if the termination is a volume (eq.6.1), then

(B/(3wV)) + 2, 3 (wi/a)
Z, = z (6.4)

(BL/(va)) + 2

For large volumes, the capacitive term is very small, and it was
found that a 1length of about 0.1m was necessary to change the
impedance of the termination from inductive to capacitive for all
harmonics, The highest hafmonics became capacitive in nature with

even shorter lengths. Hence, the reflection does indeed occur a

-~
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short distance inside the tank.

6.6 CONCLUDING COMMENTS ON PRESSURE RIPPLE IN UNBOOSTED SUCTION

LINES

The results presented in this chapterxr have shown that pressure
ripple exists in suction lines in the same form as in the discharge
line of positive displacement pumps. In fact very Jlarge pressure
fluctuations were recorded in the suction line of both external gear
and axial piston pumps, with peak-to-peak values of up to 5 bar and
instantaneous values as loﬁ as 0.1 bara. These fluctuations of'
pressure occurred at mean pressurés above atmospheric and, although
very low instantaneous pressures were recorded, no evidence of air
release was encountered. The air borne noise radiated from a system
was significantly affected by the mean pressure ;n the inlet line.
It was found that when the mean pressure in the suction line, was
increased thé air borne noise also increased. Consequently, the need
to increase pump inlet pressures to prevent cavitation has an adyerse

effect on the noise generated by the system.

In general, the suction line of a pump can be described in fluid
borne néise terms as having a very large reflection coefficient (+15t
at #he souice and a -1 reflection qoefficient at the termination. a
typical example of the resultant standing wave pattern created in the
line is sﬁown in fig.6.35. This figure‘shows the standing wave
generated by the second harmonic component of pump A when the mean
inlet pressure is 5.0 bara. For the lower harmonics, the pressure
fluctuations close to the tank are always small. This implies that
if ‘the tank i3 positioned close to the pump, the pressure
fluctuations at all points in the line will be low. At the higher

harmonics, there will almost certainly be a resonance in the line,
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even when the line is short. However, for a given inlet pressure

this is the best configuration to minimise air borne noise.

When testing the inlet characteristics of two gear pumps of the
same batch, considerably different results were obtained, showing
that the instanténeous flow admitted by the pump is very sensitive to
small differences in the machining~of relief grooves. Furthermore,
the air content of the fluid at low mean pPressures can determine the
level of fluctuations present in the suction line. When one pump was
tested with partially deaerated fluid at low mean pressures it was
found that the source flow of the pump was not significantly‘affected
by mean pressure. When another similar pump was tested underx the
same mean pressures without deaeréting the fluid the pump socurce flow
was very dependent upon mean pressure. This was also reflected in
-reduced pressure ripple levels. Consequently, it is important from

‘the fluid borne noise point of view to run pumps at the loweét' mean
inlet pressure possible without running into cavitation problems.
For this purpose a pressurized tank seems to be an ideal solﬁtion due

to the ease with which suction line pressure can be controlled.
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(a) 1 bara mean pressure ) (b) 2 bara méon pressure

Fig‘. 6.7 Repeatability of time domain pressure signals in the
suction line of pump E (n=900 rev/min)
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Flg 6.19 Pressure ripple variation with mean inlet pressure,
for pump C (measured close to the pump inlet flange)
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Fig. 6.20 Air borne noise results for pump C
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Fig. 6.29 Pressure ripple generated at @ point in the suction line
of axial piston pump A for varying mean pressures

(n=1500 rev/min ; outlet press= 100 bar)
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MAGNITUDE OF BACKFLOW AS A
DEVIATION FROM MEAN FLOW
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Fig. 6.31 Variation of backflow generated by pump A
with mean pressure
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CHAPTER VI

EXPERIMENTAL WORK‘ ON BOOSTED SUCTION LINES

7.1 - REVIEW OF PREVIOUS WORK
7.2 - TEST RIG

7.3 — THEORETICAL MODEL

7.4 — EXPERIMENTAL TESTS

7.5 — EVALUATION OF BOOSTED PUMP CHARACTERISTICS

7.6 — MODELLING INLET SOURCE IMPEDANCE

7.7 — PREDICTION OF PRESSURE RIPPLE IN A BOOST SYSTEM
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7.1 REVfEW OF PREVIOUS WORK

In an earlier work, the author presented the results on tests on
the suction line of an axial piston pump when boosted by an external
gear pump [11]. This work provided - considerable information about
the behaviour of pressure ripple in the boost line of a piston pump.
It was fqund that two waveforms were present in the line, one
genérated by the hoqst pump outlet (external gear pump G) and qnother
produced by-the boosted pump inlet (axial piston pump A). Under most
conditions the gear puﬁp generated waveform was found to be dominant
in determining the overall preséure signal. The ‘piston égmp
generated waveform was mainly characterized by 'spikes' occurring at
piston frequency intervals. Fig.7.1 shows an example of ’pressure
signal measured at a point in the boost line (designated '‘both'),
- when the mean pressure was 4 bar. The two waveforms desiggatéd * pump
A' and 'pump G' are the two waveforms generated gach pump alone at‘
that poinﬁ. The third signal results from the sum of the first twé.
In general, the levels of the amélitude of the waveform increased
considerably with mean boost pressure and peak—to-peak valﬁes of over
20 gax were recorded when the mean boost pressure was 19 bar. The
piston pump generated waveform wasvfound to be dependent wupon both

mean boost and mean piston pump outlet pressures.

In this work, considerable difficulty was found when attempting to
measure the characteristics of the two pumps. This was mainly due to
the problems involved in applying the extended pipe length method

(section 3.4.1) to a system containing two flow ripple generators and
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a branch line (for the relief valve). The method required the use of

many different pipe lengths between boost and boosted pumps. As each
pump was driven by a separate electric motor the use of rigid pipe
connecting the two structures resulted in mechanical vibration of the
pipe. Furthermore, each new line length connected involved moving
one of the pumps away from the other. Due to the extehsive work
involved in this process only a limi£ed numbexr of line lengths could
be testeqd. When the theoretical analysis was performed the predicted
pump characteristics showed scatter. This was particularly true wheﬁ
determining the characteristics of the piston pump at the higher
harmonics. This was attributed to the use of the gear pump generated
ripple as the 'excitation' for the determination of the pistqn pump
characteristics (as in 'pump-motor' systems, section 2;5.2). As the
higﬂ frequency content of gear pump generated waves is very small, it
is easy to conclude that very ‘large errors can be incurred when

predicting component characteristics under these circumstances.

The work presented below is aimed at solving the theoretical and
practical difficulties experienced when studying pressure ripple in

boosted suction lines.

7.2 TEST RIG

The rig used for testing the boost line of axiai piston pump A was
fundémentally different from that of early work. Both boost and
boosted pumps were mounted on the same drive shaft, eithe; side of an
electric motor (£fig.7.2). With this solution the whole test rig was
assembled on a single structure. This does have the disadvantage of
requiring a 'U' shaped boost line. However, from previous experience
(section 2.5.3) this should not constitute a problem if the bends

used have réasonably large radii. In this study, the bends used were
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of about 0.3m radii, which was considered to be sufficiently large.

An axial piston pump (pump F) was used as a boost pump to avoid
the difficulties associated +to the use of gear pumps, as mentioned

above .

The relief valve was mounted close to the boost pump at all times
and the 1length of line was varied by increasing the ‘depth' of the

‘g’ shapel(fig.7.2).

Pour piezoelectric transducers wexe attached to the boost line, as
shown in fig.7.2. The mean pressure in the boost line was varied by
- the setting of the relief valve, which exhausted the excess fiow

delivered by the boost pump.

7.3 THEORETICAL MODEL

A boost system can be-modelled by considéring the existence of tﬁo
flow ripple generators and a bfanch line<{fig.7.3a). If the purpoée
of a test is to evaluate-the characteristics of one of the sources
only (boosted pump in this case), the model can be simplified Dby
arranging for the br#nch line to be wvery close to the other source.
Tﬁis enables the source and the branéh ling to be considered as one
lumped element with ‘chaiacteristics Qs" & Zs" evaluated at the
junction (fig.7.3b). 1In this manner the system ‘is reduced to the
equiéalent of a 'pump;motor' system. If the harmonic frequencies of
both sources are not coincident, the frequency components of +the
pressure signal in the ﬁoost line can be found at the harmonics of
each source pumping frequency. The boost system can, therefore, be
considered to be constituted by twe independent simple sub-systems A

and B (fig.7.3c). The source impedance (Zs) in sub-system A can be

determined either as the source impedance of that sub—system or as
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the termination of sub-system B. Obviously the two spectra results

should be identical.

7.4 EXPERIMENTAL TESTS

The two pumps used in the boést system had different numbers of
pumping elements, As they were driven at the same shaft speed, the
different number of elements assuréd difﬁerent frequencies for most
'harmonic components, Pump A had 7 pistons and pump F had 9.. This
means that the frequehcy éf the 7th harmonic component of"the bcést

pump (pump F) coincided with the 9th harmonic of the boosted pump

(pump A}.

The system was tested at different mean boost pressures (4,i0,20
bar) and two mean discharge pressures (100 and 150 bar). An example
" of a pressure signal in the boést line is shown in fig.7.4 when the
boost préssure was 10 bar and fhe discharge pressure was 150 baf.
_This signal was measured close to thé bodsted pump inlet when the
length of liﬁe betyeen the two pumps was 1.8 m. In contrast to the
studies reported in [11], it was’found that the boost pump generated
wgveform was not, in general, the main component of the overall
pressure waveform. This is to be expected; unlike>an external gear
pump a piston pump outlet flow ripple is very dependent on mean
pressure. As for this study the.boost pump works at very low mean
pressures its source flow fluctuation is very émall compared to its -
behaviour at higher mean pressures. The flow fluctuation is also

small compared to an external gear pump of the same capacity.

As in the previous studies [11], the pressure ripple in the boost
line was found to be quite dependent upon mean bobstvand discharge
pressures. At lowest mean pressure (4 bar), however, it was found

that the xrelief valve was exhibiting some'instability, due to the
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. combination of very low flow passing through it and the low pressure
conditions. Hence, +the pressure ripple was not as repeatable as at

the higher mean pressure settings.

7.5 - EVALUATION OF BOOSTED PUMP CHARACTERISTICS

"The inlet characteristics of bump A were evaluated for all
combinations of +the following conditions: 10 and 20 bar mean boost

pressure and 100 bar and 150 bar mean discharge pressure.

The inlet source flow evaluated Qhen the discharge pressure was
100 bar is shown in fig.7.5. The results presented for 10 and 20 bar
" mean boost pressure follow exactly the same pattern but fér the
amount of backflow, which increases at the lower mean boost pre;sure.
This was, in fact,kalso found when pump A wasltested under unboosted
 .09nditions (£ig.6.30). Fig.7.5 shows, however, a fu¥ther very
ﬁimportant detail: in Chaptex IV»it was shown that for a piston puﬁp
with an odd number of pumping elemehts there was an underlying ripple
at twiée pumping frequency (fig.4.5). This can be seen in fig.7.5 as
a minimum in between each pair of backflows. When the pumpiwas
tested at 150 bar mean discharge pressure the source flow results
obtained (fig.7.6) were still very similar to the previously shown in
fig.7.5, apart from the expected increase in backflow due to the
larger decoméression of,the dead volume as each pigton opens to 'the

inlet line.

Tt was stated earlier that the pressure waveform in the boost line
was very dependent upon mean boost pressure. This was true for both
~the boos£ and boosted pump generated waves. Although it is obvious
that the boost pump generated ‘wavefdrm should increase with mean

.

pressure, due to the larger boost pump source flow, the same cannot

be said about the boosted pump. The boosted pump source flow
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actually reduces ité amplitude with increased mean boost pressure
but, in fact, the pressure waveform is increased due to the larger
increase in the relief valve impedance' with mean pressure. This
point is vexry important to consider because under ideal conditions
the flow through the relief valve is low (to save power) and hence

the impedance is high. This results in large pressures ripple in the

line.

The inlet impedance results of pump A were obtained in two
different ways, as explained above. wWhen the boosted pump was
considereé as a flow generator, its source iﬁpedance was as presented
in figs.7.7 and 7.8, respectively for 100 and 150 bar outlet
pressure. Both results are virtually identical, although show a
certain amount of scatter. Nevertheless, the amplitude spectrum is
very similar to that of fig.é.az'when pump A was tested unboosted at
5 bara mean pressure. The inlet impedance of the boosted pump.  was
evaluated as the termination of the sub-system which has as flow
generator the boost pump, and the results are shown in fig.7.9.
These results show considerably less scatter than figs.7.7 and 7.8
for the very same pump characteristic. This is not surprising as it
is known that the evaluatién of termination impedance is always more

accurate than the determination of source impedance (section 3.6.3).

7.6  MODELLING INLET SOURCE IMPEDANCE

 In chapter VI it was stated that the inlet impedance of piston
pump 'A showed a mainly capacitive characteristic. In fact, pump
impedances are more accurately modelled if inductive effects are also
included. In this case, the impedance of a pump (Zs) is represented

by:
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+3ip S (7.1)

where: A - cross sectional area of pump discharge passageway [m?]

j — complex number operator

VP- internal volume of pump ( [ma]
2 - length of pump'discharge passageway [m]
8 - bulk modulus of fluid . ‘ [Ns/m>]
p — density of fluid [kg/m3]
w - frequency ' {rad/s]

The internal volume of the inlet and outlet chambers of pump A
were measured by filling each chamber completely with fluid and
_measuring its volume. The results for 5oth the inlet and outlet were
38 cm3. Assuming that the pump inlet passageway can be represented
by a length of line £ of cross sectional area equal to the pump port
size (17.5 mm diameter), eq.7.1l was used to to plot the prediction of
Zs on fig.7.9 (solid line). The’corresponding’length of passageway
was 6 cm. The agreement experienced in fig.7.9 is quite remarkable,
particularly because such agreement could notnrbe found when
predicting the outlet impedance of the same pump. Knowing that the
velumes of both inlet and ourlet chambers are equal, the inlet and
outlet impedances should be identical apart from considerations of
bulk modulus variations with mean pressure. In fact, this would
result in marginally increased impedance on the pump outlet, in
relation to the inlet. The outlet impedance that was evaluated for
pump A (fig.?.io) was in reality lower than the inlet impedance, and
the volume to which the outlet impedance corresponds is 52 cm3 and
. the length of passageway is 2 cm. This is represented by the solid
in fig.7.10. Even when pump A was tested as a motor (f£ig.3.22) the

impedance at the lower harmonics did not reach values as large as

those presented in fig.7.9. However, at the higher harmonics +the
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values of impedance were virtually the same. The odd behaviour of
the impedance values on the pump outlet could not be explained. From
the results it appears that the outlet chamber has a volume larger

than that measured.

In conclusion, the inlet source impedance of pump A was found to

be very close to that predicted from the passageway geometry.

.'7.7 PREDICTION OF PRESSURE RIPPLE IN A BOOST SYSTEM

Having found that the experimental tests performed on the boost
system provided satisfactory results for the éharacteristics of the
boosted pump, a computer model of the system was developed in order
to predict the  pressure ripple at any point in a boost 1ine; The
boost line was characterizeé by two flow genetatoré and a valve at

- the end of a branch line.

Since the boost pump and relief valve had not béen tested as partVf
of the boost 1line work, the tuned length method was used to test
individually boost pump F and valve B under the exact conditions met
in thé boost system (same mean flow and meaﬁ pressure). The values
of the characteristics of thé boost pump, boosted pump énd relief
valvé were, then, used as dafa in the computer program. An example
of the results is shown in fig.?.ll. This figure shows a comparison
betwgen the experimental results acquired when testing the boost line
and the corresponding computex prediction. In both cases, the traces
presented are ‘a synthesis, combining the first six harmonic
components of each flow generator. Although the experimental and
. predicted +traces are not identical in shape there 1is a strong
similarity and a definite agréement in terms of peak-to—peak
amplitude qf the waveform. It must be emphasized that perfect

agreement of the experimental and predicted waveforms would mean an
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accurate reproduction of the amplitude and phase of all six harmonics
of both pumps. Bearing this in mind, the prediction must be regarded

as quite satisfactory.

of course, in £fig.7.11 two waveforms are summed +to produce the
results, For completeness, fig.7.12 gives é comparison of the
experimental and predicted traces of only one of the waveforms (the
boosted pump generated waveforﬁ). Again, the shapes are not
identical but the prediction of the amplitude of the waveform is
accurate. A comparison of figs.7.11 and.7.12 shows that, from the
pressure ripple point of view, it is much better to have only one
generator in a pump suction 1line rather than two. This again
strengthens thé case for the use of a pressurized reseryoir whenever

pessible.

‘It was stated in chapter VI that if the fluid was saturated with
air at the conditions present in the inlet line, then air releaée
occurred in the pump. This in turn, reduced the pressure

fluctuations in +the line, ﬁut did not affect volumetric efficiency.
This will not be the case in boosted sgstems because the £fluid
passing from the tank to the boost line becomes undersaturated due to
the increase in pressure. Moreover, using q_pressurized reservoir
obviates the need for a relief valve in the 1line which further
reduces the air borne noise generated by theAsystem. In terms of
powe£ requirements, particularly in variable swash pump inlet 1lines,
the use of a pressurized tank is also far better than a boost pump,

as no power is wasted.at any time.
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Fig. 7.1 Example of pressure waveform in a boost line composed of a gear
pump boosting a piston pump. The two top traces show waveforms
generated by each pump individually (boost press.=4 bar)
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Fig. 7.2 Test rig used for boosi system analysis
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Fig. 7.4 Example of pressure waveform in a boost line composed of a piston
pump boosting another pision pump. The iwo lop traces show waveforms
generated by each pump individually (boos! press.=10 bar)
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CHAPTER VI

CONCLUSIONS

8.1 - THE TEST METHOD
8.2 - PUMP INLET TESTS
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8.1 THE TEST METHOD

An experimental test method has been developed to enable the fluid
borne noise characteristics of hydraulic components to be evaluated.
The £echnique, named the 'tuned length method', was applied to high

pressure and low pressure hydraulic lines.

The implementation of the method was carried out with the
assistance of an interactive digital computer program which provides
advice on suitable conditions under which components can be tested.

_The method was used to evaluate the characteristics of both active
:components (pumps and motors) and passive components (valves and a

hydraulic tank).

Due to the intrinsic theoretical basis of the +test method, the
evaluation of the characteristics of tﬁe components terminating the
system is bound to be more acéﬁrate than the evaluation of the source>
impedance. The prediction of the scurce flow was always found to be
very consistent with the results obtained from other test method and
aléo with theoretical models. Provided that the mean pressure in the
system was above atmospheric the method still proved +to be wvalid,

showing that plane wave propagation theory could be applied.

The tuned length method has, nevertheless, an inherent practical
difficulty, which is the need to test a system several times, using a
number of different lengths of line. This makes the method laborious
and prevents it from beigg regarded, in its present form, as a

Standard Method of +testing £fluid borne noise characteristics of
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hydraulic components (active and passive). However, in view of the
potency of the technique, it is recommended that further work should

be devoted to find means of simplifying the test procedure.

8.2 PUMP INLET TESTS

Tests have been performed on the suction lines of external gear
pumps and axial (piSton pumps. VThese tests have shown that the
unsteady flow taken in by the pump créates a pressure standing wave
in the inlet line in mﬁch the same manner as in high pressure lines.
The pressure standing wave 1is extremely sensitive to the mean
pressure level. As the pressure in the suction line was reduced
below atmospheric, the pressure fluctuations became quitg small - and
unstable, Incréasing the pressure, reétbred waveform stability and
also 1increased pressure ripple amplitudes considerably. These
variations in pressﬁre ripple levels with mean pressure are
completely different +o those observed in outlet 1lines. For
instance, in the case of an external gear pump, the fluid borne noise
charac£eris£ics of its outlet do not vary significantly with system
pressure. Consedquently, any changes in pressure ripple .1evels with
mean pressure are almost éntirely due to change in loading valve
characteristics, rather than chanées in pump characteristics, This
is not the case with the suction line of an external gear pump. It
waé found that at atmospheric preééure the flow ripple produced by’
the pump on its inlet was very much reduced compared to that produced
at higher mean pressures. This suggested that air release occurred
at some instént in the induction stroke of the pump. No evidence of
air being released in the sSuction line (before reaching the pump '
inlet) exists, since wave propagation theory was shown t; be still
valid under these conditions. This appears to be true despite the

fact that instantaneous pressures near absolute zero were recorded at
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several points in the 1line with mean pressures well above
atmospheric. No damping of tge pressure waveform occurred as a
consequence., ‘It appearsAthat the pressure transients are too rapid
for air release to occur (less than 0.1 ms). Purther confirmation of
air release occurring inside the pump inlet passageway was obtained
by carrying out tests on a pump using partially deaerated oil. The
instantaneous flow takeﬁ in by the pumé did not show the same strong ‘
dependence on suction pressure as in the case of previous tests.
This - implies that under normal suction conditions the spaces between
teeth are not t§ta11y filled with oil. Although this has a
_considerable effect on fluid‘ bornel noise levels, the volumefric

efficiency of the pump is virtually unaffected.

The results obtained for external gear pumps were obtained at
inlet pressures up to 2 bar. Tests at pressurés above this level
were not possible due to pump design limitations. However, the same
limitations did not apply‘when>performing tests on an axial piston
punmp. Tests on the inlet of an axial piston pump presented a éimilar :
pressure ripple behaviour as observed in the tests on external gear
pumps . At 1low mean pressures the predicted flow fluctuation
generated by the pump d4did not-follow the same pattern as at higher
mean pressures., It was in fact damped. This, again, indicated the
existence of air release inside the pump. The amplitude §f flow
fiuctqations was found, as e#pected, to increase with decreasingv,
swash plate angle, BAn important point emergiﬁg from the resulﬁs is
that the possibility of air release in the inlet of the piston pump
is more dependent upon the flow fluctuation generated by the pump

‘rather than the mean flow taken in.

v

Levels of air borne noise generated by the system increased with

increasing pressure ripple 1levels in the inlet line, which in turn
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wexre dependent on mean inlet pressure. In the case of an external
gear pump, for instance, the inc;ease in air borne noise caused by a
2 bar incxease of mean inlet pressure was as large as.that causeqd by
a variation of 100 bar in the pump discharge 1line. This is
particularly important and calls for effective means of reducing
pressure ripple in pump suction lines, especially at a time when in

. many applications pressurized reservoirs are becoming more and more

popular.
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COMPUTER PROGRAM DOCUMENTATION

FOR SUBROUTINE "fluid_prop.fortran"

Library Classification

BENGF fluid_prop.221.01

TITLE- EVALUATION OF PROPERTIES OF SHELL TELLUS OIL 27

New Fortran_5a Multics : 25/2/80
No special hardware requirements

Author : P.Freitas

Purpose — To evaluate density, dynamic viscosity and effective bulk
modulus of fluid in pipe at desired temperature and mean

pressure.

Associated Subroutines — An inbﬁilt subroutine daf evaluates the D&w
and Fink density factors [50)].
When used in wave propagétion programs the subroutine output is
uéed as input information for subroutine gaﬁma_zo, which
evaluates the wave propagation constant and line chéracteristic

impedance.

Al]l variables transferred via argument list:

call fluid_prop(p,t,idia, th,denp,mup,beff)
All variables are real

Input Information(via argument list) -

p - mean pressure [bar]
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t - mean temperature {cl
1dia - internal diameter of pipe fm]}
th ~ thickness of pipe wall [m}

Output Informatién (via argument list)
denp - dens. of oil at press. 'p' and temé. 't [Kg/ms]
mup -— dyq.v;sc.of oil at pres.'p’' and temp.'t’ [Ns/m2]
beff ~ eff. bulk mod. of oil in pipe [N/m%}

Limitations and Accuracy of Program - Single precision ai1s
throughout |

No Inbuilt Error Messages

Storage : 1 Record length

PROGRAM ACTION AND ALGORITEM

used

The program calculates the properties of Shell Tellus Oil 27
using general férmulae appropriaté to all mineral oils. The
initial wvalues and cdnstants were eQaluated to match the
experimental results given ink the manufacturers data charts.
The results at atmospheric pressure and 352Kg/cm2 (345bar)bwere
used throughout to check agreement between the general formulae

and experimental results.

a) Evaluation of Density

1) Variation of density with temperature (Fig.Al.l):
The density of a mineral oil decreases linearly with

temperature, according to the egquation:
dent = den — C * ( t - 20 ) (Al.1)

3
density at temperature t [Kg/m™ }

where: dent
3
den - density at 20 C [Kg/m )

t ~ temperature {ci
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c — constant
From Fig.Al.l : den = 870.0 Kg/m?
(at atmos. press.)’ C = 0.625

ii) Variation of density with bressure (Fig.Al.l):
The variation of density of hydraulic oils with pressure ais

determined by the DOW-FINK equatioﬁ is0] :

2
. x
denp = dent * 1 + —EE—-—P___ - bb * p (A1.2)
6.895%10 2 (6.895%10 %)%
where: denp - density at temp. t and pressure p [Kg/msj

aa,bb— Dow-Fink density factors

p - pressure [bar}
Thé Dow-Fink density fac;ors are a function of temperature, as
showﬁ in Fig;Al.Z.
The density at 345 bar (deﬁh) is calculated in ;rder ’tq
evaluate, in the following section, the dynamic viscosity of the
fluid at that pressure.

Fig.Al.3 presents the résults of density produced by this

routine for commonly used values of temperature and pressure,

b) Evaluation of Kinematic and Dynamic Viscosity

The variation of the kinematic viscosity of the £fluid with
temperature, shown in Fig.Al.4, follows the MacCoull—Walther
equation [50]:
(ArB*loglo(t+273))
log., (nu-0.6) = 10 (Al1.3)
10

where the constants A and B are evaluated in order to follow the
‘experimental values (Fig.Al.4) at atmospheric pressure and 345

bar (352Kg/cm2).

At atmos. press. Al = 10.67 and Bl = 4,213
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at 345 bar A2 = 8,245 and B2 = 3.218

The dynamic viscosity is given as the product:
mu = dent * nu (at temp. t and atmos. press)

or muh = denth * nuh (at temp. t and 345 bar)

The variation of dynamic viscosity with pressure is given by

[51]:

2 2 :
( 1°910 ky, ) = 1°910 £y ) +m*p ~ (Al.4)

where m is a function of oil temperature. As the dynamic
viscosity is known at temperature t for atmos. pressure and 345
bar, m can be evaluated. However, for this oil it was found that
the results of equation Al.4 coincide with the resﬁlts of the

following equation:
mup = mu +'( mup - mu ) * p / 345, (A1.5)
where: mup — dyn. viscosity at temp. t and press. p

In Fig.Al.5 a plot of the results of kinematic viscosity of the
oil is presented for varying temperature and pressure. Fig.Al.6
shows, for the same conditions of temperature and pressure, the

values of dynamic viscosity.

¢)  Evaluation of Bulk Modulus

The value of bulk modulus required for wave propagation studies
is thé isentropic +tangent bulk modulus, as the pressure
fluctuations are rapid, occurring around a constant mean level
of pressure. However, the charts currently available refer
only to values of isentropic secant bulk modulus, as shown in

\

Fig.Al.7.
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i) Variation of bulk modulus with température (Fig.A1.7):
The bulk modulus. varies with temperature according to the

following equation [52}:

bot = bo : (A1.6)

(-
100.024 (t-20)

where: bo — isent. secant bulk modulus at 20 C [bar])

bot- isent. secant bulk modulus at temp. t [bar]

ii) Variation of bulk modulus with pressure (Fig.Al.7):
The isentropic secant bulk modulus of the oil varies linearly

with pressure:
bp = bot + 5.6 * p (A1.7)

where: bp - isentropic secant bulk modulus at temp. t and

pressure p.

iii) Transformation of secant into tangent bulk modulus:

The secant bulk modulus can be evaluated from [33]:

br =bp x ZR-P (A1.8)
bo
where: bT - isentropic tangent bulk modulus at temp. t and
press. p

iv) Effect of pipeline elasticity on bulk modulus

The effective bulk modulus of the oil is affected by the pipe,

according to the following equation:

1 - 1 + idia (A1.9)
beff bT th * E .
where: idia - internal diameter of paipe [m]}

th — thickness of pipe wall {m}
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E - Young‘s Modulus of pipe material

=2.]1 ell N/m2 for steel

Pig.Al.8 presgnts the values of isentropic tangent bulk modulus
" evaluated by the subroutine for different values of temperature
and pressure.

Experimental tests carried out to evaluate the speed of sound in
the o0il have éhown some diécrépancy with predicted values
(evaluated as ip Appendix.II). A 3% red;ction in bulk modulus

had to be made to achieve accurate predictions.
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subroutine fluid_prop(p,t,idia,th,denp, mup, beff)
subprogram name — fluid_prop.fortran

library classification — BENGF fluid_proé.ZZl.Ol
TITLE - Properties of SHELL TELLUS OIL 27

New Fortran 7a Multics : 25/2/80
No special hardware regquirements

Author - F.Preitas

Purpose - Evaluate density, viscosity and bulk

modulus of fluid in pipe at mean pressure ‘p°

and mean temperature °‘t°
Revisions -
ALL VARIABLES ARE REAL

Input Information(via argument list)

o — mean pressure
t - mean temperature
idia - internal diameter of pipe

th - thickness of pipe wall

Output Information (via argument list) :
denp - dens. of oil at press. 'p' and temp. °‘t°
mup - dyn.visc.of o0il at pres.'p' and temp.'t°*
beff - eff. bulk mod. of oil in pipe

[bar]
[cl
{m]
(m]

{Kg/m3]}
{Ns/m2]
(N/m2]

Variables names (excluding input/output information)

bT '~ ~tang. bulk mod. at press.‘'p‘ and temp.'t’
bo —sec. bulk mod. at atmos. press. and 20 C

[(N/m2]
[bar]

bot -sec. bulk mod. at atmos. press. and temp.'t'[bar]

bp -sec. bulk mod. at press,'p*' and temp.'t’
den -—density at atmos. press. and 20 C

dent —-density at atmos. press. and temp.‘t:
denth—density at 345 bar and temp.'t’

mu —-dyn. visc. at atmos.press. and temp.'t*
muh —dyn. visc. at 345 bar and temp.'t®

nu ~kinem, visc. at atmos. press. and temp.‘'t°

nuh -kinem. visc. at 345 bar and temp.'t’

aa,bb,Al,B1,A2,B2,C ~consgstants

Inbuilt Associated subroutine- daf(t,aa,bb) -
. Evaluates the

'‘DOW-FINK' density factors. The results of this

subroutine can be used as input information for

" subroutine gamma_zo in wave propagation programs

NO inbuilt errxor messages

[bar]
[Kg/m3 ]
[(Kg/m3)
(Kg/m3]
[Ns/m2)
{Ns/m2}
[cst)
fcst]
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*

**********“k‘k***t**t‘ktt’k‘k*t

*

real idia,nu,nuh,mu,muh,mup

x
* INITIAL VALUES
r
k3
bo =1.85e04
den =870.,0
x
Al =10.67
Bl =4,213
A2 =93,338
B2 =3,646
C =0.625
* .
* GENERAL EQUATIONS
x
x
dent =den-C*(t-20.0)
x B
nu =O.6+10.0**(10.0**(Al—Bl*aloglO(t+273.0)))
nuh  =0.6+10.0%*(10.0%*(A2-B2*alogl0( t+273.0)))
x )
mu =dent*nux*l.0e-06
x
* Evaluation of 'Dow—Flnk' density factors

~call daf(t,aa,bb)

denth =dent*(1.0+aa*345.0%1,0e02/6.895
& -bb*345,0*%345,0*1.0e04/47.54)
denp -aent*(1.0+aa*p*1.0e2/6.895—bb*p*p*1.0e4/47.54)

muh  =denth*nuh*l.0e-06
mup =mu+{ muh-mu )*p/345.0

bot =bo/(10.0**(0, 0024*(t—20 0)))

bp =bot+5.6*p

b =bp*(bp-p )/bot

Change units from ‘bar' to 'N/m2°' and decrease
* calculated value by 3% to agree with
experimental tests
bT=bT*0.97e05 )
beff =bT/(1.0+bT*idia/(th*2.1lell))

return
end

subroutine daf(t,aa,bb)

TITLE — Evaluation of 'DOW-FINK' density factors

* A A

dimension a(10),b(10)
data a/4.08,4.19,4.29,4.38,4.46,4.53,4.59,4,63,
& 4.66,4.68/
: data b/6.8,6.4,6.0,5.7,5.4,5.1,4.9,4.7,4.5,4.4/
i=(t-4.5)/11.1+1
if(i,.1t.1)i=1

-
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if(i.gt.9)i=9 .
dt=t—(4,.5+11.1%(i-1))

=i+l
aa=a(i)+(a(j)—a(i))*dt/11.1
bb=b(1i)+{b(3j)-b(i))*dt/11.1
aa=aa*l,0e-06
bb=bb*1.0e-11

return

end
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Kinemaztic viscosity centistokes
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COMPUTER PROGRAEM DOCUMENTATION

FOR SUBROUTINE "gamma_zo"

Iabrary Classification

BENGF gamma_zo.222.01
TITLE- EVALUATION OF WAVE PROPAGATION CONSTANT AND PIPE
CHARACTERISTIC IMPEDANCE

New Fortran_5a Multics 25/2/80
No Special hardware requirements

Author : P.Preitas

'Purpose — To evaluate the wave propagation constant and the pipe line

characteristic impedance

Associated Subroutines — The properties of the fluid, used as input
information for this subroutine may be evaluated by using

subroutine fluid_prop (BENGF.221.01).

All variables transferred via argument list:

call gamma_zo(freq,idia,den,mu,beff,gamma,zo)
All input variables are real. The output variables are complex.

Input Information

freq - frequency A {1z}
idia - internal diameter of pipe {m]

. i 3
den — density of oil at working conditions [Kg/m™ }

mu — dyn, visc, of oil at working conditions [Ns/mzj
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beff - effecfive bulk mod. of oil in pipe [N/mzj

Output Information (complex variables)
gamma — wave propagation constant
zo — pipe characteristic impedance

Limitations and Accuracy of Program - Single. precision 18 used
throughout. Values of freéuency <100 Hz shouid be avoided or may
lead to warning message.

Error Message — If conditions exist such that the transmission line
eQuations are no longer applicable a warhing message is
displayed on the terminal. 1In general this only occurs when
data is incorréct. The error message is given when the ‘ha’
factor (see below) is less than 10.

Storage : 1 Record length

.PRQGRAH ACTION AND ALGORITHM

| The action of this program is based on. the definition of ¥ (wave
piopagation constant ) and zo’(pipe characteristic impedance).

From plane wave propagation theory [ 5]:

2 172
7=E*Ats+pts ’ {A2.1)
8 . B
l/2
and R + p=*s
. Zo = ‘ A (A2.2)
"4 _A‘ ® g
B
where: A — area of pipe

R - press drop in pipe/unit flow/unit length
0 — density of oil
B8 - effective bulk modulus

s - Laplace transform operator:
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4The pipe resistance is evaluated aséuming laminar flow

conditions:

R = (A2.3)

In order +to take into account of the influence of frequency on
the wave front configuration a‘correction factor [53] must be
applied to the fluid density and viscosity using a dimensionless
quantity "ha", where: .

172
ha=|]d * wWw=*p for ha»lo (A2.4)

The frequency dependent values of density and viscosity become:

‘denf = den * [ 1 + 2 (A2.5)
ha
muf = mu * f 0.0425 + 0.175 * ha ) (AZ2.6)

Substituting these values in equations (A2.1),(A2.2) and (A2.3)

the values of ¥ and Zo are evaluated.

From the value of propagation constant it is possible to evaluate the
speed of sound, for a loss less case:

1w (A2.7)
Oy

In fig.Az.l' the values of the speed of sound are presented for
different values of frequency and pressure, for a 20mm diameter steel

pipe and 2mm thickness wall and with the fluid at 40 C.
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subroutine gamma_zo( freq, idia,den, mu,beff,gamma, zo)

subprogram name —~ gamma_zo.fortran

library classification — BENGF gamma,_2z0.223.01

TITLE — Evaluation of propagation constant

and pipe impedance

New Fortran 5a Multics 25/2/80

No special hardware requirements

Author -

F.Freitas

Purpose -~ Evaluate the wave propagation constant and
Pipe characteristic impedance

Revaisions -

ALL VARTABLES TRANSFERRED VIA ARGUMENT LIST

Input Information

freq
adia
den
mu
beff

frequency {hz}
internal diameter of pipe ' (m]
density of oil at working conditions [Kg/m3}
dyn. visc. of oil at working conditions[Ns/mz]
effective bulk mod. of o0il in pipe [N/m2]

Output Information (complex variables)

gamma
zo

wave propagation constant
pipe characteristic impedance

Variables names (excluding input/ocutput information)

ap
denf
ha
mut
r
w

Assocaiated

subroutine

internal area of pipe [m2]}
density of oil at frequency ‘freq’ [Kg/m3}
correction factor

dyn. visc. of oil at frequency ‘freq* [Ns/m2]
pipe resistance ) [N/m2]
frequency {rad/s}

Subroutine — The properties of the oil used
as input information for this
may be evaluated using subroutine ‘fluid_prop:.

Error message : A warning is given when ha<=10,

x kK k kK kK kK kK k¥ kK kK kK kX k¥ k kK kK XK kK X kK Xk Xk k X &k k =%

real mu,idia,muf
complex gamma,zo

p1  =3.14159
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‘ap =idia*idia*pi/4.0
w =2 ,0*pitfreq
ha =jdia*sqrt(w*den/mu)/2.0

1f(ha.le.10.0)write(6,10)

denf =den*(1l.0+(sqrt(2.0)/ha))
muf =mu*(0.425+0.175%ha)

r =128.0*muf/(pi*(idia**4.0))

*
x
gammascsqrt(cmplx((w*w*denf/(—beff)) (ap*r*w/beff)))
*x
zo=csqrt(cmplx((denf*beff/ap**z ), ((—r)*heff/(ap*w))))
*
10 format(1ih , "WARNING: variable ha <= 10.0 %)

return
end
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COMPUTER PROGRAM DOCUMENTATION

FPOR PROGRAM "tunemeth.fortran”

Library Classification

BENGF tunemelih.223.01

TITLE — EVALUATION OF SOURCE FLOW, SOURCE IMPEDANCE AND TERMINATION

IMPEDANCE USING TUNED LENGTHS METHOD

* New Fortran 5a Multics. 29/7/80
A graphics terminal or hard—copy plotter is required for plotted
output.

Author : F. Freitas

Purpose — Evaluate source and termination characteristics in a

pump/rigid pipe/termination. system using the tuned length test

‘technique. ‘The system may be tested at several different

frequencies or mean pressures.
Associated Subroutines

fluid_prop - evaluates oil properties (BENGF.221.01)
gamma__zo — evaluates wave propagation const. and pipe

impedance (BENGF.222.01)

devend = gino library routine
piccle ~- gino 1ibrar§ routine
vterm '~ gino library routine
units - gino library routine
tunesub - = sub —program containiﬁg the following routines:

v

( BENGF.224.01)

ginoflow — plots volume ripple vs pump rotation
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I1

ginotime —

insertion—

' setgino

guestl
quest2
quest3

questa

~A22-

plots source flow vs time

prints on top right corner of each plot data
details

interactive questioning routine

interactive questioning routine

interactive quesioning routine

interactive questi§ning routine

plots'impedances (dB) vs frequency (log scale)

Input variables (from fileOl or terminal if working interactively)

bb — character string variable -
calib - calibration factor of pressure transducers [bar/volt]
file — array containing data file numbers - ‘
freg — array containing fundamental frequencies {Hz]
isca - identifier of input data scale:Volts or dB -

kpar — identifier of parameter varied during tests -

K = line length array [m]
mm({l) - number of harmbnics -
mm(2) = number of different values of parameter -
mm(ﬁ) — number of pipe lengths . -
mpres - array containing values of meaﬁ pressure [bar]
nn(l) - mean temperature [c}
nn(2) - internal diameter of pipe [mm*10]
nn(3) - thickness of pipe wall [mm*10]
scale - identifier of type of output data scale -

x — position of 1st transducer in line tm]

b - position of énd transducer in line [m]}

Input variables (from terminal only)



appendix ITI

anal
flow

np

Input variables (from user data files - exper. results)

apx

apy

bppx

pPY

—-A23-

character string variable

identifier of type of output:printed or pPlotted-

array containing mean pump flow

number of pumping elements

ampl of harm comp of pres fluct at point x
ampl of harm comp of pres fluct at point y
phase of harm comp of pres fluct at point x

phase of harm comp of pres fluct at point y

(t/s]

fvolt or dB}
fvolt or dB]
[deg]

[deg]

Error Messages - a large number of error messages is built mainiy in

the interactive part of the program, to prevent the user from giving

incorrect answers or supplying mistyped data.

Storage — 6 Records length

PROGRAM ACTION AND ALGORITHM

The program is constituted by three distinctive parts:

a) Interactive data aquisition

b) Processing of experimental data

c) Output of results

A basic flow diagram of the program is shown in fig.A3.1

a) Interactive data aquisition — the program was designed to suit the

needs of a large variety of users, i.e. from the casual user, with

‘little knowledge of computer matters, to the heavy user interested in

quick and efficient response.

All the iﬁformation necessary to define the test conditions is
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Stoied in a data file named file0Ol. This file contains a.greét deal
of information which may not be easy to write for the casual user.
Hence, the program itself will create the file for the user from
answers given during the interactive part of the program. The file
is stored afterwards and may be used for a second run or subsquent
runs of the program without further intgraction. The heavy user may
create the data file himself and by—-pass the lengthy process of

interactive work.

The system may be +tested either at different pump ~ speeds
(different fundamental frequencies) or different mean pressures (up
fo 10). This is named the test parameter throughout Athe Program.
The test parameter may have only one value if the system is tested at

only one mean pressure and one fundamental frequency.

Up to 10 harmonics of the fundamental frequency may be processed

and up to 20 line lengths may be tested.

If the user chooses interactive use and has no initial data file
(fileo;), this-wi;l be created for him and initialized by setting all
daﬁa variableé to zero. If fileOl already exists, it will be read as
it is. The‘program will go tﬁrough all the variaples asking the user

whether their values are correct or need to be modified.

When enough information has been gathered, the’program advises on
suitable lengths to be tested, assuming that the two transducers are
close to the pump and close to the termination. If they are not, the
lengths suggested by the program must be understood to be the
distances between +the +transducers. After this, an escape has been
introduced in case tests have not yet been performed. The program

stops after having written fileOl with the new data (so far).
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ihe experimental data files are named fileXx, where XX is a
tﬁo~digit number between 20 and 99 in order to avoid possible
selection of numbers such as 14 and 15 which are uéed by the program
as output data files. A second escape exists after these numbers are
given in case files are not written. File fileOl 1s updated if the

escape is used.

The experimental values of pressure fluctuation must be in the
form (amplitude,phase), where the amplitude is the R.M.S. value in
volts or dB (relative to 10-5 volts) and the phase is the angle in
advance of the reference signal in relation to each harmonic

component.

Throughout the interactive part of the program the answers yes and

no are accepted if typed only as y or n, but ény other answer may

. give an error message.

va) Processing experimental data. The processing of results is
contained in a large locp for successive tests at different values of

ﬁhe test parameter. This is characterized by the variable tes.

The fluid properties are evaluated using f£luid_prop. The first
test file is read and pressure ripple amplitudes and phases are

converted to bar and rad, respectively.

The results of the line length tests are used for the evaluation
of pt and pt' For each harmonic the lengths are checked for
agreement with tuned conditions. Only the 1lengths that meet +the

reguired conditions are processed.

The value of Py for each line length and each harmonic is obtained

using the following equation:
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e VX Py VY

Y
e—v(zl-x)

Py = (A3.1)

- p e¥(21-Y)

Y :
An average value, for each harmonic, of Py ig evaluated from all

the tuned conditions encountered. If for any harmonic the number of
tuned conditions is 1less than two, _then a warning message is
displayed. WhenA the calculated value of lpt!<0.3, the subsequent'
evaluation of Py may not be accurate and another warning message. is

1ssued. ‘The calculations proceed only for the harmonics at which Py

was evaluated.

For the evaluatioﬁ of pt’ pairs of 1ing lgngth tests must be
considered. Each test contains two pressure readings (px and pys and
hence, for each pair of lengths considered p, can be evaluated either
‘through px values ior through pY values. An average value of’ P is

¢alcu1ated from all accepted cdnditloné.

For all the harmonics at which p, and p, were evaluated, Qy 38

found by using both px and py, according to the following equation :

. P(Z_+12) 1-pg P, 7274
%7z z * 21 (B3.2)
s s %o e—vx + o, e ¥V ( X )

where: p = px
or =
P PY

The results of individual values of Qs from all line length tests
. 3 .
are averaged and transformed into S.I. units ([m /s]). The final

value of Qs 18 transformed into the peak—to—-peak amplitude.

On three occasions in the program an averaging process of complex
data must be carried out, correspond;ng to the evaluation of the
re.flection coefficients p/ and p, and the source flow ripple, Q-
wWhilst +the individual wvalues of Qs are usually very similar and

-consistent, the values of either Py or P calculated from individual

-~
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tesis may present scattered results, both in terms of amplitude and

phase,

A simple way of finding the average of itwo complex numbers is to
average both the real and imaginary components. However, although_
the operation is méthematically correct it may provide false answers,
as shown in fig.A3.4. 1In the first example (a), it is shown how it
is possible to obtain, from tﬁo numbers of similar amplitudelbut
different phase, a result (0OC) which is unrepresentative of +the
average. Although example (a) is over—pessimistic in terms of phase,
1t highiights one‘ of the facts when evaluating P, and P The
amplitude results are much more consistent than the phase results.
The example presented in (b) shbws that larger amplitude components
have a dominating effect when averaging phase. Occasionally, values
. of Ipl much greater than 1. are evaluated {see section 2.4). As

‘;these valhes are definitely in error and impose their phase on to the
results, thé final value will be badly affected. Hence, when large
values of |1pl are detected those data values are not processed. If
in this context a large value is considered to be one where Ipi>l.,
then the final result ~has - a high content of lower amplitude

components which may be very erroneous. To counter-balance this, a

large value of |p| was considered to be one where |pl>1.5.

In fig.é.4vthe result OC' is evaluated from averaging amplitudes
and phases of' complex data,‘independently. Although this does not
provide a true mathematical average of two complex values it does
give a more realistic representation of the components. However,
this process is not as easy as averaging the real and imaginary
.parts, because of averaging phase around the limiting values.

Consider, for example, the case where the phase € [-180.,+180.] and

two phase are to be averaged. Let phasel=175. and phase2=—160., the
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_average of these two values is NOT:

175 + (-160)
2

phase =

but, 175 + (-160.+360.)

pbhase = 2 = 187.5

but this value is not within [—-180.,+180.] and has to be modified to:
bhase = 187.5 -360, = -172.5

this is the true mean value of the pbhases. If a third value is to be
averaged to the former two, then the average of the first two must be

weighed by a factor of 2,

A basic flow diagram of phase averaging is shown in fig.A3.5.
This - was the process used throughout the program providing very

V satisfactory results.

c) Output of results. The output results of termination and source

;mpedances and source flow"may be printed or plotted. Printed
regults of impedance may be in S.I. units (Ns/ms) or dB (relative to
1 Ns/ms), whereas source flow harmonics will always be printed in
ma/s. Graphical results of impedance are only plotted in dB vs a
logarithmic scale of frequency ([Hz])), as in a Bode-plot. The
graphical output of source flow is given either as a Pourie;
synthesis of its harmonic components (peak value)‘versus time, or in

the form of a displacement ripple versus pump angle of rotation.

All graphics have fixed scales for ease of comparison of

successive test results.

The results file (filel4) contains a heading detailing values of

fundamental frequency and mean pressure of the test, followed by
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‘averaged values of amplitude and. phase of Py- Zt' Py~ Zs and QS.
Whenever the values of a particular harmonic are not successfully

evaluated a line of hyphens will appear.

The results presented in filel$ are only to be studied if a
detailed analysis is desired and can only be of interest to the
specialist user. The file contains the individual values of p, and
the line 1lengths used in their evaluation,vln order to pain-point
erroneous data values. The second part of the file gives similar -
details on the evaluation of rhosx and rhosy, and the pairs of line

lengths which were considered.

The program finishes with the updating of file0l, so that a second
run of the program may be done without further interaction. This nay

be required, for example, when the output is to be plotted and only

- . written output was demanded in the first run.

TYPICAL: PROGRAM RUN

A typical run of the progfam is presented below. The example
corresponds to a system composed of an external gear pump, rigid
steel pipe and an adjustable restrictor as a load. The system was
tested at 10, 50, 100 and 150 bar mean pressures. Ten different line
lengths were connected between source and termination. For practical
reaéons- neither> transducer could be very clpse to the pump or
restrictor valve. Pressure transducer P1 was positioned 0.1l m away

from the pump, and transducer Pz was 0.075 m from the termination.

Typically only six harmonic components are considered when
defining gear pump generated ripple (see section 2.1), although ten
harmonics are presented in the example run. Results for the highest

)

four harmonics (see filel4) show less consistency than the first six.
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uAll harmonics at 150, 100 and. 50 bar tests were successful apart
from the 9oth harmonic for the 100 bar test due to scattered data.
Por the 10 bar test, the restrictor valve impedance ié similar to the
line impedance at the 1lower harmonics and the program warns of

possible innacurate prediction of Zs and Qs'

Only part of filel5 is presented beiow due to its extensive length

but the results are representative.

Typical plotted outputv results are shown in fig.A3.3 for

termination impedance, source impedance and source flow.
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LISTING OF PROGRAM “tunemeth.fortran"”
PROGRAM NAME - tunemeth.fortran
LIBRARY CLASSIFICATION - BENGF tunemeth.223.01

TITLE — EVALUATION OF SOURCE FLOW,SOURCE IMPEDANCE AND
TERMINATION IMPEDANCE USING TUNED LENGTHS METHOD

New Fortran Sa Multics 27/3/80

A graphics terminal may be used to see plotted output

Author - P.Freitas

Purpose — EVALUATE SOURCE AND TERMINATION CHARACTERISTICS OF A
PUMP/RIGID PIPE/TERMINATION SYSTEM WITH DIFFERENT PIPE
LENGTHS. FUNDAMENTAL FREQUENCY OR MEAN PRESSURE CAN BE
VARIED FOR DIFFERENT SETS OF EXTENDED PIPE LENGTH TESTS.

REVISIONS -~

SOME COMMENTS ON *" RUNNING PROCEDURE OF THE PROGRAM "

THE PROGRAM RUNS INTERACTIVELY WITH THE USER ASKING ALL
INFORMATION NECESSARY TO PERFORM THE TASK

HOW TO WRITE A DATA FILE COMPATIBLE WITH THE PROGRAM:

1 - create as many files as the number of different
fundamental frequencies or mean pressures tested
(file numbers must be >=20 and <=99),

2 - type data in each file as follows:(p-pipe;t—transd;h-harm)

amp(hl,tl,pl) pha(hl,tl,pl)
amp(h2,ti,pl) pha(hz,t1,p2)

amp(hl,tl,p2) pha(hl,tl,p2)

3('#76****#*J&*)&)&ﬁ#&**ﬁ****x%ﬂ****’(’ﬂ-#*#*

amp(hl,t2,pl) pha(hl,t2,pl)
amp(h2,t2,pl) pha(h2,t2,p1)

amp(hl,t2,p2) pha(hl,t2,p2)

x L] . L] L] L] . » - . . L] . . L] . . - . A4 L] . -
* amp(hn,tl,pn) pha(hn,tl,pn) amp(hn,t2,pn) pha(hn,t2,pn)

x* ’ .

* -AFTER RUNNING THE PROGRAM ONCE ALL THE NECESSARY INFORMATION

* TO REPEAT THE RUN HAS BEEN STORED.

*

* INBUILT ERROR MESSAGES — several error messages are built in

* the program in order to help the user avoiding

* mistakes when feeding data or answering questions.
x R

* Input variables (from fileOl or terminal if interactive action)
- .

* bb - character string variable ‘ -

* calib - calibration factor of pressure transducers (bar/volt])
* file — array containing data file numbers -

* freg — array containing fundamental frequencies [Hz]

* isca — identifier of input data scale:Volts or dB -

)

kpar ~ identifier of parameter varied during tests -



appendix IIl

****#**********%******#**ﬁ*%*”*x*ﬁ**#*ﬂ*t*#***#*%**#***ﬁﬂ*}t*”‘

-A32-—~
1 - line length array ' [m]
mm(l) — number of harmonics -
mm(2) - number of different values of parameter -
mm(3) - number of pipe lengths -
mpres — array containing values of hean pressure {bar}
nn(l) - mean temperature [c]
nn(2) - internal diameter of pipe (mm*10]
nn{3) - thickness of pipe wall [mm*10}
scale, — identifier of type of output data scale -
X — position of 1lst transducer in line [m]
y — position of 2nd transducer in line [m}

Input variables (from terminal ohly)

aa
anal
flow
np

character string variable -
identifier of type of output:printed or plotted-
array containing mean pump flow [1/8]
number of pumping elements -

Input variables (from user data files - exper. results)

apx
apy
2 22,9
§2% 4

Insource

ab
ac
ad
add
ag
beff

counter—

denp
factx
facty
gamma
1
idia -
Jok

Jjoker

- lim

11

12
mags
marhos
marhot
mpgs
mprhos
mprhot
mrhos
mrhot
mup
mzs.

par

‘character string variable o=

ampl of harm comp of pres fluct at poant x fvolt or dB}
ampl of harm comp of pres fluct at point y [volt or dB}
phase of harm comp of pres fluct at point x [deg]
phase of harm comp of pres fluct at point y [deg]

variables names (* denotes complex variable)
character string variable : o=

character string variable -
character string variable -
character string variable -
effective bulk modulus of fluid in pipe [N/m2]
incremental variable of pairs of lengths tested-
when evaluating rhos

density of fluid {Kg/m3}
factor used in calculation of rhosx =
factor used in calculation of rhosy *

wave propagation constant x
subscript; identifies harmonic in calculations -
internal diameter of pipe {m]

incremental variable counting number of line -
lengths rejected when evaluating rhot

incremental variable counting number of pairs of -
line lengths rejected when evaluating rhos

constant used on printing stage to filels -
identifies lst pipe length when evaluating rhos-
identifies 2nd pipe length when evaluating rhos-—
mean value of {(qgs! [m3/s8]
mean value of |rhos! -
mean value of !rhot! -

mean value of phase of gs -’ {deg]
mean value of phase of rhos [deg]
mean value of phase of rhot {deg]
mean value of rhos *

mean value of rhot *
dynamic viscosity of fluid [Ns/m2]
mean value of zs ]

mean value of zt x

array containing values of parameter varied -
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pha - phase of rhot . (deg)

phagx - phase of gsx [deg]
phaqy - phase of gsy {deg}
phax - phase of rhosx ; {deg]
phay - phase of rhosy {deqg]
pi - constant =3.,14159 -

pPx — pressure fluctuation at point x *

Py — pressure fluctuation at point y *
gsx — pump source flow evaluated using px *
asy - pump source flow evaluated using py *
ratio - ratio of pres. fluct. for evaluation of rhot *
ratiox ~ ratio of pres. fluct. for evaluation of rhosx *
ratioy - ratio of pres. fluct. for evaluation of rhosy *
rhosx - source reflection coefficient evaluated from *

pressures at point x

rhosy - source reflection coefficient evaluated from *
’ pressures at point y

rhot ~ termination reflection coefficient *
temp -~ mean oil temperature [cj
tes - -identifier of parameter value under calculation—

th - thickness of pipe wall -
totags - totalizer value of |gs! -

totarhos— totalizer value of !{rhos! -
totarhot— totalizer value of |rhot! . -

totpgs — mean value of phase of gs {deg]
totprhos— mean value of phase of rhos {deg]
totprhot— mean value of phase of rhot [deg]

. vec — variable used to check tuned length condition {[rad]
Z — array holding values of harmonic frequency {Hz]
Zero — constant =0 -
Z0 — impedance characteristic of pipe [Ns/mS}

Associated Sub-programs

fluid_prop - evaluates oil properties (BENGF fluid_prop.221.01)

gamma_ zo — evaluates wave propagation constant and
pipe impedance (BENGF gamma_zo.222.01)
tunesub — this sub-program contains the following
sub—-routines (BENGF tunesub.224.01):
ginoflow - plots pump source flow vs pump rotation
ginotime — plots pump source flow vs time (ms)

insertion — writes at top right corner of plot
data details

questl — gquestioning routine for interactive data input
quest2 — questioning routine for interactive data input
guest3 - questioning routine for interactive data input
questa — gquestioning routine for interactive data input
setgino — plots impedances (dB) vs frequency (Hz-log)

DECLARATIVE STATEMENTS

7‘-'7(-7("(-ﬂ'#’(-****#X’X’**’!‘*’&3(-’F*****’l'x-***’(#ﬂ'*********#3‘**”%***##-

dimension nn(3),mm(3),calib(2),x(20),y(20),
joker(10,10),jok(10,10), freq(10),pha(20,10),z(10),
totarhot(10),totprhot(10),totarhos(10),totprhos(10), flow(10),
& totags(10),totpgs(10), par(10),phay(20,20,10), phax(20,20,10)
integer tes,scale,counter,file(10),test,anal
" real idia,1(20),mup,mpres(10),marhot,mprhot,marhos,mprhos,
& mags(10),mpgs(10),mazt(10), mpzt(10),mazs(10),mpzs(10)

[~ <]

-~
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complex Px(20,10),py(20,10), zo(10),gamma( 10 ), ratio, rhot(20,10),
& ratiox, ratioy, factx, facty,gs(10),mrhot( 10,10), mzt,mzs,
& mrhos(10,10), rhosx( 20, 20, 10), rhosy( 20, 20,10),gsx( 20,10 ), gsy( 20,10)
character*26 ab(3),ad(3),add(2)
character*17 ac(2),aqg
character*l aa,bb )
external fluid_prop(descriptors ), gamma_zo(descriptors),
& questl(descriptors),quest2(descriptors), quest3(descriptors),
& ginoflow(descriptors),setgino(descriptors),insertion(descriptors)
open( 6,mode="out", form="formatted",carriage=.true.,defer=.true. )
open(14,mode="out",forma"formatted“,carriage-.true.,defer=.true.)
open(15,mode="out",form="formatted",carriage=.true.,defer—.true.)

* INITIAYL VALUES

Pi=3,14159
‘ac(1l)="FUNDAMENTAL FREQ."

ac(2)=" MEAN PRESSURE "
add(1)="file no.at fund.freq."
add(2)="file no.at mean press"
ab(1l)=" NUMBER OF HARMONICS "
ab(3)=" NUMBER OF PIPE LENG."
ad(1)=" MEAN TEMPERATURE "

ad( 2 )="INTERNAL DIAMETER (mm¥10)"
ad(3)="THICK. OF PIPE WALL(mm*1lO)"
ag="Pipe test™

zero=0
x*
* INTERACTIVE PART OF PROGRAM
x
1 pPrint, 'Hello! Do you want interactive program action?’
input,bb A ’ ‘
if(bb.eq."n") go to 30
if(bb.eq."y")go to 5
print, ' Please answer "yes" or “no"'
go to 1
5 print, 'Is the input data file (fileOl) already written?®
input,aa :

if(aa.ne.'n')go to 30

10 do 20 i=1,120

' write(1l,1000)zerxo

20 continue
rewind 1

30. read(1,looo,err=4o)mm,nn,kpar,scale,file,mpres,freq,isca
read(1,1000,err=40)calib,(1(i),x(i),y(1),1=1,20)
go to 50

40 print,"file01 contains some error:; do you want to rewrite it?«
input,aa
if(aa.eq.'y' )go to 10
go to 990

50 if(kpar.eq.l)go to 70
do 60 i=1,10

60 par(i)=mpres(i)

: go to 90

70 . do 80 i=1,10

80 par(i)=freq(i)

S0 if(bb.eg.'n" )go to 420
print,“THIS PROGRAM EVALUATES THE SOURCE FPLOW AND THE SOURCE AND *
print, "TERMINATION IMPEDANCES IN A SYSTEM AS REPRESENTED"
print, " IN THE POLLOWING PICTURE"
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print

print, ™ *% —1t

print, " * % { T r
print," | *k — L
print,* | PUMP In
print," |_| i
pbrint

print, "TESTS PERFORMED ON THIS SYSTEM ARE SUPPOSED TO VARY EITHER:"
print," 1 - Fundamental freguency"

print," 2 — Mean pressure"

praint

print," For each pair of frequency and mean pressure"
print, " Several pipe length tests are allowed"”

print

print,* WHICH PARAMETER DO YOU VARY IN TESTS? "1" or "2":

call quest4(kpar)
if(kpar.eq.2)go to 140
120 ab(2)="NUMBER OF FUND.FREQUENCIES"
do 130 i=1,10
par(i)=freq(i)
130 continue
go to 160
140 ab(2)="NUMBER OF MEAN PRESSURES"
do 150 i=1,10
par(i)=mpres(i)
150 continue : »
160 print," THIS PROGRAM IS PREPARED TO ACCEPT UP TO:"

print,* 10 ",ab(2)

print,* 10 HARMONICS " -
print, " 20 DIFFERENT PIPE LENGTHS *
print :

call questl (ab,nn)
call quest2(ac(kpar),nn{(2),par)
call gquestl(ad,mm) '
if(kpar.eq.2) go to 210
170 prant," Which mean pressure did you usez?{bar]"
read( 5, 1000, err=190 ympres(1)
do 180 i=1,10
mpres(i)=mpres(1l)

freq(i)=par(i)
180 continue
go to 230
190 wraite(6,1070)
go to 170
200 write(6,1070) : )
210 prant," Wwhich fundamental frequency did you use?[Hz]}"

read(5,1000,erxr=200 )freq(l)
do 220 i=1,10
freq(i)=£freq(l)
mpres(i)=par(i)
220 continue
230 print,"Do you need suggestions of suitable lengths to test?"
input, aa
if (aa.eq."n") go to 250
do 240 i=1,nn(2)
call fluid_prop(mpres(i),mm(1)/1.,mm(2)/10000.,mm(3)/10000.,
& denp, mup,beff)
call gamma_zo( freq(i),mm(2)/10000.,denp,mup,beff,
& gamma(i),zo(1i))
wraite(6,1240)ac(kpar),i
write(6,1250)0.4*pi/cabs(gamma(i)),0.6*pi/cabs(gamma(i))

-~
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write(6,1250)0.2*pi/cabs(gamma(i)),0.3*pi/cabs(gamma(i))
write(6,1250)0.13*pi/cabs(gamma(i)),0.2*pi/cabs(gamma(i))
write(6,1250)0.1*pi/cabs(gamma(i)),0.15*pi/cabs(gamma(i))
write(6,1260)

240 continue

250 print, 'Have you performed tests already?’
input,aa
if(aa.eq.'n') go to 950

260 print," The length of pipes used and pressure points are:"
write(6,1030)ag .
do 270 i=1,nn(3) :
write(6,1040)ag,i,1(i),x(i),y(3i)

270 continue
print," Do you want to change them?"

280 input,aa
if(aa.eq."y" )go to 290
if(aa.eq."n") go to 320
print,' Please answer "yes" or "no"'
go to 280

290 do 300 i=1,nn(3)
write(6,1060)i
read(5,1000, err=310)1(i),x(i),y(i)

300 continue

go to 260

310 write(6,1070)
go to 260

320 print

print, "The pressure readings are given in individual files by"“
print, "AMPLITUDE and PHASE of all HARMONICS, for different"™
write(6,1080) ac(kpar)

340 print,"” {THE FILE NUMBERS MUST BE >=20 AND <=99)"
print
call quest3(add(kpar),nn(2),£file)
do 350 i=1,nn(2)
1f(file(i).lt.20.0r.file(i).gt.99) go to 340

350 continue
print,"” ARE EXPERIMENTAL DATA FILES ALREADY WRITTEN?"
input,aa )
if(aa.eq."n") go to 950 -
print, " Which units did you use for input data amplitudez"
print, " 1 — in vOoLTS" |
print,"” 2 — in dB"
call quest4(isca)

380 prant," Give overall calibration factors for pressure points .

& in 'bar/volt*:" : ’

print," Calibration factor for pressure 1 ="
read(5, 1000, exrr=390)calib(1l)
print," Calibration factor for pressure 2="
read(5,1000,exrr=390) calib(2)

go to 400

390 write(6,1070)

. go to 380

*

‘400 print," wWhich scale do you want for Impedance Results?”
print, ' 1 — SI units (Ns/m**5)'
print, * 2 — dB scale’
call gquest4(scale) : ,

420 print," Do you want to have:"
print, " 1- Results printed into a file (filels)"
print,* 2— Plotted results (output to attached file)"

print,"” 3— Both"™
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430

440

450

» * % % *

* *

*

460

470

480

490

*

read(5, 1000, err=440)anal
if(anal.eq.l.or.anal.eq.2.or.anal.eq.3)go to 450
print, * Please answer "1" or "2" or "3“ only*
go to 430

write(6,1070)

go to 420

th=mm( 3 )/10000.0

temp=mm( 1)

~idia=mm(2)/10000.0

START CALCULATIONS LOOP FOR EACH TEST DATA

do 880 tes=1,nn(2)

Fluid Properties

call fluidﬁprop(mpres(tes),temp,idia,th,denp,mup,beff)
SET TOTALIZERS TO ZERO

do 460 i=1,nn(1l)
totarhot(i)=0.0
totprhot(i)=0.0
totarhos(i)=0.0

totprhos(i)=0.0
" totags(1)=0.0

totpgs(i)=0.0
joker(i,tes)=0
jok(i,tes)=0
continue

READING EXPERIMENTAL DATA

do 530 11=1,nn(3)

do 490 i=1,nn(1l)

read( file(tes),1000) apx,ppx,apy,ppy
if(isca.eq.l)go to 470

apx=calib(1)*10**( (apx-100.0)/20.)
apy=calib(2)*10**((apy—-100.0)/20.)

go to 480

apx=calib(1l)*apx

apy=calib( 2 )*apy

PPx=ppx*pi/180.0

px( 11, i)=cmplx( (apx*cos(—-ppx)), (apx*sin(-ppx)))
PPY=ppy*pi/180.
py(11,i)=cmplx((apy*cos(-ppy)),(apy*sin(-ppy)))
continue

EVALUATION OF TERMINATION REFLECTION COEFFICIENT AND IMPEDANCE

do 520 i=l,nn(l)

z(i)=i*freqg(tes)

call gamma_zo(z(i),idia,denp,mup,beff,gamma(i),zo(1i))
rhot(11,1i)=0.0

pha(11,i)=0.0

Select tuned conditions
vec=cabs(gamma(i))*abs(y(11)-x(11))

do 500 n=1,15 )

if(vec.gt.0.65*pi+pi*(n—-1))go to 500
if(vec.gt.0.35*%pit+pi*(n—1))go to 510

-
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500

510

515

517

520
530

540
550
560

570
580

590

600
610

620

jok(i,tes)=jok(i,tes)+1

go to 520

continue

calculate rhot for accepted cases -

ratio=px(1ll1,i)/py(11l,i)
rhot(11,i)=(cexp(—gamma(i)*x(1l))-ratio*cexp(—gamma(i)*y(11)))
/(ratio*cexp(—gamma(i)*(2*1(11)~y(11)))
—cexp(—gamma(i)*(2*1(11)-x(11))))

pha(11,i)=atan2(aimag(rhot(ll,i)),real(rhot(ll,i)))

make phase additionable to mean value
if(abs(totprhot(i)-pha(ll,i)).gt.pi.and.pha(11,i).1t.0.0)
pha(ll,i)=pha(11,1i)+2.0*pi :
if(abs(totprhot(i)—pha(ll,i)).gt.pi.and.pha(ll,i).ge.o.O)
pha(1ll,i)=pha(1ll,i)~2.0*pi

if(cabg(rhot(1l1,i)).gt.1.5)go to 515

go to 517

jok(i,tes)=jok(i,tes)+l
if(cabs(rhot(11,i)).gt.1.5)rhot(11,1i)=10.
go to 520
totarhot(i)=totarhot(i)+cabs({rhot(11l,1i))
evaluate mean value of phase

.totprhot(i)=(totprhot(i)*(1li-1-jok(i,tes))

+pha(11,1))/(11—jok(i,tes))
if(totprhot(i).gt.pi)totprhot(i)~totprhot(i)—2*pi
if(—totprhot(i).gt.pi)totprhot(i)=totprhot(i)+2*pi
continue ’

continue

write individual values of rhot for accepted values only
write(15,1200) ’

write(15,1090)ac(1l), freq(tes),ac(2),mpres(tes)
write(15,1110) '

write(15,1120)

write(15,1100)

if(nn(1).gt.5)go to 540

lim=nn(1l)

go to 550

lim=5

"do 580 11=1,nn(3)

do 560 i=1,lim

if(cabs(rhot(1ll,i)).ne.0.0)go to 570

continue :

go to 580 ]
write(15,1130)11,(cabs{rhot(11,i)),pha{11,i)*180./pi,i=1,1lim)
continue

if(nn(l).le.5)go to 590

write(1l5,1300)

write(15,1100)

do 610 11=1,nn(3)

do 590 i=limtl,nn(1l)

if(cabs(rhot(11,i)).ne.0.0)go to 600

continue

go to 610

write(15,1130)11,( cabs(rhot(11,i)),pha(11,1)*180./pi,i=1lim+l,nn(1))
continue

calculate mean value of rhot

do 630 i=1,nn(1l)

if(nn(3)-jok(i,tes).eq.0.0)go to 630

marhot= totarhot(i)/(nn(3)-jok(i,tes))

-~



appendix II1 -~A39~

630

640

650

- 660

665

667

* A

mprhot= totprhot(i)

mrhot(i,tes)=cmp1x((marhot*cos(mprhot)),(marhot*sin(mprhot)))
if(marhot.le.0.3) write(6,1320)i,ac(kpar),pax(tes)
if(marhot.gt.l.1)write(6,1340)i,ac(kpar),par(tes)
if(nn(3)-jok(i,tes).1t.2)write(6,1350)i,ac(kpar),par(tes)
continue

EVALUATION OF SOURCE REFLECTION COEFFICIENT AND IMPEDANCE

counter=0

12=1

do 680 11=12+1,nn(3)

counter=counter+l

do 670 i=1,nn(1l)

rhosx(11,12,i)=0.0

rhosy(11,12,i)=0.0

phax(11,12,i)=0.0

phay(1i,12,i)=0.0

if rhot was not evaluated for this harmonic
rhos cannot be calculated
if(cabs(mrhot(i,tes)).eq.0.0)go to 670
select tuned conditions
vec=cabs(gamma(i))*abs(1(11)-1(12))

do 650 n=1,15
if(vec.gt.0.65*pi+pi*(n-1))go to 650
1f(vec.gt.0.35*pi+pi*(n—-1))go to 660
joker(i,tes)=joker(i,tes)+l '

go to 670

continue

. calculate rhos for accepted cases
‘ratiox=px(11,i)/px(1l2,1i)

ratioy=py(11,i)/py(12,i)

factx=cexp(—gamma(i)*x(11))

factx=( factx+mrhot(i,tes )*cexp(—gamma(i)*(2.0*1(11)-x(11))))
/(cexp(—gamma( i )*x(12) )+mrhot(i,tes )*cexp(—gamma(i)*(2.0%*
1(12)-x(12))))

rhosx( 11,12, i)=(ratiox—factx)/(mrhot(i,tes)*({(ratiox*cexp(—2.0*
gamma(i)*1(11)))-(cexp(—2.0*gamma(i)*1(12))*factx)))

facty=( cexp(—-gamma(i)*y(1ll))+mrhot(i,tes)*cexp(—gamma(i)*(2.0*
1(11)~y(11))))/(cexp(—gamma(i)*y(12))+mrhot(i, tes)
*cexp(—gamma(i)*(2.0*1(12)-y(12))))
rhosy(1l,12,1i)=(ratioy—facty)/(mrhot(i,tes)*(ratioy*cexp(—-2.0%*
gamma( i )*1{11))—cexp(—2.0*gamma(i)*1(12))*facty))

if(cabs(rhosx(11,12,i)).gt.1.5.0x.cabs(rhosy(11,12,i).gt.1.5)go to 665 .
go to 667 ’

joker(i,tes)=joker(i,tes)+l
if(cabs(rhosx(11,;12,i)).gt.1.5)rhosx(11,12,1i)=10.
if(cabs(rhosy(11,12,i)).gt.1.5)rhogy(11,12,1)=10.

go to 670

totarhos( i )=totarhos( i )+cabs(rhosx(11,12,1i))

make phasex additionable to mean value

phax( 11, 12, i )=atan2(aimag(rhosx(11,12,i)),real(rhosx(11,12,i)))
if(abs(totprhos(i)—phax(11,12,i)).gt.pi.and.phax(ll,lz,i).lt.0.0)
phax(11,12,3i)=phax(11,12,i)+2.0*pi
if(abs(totprhos(i)—phax(ll,lz,i)).gt.pi.and.phax(ll,lz,i).ge.0.0)
phax(11,12,i)=phax(11,12,i)-2.0*pi

evaluate mean value of phase _
totprhos(i)=(totprhos(i)*(2.0*counter—2—2*joker(1,tes))

-
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670
680

685

690

700

710
720

730

740

750
760

. 770

780

+phax(11,12,1i))/(2*counter—1-2*joker(i,tes))
if(totprhos(i).gt.pi)totprhos(i)=totprhos(i)—2*pi

- 1f(~totprhos(i).gt.pi)totprhos(i)=totprhos(i)+2*pi

totarhos(i)=totarhos(i)+cabs(rhosy(11,12,1i))

make phasey additionable to mean value
phay(11,12,i)=atan2(aimag(rhosy(ll,lz,i)),real(rhosy(11,12,1)))
if(abs(totprhos(i)-phay(11,12,i)).gt.pi.and.phay(11,12,i).1t.0.0)
phay(11,12,1i)=phay(11,12,i)+2.0*pi
if(abs(totprhos(i)-phay(11,12,i)).gt.pi.and.phay(11,12,i).ge.0.0)
phay(11,12,1i)=phay(11,12,1i)-2.0*pi

evaluate mean value of phase
totprhos(i)=(totprhos(i)*(2.0*counter~1-2*joker(i,tes))
+phay(11,12,i))/(2.0*countexr—2.0*joker(i,tes))
if(totprhos(i).gt.pi)totprhos(i)=totprhos(i)—-2*pi
if(—-totprhos(i).gt.pi )totprhos( i)=totprhos(i)+2*pi
continue

continue

12=1241

i1if(l2.eq.nn(3))go to 685

go to 640

write individual values of rhos

write(15,1140) )

write(15,1150)

write(15,1100)

do 720 12=1,nn(3)

do 710 1li=12+1,nn(3)

do 690 i=1,lim

if(cabs(rhosx(11,12,i)).ne.0.0)go to 700

continue

go to 710

write(15,1160)11,12, (cabs(rhosx(ll 12,1)),
phax(11,12,i)*180.0/pi,i=1,lim)
wraite(15,1160)11,12,(cabs(rhosy(11,12,i)),
phay(11,12,1)*180.0/pi,i=1,1im)

continue

continue

if(nn{l).le.5)go to 770

write(15,1280)

write(15,1100)

do 760 12=1,nn(3)

do 750 11=12+1,nn(3)

do 730 i=lim+l,nn(1l)
if(cabs(rhosx(11,12,i)).ne.0.0)go to 740

continue

‘go to 750

write(15,1160)11, 12, (cabs(rhosx(11,12,i)),
phax(11,12,3i)*180.0/pi,i=1im+1,nn(1))
write(15,1160)11,12, (cabs(rhosy(11,12,1)),
phay(11,12,i)*180.0/pi,i=lim+l,nn(1})

continue
continue

do 780 i=1,nn(1l)
if(counter—joker(i,tes).1t.2)write(6,1360)i,ac(kpar),par(tes)
if(totarhos(i).eq.0.0)go to 780
marhos=totarhos(i)/(2*counter—2*joker(i,tes))
mprhos=totprhos(i)
mrhos(i,tes)=cmplx((marhos*cos(mprhOS)),(marhos*sin(mprhos)))
continue
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790
800

810

820

-EVALUATION OF SOURCE FLOW

do 800 11=2,nn(3)

do 790 i=1,nn(1l)
1f(cabs(mxhos(i,tes)).eq.o.or.cabs(mrhot(i,tes)).eq.O)go to 790
qsx(11,i)=((px(11,i)*1.0e05/(zo(i)*(1.0+mrhos(i,tes))/z.o))
/(cexp(—gamma(i)*x(ll))+mrhot(i,tes)*cexp(—gamma(i)*(z.o*l(ll)—
x(11)))))*(1.0—mrhot(i,tes)*mrhos(i,tes)*cexp(-z.o*gamma(i)*l(ll)))
qsy(11,i)=((py(11,i)*l.0e+05/(zo(i)*(1.0+mrhos(i,tes))/z.O))/(cexp
(—gamma(i)*y(1l))+mrhot(i,tes)*cexp(—gamma(i)*(z.o*l(11)—y(ll)))))
*(1.o—mrhot(i,tes)*mrhos(i,tes)*cexp(—z.o*gamma(i)*l(ll)))

totaqs(i)=totaqs(i)+cabs(qsx(ll,i))+cabs(qsy(11,i))

'phagx=180.0*atan2(aimag(qsx(11,i)),real(gsx(11,1)))/pi

phaqy=180.0*atanZ(aimag(qsy(ll,i)),real(qsy(ll,i)))/pi

‘make phagx additionable to mean phase of gs

if(abs(totpqs(i)—phaqx).gt.180.and.phaqx.lt.o)phaqxéphaqx+360
if(abs(totpqs(i)—phaqx).gt.180.and.phaqx.ge.o)phaqx=phaqxr360
totpgs(i)=(totpgs(i)*(2*11-4)+phagx)/(2+*11-3)
if(totpgs(i).gt.180.0)totpgs(i)=totpgs(i)-360.0
if(totpgs(i).1t.-180.0)totpgs(i)=totpgs(i)+360.0

make phaqgy additionable to mean phase of gs
if(abs(totpqs(i)—phaqy).gt.180.and.phaqy.1t.0)phaqy=phaqy+360
if(abs(totpgs(i)-phaqgy).gt.180.and.phaqy.ge.0 )phaqy=phagy—-360
totpgs(i)=(totpgs(i)*(2*11~3)+phaqy)/(2*11-2)
if(totpgs(i).gt.180.0)totpgs(i)=totpgs(i)—360.0
if(totpgs{i).1lt.-180.0)totpgs(i)=totpgs(i)+360.0

continue
continue

evaluate mean value of gs

do 810 i=1,nn(1l)
if(cabs(mrhos(i,tes)).eq.0.0.0or.cabs(mrhot(i,tes)).eq.0.0)go to 810
mags(i)=1.414*totags(i)/(2*(nn(3)-1))

- mpgs(i)=totpgs(i)

continue

PRINTED RESULTS OUTPUT

‘if(anal.eq.Z) go to 820

write(14,1230)
write(14,1090)ac(l),freq(tes),ac(2),mpres(tes)

write(14,1180)

write(14,1190)

write(14,1170)

do 850 i=1,nn(1) ' :
if(cabs(mrhos(i,tes)).eq.0.0)go to 840
marhot=cabs(mrhot(i,tes))
mprhot=180.0*atan2{aimag(mrhot(i,tes)),real(mrhot(i,tes)))/pi
mzt=zo(i)*(1.0+mrhot(i,tes))/(1.0-mrhot(i,tes))
mazt(i)=cabs(mzt)

mpzt(i)=180.0*atan2(aimag(mzt), real(mzt))/pi
marhos=cabs(mrhos(i,tes))
mprhos=180.0*atan2(aimag(mrhos(i,tes)), real(mrhos(i,tes)))/pi
mzs=zo(1i)*(1l.0+mrhos(i,tes))/(1.0—mrhos(i,tes))
mazs(i)=cabs(mzs)

mpzs( i)=180.0*atan2(aimag{mzs), real(mzs))/pi

if(anal.eq.2)go to 850

-~
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if(scale.eqg.2)go to 830
write(14,1210)i,marhot,mprhot,mazt(i), mpzt(i),marhos mprhos,

& mazs(i), mpzs(i), mags(i), mpgs(i)
go to 850
830 write(14,1220)i,marhot,mprhot,20.0%*aloglo(mazt(i)), mpzt(i),
& marhos,mprhos,20.*aloglo(mazs(i)),mpzs(i),maqs(i),mpqs(i)
go to 850

840 write(14,1290)
850 continue

* PLOTTED RESULTS OUTPUT

if(anal.eq.1l) go to 880

if(tes.gt.1)go to 855

call vterm

call units(6.4)

print,' Do you want the flow plot to be:’

print,* 1 - vs time'

print, * 2 — vs pump angle of rotation’

call quest4(iplot)

if(iplot.eq.2)go to 855

print,' Give plotting time (in ms)’

input, time
855 write(6,1310)ac(kpar),par(tes)

read(5,1000,err=865 )flow(tes)

if(tes.gt.l)go to 857

write(6,1330)

read(5, 1000, err=865 )np
857 do 860 i=1,nn(1) ,

if(cabs(mrhos(i,tes)).eq.0.0) z(i)=10.0 v
* uncbtained results are plotted as very low values of amplitude

if(mags(i).eq.0.0)mags(i)=1.0e—08

"if(mazt(i).eq.0.0)mazt(i)=1.0e+08

if(mazs(i).eq.0.0)mazs(i)=1l.0e+08

mazs(i)=20.0*aloglO(mazs(i))

mazt(i)=20*aloglOo(mazt(i))
860 continue
] go to 870
865 write(6,1070)

go to 855
870 call setgino(z,mazt,mpzt,nn(1),2)

call insertion( freg(tes),mpres(tes))

call piccle

call setgino(z,mazs,mpzs,nn(l),1)

call insertion(freq(tes),mpres(tes))

call piccle

if(iplot.eq.2)call ginoflow( flow(tes),z,nn(1),mags,mpgs,np)

if(iplot.eqg.1)call ginotime(flow(tes),z,nn(1l),mags,mpgs,time)

call insertion(freq(tes),mpres(tes))

call piccle
880 continue

if(anal.eqg.1)go to 940

call devend
.940 print," The analysis is complete”
950 rewind 1

write(1,1020 )mm

write(1l,1020)nn

write(1,1020 )kpar, scale

write(1,1020)file

write(1,1010) mpres

write(1,1010) freq

-~
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write(l,1020)isca
write(1l,1010)calib
write(1,1010)(1(i),x(1i),y(1),i=1,20)

990 close(l)

1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190

. 1200

1210
1220
1230
1240
1250

1260.

1270
1280
1290
1300
1310

1320

1330
1340

1350

1360

close(5)

close(6)

close(14)

stop

format(v)

format(10£f8.3)

format(10i5)

format( 1h ,a9,6x,"L",6x,"X",Gx,"Y")

format(1lh ,a%9,iz,2x,£5.3,2x,£5.3,2x,£5.3)

format(1ih ,a23)

format(1ih ,"Type the values of L,X,Y for test®,iz,"-— *)
format(1lh ," Wrong value, TRY AGAIN")

format(1h ,9x%,a23)

format( 1ho, 5x,a19,"-",£f6.1,3x%,a17,"-",£6.1)
format(1ho,67("*"))

format(1ho,10x," TERMINATION REFLECTION COEFFICIENTS" )
format( 1ho, "PIPE i",12x,"2",12x%,"3",12x%,"4",12x,"5")
format(1lh ,i2,2x,10(£5.2,1x%,£5.0,2x))

format(1ho,10x," SOURCE REFPLECTION COEFFICIENTS")
format(1ho, 11 12",5x,"1",11x,"2“,llx,"3",11x,“4",llx,"5")‘
format(1h ,12,2x,i2,2x,10(f4.2,1x,£f5.0,2x))
format(1ho0,69("*"))

format(1iho,6x, "RHOT",11x, "ZT",11x, "RHOS", 11x, "ZS", 14x%x, "QS" )

format(1ho," H",2x, "AMP",2x, "PHA", 4x, "AMP", 6x, "PHA", 4x, "AMP", 2X,
"PHA", 4x, "BMP", 6X, "PHA", 4X, "AMP", 6x, "PHA" )

format(1ho, 10x," RESULTS OF COMPONENTS CHARACTERISTICS")
format(lh ,iz2,1x,2(f4.2,1x,£f5.0,1x%,e9,.3,1x,£5.0,1x),e9.3,1x%,£f5.0)
format(ih ,i2,1x,2(f4.2,1x,f5.0,1x%,f9.3,1x,f5.0,1x),e9.3,1%,£f5.0)
format(1ho, 25%," AVERAGED RESULTS ")

format (1h ,“"Lengths for tests at “,al7,"-",iz,":")

format(1lh , "Two/three lengths between ",£f5.2," and ",£5.2,"metres")
format(1lh ,"One/two very short lengths are necessary")

format(1h ,i4,” gamma(",iz,") - ",£5.2)

format(1ho,"11 iz2v,s5x,"6",11x,"*7",11x,"8",11%, *9",10%, “10")
format{1lh ,65("-"))

format(1ho, "PIPE 6",12x,"7",12x%,"8",12x,"9",11x,"10")
format(ih ,"Give mean pump flow in 1/s;(- for inlet;+for outlet)",
/ih ," for ",ai7,"=",£f5.1," :+ )

format(lho,"WARNING: The value of !rhot!<0.3 for harmonic number™
,i2,/1h ,» for “,al7,"=",£5.1)

format(1lh ,“Type number of pumping elements : ")

format(1hoO, "WARNING: The value of |rhot|>1.0 for harmonic number“

,i2z,/ih ," foxr ",al7,"=",£5.1)

format(1hO, "WARNING: Insufficient number of lengths to define ‘'rhot'"™
,/1h ," for harmonic number",i2,/1h ," for "“,al7,"=",f5.1)
format(1hO, "WARNING: Insufficient number of lengths to define ‘rhos'"
,/1h ," for harmonic number®,i2,/lh ," for *,al7,"=",£5.1)

end
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TYPICAL RUN OF PROGRAM “"tunemeth"
with fileOl already written but not correct

(user inputs are preceded by "(IN)" )

(IN) tunemeth :
Hello! Do you want interactive program action?
(IN) yes .
Is the input data file (fileOl) already written?
(IN) v
THIS PROGRAM EVALUATES THE SOURCE FLOW AND THE SOURCE AND
TERMINATION IMPEDANCES IN A SYSTEM AS REPRESENTED
IN THE FOLLOWING PICTURE

X ——

TESTS PERFORMED ON THIS SYSTEM ARE SUPPOSED TO VARY EITHER:
1 — Fundamental frequency '
_ 2 — Mean pressure

For each pair of frequency and mean pressure
Several pipe length tests are allowed

WHICH PARAMETER DO YOU VARY IN TESTS? "1" or “2"
(IN) 2 ,
" THIS PROGRAM IS PREPARED TO ACCEPT UP TO:
10 NUMBER OF MEAN PRESSURES
10 HARMONICS
20 DIFFERENT PIPE LENGTHS

The values of the following variables are:

1 -~ NUMBER OF HARMONICS = 10

2 — NUMBER OF MEAN PRESSURES = 3 )

3 — NUMBER OF PIPE LENG. = 10

Do you want to change any? ]

(IN) 2 <«——(deliberate typing mistake)
Please answer "yes" or "no"

(IN) yes

wWhich parameter do you want to change? "1",%"2" or "3"
(IN) 2 .

Type the new value of NUMBER OF MEAN PRESSURES

(IN) 4
The values of the following variables are:
.1 — NUMBER OF HARMONICS = 10

2 — NUMBER OF MEAN PRESSURES = 4
3 — NUMBER OF PIPE LENG. = 10
Do you want to change any? v
(IN) no
The actual value of each MEAN PRESSURE is:

MEAN PRESSURE 1l is = 150.0

MEAN PRESSURE 2 ig = 100.0
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MEAN PRESSURE 3 is = 50.0
MEAN PRESSURE 4 isg = 10.0
DO YOU WANT TO CHANGE THEM?
(IN) ¥
TYPE THE NEW VALUE OF MEAN PRESSURE
TYPE THE NEW VALUE OF MEAN PRESSURE
TYPE THE NEW VALUE OF MEAN PRESSURE
TYPE THE NEW VALUE OF MEAN PRESSURE

The actuwal value of each MEAN PRESSURE i

MEAN PRESSURE 1l is = 150.0

MEAN PRESSURE 2 is = 100.0

MEAN PRESSURE 3 is = 50.0

MEAN PRESSURE 4 is = 10.0
DO YOU WANT TO CHANGE THEM?

(IN) no
The values of the following variables
1 - MEAN TEMPERATURE a= 40

2 — INTERNAL DIAMETER (mm*10) = 150
3 — THICK. OF PIPE WALL(mm*10) 20
Do you want to change any?

.
.
*
H

|
W ap W N

o

are:

are:

(IN) 150.
(IN) 100.
(IN) s0.
(IN) 10.

(IN) ¥

Which parameter do you want to Change? "1%,"2" or "3v

(IN) 1

Type the new value of MEAN TEMPERATURE

(IN) 50

The values of the following variables

1 - MEAN TEMPERATURE = 50
. 2 — INTERNAL DIAMETER (mm*10) = 150

3 — THICK. OF PIPE WALL(mm*10) = 20

Do you want to change any?

(IN) no

Which fundamental frequency did you
(IN) 198.

use?[Hz])

Do you need suggestions of suitable lengths to test?

(IN) yes
Lengths for tests at MEAN PRESSURE

- 1

Two/three lengths between 1.32 and 1.98metres
Two/three lengths between 0.66 and 0,99metres
Two/three lengths between 0.43 and 0.66metres
Two/three lengths between 0.33 and O0,50metres
One/two very short lengths are necessary

Lengths for tests at MEAN PRESSURE

- 2:

Two/three lengths between 1.31 and 1.96metres
Two/three lengths between 0.65 and 0.98metres
Two/three lengths between 0.42 and 0.65metres
Two/three lengths between 0.33 and 0.4%9metres
- One/two very short lengths are necessary

Lengths for tests at MEAN PRESSURE

- 3:

Two/three lengths between 1.29 and 1.94metres
Two/three lengths between 0.65 and 0.97metres
Two/three lengths between 0.42 and 0.65metres
Two/three lengths between 0.32 and 0.48metres
One/two very short lengths are necessary

Lengths for tests at MEAN PRESSURE
Two/three lengths between 1.28 and

- &

1.92metres

T™wo/three lengths between 0.64 and O0.96metres

T™wo/three lengths between 0.42 and
Two/three lengths between 0.32 and

0.64metres
0.48metres

One/two very short lengths are necessary

‘Have you performed tests already?
(IN) ¥
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The length of pipes used and pressure points are:
Pipe test L X Y

Pipe test 1 0.370 0.110 0,295
Pipe test 2 0.420 0.110 0.345
Pipe test 3 0.465 0.110 0.390
Pipe test 4 0.575 0.110 0.500
Pipe test 5 0.670 0.110 0.595
Pipe test 6 0.810 0.110 0.735
Pipe test 7 1.020 0.110 0.945
Pipe test 8 0.920 0.110 0.845
Pipe test 9 1.825 0.110 1.750

Pipe testi0 1.720 0.110 1.645
Do you want to change them?
{IN) no

The pressure readings are given in individual files by
AMPLITUDE and PHASE of all HARMONICS, for different
MEAN PRESSURE
(THE FILE NUMBERS MUST BE >=20 AND <=99)

The actual value of each file no.at mean press is:

file no.at mean press 1 : 31
file no.at mean press 2 : 32
file no.at mean press 3 34
file no.at mean press 4 : 35

DO YOU WANT TO CHANGE THEM?
(IN) ¥

TYPE THE NEW VALUE OF file no.at mean press — 1 : (IN) 31
TYPE THE NEW VALUE OF file no.at mean press - 2 : (IN) 32
TYPE THE NEW VALUE OF file no.at mean press — 3 : (IN) 33
TYPE THE NEW VALUE OF file no.at mean pregss -— 4 : (IN) 34

The actual value of each file no.at mean press is:

file no.at mean press 1 : 31

file no.at mean press 2 : 32

file no.at mean press 3 : 33

file no.at mean press 4 : 34

DO YOU WANT TO CHANGE THEM?

(IN) no

ARE EXPERIMENTAL DATA FILES ALREADY WRITTEN?

(IN) vy

Which units did you use for input data amplitudez
1 - in VOLTS

2 - in dB
(IN) dB
Please answer “1" or "2" only
(IN) 2

Give overall calibration factors for pressure points in ‘'bar/volt‘':
Calibration factor for pressure 1 =
(IN) 14.11
- Calibration factor for pressure 2=
(IN) 15.22
which scale do you want for Impedance Results?
1 — SI units (Ns/m**5)
2 — dB scale
(IN) 2
Do you want to have:
1- Results printed into a file (filels4)
2— plotted results (output to attached file)
3~ Both
(IN) 3
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Gino-f Mk 2.5c
Do you want the flow plot to be:
1l - vs time
2 — vs8 pump angle of rotation
(IN) 1 .
Give plotting time (in ms)
(IN) 30
Give mean pump flow in 1/s;
for MEAN PRESSURE =150.0 : (IN) .45
Type number of pumping elements : (IN) 8

WARNING: Insufficient number of lengths to define ‘rhos’
for harmonic number 9
for MEAN PRESSURE =100.0

Give mean pump flow in 1/s;
for MEAN PRESSURE. =100.0 : (IN) .46

Give mean pump flow in 1/s;

for MEAN PRESSURE . = 50.0 (IN) .47

WARNING: The value of {rhot!{«0.3 for harmonic number 1
for MEAN PRESSURE = 10.0 ‘

WARNING: The value of !rhot!<0.3 for harmonic number 2
for MEAN PRESSURE = 10.0

" WARNING: The value of !rhot!<0.3 for harmonic number 3
for MEAN PRESSURE = 10.0

WARNING: The value of |rhot!»>1.0 for harmonic number 6
‘for MEAN PRESSURE = 10.0

WARNING: Insufficient number of lengths to define ‘rhot’
for harmonic numberl0
for MEAN PRESSURE = 10.0
Give mean pump flow in 1/s;
for MEAN PRESSURE = 10.0 : (IN) .48
The analysis is complete

STOP
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LISTING OF PART OF “fileia"

AVERAGED

FUNDAMENTAL FREQ.— 198.0

RHOT

H AMP PHA

zZT

AMP

RESULTS

MEAN PRESSURE

RHOS

PHA

AMP PHA

ZS

AMP

- 150.,0

PHA

Qs

AMP

PHA

**************t*******************************t***k*****************t

1

0.82

2 0.80

O W OO bW

1

0.80
0.81
0.80
0.85
0.80
1.00

0.81 -

0.77

-1.
-7.

216.112
214.239
214,263
212.734
211.357
209.097
211.392
206.214
215.622
213.076

-7.
-29.

0.90
0.87
0.93
0.92
0.95
0.97
l.02
0.87
0.90
0.74

AVERAGED

FUNDAMENTAL FREQ.-— 198.0

RHOT

H AMP PHA

T

AMP

RESULTS

201.100
196.992
193.741
191,963
190.666
189.972
187.828
189.621
177.956
180.742

MEAN PRESSURE

RHOS

PHA

AMP PHA

Z5

AMP

-84, 0.522E-04 -174.
~83. 0.142E-04 83.
-86. 0.857E-05 —24.
-85. 0,650E-05 —135.
-87. 0,368E-05 123.
-88. 0.362E~-05 3,
~92, 0,348E-05 -103.
-80. 0.261E-05 121.
63. 0.553E-05 ~147.
26, 0.283E~-05 —112.
- 100.0
Qs
PHA AMP PHA

AKRE KR TR L LT LRI TR KRR KRR AR KA KRR AR TR KRR AR KRR R KRR R R R R AR KRR AR R KRR AR R AR R AR K ARRARKRKRR AR R

10.73 -4, 212.081 -13. 0.89 -57. 201.344 -83. 0.502E-04
2 0.72 -9, 211.100 -25. 0.88 —-86. 196.794 —-83. 0.138E-04
3 0.73 -11. 211.011 -32, 0.92 —106. 193.629 -86. 0.796E-05
4 0.74 -16. 209.683 -43. 0.92 —116. ~191.982 -85. 0.573E-05
5 0.73 -19. 209.080 —-46. 0.94 —127. 190.056 —86. 0.362E~05
6 0.76 —22. 208.531. -55, 0.98 —130. 189.493 -89, 0.298E—05
7 0.72 =-21. 208.121 —47. 1.04 —-143. 186.511 -94. 0.329E-05
'8 0.80 -38. 205.034 -70. 0.94 —133, 188.911 -86. 0.217E-05
10 0.82 -44. 203.742 -74. 0.87 -149. 185.227 -76. 0.290E-05

-171.
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PIPE

FUNDAMENTAL FREQ.~ 198.0

1

~A49-

LISTING OF PART OF "filelS"™

RESULTS OF COMPONENTS CHARACTERISTICS

MEAN PRESSURE

TERMINATION REFLECTION COEFFICIENTS

2

3

4

- 150.0

5

**************************************tt***tt************k**k****t*

CUYWOTOU D WN

1

PIPE

'0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.82
0.82

6

0.
0.
0.
0.
0.

0.00
0.00
0.00
0.00
0.80
0.79
0.81
0.00
0.00

7

0.
0.
0.
0.

0.00
0.00
0.79
0.81
0.80
0.00
0.00
0.79
0.81

8

0.

0.00

0.00
0.79
0.84
0.00
0.00
0.00
0.00
0.00

9

0.
0.
~15.
=10.
0.
0.
c.
0.
0.

0.80
0.80
0.81
0.00
0.00
0.00
0.00

- 0.81

0.00

10

***************************k**t***********tk***********k*ttk**tt**t

1

W oONOTOWN

10

11 12

KRXKKKKKK KKK K KKK KKK KK KRKKKARKKKKKRKKKKKNKKKRKKkKkKkK

5

[--I =B N B« I A

'}

10
10

0.00
0.89 -
0.85 -
0.00
0.00

0.82 -

0.00
0.00
0.00

1

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

oo e e

0.00
0.00
0.00
0.00

® W ® o

0.

SOURCE REFLECTION COEFFICIENTS

0.
0.
0.
0.
0.
0.
0.
0.

0.
0.
0.
0.

0.75
0.64
0.70
0.00
0.00
0.00
1.08
0.86
0.00

2

0.00
0.00
0.00
0.00
0.87
0.86
0.00
0.00

0.88
0.88
0.88
0.89

-19.
-19.
-21.

0.

0.

—-20.
2.
O.

0.
0.
0.
0.

-92,
-89.

0.
0.

-82.
—-84.
-84.
-85,

1.13
0.97
0.00
0.00
0.88
0.00
0.00
0.00
0.00

3

0.00
0.00
0.94
0.91
0.94
0.96
0.93
0.93

!
!
Vv

0.00
0.00
0.00
0.00

0.

0.
-105.
—-109.
-100.
-105.
—103.
-108.

0.
0.
0.
0.

0.89
0.94
0.00
0.00
0.00
0.00
0.00
0.60
0.00

4

17.
=5.
0.
0.
0.
0.
o.
-5.
O.

0.88
0.00
0.00
0.68
0.00
0.88
0.00
0.00
0.64

5

hat 28
O.
0.

KAKRXRKKKKKAKRKKRRKKRKKKAXRKRKAR

0.93
0.90
0.93
0.81
0.00
0.00
0.00
0.00

0.00
0.00
-0.00
0.00

-116.
-119.
~-114.
-126.
0.
0.
0.
0.

0.
0.
0.
0.

0.95 -124.
1.00 -128. -
0.00 0.
0.00 0.
0.00 0.
0.00 0.
0.00 0.
0.00 0.
0.93 -128,
0.87 -111,
0.00 o.
0.00 0.
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11 12 6 7 - 8 9 10

**'k‘k******‘kt****‘k***********k***t***t**tkt***‘k**‘k'k‘k*‘k****‘k*kkt LE. R & ]

1.01 -131. 1.00 -137. 0.80 -144. 0.75 164, **xxx o.
0.89 -134. 1.04 -149. 0.83 -150. O0.61 150. 0.76 0.
0.97 -134. 0.88 -138. 0.00 0. 0.00 0. 0.00 0.

' 0.94 ~-130. 0.90 -140. 0.00 0. 0.00 0. 0.00 0.
0.00 0. 0.84 -134. 0.82 -136. 0.00 0. 0.00 0.
0.00 0. 0.57 -139. 0.95 -137. 0©.00 0. 0.00 0.

NN U b b
o

]
’
]
'
v

9 8 1.28 -130. 0.00 0. 0.00 0. 0.97 179, 0.00 0.
9 8 0.88 —-121. 0.00 0. 0.00 0. 0.97 171. 0.00 0.
10 8 1.36 -130. 0.00 0. 0.00 0. 0,00 0. 0.52 39.
10 8 0.80 -122. 0.00 0. 0.00 0. 0.00 0. 0.90 182.
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LISTING OF INITIAL DATA FILE "fileOl"™

(written by the program in interactive mode action)

50 150 20

10 4 10
2 2

31 32 33

150.0 100.0 50.0
198.0 198.0 198.0
2
14.110 15.220
0.370 0.110 0.295
0.110 0.500 0.670
0.945 0.920 0.110
2.150 0.000 0.285
0.000 0.000 0.000
0.000 0.000 0.000

34 o 0o

10.0 20.0
198.0 198.0

0.420 0.110
0.110 0.595
0.845 1,825
0.000 0.000
0.000 0.000
0.000 0.000

0 0
20,0 20.0
198.0 198.0

0.345 0.465
0.810 0.110
0.110 1.750
0.000 0.000
0.000 0.000
0.000 0.000

(o)
20.0
198.0

0.110
0.735
1.720
0.000
0.000
0.000

(o]
20.0
198.0

20.0
198.0

0.390 0.575
1.020 0.110
0.110 1.645
0.000 0.000
0.000 0.000
0.000 0.000
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84.8
68.6
61.7
58.4
55.4
46 .5
46.2
47.

42.0

46.0

84.6
68.3

49.9
66.9

72.4

56.9
61.1
55,

53,7
58.7
49.1
50.4
43.8

EXAMPLE OF PART OF EXPERIMENTAI, DATA FILE "file31"

=107.

11].
~140.
-23.
106.
-156.
-44.
100.
94.
-105.
o.

84.9
69.6
64.7
64.7
67.3
62.2
52.9
44.3

47.3

" 43.7

-105.
o.
114.
~127.
5.
-121.

144,
~-89.
-93.
-104.
2.

ten harmonics
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BASIC FLOW DIAGRAM OF ‘tunemeth.fortran’

read
[ileOl

interactive
data input

using existing
data file?(file0

creale
fileOl
J

read
f£ileOl
!

go through all information

and update values

according too user answers
rY

i A

-

~ - 1.

i
read pressure
fluctuations data

' !
process
information

—-— ——

printed

plot
Qs,2s,Zt

on altached device

!

wrile

Qs,2s,2L,ps, pt {

on Lo filel4q
i

update
fileOl

Fig.A3.1 Basic flow diagram of program ‘funemeth.fortran’
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FLOW DIAGRAM OF PARTS b) AND c) OF 'tunemelh.f{ortran®

1

do tes = 1, number of tests

[ evaluate fluid properties 1

do 1 = 1, number of line lengths
[ read exp. dataifor all harmonics ]
do i = 1, number of harmonics
evaluate wave ;ropag. constant
and pipe impedance

13 length tuned
for this harmonic

calculate pressure ratio
pPxX/py
i
evaluate pt {fox
each tuned condition
) 4

i
calculate averaged value
of pt for all harmonics

pt evaluation yes

nsatisfactory? ]
display

no warning
N —

wntlh

do (11,12) = all possible combinalions

do i = 1, number of harmonics

—has pt
been evaluated for
this harmonic?

1s pair of lengths
tuned conditionz

calculate ratio of
px's and py's -
i
evaluate ps from
px's and py’'s

Fig.A3.2 Flow diagram of parls b) and c) of program 'tunemeth.fortran”
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calculate averaged value
of ps

was pPs evaluation
unsatisfactory

display
no warning
~f- J

do 1 = 1, number of length

1 .

do i = 1, number of harmonics

are pt and ps known
for this harmonic?

evaluate Qs
using value of px
and

using value of py

|
calculate averaged value
of Qs
i
write in filels
pL, zt, ps, Zs, Qs

o you want no

Y

lotted output

give details
1

plot on attached device

Zt, 2s and Qs
1 .

1
rewraite fileOl

Fig.A3.2 Flow diagram of parts b) and ¢) of program "tunemeth.fortran’
(cont.)
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-~
/ I \
/ <\
- - - .
\ /
\ | 8
\\~ /

(b)

Fig.A3.4 Difference between 'real and imaginary parts’ averaging (OC)
and ‘amplitude and phase’ averaging (OC') of compiex numbers

phase = 0.

|

do i=1, number of phases
l
read

phase(i)

g

is ph;;;z;T\\\\\\\\‘
wathin 180 deg ne

of phase ? 41

add or subtract
360 deg
depending on relalive
values of phase and phase(i)

prhase = phage*(i-1)+phase(i)

i
gt
s phase
waithin [—-180.,+180.] n
7 add or subtractl

360 deg

Fig.A3;5 Flow diagram of averaging of phases of complex data



appendix IV ~A58—

COMPUTER PROGRAM DOCUMENTATION

FOR SUB-PROGRAM ‘tunesub.fortran®

Library Classificalion

BENGF.tunesub.224.01
TITLE — Supporting Routines for Program 'tunemeth.fortran’

New Fortran 7a Multics - 30/8/80

Author: F. Freitas

Purpose — The subroutines contained in this sub-program are used

by

the main program tunemeth.fortran for interactive data input and for

plotted results output.

-Inbuilt Subfroutines

ginoflow — plots pump displacement ripple vs pump rotation

ginotime — plots pump source flow vs time

insertion— prints on top right hand corner of each plot data

details

questl — interactive questioning routine
guest2 - interactive questioning routine
guest3 - interactive questioning routine
quest4 — interactive questioning routine

Storage — 4 Records length
Subroutines Action

a) subroutine ginoflow

Purpose - Plot inlet and outlet displacement ripple of a hydraulic
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pump by synthesis of Fourier harmonic components.
Associated Subroutines - gino library routines

All variables are transferred via arqgqument ligt:

call ginoflow(qm,freq,nh,ampl,phase,np)

Input variables (transferred via argumeht list)

ampl - amplitude of harm. of flow fluct. [m?/s]
kfreq - harm. frequency [Hz]
nh — number of harmonics » -

np - — number of pumpiﬁg elements -
phase — phase of harm. of flow fluct. {deg]}
gm - mean flow [2/s8]

Outpul Information

A typical example of the oufput of this subroutine is shown in

fig.3.18.

The displacement ripple is plotted over half a revolution of Llhe
pump shaft using 360 points.v The value of the high bound of YY-axis
was fixed at SCma/rad (in order to keep a common scale), for all tLhe

3
small size pumps. A value of 20cm /rad was used for larger pumps.

PROGRAM ACTION

The subroutine starts by setting up the axis and drawing the sign

n', which is not supported by gino routines.

.

The displacement ripple is, then, given by:

J
n (gq+La, sin(ni@ + p,))
w i=1

(B4.1)
a =
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where: ai -~ ampl of i'th harm comp of flow fluct. [ms/s]
4 - pump instantaneous displacement [ma/rad]
i - harmonic number : -
J - total number of harmonics -

h  — number of pumping elements ‘ -

Pi — phase of i‘'th harm comp of flow fluct. [deg]
9 - mean pump flow at running speed [ma/s]
6 - pump angle of :otatlon' o [rad]
@ — pump fundamental frequency [rad/s]

b) subroutine insertion

Purpose -~ To write on every plot details of mean Pressure and

fundamental freguency the system was run at.
Associated subroutines — gino library routines

aAll variables transferred.via argument list:

call insertion(a,b)
Input variables (via argument list)

a — fundamental frequency [Hz]

b — mean pressure [bar]
Output Information

Thé output of this subroutine is printed on the top right hand corner

of every plot output called by program tunemeth.fortran ( see

£ig.A3.3).

¢) subroutine setgino
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Purpose — To plot impedance characteristics of pumps and terminations

in a Bode—type diagram.
Associated subroutines - gino library routines

All variables transferred via argument list:

call setgino (ff,xa,xp,i,n)

Input variables (via argument list)

ff - array containing harmonic frequencies [Hz]

i — number of harmonics -

n - n=1 for termination ; n=2 for source titles -

xa — amplitude of impedance _ [Ns/m§]
'xp — phase of impedance [deg]

Output Information

' The output of this subroutine (see fig,A3.3) consists of two
. Plots, one of impedance amplitude and the other of phase versus

frequency ([Hz]) in a 10910 scale.

The title is either termination or source impedance depending upon

the value of 'n°*.

As it is possible, from tunemeth program, for a harmonic component
not to be evaluated, the value is.transferred as 140 dB which, when
detected in the subroutine, is by-passed using the array variable

'no'.

d) subroutines questl, quest2, quest3, quest4

Purpose — These subroutines print stored values of variables and

update them according to user’'s answers.
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PF19.RA4.2 presents the flow diagram of questl as an example,

e) subroutine ginotime
Purpose — Plot inlet and outlet Source flow of a pump vs time ([ms])).
PROGRAM ACTION

This subroutine is virtually identical to ginoflow, but eq.A4.1 is

substituted by:

J
flow = g+ T a; sin(tiw + p,) (2a4.2)
: 1=l
where: flow - instantaneous flow delivered by pump . [ma/e]

t - time [ms]
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' LISTING OF SUB-PROGRAM “tunesub. fortran"

PROGRAM NAME — tunesub.fortran

LIBRARY CLASSIFICATION - BENGF tunesub.224.01

TITLE - SUPPORTING ROUTINES FOR PROGRAM 'tunemeth.fortran:

New Fortran Sa Multics 30/8/80

A graphics terminal may be used to see output

Author - F.Freitas

Purpose — The subroutines contained in this sub-program are ued
the main—program 'tunemeth’ for interactive data input
and for plotted output results.

Revisidns -

This sub-program contains the following subroutines:

‘ginoflow - plots displacement ripple vs pump rotation
‘ginotime - plots source flow vs time (ms) :
insertion — writes at top right corner of plot data details
questl - - questioning routine for interactive data input
quest2 — questioning routine for interactive data input
quest3 — questioning routine for interactive data input
quests — questioning routine for interactive data input
setgino — plots source or termination impedance in )

4B vs frequency (log scale)

ﬂ3(-’!'31'*’(-*v’fﬁ_tﬂ'ﬂ-***&*ﬂ****#ﬁ#**’t*#**#

subroutine ginoflow(gm, freq, nh, ampl, phase,np)

Input variables (transferred via argument list)

ampl - amplitude of harm. of flow fluct. [m3/8]
freq - harm. frequency : [Hz]
nh = number of harmonics -

np — number of pumping elements -
bhase — phase of harm. of flow fluct. [deg]
gm — mean flow {1/s]

Insource variables

i = incremental variable -
J — number of plotting points -

n ~ incremental variable -

p1 — constant (=3.14159) -

x - array containing instantaneous values of [cu.cm/rad)

: volume displacement/rad
t — array containing values of pump rotation [deg]
temp - phase of each harmonic component {rad]

ﬁ***#****’f##*****##ﬁﬂ'

Xmax -— max value of pump angle (deg]

-~



appendix IV —A64—

* % A *

20

10

ymax - max value of pump displacement

dimension freq(10),ampl(10), phase(10),x(600),t(600)
external chahol(descriptors)

call axipos(0,65.,80.,80.,1)

call axipos(0,65.,80.,100.,2)

call chasiz(2.0,4.)

call chaang(90.)

call movtoz(50.,30.)

call chahol("INLET FLOW — cu.cm/radx.")

call movto2(50.,85.)

call chahol("OUTLET FLOW — cu.cm/rad*.")

call chaang(0.)

call movto2(64.,25.) ‘
call chahol("0. x.")
draw symbol of 'pi‘

call movby2(.2,3.5)

call linby2(2.,0.)

call movby2(-1.5,0.)

" call linby2(0.,-3.5)

call movby2(1.,0.)

call 1linby2(0.,3.5)

call movby2(.7,-3.5)

call chahol("™ rad.*x.")

call movto2(90.,15.)

call chahol(“"PUMP ROTATION — rad*.")
Ppi=3.14159

ymax=>5.

9=360

Xmax=180.

call axisca(l,36,0.,xmax,1l)

call axisca(l,10,—-ymax,ymax,2)
call grid(-2,0,1)

do 5 i=1,nh
phase(1i)=phase(i)*pi/180.
continue

do 10 n=1,3+1

r(n)=0.0

t(n)=(n-1)*xmax/]

do 20 i=1,nh
temp=i*t(n)*np*2*pi/360.+phase(i)
r(n)=r(n)+ampl(i)*sin(temp)*1000.
continue

Ar(n)=(qm+r(n))*np*looo./(freq(l)*z*pi)

continue

call grapol(t,r,j+l)
return

end

subroutine insertion(a,b)
Input variables (via argument list)

a - fundamental frequency
b - mean pressure

-~

fcu.cm/rad]

(Hz}
(bar]
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* Ok %k A % % ok A A A A A % A %

25
26

30

external chahol(descriptors)
call chasiz(1.5,2.0)
call movto2(135.5,135.)
call chahol( "FFREQ.=* ")
call chafix(a,5,0)

call chahol(" Hz*.")
call movto2(135.5,140.)
call chahol( "PRESS.=* ")
call chafix(b,6,1)

call chahol("barx*.*)
return

end

subroutine setgino(ff,xa,xp,i,n)

Input variables (via argument list)

ff - array containing harmonic frequencies ‘[Hz]

i - number of harmonics -

n - n=1 for termination : n=2 for source titles -

Xxa - amplitude of impedance [Ns/mS }
Xp — phase of impedance [deg]
Insource variables

3 - incremental variable charactrizing harmonic number-—

no — arrxay which determines whether a wvalue is to be

or not

dimension ££(10),%xa(10),xp(10),no(10)

‘external chahol(descriptors)

call axipos(1,40.,100.,95,.,1)

call axipos(l,4o.,lqo.,50.,z)

call axisca(4,5,100.,2000,,1)

call axisca(l,6,160.,220.,2)

call chasiz(2.0,4.0)

call movto2(70.,152.)

if(n.eq.2)go to 25

call chahol("  SOURCE IMPEDANCE *.")
go to 26 ' '

call chahol( "TERMINATION IMPEDANCE*.")
call chaang(90.)

call movto2(28.,110.)

call chahol( "AMPLITUDE — dB*.")

call chaang(0.)

call chasiz(2.0,3.0)

call grid(-2,0,1)

call movto2(38.,92.)

call chahol("100 200 400 1K 2K*x,.")
call chahol(™" 4K 10K*,.")

do 30 j=1,1i

if(xa(j).le.141, )go to 40

call grasym(£ff(j),xa(3),1,2,0)

go to 30

no(Jj)=1

continue
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50
100

* ok ok A A A A X A A A %

80

10

20
30

. call axipos(l,40.,30.,95.,l)

call axipos(o,40.,55.,50.,2)
call axisca(4,5,100.,2000.,1)
call axisca(1,6,-180.,180.,2)
call chaang(90.)

call chasiz(2.0,4.0)

call movto2(28.,38,)

‘call chahol( "PHASE - degreesx*,")

call chaang(0.)

call movto2(70.,10.)

call chahol("FREQUENCY - Hz* )
call chasiz(2.0,3.0)

call grid(-2,0,1)

call movto2(38.,20.)

call chahol("100 200 400 1K 2K* ")
call chahol(™ 4K 10K*, ")
do 50 j=1,i

if(no(j).eq.1l)go to 50

call grasym(£(3j),xp(j),1,2,0)
continue

continue

return

end

Subroutine questi(w,ji)
Input variables (via argument list)

3] — array of variables to be queried
W — array with name of variables

Insource variables

aa ~ character string variable
i — incremental variable
ty - character string variable

character*l aa
character*22 ty
character*26 w(3)
dimension j3j(3)

print, "The values of the following variables are:"
do 5 i=1,3

write(6,100) i,w(i),3i(1i)

continue

ty="Type the new value of"

print, "Do you want to change any?"
input, aa

if(aa.eq."y") go to 20
if(aa.eq."n") return

print, '‘Please answer "yes" or “"no"'
go to 10

print, 'Which parameter do you want to change? "1",%“2% or

input,aa

-

“3'! L]
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if(aa.eq."1") go to 40
if(aa.eq."2") go to 50
if(aa.eqg."3%) go to 60
print, ' Please answer "1v,w2w oy u3gw:
go to 30
40 - print,ty,w(1)
read(5,101, exrr=120)j3(1)
go to 80
50 print,ty,w(2) )
read(5,101, err=120)33(2)
go to 80
60 print,ty,w(3)
read(5,101,err=120)jj(3)
go to 80
120 print," Wrong value. TRY AGAIN"
go to 80
100 format(1ih ,il," — ",a26," = v,14)
101 format(v)
end

subroutine quest2(w,n,rr)

Input variables (via argument ‘list)

n - dimension of array rr

rr — array containing variables to be queried
w — character string with name of variable

Insource variables (via argument list)

i - incremental variable
ty — character string wvariable

* A ok A A X A A A A A %

character *1 aa
character *17 w
character *23 ty
dimension rx(10) -

5 print, "The actual value of each ",w,"is:"
do 10 i=1,n
write(6,100)w,i,rxr(i)

10 continue i
ty="TYPE THE NEW VALUE OF *

print, "DO YOU WANT TO CHANGE THEM?"
20 input,aa

if(aa.eq."y") go to 30

if(aa.eq."n") return

print,* Please answer “yes" or “no"'
go to 20
30 do 50 i=1,n

write(6,110)ty,w,1i
read(5,101,exrx=120)rxr(1i)

50 continue
go to 5
120 print," Wrong value. TRY AGAIN"
go to 5
110 format(1lh ,a23,a17," -*,iz2," : ")

100 format(1lh ,als,i2," is = ",£7.1)

-~
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101

’t*’f’é#*****_*ﬂ*

1o

20

30

50
120
100

101
102

format(v)
end

subroutine quest3(w,n,3j)
Input variables (via argument list)

3J — array containing values' of variables to be
n - dimension of array 33
w - character string variable with name of 33

Insource variables

aa — character string variable
i - incremental variable
ty — character string variabile

character *1 aa
character *22 ty
character *23 w
dimension j3j(10)

print, “The actual value of each “,w," is:"
do 10 i=1,n ' '
write(6,100)w,1,33(1i)

continue

ty="TYPE THE NEW VALUE OF "

print, "DO YOU WANT TO CHANGE THEM?"
input,aa

if(aa.eq."y") go to 30
if(aa.eq."n") return

print, * Please answer "yes" or "no"*
go to 20

do 50 i=1,n

write(6,102)ty,w,1i-
read(5,101,err=120)33(1i)

continue

go to 5

print," Wrong value. TRY AGAIN"

go to 5

format(1lh ,a22,i2," : ",i3)
format(wv) o

format(1ih ,a22,az22," -",iz," : )
end

subroutine quest4(i)

Input variables (via argument list)

-

gueried—
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i - integer =1 or =2
read(5,10,err=15)i
if(i.eq.l.or.i.eq.2)return

print,*' Please answer "1i" ox "2% only’
go to 5§

format(v)

end

subroutine ginotime(qm,freq,nh,ampl,phase,time)

Input variables (transferred via argument list)

ampl
freq
nh

- amplitude of harm. of flow fluct.

phase -

qm .
time

—A69—

harm. frequency

number of harmonics

phase of harm. of flow fluct.
mean flow

plotting time

Insource variables

J
n
pi
r

t
temp
Xmax

ymax

dimension freq(10),ampl(10),phase(10),x(600),t(600)

incremental variable
number of plotting points
incremental variable
constant (=3,14159)

array containing instantaneous values of

souxrce flow

array containing values of pump rotation
phase of each harmonic component

max value of pump angle
max value of flow

external chahol(descriptors)

call
call
call:
call
call
call
call
call
call
call
call

axipos(0,65.,80.,80.,1)
axipos(0,65.,80.,100.,2)
chasiz(2.0,4.)

chaang( 90. )

movto2(50.,35.)

chahol( "INLET FLOW — 1/s*,")
movto2(50.,90.)

chahol( “OUTLET FLOW — 1/s%,")
chaang( 0. )

movto2(95.,15.)

chahol( “TIME - ms*.")
pi=3.14159 ‘

ymax=0,7

=360
xmax=time .

call axisca(l,10,0.,xmax,1)
call axisca(l,10,-ymax,ymax,2)
call grid(-2,1,1)

do 5 i=1l,nh
Pbhase(i)=phase(i)*pi/180.

-~

[m3/s]
(Hz]

[deg]
[1/8]
(ms]
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20

1o

continue

do 10 n=1,3j+1

x(n)=0,0
t(n)=(n-1)*xmax/;j

do 20 i=1,nh
temp=2*pi*freq(i)*t(n)/1000.+phase(i)
r(n)-r(n)+ampl(i)*sin(temp)*looo.
continue

r(n)=gm+r(n)

continue

call grapol(t,xr,j+1)

return

end
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PLOW DIAGRAM OF SUBROUTINE ‘questil’

Y

pPrint variables names’

L___and stor
r =
error olher do you want O
display Lo change any ? RETURN
yes

which parameter do

you want Lo change
— Y ‘I

number ’ error
display

- DU
correct ?

no

y

erroxr
display

i

Fig.A4.1 Flow diagram of subroutine ‘quest!
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APPENDIX V
SIZING OF A HYDRAULIC RESERVOIR

This appendix provides an illustration' of the reservoir -design

Procedures discussed in Chapter V.

Fig.A5.1 shows the éircuit diagram of a hydraulic system for which

a reservoir is to be sized.

The syétem is to be installed on mobile equipment and hence its
shape may Dbe determined by installation requirements, but‘ a

cylindrical shape will be assumed.

EXAMPLE DATA
Mean pump flow =3 /s
Accumulatorlcapacity =1 2
" Actuator (single) : @ = 0C.lm; £ =0.2m

Actuator (double) : @

0.1m; 2 =0,5m; Al = 2 *‘Az
t.=0¢C F R = 3120 C
min max

Max tilting angle of vehicle = 30 deg

Fluid viscosity = 28 ¢St (at working temp.)
SOLUTIONJ

The return 1line is vertically orientated when entering the
reservoir and sized to give a fluid velocity of 1m/s (return line

diameter=0.06m).

At the end of the return line a diffuser is connected. The fluid

velocity 1leaving the diffuser perforations must be between 0.1 and
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0.5 m/s. Using data from Fitchv[45] for woven wire cloth diffusers,
a4 mesh with 36 perforations per inch, and 0.045 cm each perforation
has a 41% of open area. If the fluid velocity is desired to be 0.3
m/s, it needs an area of 0.01 mz‘and hence the total diffuser area
is:

diffuser area = 22§£I§£23 = (0,0243 m?

If the cylindrical shaped diffuser has its diameter equal to half

its length, it must be:

P - "‘difa 0.0243
dif 2 27

= 0.062 m

A ‘deflector (see fig.As.zi is used on the outside of the diffuser
to direct the air bubbles upwards. If the anular area between the
diffuser and deflector is made equal tO'the diffuser open area, the
' ‘externa1 diameter of the deflécfor is:

2 0.01 * 4
= . + —— =0.13 m
gdefl 0.062 -

and its 1ength>is only half that of the diffuser.

The size of the air bubbles leaving the perforations of the
diffuser are dependent upon the aperture of the perforations (0.045

cm), according to the formula [45]:

“bdbble ¢ ¢perf

where, c = 9.5*10_6A[m2], for mineral oils. Hence, the air bubble

volume is:

. -9 3
= 4,28%10 9 m —> = lmm

Vhubble 2 ubble

The slip velocity of the bubbles is (see table 5.1):

v

Vg1ip = 11 mws
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The tank diameter can, now, be evaluated at the point of highest

fluid velocity in the tank (opposite deflector):

2
v 7 ( ¢tank B ¢3e£1 ) - flow
slip ° Py pump

hence, ¢t ] = 0.6 m,

Now that +the tank diameter is detérmiped from air release
considerations, its minimum level must be set in order to accomodate
the diffuser which- must always be immersed. The diffuser . is
positioned one diameter away from the bottom of the tank and the

minimum tank level is one diameter above the top of the diffuser.

An increase in this level may occur as a result ofi
a) change in system capacity (actuators + accumulator):

Avsystem =1.6+ 2.0+ 1.0 =4,6 %

b) acceptable leakage in between inspections:

Avleakage_= 1 L (assumed)

c) thermal expansion, over 120 C, of fluid volume:

Av

S 1
. = 80 * 2,4x10 * 120 = 2.3 A
expansion .

where, system volume = 70 L (tank minimum level) + 10 2 ( assumed

system volume).

d) tilting of vehicle will increase the maximum level of +the

fluigd by:
AL =¢ta“k LB L5017
tilt 2 3 .
= * =
or Avtilt 0.17 Ata.nk 48 #

Hence, the distance between maximum and minimum levels in the tank

must be:

A".=¢l~.6+1.;\!-2.3+Al»8 = 20 cm
tank
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If a S5cm clearance is allowed at the top, the overall length of

the tank will be:

!.5=20+5+12.4+6.2+6‘2=500m
and the overall tank capacity:

vtank = O.SV* Atank = 141 %

The tank capacity evaluated in this manner is found to be much
less than what would be recommended by AHEM [37]. Instead of the
'rule of thumb' of "three times the pump flow (2/min)" the value was
about 0.8 of the pump flow. On the other hand the normal practice in
mobile equipment of using 5:1 ratio of pump flow to tank capacity

. [39] would give a considerably undersized tank in this case.
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Fig. A5.2 Detail of hydraulic reservoir
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APPENDIX VI

=

DESCRIPTION OF EXPERIMENTAL APPARATUS COMPONENTS

A6.1 HYDRAULIC COMPONENTS

Pump A
This was a variable displacement axial piston swash plate pump

manufactured by Refrolle Hydraulics Ltd., having the following

specifications:
type A200
theoretical max. displacement 330m?/rev

max. recommended speed
a) unboosted 2500 rev/min
b) boosted - 3500 rev/min
max. pressureyfor continuous opexation 275 bar
number of pistons 7

weight ‘ _ 12 kg

This unit is reversible and was used as a motor as well as a pump.

The swash control is manual, by rotation of a wheel. The very

compact design of the unit lead to low dead volumes between port

pPlate and pump flange.

Pump B

This was a large axial piston pump manufactured by Lucas Fluid

Power. It was driven by a hydraulic motor on a variable speed rig.

The pump has the following specifications:

type V HDS00
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theoretical displacement - Sch?/rev
max. continuous speed 3000rev/min

max. pressure for continuous operation 270 bar

max., peak pressure 340 bar
number of pistons 9
weight ' 65.5 kg

This unit has very long internal passageways connecting the pump

flange to the port plate and hence a large volume of fluid.

Pump C

This unit was a Dowty external gear pump with the following

characteristics:
type 1P3060
theoreﬁical displacement 9.2 cm3/rev
max. working pressure ) 207 bar
max. rotational speed » 3500 rev/min
number of geér teeth 8

This unit has hydraulically balanced side plates.

Pump E
This external gear pump was a large displacement unit manufactured

by Hamworthy. The details of the unit are as follows:

. type P2C2125L
theoretical displacement 47 cma/rev
max. working pressure ‘ 207 bar
max. speed | 2700 rev/min
number of teeth 10

Pump E was mounted on a variable speed rig, and driven by an

external gear hydraulic motor of gimilar size to the pump.
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Pump F

Pump F was an axial piston pump manufactured by Sperry Vickers,

with the following specifications:

type PVB 15
displacement 32 cm?/rev
max. working pressure . 210 bar
number of pistons 9

Pump F was used as boost pump during the tests reported in chapter
VII. This unit had a pressure compensator control which was set to a
very high pressure. Consequently, during the tests the pump always

behaved as a fixed displacement unit.

Pump G
Pump G was an external gear pump of +the P3000 range of pumps

manufactured by Dowty.A The details of the pump are:

type : r 2P3090
theoretical displacement 28.8 cm?/rev
max. recommended speed 3000 rev/min
max. working pressure 207 bar
number of teeth . - 8

Valve A

Valve A is a restrictox valﬁe produced by ACL and having 3/4" pipe

connections.

Valve B
This valve is a cartridge type relief wvalve with two stages

manufactured by Stexling Hydraulics Ltd. The specifications for the

valve are:

~ A3A125
type
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flow range ) 0 to 200 /min
bressure range 2 to 350 bar
temperature range 30 to 90 C
weight 0.26 kg

pipe connections ) 3/4"

This valve is of very light construction which allowed for easy

fitting directly to the pipework.

A6.2  INSTRUMENTATION

Piezoelectric Pressure Transducer
The piezoelectric pressure transducers were manufactured by

Vibrometer Ltd. having the following characteristics:

type 6QP500
max., working pressure 470 bar
max. working temperature 240 C
mass ) negligible
linearity « +1%
natural frequency 67 kHz
damping : 0.3
insulation resistance 2x103 N

These transducers are of very small size (see fig.z.l) and had

sengitivities close to 7pCoulomb/bar.

Frequency Response Analyser (F.R.A.)
The F.R.A. was a Solartron 1170 capable of performing Fourier

analysis of signals. This instrument analyses the signal up to the
tenth harmonic of its fundamental frequency and the result (complex

number) can be obtained in one of the following forms:

a) real and imaginary parts (a,b)
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b) amplitude (volts) and phase (degrees) (A, 0)
c) amplitude (dB) and phase (degrees) (dB;0)
The logarithmic scale (8B) is defined relative to 10ouv, according
to the following equation:
amp(dB) = 20 log, (amp(volts)*10®)
or ’
amp(dB) = 100 + 20>loglo(amp(volts))
The F.R.A. uses the sine wave as the basis of the Fourier
Analysis. The value of the phase displayed refers to the phase
advance of the evaluated harmonic component compared to the reference

signal, which is a square wave.

A digital interface was used to link the F.R.A. with a DEC PDPSB

computer and automatic data acquisition was possible.

Storage Oscilloscope
This instrument was a Gould Digital Storage Oscilloscope with the

following specifications:

type | 054000

time base range ‘ lusec to 20sec/cm
input range sensitivity Smv/cm to 20V/cm
maximum input voltage 400V DC or peak AC

screen resolution:

single trace 100 points/cm

double trace 50 po?nts/cm
digital storage size 1024 x 8 bits
Plotter output (0S4001) loomV/1lcm of screen

The scope has a plotter interface which was used to record many of

the time signals presented in this thesis.
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Specfrum Analyser

The spectrum analyser is a Hewlett Packard instrument which
accepts two signal inputs, performing a FPast Pourier Transform on
each signal. The analyser displays then the amplitude and phase
spectra of the signals over a selected frequency range. The
instrument has the folloﬁing characteristics:

frequency range (maximum) 0.02 Hz to 25kHz

amplitude display 10 dB scale
2 dB scale

linear scale
amplitude display 256 points (one channel)
amplitude range +30 to -504B (rel.to 1V)

30Volts rms to 3mVolts

This instrumént was used during tests to analyse pressure signals
in a 2kHz frequency range to examine the main pumping component
frequencies and in the - 25kHz frequency range +to search for the

existence of cavitation.

Pressurized Tank Level Detection
The automatic control of fluid level in the pressurized tank was
done through +the use of an electronic control circuit connected to

two light sensitive switches.

The' control was designed to  conform wiﬁh the following
requirements:
a) have manual or automatic selection
b) under automatic control the unit must:
i) start top-up pump when bottom detectox is uncleared

ii) stop top—up pump when upper detector is covered
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iij) actuate bleed valve if top detector is covered for

over 15 sec

¢) under manual control the actuation of top-up pump and bleéd

valve are indepehdent.

The detectors were positioned around a +transparent pipe in
diametrical opposition to a light source. When the fluid is between
the light source and the detector the switch is not activated but
when the o0il level drops the intensity of the light source is

sufficient to activate the switch.

Figs.A6.1 and A6.2 show some details of the electronic Ccircuitry
used for the control and £ig.5.9 shows the control box and the

detectors positioned on the rig.

During the extensive tests performed the level detection proved
. very -satisfactory. This made it possible to regard the pressurized

reservoir as a normal reservoir.
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