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ABSTRACT

Powers of energy losses in a variable capacity displacement pump are compared with or without taking into account
the power of hydraulic oil compression. Evaluation of power of liquid compression in the pump was made possible by
the use of method, proposed by the Author, of determining the degree of liquid aeration in the pump . In the method
of determining the liquid aeration in the pump and of powers of volumetric losses of liquid compression a simplified
formula (q,, x Ap,)/2 was used describing the field of indicated work of volumetric losses q,,_of liquid compression
during one shaft revolution at indicated increase Ap, of pressure in the chambers. Three methods were used for
comparing the sum of powers of volumetric losses AP, , due to leakage and AP, of compression and also APPm\Appi
of mechanical losses resulting from increase Ap,, of indicated pressure in the working chambers.
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INTRODUCTION

In references [1-4], the Author attempted to evaluate the
influence of working liquid compressibility on the picture of
volumetric and mechanical losses in a high-pressure variable
capacity displacement pump. The considerations were based
on the assumptions made by the Author in the developed
theoretical and mathematical models of torque of mechanical
losses in the pump used in the hydrostatic drive [5-7]. The
models assume, that increase AM Pm|App;, dpgy of torque
of mechanical losses in the pump ,working chambers - shaft”
assembly, compared with torque of losses in that assembly in
a no-load pump (when indicated increase Ap,, of pressure in
the working chambers equals to zero (p,, = 0) is proportional
to torque M, indicated in the pump working chambers.

In references [1- 4], the Author introduced also the working

liquid compressibility coefficient K lc‘pn . It determines the
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degree of decrease of the active volume of working liquid
displaced by the pump during one shaft revolution as an effect
of increase Ap, = pn of pressure in pump working chambers
equal to the pump nominal pressure pn (pressure pn of the
hydrostatic drive system where the pump operates). The
pump active working volume th‘Pn or ngV‘pn is smaller
compared with the active volume equal to theoretical working
volume q,, or geometrical working volume g, (determined
at the increase Ap,, of pressure equal to zero — Ap,, = 0).
Decreases then the indicated torque M, and indicated power
P, in the pump working chambers which can be generated (and
calculated) with the increase Ap,, of pressure in the chambers,
for example with Ap,. = p . In effect, decreases also torque M,
on the pump drive shaft and power P,_consumed by the pump
on shaft that the pump driving motor can be loaded with.

In references [1 — 4] the Author searched for value of the



liquid compressibility coeflicient klc\pn , which, with increase
Ap,, of pressure in the working chambers equal to nominal

pressure p_, will give the increase AMPm‘ of torque

Pn,9qpgy
of mechanical losses proportional to Qo i€ tO indicated

torque M . The Author determined, in the tested

Pi‘pn »dPgv

pump HYDROMATIK A7V.58.1.R.P.F.00 [8], an approximate

value of oil compressibility coefficient during the pump test

as klc‘ =0,030 . Such value of the compressibility
32MPa

coefficient resulted also from aeration (¢ > 0) of 0il in conduits

of the test stand.

In references [10, 11] the Author presents the method
of determining the value of liquid aeration coefficient £
during pump operation in a hydrostatic drive system or on
a test stand, consisting in finding such value of ¢, with which

calculated increase AM of torque of mechanical

Pm Pn,qpgy
. . . . g
losses is proportional to indicated torque MPi Pn

dpgv
determined (calculated) at constant increase (p,, = cte) of
pressure in the pump working chambers. The constant value
of Ap,, assumed in searching for liquid aeration coefficient ¢,
equals to pump nominal pressure pn (Ap, = cte =p ).
Increase AM
Pm Pn qugv

the pump ,,working chambers - shaft” assembly, at a constant

of torque of mechanical losses in

value of Ap, (Ap,, = cte), is (in Author’s opinion) proportional

to the pump geometrical working capacity Doy therefore:

only with taking into account the actual value of aeration
coefficient € of liquid displaced by the pump, the
(calculated) relation

AM M

Pm pn,ngv ~ Apey

can be obtained.

At the same time, only with accounting for actual value of
liquid aeration coefficient ¢ the calculated increase

AM i
PmEn Qpgy i€ of torque of mechanical losses tends to

zero at the geometrical working capacity qp,, Per one shaft
revolution tending to zero:

AM

Pm — 0 when gpgy — 0. @)

pn;ngV_>0;8

The calculated aeration coefficient € of oil used during tests
of HYDROMATIK A7V.58.1.R.P.F.00 pump, corresponding
to the situation described by the expressions (1) and (2) had
the value € = 0,0135 [8, 10, 11].

The method, proposed by the Author, of determining
(calculating) the working liquid aeration coeflicient € was for

the first time used in the research work carried out by Jan
Koralewski into the influence of viscosity and compressibility
of aerated hydraulic oil on volumetric and mechanical losses
of a HYDROMATIK A7V.58.1.R.P.F.00 pump [8, 9, 12, 13].
The method of determining (calculating) the aeration
coeflicient € of working liquid displaced by variable capacity
per one shaft revolution displacement pump allows to
subdivide the volumetric losses per one shaft revolution
in pump working chambers into volumetric losses q, _due
to compressibility of aerated (or non-aerated) liquid and
volumetric losses q,, , due to leakage in the pump.

The method allows also to evaluate the increase

AMPm‘ APpi»Upgy of torque of mechanical losses in the

pump ,,working chambers - shaft” assembly being a function

of torque MPi indicated in the pump working

‘Ap Pi>dpgv
chambers (by making possible more precise calculation of
indicated torque M,,).

In Author’s opinion, the above mentioned possibilities
have not existed so far. They are important for evaluation
of volumetric losses due to leakage of liquid in the working
chambers and for evaluation of mechanical losses in the
pump ,working chambers - shaft” assembly, i.e. are important
for evaluation of a design solution of a displacement pump
generating those losses, particularly operating in the conditions
of high increase Ap,, of pressure in the working chambers.

Aim of the work [14,15] was to develop a capability of
evaluating the volumetric losses resulting from hydraulic oil
compression in the pump working chambers as a function
of the same parameters, which volumetric losses due to
leakage, resulting from the quality of design solution of the
pump, are evaluated as dependent on and also as a function
of the oil aeration coefficient €. Therefore, it was necessary

to develop a mathematical model describing the hydraulic
oil compressibility coefficient klc‘ App;;bp;e;v 352 relation

to the ratio Ap, /pn of indicated increase Ap, of pressure in
the working chambers to the nominal pressure pn, to the
pump capacity coefficient b, to the oil aeration coefficient
e and to the ratio v/v_of oil viscosity v to reference viscosity
v_. Also presented was a mathematical model of volumetric

losses qpvc‘ Appi:bp;e;v of hydraulic oil compression in the

pump working chambers in the form allowing to use it in the
model of power of compression in the pump and also in the
model of losses and pump energy efficiency.

It has to be noted, that, in order to simplify calculations
of indicated torque M, in the pump working chambers, the
calculations taking into account the liquid compression in
the chambers, the liquid compression curve was replaced by
linear approximation as the change of volume is small. This
simplification gives a slight error at small values of liquid
aeration coeflicient €, but the error increases at greater values
of &. The evaluation of error due to the simplification can
be made by comparing the sum of power of volumetric and
mechanical losses in pump resulting from indicated increase
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Ap,, of pressure in the working chambers determined without
or with taking into account the power of liquid compression.
However, the balance of powers of losses determined without
or with taking into account the power of liquid compression
in the working chambers is mainly a tool of demonstrating
the errors in evaluation of energy losses in pump resulting
from not taking into account of the influence of liquid
compression power.

DIAGRAM OF POWER INCREASE IN
A DISPLACEMENT PUMP OPPOSITE
TO DIRECTION OF POWER FLOW
ACCOUNTING FOR POWER OF
VOLUMETRIC LOSSES OF LIQUID
COMPRESSION

The proposed method of determining the value of aeration
coeflicient & of working liquid displaced by a variable capacity
displacement pump per one shaft revolution allows to estimate
the subdivision of volumetric losses in the pump working
chambers into volumetric losses g, _ of compression and
volumetric losses q,,, due to leakage in the chambers. The
method allows also to evaluate the increase AM Pm‘ App; of

1

Sankey diagram

direction
of power flow

inlet channd inlet channel (Apy,;)

"working chambers
= shaft” assembly

outlet channel outlet channel (Apy,;)

direction
of power flow

Fei=pp1 Qp

torque of mechanical losses in the pump ,working chambers
- shaft” assembly.

Volumetric losses g, of liquid compression, q,, , of leakage
and increase AM Pm|App; of torque of mechanical losses are
losses of different character and at the same time different
functions of increase Ap,, of pressure in the working chambers.

Figure 1 presents and describes the diagram of increase
of power in a displacement pump opposite to the direction
of power flow eliminating the Sankey diagram of decrease of
power in the direction of power flow which causes erroneous
evaluation of losses in pump energy investigations. The
proposed diagram accounts for the subdivision of power of
volumetric losses in the pump working chambers into power of
losses of liquid compression and power of losses due to leakage.

The diagram presents relation of power P,_consumed by
pump (power required by the pump from its driving (electric,
internal combustion) motor) as a sum of pump useful power
P, required of the pump by working liquid displaced by it
(required of the pump by the hydrostatic system driven by
it), power AP, of pressure losses in the channels, power AP, |
of volumetric leakage in the working chambers, power AP, _
of liquid compression in the working chambers and power

diagram according to Z.Paszota

viscosity » of the working fluid
inlet pressure pp =0

lirection

Em:‘ipvz'Pn)QP:-"onv

irection
f power flow

Fer=peaQp

PPc: I:I):’u +i‘|:;’p +AF})DV|+A|:|)3VC+L\‘PPVTW

7 power flow

Fig.1 ~ Diagram of power increase in a
displacement pump opposite to the direction of
power flow, eliminating the Sankey diagram of
power decrease in the direction of power flow

"working chambers
— shaft” assembly

internal combustion) motor.

Increase of power in the pump is an effect of
powers of energy losses in it, resulting from
quality of the displacement pump design solution
generating those losses, and power of volumetric
losses due to compression of the working liquid.
Powers of losses in the pump resulting from
quality of its structural solution are the
Sfollowing: power AP, of pressure losses in the
channels, power AP, of volumetric losses due
to leakage in working chambers and power AP,
of mechanical losses in the ,working chambers -
shaft” assembly.

)ﬁ,ﬁzﬂ\m Power increases from pump useful power P,,

I/:wksng required of pump by the pressed working liquid

/chambers . . .

= 1 T = (required of pump by the driven hyd'rostatzc
of power N | LS of pover fow  SyStem), to consumed power P, required by
flow 2Bl shoft speed n(w3)  pump on its shaft from its driving (electric,

Powers AP, AP, and AP, of losses in the pump are functions of output parameters of the pump assembly, where the losses occur and diversified functions of liquid

viscosity v:

« power AP, of pressure losses in the channels is a function of pump capacity Q, and of liquid viscosity v,
+ power AP,  of volumetric losses due to leakage in the working chambers is a function of increase Ap , of pressure indicated in the chambers and of liquid

viscosity v,

« power AP, of mechanical losses in the ,working chambers - shaft” assembly is a sum APp, = APPm‘ App=0 T APPm‘ Ap,,; Of power APPm‘ App; =0 of losses
resulting from torque MPm\Appi _q of losses in a no-load pump (at Ap,, = 0) and power APp Appi of losses resulting from increase AMPm\Appi of torque
of losses proportional to torque M, indicated in the working chambers. Torque Mp, App; =0 © losses in a no-load pump depends on the liquid viscosity v,
increase AM Pm|Apy; of torque of losses is practically independent of the liquid viscosity v.
The greater is the liquid compressibility coefficient klc‘pn and the greater is the increase Ap,, of pressure indicated in the working chambers, the greater is power

AP, of volumetric losses of liquid compression.
Useful power P, in the working chambers: P, = P, + AP,

Power P, indicated in the working chambers: P, = P, .+ AP, + AP, =P, + AP, + AP, +AP,
Power P, _consumed by pump on the shaft: P, = P, + AP, =P, + AP, + AP, +AP, +AP, .
The proposed diagram eliminates the Sankey diagram of distribution of power in the pump causing erroneous evaluation of losses in the pump energy investigations.
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AP, of mechanical losses in the pump ,,working chambers -
shaft” assembly. Power AP, of mechanical losses is a sum
APPm = APPm‘ApPl =0 + APPm‘ApPl of power
APpm‘ App;=0 Oflossesresultingfrom torque Mpm‘ App;i =0
of losses in no-load pump (at Ap,, = 0) and power APpm‘ App;i
of losses resulting from increase AMPm‘ App: of torque of
losses proportional to torque M, indicated in the working

chambers.
Diagram of the increase of power in the pump may be
described by the equation:

Ppc = Ppu + APpp + APPVI + APPVC + APPm‘ApPi:O + APPm‘Appi . (3)

Power AP, of pressure losses in the pump channels and
power APPm‘ApPi:O of mechanical losses in the pump
»working chambers - shaft” assembly (resulting from torque

MPm‘AppiZO of losses in no-load pump (at Ap,, = 0)) are
independent of the increase Ap,, of pressure in the working
chambers.

Power AP,  of volumetric losses due to leakage and power

AP, _of volumetric losses of liquid compression in the pump
working chambers and also power APp ‘ App; of mechanical
losses in the pump ,working chambers - shaft” assembly

(resulting from increase AMp Apyp; Of torque of losses
proportional to torque M, indicated in the working chambers)
are dependent on increase Ap,, of pressure in the chambers.
In the investigations of energy losses in pump we can
easily determine the pump useful power P, = Q, Ap,, power

APPP =Q, ApPp of pressure losses in the channels, power
APPm‘ApPi -0 — Wp AMPm‘APPi —¢ of mechanical losses

in the no-load pump (Ap,, = 0) ,working chambers - shaft”
assembly and power P, = w, M, consumed by the pump on
the shaft.

The sum of power of volumetric losses AP, | due to leakage
and APPvc of liquid compression and also power APp ‘ Appi
of mechanical losses (resulting from increase AMPm‘ Appi

of torque of mechanical losses) results from the equation:

APpyi + APpye + APpyyp, = Pre = Pru— APry — APpyyiap g (4)

The method of determining the aeration coefficient € of
liquid pressed by a variable capacity displacement pump makes
it possible to subdivide the volumetric losses into losses g, _of
liquid compression and losses g, , due to leakage and also to
evaluate more precisely the increase MPm { App; of torque
of mechanical losses. In effect, it makes it possible to evaluate
powers AP, , AP, and APPm‘ Appi of three losses dependent
on increase Ap,, of pressure in the pump working chambers.

INFLUENCE OF VOLUMETRIC LOSSES
QPVC PER ONE SHAFT REVOLUTION DUE
TO HYDRAULIC OIL COMPRESSION IN
THE PUMP WORKING CHAMBERS ON
EVALUATION OF VOLUMETRIC LOSSES
QPVL DUE TO LEAKAGE OF OIL IN THE
CHAMBERS AND ON EVALUATION OF
TORQUE MPM OF MECHANICAL LOSSES
IN THE PUMP ,WORKING CHAMBERS -
SHAFT” ASSEMBLY

Volumetriclosses g, , determined per one shaft revolution,
of compression of liquid pressed in the pump working chambers
are not attributable to the pump design solution. They result
from the liquid compressibility itself and from aeration of the
liquid. Main reason of working liquid aeration is air dissolved
in the liquid (not having in such form any influence on its
compressibility) and getting out of the liquid (in the form of
bubbles) in the conditions of local (in the system conduits or in
pump working chambers during their connection with pump
inlet channel) drop of pressure below the atmospheric pressure.
One of the reasons may be admitting by the hydrostatic system
designer or user too low pressure in the pump inlet conduit,
which may cause cavitation in the pump working chambers
during their connection with the inlet channel.

Mathematical model of volumetriclosses qPVC‘ Appi:bpie;v

per one shaft revolution resulting from compression of non-
aerated (e = 0) or aerated (e > 0) hydraulic oil, determined at
indicated increase Ap, of pressure in the pump working
chambers, at pump capacity coefficient b, (in the 0 < b, < 1
range) and at the ratio v/vn of oil viscosity v to reference
viscosity v_is described (with Ap,. > 3,2MPa) by the formula:

qPVC‘Appi;bp;S;V :klc‘Appi;bp;g;V dpgv =

=Kic|app;;bpse;v DPAPL =

_ 1+bp

~ 2bp
_ 1+bP
_?

[kIC\pn;s=0 (App; /py fire + g](V/Vn J*ve bp qpy = )

[kIC\pn;e;o (App; /pp )ee + 8](" /v e qpy.

with exponenta = 0,89
and with exponenta = -0,12.

Coefficient klc‘pn;SZO of hydraulic oil compressibility
is a coefficient of non-aerated oil compressibility. At

nominal pressure p. = 32MP, this coefficient is of an order

Kjc[32MPa;e=0 = 0,020.

With a given value 4 P‘p ,, of pump capacity per one shaft
revolution, required of pump at nominal pressure (Ap,. =
p,) by the hydrostatic system fed by it, and simultaneously
with the increasing value q, _of capacity losses per one
shaft revolution due to liquid compressibility in the sum
q,,=9q,, +9q,, of volumetric losses per one shaft revolution,
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decreases the value M, of indicated torque in the working
chambers and value M, of torque on the pump shaft. Not
taking into account oflosses q,, _in calculations of torque M,
and treating q, , inthesumq, =q,, +q, asq,  results
in increasing the calculated torque M, and decreasing the
calculated torque M, = M, — M,, of losses in the pump
»working chambers - shaft” assembly. This is an effect of
the fact, that volumetriclosses q, , per one shaft revolution
(due to leakage) have approximately twice as big effect on
the value of calculated torque M, indicated in the working
chambers as the effect of the same value of volumetric losses
q,,. per one shaft revolution (due to liquid compression).
Figure 2 presents and describes the subdivision of intensity
Qp, = Qpy, t Gp,, Of volumetric losses per one shaft revolution in
the pump working chambers, the losses dependent on indicated

increase Ap,, of pressure in the chambers, into intensity
dpvi ‘ App; of volumetric losses per one shaft revolution due
to working liquid (hydraulic oil) leakage and into intensity

Apve |App; of volumetric losses per one shaft revolution due
to liquid compression, the subdivision made at pump capacity
coefficient b, = 1.

The figure presents also the values th‘pn of working

liquid active volume displaced by the pump during one shaft
revolution at Ap,, = pn, the volume determined with the

assumption of non-compressible liquid (liquid compressibility
coefficient k lc‘pn = 0) or with the assumption of compressible

liquid with liquid aeration coefficient e = 0 or € > 0, and also the
values q,, of theoretical working volume displaced at Ap, =0,

determined with assumption of klc‘p =0 or with assumption
n

of e = 0 or & > 0, the values q, being the liquid active volume
displaced by the pump at Ap,, = 0.

Values th‘pn ;=0 or th‘Pn :¢) 0 result from a sum of

the value qP‘Pn of pump capacity per one shaft revolution,
required of the pump by the driven hydrostatic system at

Ap,, = p,, and, with the assumption of compressible liquid,
from intensity 9py] p, of volumetric losses per one shaft

revolution due to leakage in the working chambers at Ap, =
p, (leakage independent of liquid aeration, i.e. the same at
€ =0 and € > 0). With the assumption of non-compressible

liquid (liquid compressibility coefficient klc‘pn =0), the value
th‘pn ;klc\pn —o (equal to the value qpt‘ klc\pn —() results
from a sum of value qul‘pHOf pump capacity per one shaft
revolution (required of the pump by the hydrostatic system),
intensity qPVI‘pn of losses due to leakage and intensity
qpvc‘pn £=0 of losses due to compression of non-aerated
liquid (e = 0).

The sum qP‘Pn + qul‘pn + ap,, |p,of the pump capacity
QP‘p ., per one shaft revolution (required of the pump by the
driven hydrostatic system at Ap,. = p ), the intensity qul‘pn
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of volumetric losses per one shaft revolution due to leakage in
working chambers at Ap,. = p_ and the intensity quc‘Pn of
volumetric losses per one shaft revolution due to compressibility
of non-aerated (¢ = 0) or aerated (¢ > 0) liquid in the working
chambers at Ap,. = pn decides of theoretical working volume

q,, per one shaft revolution, i.e. of the active volume displaced
by the pump at Ap,, = 0:

qpe = qP‘pn * qPVl‘pn +qpvc‘pn ) (6)

The value th‘ k.. — Of theoretical working volume per

one shaft revolutionl,c‘cféltermined with the assumption of non-
compressible liquid (liquid compressibility coefficient klc‘pn =
0) and the value 9 Pt‘g =( of theoretical working volume per
one shaft revolution, determined with the assumption of non-
aerated liquid (e = 0), result from a sum th‘Pn ;=0 (equal

to th‘pn ;€)0) and intensity quc‘pn ;=0 of losses due to
compression of non-aerated liquid.

The value th‘ ¢ )0 of theoretical working volume per one
shaft revolution, determined with the assumption of aerated
liquid (e > 0), results from a sum of th‘Pn ;e) 0 (equal to
th‘pn :¢=0 ) and intensity qpvc‘pn;8>0 of losses due to

compression of aerated liquid.

Figure 3 presents and describes the field of indicated work
in the displacement pump working chambers during one shaft
revolution. The work performed in working chambers decides
of the value of torque M, indicated in the chambers.

Torque M, indicated in the chambers is a result of three
works:

o work described as a product of capacity qp‘pn per one
shaft revolution and indicated increase Ap, = p_of
pressure — qp‘pn Xp,,

+  work described as a product of volumetric losses g, ,
due to leakage and indicated increase Ap,, = p, of
pressure — qul‘pn Xp,

o workdescribed, in approximation, as half of the product
of volumetric losses quc‘pn ofliquid compression and
indicated increase Ap,, = p_ of pressure — ( qPVC‘pn
X p,)/2.

Simplified formula describing indicated torque M, has the
form:

Pelpn |Pn
MPi‘ApPi :pn;bP =1 z[qppn +qpvl‘pn + 2 E ’

Not taking the liquid compressibility into account, i.e.



Fig.2 Subdivision of intensity of volumetric losses q,, = q,,,, +

Gp i q,,,. per one shaft revolution in the pump working chambers,
the losses dependent on indicated increase Ap,, of pressure
in the chambers, into intensity 9 py]| Ap,,.0f volumetric losses

g Y |App;
Pt‘DO q [ due to leakage (independent of liquid aeration coefficient
qP’r‘k :O’qPi‘E:O PvC|APpi;€>0 1 qPi‘ o €) and intensity qpvc‘ApPiofvolumetric losses due to liquid
‘C‘Rq q | 4' ‘ Pn 'klc‘%‘O compressibility, the subdivision made at pump capacity
| Pvelp, ;€207 || coefficient b, = 1:
. p= L
qPVC‘ApP_-E:O “/ Cvac|pn ;€=0 qp‘pn — pump capacity per one shaft revolution required
e qpf‘p .£=0 of the pump by the hydrostatic system driven by it at
n’ -
‘ILqu‘P €50 Apy, _f_’n’ . ‘ .
qg PV"A | n’ dpt o~ required values of active working volume of working
i ‘}qP | liquid displaced by the pump at Ap,, = p,, determined
f v |Pn with the assumption of klc‘p = 0 or with the
L ./ assumption of e =0 or e > 0, !
qP|p q,, — required values of theoretical working capacity per
0 L. one shaft revolution, i.e. active volume of liquid
0 |b Ap7 displaced by the pump at Ap,, = 0, determined with the
n Pi assumption Ofklc‘p = 0 or with assumption of ¢ =
Oore>0. n

Active working volume { py ‘Pn per one shaft revolution is a sum Apefp, = dp|p, T dpy |p,, of pump capacity qp ‘pn per one shaft revolution (required of the pump
by the driven hydrostatic system at Ap,, = p ) and intensity qpy] Ipn of volumetric losses per one shaft revolution in the working chambers due to leakage at Ap,, = p ;

with the assumption of non-compressible liquid, i.e. k lC‘pn = 0, the active volume th _ (equal to volume q =O) is also increased by intensity

p“;klc‘Pn

Pk
Apye ‘pn :£=0 of volumetric losses per one shaft revolution due to compression of non-aerated (e = 0) liquid.

lc‘pn
Theoretical working capacity q,, per one shaft revolution, i.e. active volume of liquid displaced by the pump at Ap,, = 0, is a sum g, = drt = Ap¢|p + Apvelp, of
active working volume 9 pt ‘Pn per one shaft revolution at Ap,, = p, and of volumetric losses dPvc ‘pn per one shaft revolution due to compression of non-aerated
(e=0) or aerated (¢ > 0) liquid in the working chambers at Ap,, = p . Volume q, is therefore a sum 9= dplp, * Apvip, T Ipvep, of pump capacity dp ‘Pn per one
shaft revolution (required of the pump by the driven hydrostatic system at Ap, = p ), intensity Apvi ‘pn of volumetric losses per one shaft revolution due to leakage

in the working chambers at Ap,, = p, and volumetric losses Ipvc ‘pn per one shaft revolution due to compression of non-aerated (¢ = 0) or aerated (e > 0) liquid in
the working chambers at Ap, =p. .

n

P A qu\pn €50 q
qP qu‘ = Pi‘pn ;klc =0
‘F’n P, €50 ‘pn Fig.3 Area of indicated work field in the working chambers
of displacement pump during one pump shaft revolution,

deciding of the value M, of torque indicated in the chambers

V at indicated increase Ap,, of pressure in the chambers equal
to pump nominal pressure p — Ap, = p,, determined at the

pump capacity coefficient b, = I:

Pr2iq

ApPi =ps ;]Pi‘kk‘pnzo qP‘pn— pump capacity per one shaft revoluti‘on (required
Pi|£:O Zf the pump by the pump fed hydrostatic system) at
Ppi =Py
qpt —Pre uired values of active volume of liquid displaced
Ip,— "ed q P
py gy the pump per one shaft revolution at Ap, = p,,
) |E>O determined with the assumption of K =0 orthe
Priic — — /4 lc‘p
—~— a. assumption of e =0 or € > 0, "
0 qu‘p 7/ ‘qpvc p;E:O‘ dr q,, — required values of theoretical working volume per
n n one shaft revolution, i.e. active volume of liquid
a e displaced by the pump at Ap, = 0, determined with
P\/C‘HJE)O the assumption of klc\p = 0 or the assumption of
e=0o0r>0, n
qpvl\pn— intensity of volumetric losses per one shaft revolution due to leakage in the working chambers at Ap,, = p,
Apvelp, - volumetric losses per one shaft revolution, calculated at Ap,, = p,, due to liquid compressibility with the assumption of € = 0 or & > 0,
Clp‘pnpn — a fragment of field of indicated work in the working chambers, a product of capacity qP‘pn per one shaft revolution (required of the pump by the fed
hydrostatic system at p, = p ) and increase Ap,, = p, of pressure in the chambers,

qPVl‘Pn Pn-— a fragment of field of indicated work in the working chambers, a product of intensity qPVl‘pn of volumetric losses due to leakage in the chambers
(during displacement of the liquid by the pump at Ap, = p ) and increase Ap,, = p, in the chambers,
(Apye P Pn)/ 2— a fragment of field of indicated work in the working chambers, approximately constituting half of the product of volumetric losses ql’vc‘pn due to
compressibility of liquid in the chambers at Ap, = p and increase Ap,, = p, of pressure in the chambers.
Compared with the value dpt ‘Pn , the theoretical working volume q,, is greater by a value qPVC‘Pn of volumetric losses due to compressibility of non-aerated (e =
0) or aerated (e > 0) liquid at Ap,, = p . Not taking into account the liquid compressibility, i.e. assuming that value Ap¢ ‘pn;klc‘pn =0 is equal to value q l -0
, results in the calculations with unjustified increase of the field of indicated work in the chambers per one shaft revolution and, in effect, with unjustified i clrcépa%e of
the calculated torque M, in the chambers
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making the assumption that the quantity thlpn;klc -0 aym

of displaced liquid is equal to theoretical working volume k, v +k,, Appi M,, = ®)
th Kk -0 determined at Ap,, = 0, results in calculations Vi Pn
with' unjustified increase of the field of indicated work in the .
working chambers during one shaft revolution and, in effect, v " ApPi qpPy
with unjustified increase of the calculated indicated torque =|kg| — +ky,—— H )
M, in the chambers. Vi Pn
where:

TORQUE MPM OF MECHANICAL LOSSES
IN A DISPLACEMENT PUMP ,WORKING Lo Mopapp=0.bp=tvy  Mpm|apy=0.bp=Lv,
CHAMBERS - SHAFT” ASSEMBLY AS 41= =

)]

MPt thpn
A FUNCTION OF INCREASE APPI OF oI
PRESSURE IN THE WORKING CHAMBERS

In reference to papers [5 + 7], figure 4 presents a picture k.. = ANIPm\ApPi bp=lvy _ AMPm‘ApPi bp=lv, _
of torque MPm‘APPi;bP; v of mechanical losses in 4.2 M, qpApPyp;
a displacement pump as a function of increase Ap,, of pressure M
in the working chambers. M -M

Pm|App;, bp=1,v, Pm|App;=0,bp=1, v,

The proposed mathematical models describing the torque = mlAppi. by =Ly A miApei0.bp =L, v =
MPm of mechanical losses in the pump, related to theoretical 9pcAPpi (10)
models of the torque of mechanical losses, take the form: 2I1

«  inapump with theoretical (constant) capacity q,, per B Mpm‘ Appi=py.bp=L,v, NIpm‘ApPi =0bp=lv,

one shaft revolution (b, = 1): - ApP -
n
a

M =k, My | — +k, M, —2 =

Pm|App;, v 4.1 77Pt v, 427 P . _ Mpm\ApPi =p,.bp=lv, — MPm\ApPi ~0.bp=L v

MPt
A
Mmeb?P‘ ‘l npp=cle, ngv:O (bPZO),ngv (bF)!ngv:qu (bP:1)»Vmin,Vn,anx —

vmux l
App =0
b, =1
Yn

MPm

Appi =0
MF'rn bPP

Vn

e
L\‘P‘AFm’E\fP f/ 1
W

/

"/ \ :
Apy =0 .“" M

M bo2g | M APpy / \ Pmé\fio
my: = ‘I“.‘ Pm| EP_:O_,:/ \ B
—_“min_/ “
0 Pn APy,

Fig.4 Torque MPm‘Appi ,bp.v of mechanical losses in a piston (axial or radial) pump with crankcase filled with liquid and with variable capacity q,,, = b, q,,
per one shaft revolution, as a function of the indicated increase Ap,,, of pressure in the pump working chambers — graphical interpretation of theoretical model
(9); capacity q,,, per one shaft revolution (coefficient b, of pump capacity): g, = 0 (b, = 0), q,,, (b, ), q,,, = q,, (b, = 1); liquid viscosity v, , v, and v, . Torque
M Pm‘ Appi.bp, v of mechanical losses in the pump without the crankcase filled with liquid is practically independent of the liquid viscosity v and is determined
i>bp>

at the liquid reference viscosity v .
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*  inapump with geometrical (variable) capacity q,,,
(quV =b, q,,) per one shaft revolution:

avm
\
MPm\Ap,,,,bP,v = (k4.1.1 +ky12bp )MP{VJ
n

V a\’l“ A . (11)
= l:(km.] +ky1,bp )[VJ +ky, by ;)Pl} My, =

n

v App; | dpiPn
= [(k4.1.1 +ky 1 bp )(J +kyy by —1- } el >
vy Pn 2I1

MPm‘Appi =0,bp=0,v, MPm‘Appi:O,bp:O,vn

k = =
4.1.1 )
\Y/ dpiPn (12)
211
Kk . MPm‘Appi:O,bp:I, v, MPm‘Appi =0,bp=0,v,
412 — M -
Pt
(13)
B MPm\Appizo,bpzl,vn _MPm\ApPi =0,bp=0,v,
- 5
thpn
211
k _ AMPm‘ApPi‘bP’Vn _ AMPm‘ApPi‘bP’Vn _ AMPm‘ApPi:bP:lsVn _
. My, bp dpApp; qpApp;
211 211 (14)
MPm‘Appi =p,.bp=l,v, MPm‘Appi =0,bp=l,v,
9ptPn
211

M
_ Pm‘ApPi =Pn ’bP:LVn

- MPm‘App,- =0,bp=L, v,
MPt

COMPARISON OF THE POWERS OF THE
ENERGY LOSSES IN A DISPLACEMENT
PUMP DETERMINED WITHOUT OR WITH
TAKING INTO ACCOUNT OF POWER
OF HYDRAULIC OIL COMPRESSION -
INVESTIGATIONS OF A HYDROMATIK
A7V.58.1.R.P.F.00 PUMP [8 + 15]

Let us determine a sum of power of volumetric and
mechanical losses resulting from increase of pressure in
the working chambers of a variable capacity per one shaft
revolution displacement pump, at the indicated increase Ap,,
of pressure in the chambers equal to pump nominal pressure
pn (Ap,, = p,), at the pump capacity coefficient b, = 1 and
at the ratio v/v_ =1 of hydraulic oil viscosity v to reference
viscosity v .

We shall use formula (4) for the purpose:

APP\,] + APPVC + APPm‘Appi = Ppc — Ppu — APpp — APPm‘Appi =0>

where the sum of pump useful power P, and power AP, of
pressure losses in the channels will be replaced by useful power
P, . in the working chambers (P, . =P, + APPP) (Fig.1):

APpy + APpyc + APPm‘ApPi =Ppc — Ppyi— APPm‘ApPi —0- (15)

The result obtained from formula (15) will be compared
with results of investigations of volumetric and mechanical
losses resulting from increase Ap,, of pressure in the chambers
evaluated with the proposed method of determining the degree
of liquid aeration in a variable capacity displacement pump
(10, 11]:

o without taking into account volumetric losses qu c ‘pn
of oil compression, i.e. with treating quc‘Pn as an
element of the sum 9p,|p, + dp,.|p, of volumetric
losses attributed to oil leakage in the chambers,

o with taking into account the volumetric losses qpvc ‘ p
of oil compression in the chambers.

The comparison will be based on results of a HYDROMATIK

A7V.58.1.R.P.F.00 pump investigation [8 + 15].

Fig.5 presents an example of relation q, = f(Ap,,) of capacity
q, per one shaft revolution to indicated increase Ap,, of pressure
in working chambers at pump capacity coefficient b, = 1
and at viscosity v_=35mm2s’. This is an example of
searching for theoretical working capacity q,, per one shaft
revolution and of evaluation of subdivision of the intensity q,,
of volumetric losses into volumetric losses g, , due to leakage
of oil in the chambers and volumetric losses q,, _ resulting from
compression of non-aerated or aerated oil.

Fig.6 presents a picture of relations of increase

AMPm‘Appi =p,:bp:&;v of mechanical losses in the pump

»working chambers - shaft” assembly to geometrical working
capacity qPgv (to pump capacity coefficient bP) at assumed
values of oil elasticity modulus B and of oil aeration coeflicient
e. The line corresponding to oil aeration coefficient € = 0,0135
correspon@s to increase AM.Pm Appi=py;bp;&;v (?f torqge
of mechanical losses proportional to torque MPi indicated in
the working chambers.

The sum of powers of volumetric and mechanical losses
resulting from increase p,, = p, of pressure in the working
chambers determined by formula (15) and the sums
determined in effect of direct definition of the individual
powers of losses without and with taking into account the
losses of 0il compression in the chambers is presented below.

n

1. Sum APp p +APPvc‘p + APPm‘p of powers of
losses determined by formula (15) "
Data from pump investigations: 3
«  capacity qP‘pn =55,009cm” /rev,

+ indicated increase of pressure Ap, = p = 32,17MPa,
o rotational speed nP‘p = 24,73rev/s,

n
« torque on shaftat Ap, =p_ MP‘Pn =308,79Nm,
+ torque on shaftat Ap, =0
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bp=1,000 v/v,=1,000 Blp 0,15 wpa,s-200c = 1500MPa 2, =0,005/1MPa  ay=-0,005/1°C v, =35mm’s!

60,0 1

qp, at £=0,016

59,5 1
qp, at £=0,000
59,0 2

Volumetriclosses qpy,

58,5 1 dueto oil leakage

>
=
5 580 1
§ 5151
E £=0,016
S 5701 £=0,0135
A =0,012
g 565 1 Feeen TR 620,008
& Volumetriclosses qp,dueto £=0,004
% 36,0 1 compressibility of non-aerated £=0,000
put (e=0) oraerated (¢> 0) oil
S 555 4
=

= 550 4 Capacity qp per one pump shaft
g ’ revolution marked by measurement
5- 545 points obtained from tests

54.0 4 Capacity qp withoutcompressibility

' taken into account
53,5 7
53,0 + t + + + t |
0 5 10 15 20 25 30 35

Indicated increase App;of pressure [MPa]

Fig. 5 Dependence of pump capacity q, per one shaft revolution on the indicated increase Ap,, of pressure in the working chambers,
at the coefficient b, = 1 of pump capacity; the values q,,, of geometrical working volume and q,,, of theoretical working volume
per one shaft revolution (determined at Ap, = 0) and subdivision of the intensity q, = q,, + q,,. of volumetric losses per one

shaft revolution into volumetric losses q,,, due to oil leakage in the chambers and volumetric losses q,, due to compressibility of
non-aerated (or aerated) oil dependent on the value of oil aeration coefficient € (¢ = 0 to 0,016); viscosity coefficient v/v = 1, oil
temperature 9 = 430C (pump of the HYDROMATIK A7V.DR.1.R.PE00 type) [8, 9].

B=1500 MPa a, = 0,005/1MPa ag=-0,005/1°C

IS

w
*

Pn.dPay oftorque of mechanical losses [Nm]

£=0,000 . . i
y=09327x + 1,8617 .
*
2 *»
¢+ B=wMPa hd
y=-1,3385x + 1,8663 .
£=0,008 ¢ B ¢ ‘.
*
1 .
Il : * N ?
£ y=1,0106x +0,7632 R L3
B , emoons e .
- *
E y=1,0259x £=0,016 * N
30 : :
Q
] y=1,0899x - 0,3512
[}
-
Q
=
8
-1 . : . t i
0,0 0,2 04 0,6 0,8 1,0

Pump capacity coefficient bp

Fig. 6 Picture of the relations of increase AMyp . s\ip,.q, of torque of mechanical losses in the pump ,working chambers -
shaft” assembly (pump HYDROMATIK A7V.58.DR.1.R.PF.00 type) to the geometrical working capacity q,,, (b, coefficient) with
assumed values of modulus B of hydraulic oil elasticity and oil aeration coefficient € [10, 11]
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Useful power in pump working chambers:

PPui\pn =qp Xpp XNp =

= 55,00901113 /revx32,17MPax24,73rev/s =43763W

Power of mechanical losses in no-load pump:
APPm‘APPFO - N[Pm‘ApPi -0 X 2lInp =

=6,376Nmx 2[1x24,73rev/s =991W

Consumed power on pump shaft:

Ppejp, =Mp|p, x2Hnpy, =

=308,73Nmx 2I1x24,73rev/s =47972W

Sum of power of losses:

APPVl‘pn +APPVC‘pn +APPm‘pn = PPC‘pn 7PPlli‘pn - APPm‘ApPi =0 =

=47972W —43763W — 981 W = 3218W

2. Sum APPVIE) + AP Pm of powers of losses
determined with not taking 1nto account the volumetric
losses of 0il compression in the chambers

Data from pump investigations:

*  capacity Qp|p, = 55,009cm’ /rev
« theoretical capacity q,, = 58,914cm’/rev,
o volumetric losses due to leakage

dpyip, = 9Pt ~dplp, =3, 905cm> /rev,
« indicated increase of pressure Ap, = p_= 32,17MPa,
L] i n =

rotational speed P|pn 24,73revls,
o increase of torque of mechanical losses

AMpyyp, = 0.533Nm

Power of volumetric losses due to leakage in the working
chambers:

APpvilp, = Apvilp, *Pn XMplp, =

—3,905cm° /revx 32,1 TMPax 24,73rev /s = 3107W

Power of mechanical losses in the ,,working chambers -
shaft” assembly resulting from increase AMp | Py of torque
of losses:

=0,533Nmx2[1x24,73rev/s =83W

Sum of powers of losses:

APy, +APppy,  =3107W +83W = 3190W

3. Sum APPV]‘ + APpy, Pa + APp, Pa of powers of
losses determined with taking into account the volumetric
losses of oil compression in the chambers at oil aeration
coeflicient € = 0,0135 (at compressibility coefficient

Kiclp,, )
Data from pump 1nvest1gat10ns

« capacity dplp, = =55 009cm /rev,

+ theoretical capacity g, = 59,668cm’/rev,

o volumetric losses due to compression

dpvelp, = 2,026cm” /rev,

o volumetric losses due to leakage

dpyvilp, =2, 633cm’ /rev,
+ indicated increase of pressure Ap, = p_= 32,17MPa,
o rotational speed nP‘ = 24,73rev/s,
o increase of torque of mechanical losses

AMpyyfp, = 1026Nm

Power of volumetric losses of oil compression in the working
chambers determined by a simplified formula:

quc\pn *Pn
APpyclp, = *Mpp, ~
3
_ 2,026cm”/ OZYX”’”MPa x 24,730br /s = 806W

Power of volumetric losses due to leakage in the working
chambers:

APPVl\pn = dpvlp, *Pn*0p =
= 2,6330m3 /obrx32,17MPa x 24,730br/s =2095W

Power of mechanical losses in the ,working chambers -
shaft” assembly resulting from increase AMPm‘p of torque
of losses:

APpygfp, = AMpyy, x2np =

=1,026Nmx2I1x24,730br/s =159W

Sum of powers of losses:

APPVC‘pn + APPVl‘pn + APPm‘pn =
=806W +2095W +159W =3060W

Sum 3218W of powers of losses — volumetric losses

APPVl‘pn and APPVC‘pn in the working chambers and
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mechanical losses APPm‘pn in the ,working chambers - shaft”
assembly, the losses resulting from increase Ap,, = p_of pressure
in the working chambers, described by formula (15), is a result
of balance of pump useful power PPu‘pn , power PPC‘pn

consumed by the pump as well as power AP, of pressure losses

in the channels and power APp,_ App; =0 of mechanical losses

in the ,working chambers - shaft” assembly of no-load pump.
This balance bears the least errors.

Sum 3190W of powers oflosses - volumetriclosses APPvl‘ Pn
and mechanical losses APPm‘pn , determined without taking
into account the volumetric losses of oil compression in the
chambers, results from the accuracy of evaluation of capacity
qP‘ p,, per one shaft revolution and theoretical capacity q,, i.e.
volumetric losses qul‘pn =(qpt — qp‘pntreated as leakage.

The sum 3190W of power of losses is a value of approximately
0,991 of the sum 3218W of losses, which confirms the great
accuracy of measurements and careful processing of the results.

However, not taking into account the oil aeration and oil
compressibility (and also not determining the corresponding
theoretical capacity q,, per one shaft revolution) makes the
evaluation of volumetriclosses qPVl‘pn due to leakage in the

chambers and increase AM Pmlp.. of torque of mechanical

Pn
losses in the ,working chambers - shaft” assembly deformed.

It makes a proper evaluation of the pump design solution,
as a source of volumetric and mechanical losses, impossible.

Sum 3060W of power of losses APPV]‘Pn - APPVC‘ Pt
APPm‘ Py determined with taking the volumetric losses of oil
compression in the working chambers into account, at the oil

aeration coefficient € = 0,0135 (oil compressibility coefficient

klc‘pn =0,034 )bymeans ofthe proposed method [10, 11], with
quc‘pn X pn

simplified formula APPVC‘pn = ) an‘pn

determining power of volumetric losses of oil compression in
the working chambers is a value of approximately 0,991 of the

sum 3218W of power of losses determined with formula (15).

The difference 3218W - 3060W = 158W is a value of
approximately 0,003 of power P, = 47972W consumed on
the pump shaft.

An important gain of this method is obtaining the

possibility of evaluation of values and proportions of the
volumetriclosses Pvc‘pn of oil compressionand Pvl‘pn
due to leakage of oil in the working chambers as well as

correct evaluation of increase AMPmE of torque of
a

mechanical losses in the pump ,,working c ambers - shaft”
assembly.
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1.

CONCLUSIONS

1. Objective of the work was comparison of powers of
energy losses in a variable capacity displacement pump
determined without or with taking into account the
power of hydraulic oil compression. Evaluation of
power of liquid compression in the pump was made
possible by the use of method, proposed by the Author,
of determining the degree of liquid aeration in the
pump [10,11].

2. In the method of determining the liquid aeration in
the pump and of power of volumetric losses of liquid
compression a simplified formula (q, . x Ap,)/2
was used describing the field of indicated work of
volumetric losses q,, - of liquid compression during one
shaft revolution at indicated increase Ap,, of pressure
in the chambers.

3. Based on the results of investigations of
a HYDROMATIK A7V.58.1.R.P.F.00 pump [8 + 15]

a sum of powers of volumetric losses APPVl‘p due
n
to leakage and APPVC‘p of compression as well as
n

APPm‘pn of mechanical losses resulting from increase
Ap,, = p, of indicated pressure in the pump working
chambers was compared:

o asadifference between power PPC‘ Pn consumed on
the shaftand the sum of useful power PPu‘pn ;power
AP, of pressure losses in the channels and power
APPm‘Appi —(o of mechanical losses in no-load

pump (at Appi = 0),

o as a sum of losses evaluated with the proposed
method [10, 11] of determining the degree of liquid
aeration in the pump:

o without taking into account of volumetric losses
q,,. of oil compression in the chambers,

»  with taking into account the volumetric losses q,
of oil compression.
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