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Abstract

The evaluation methods of energy losses and efficiency of the hydraulic rotational motors

for the hydrostatic drives, used so far in the scientific research and in the industrial practice,

give wrong results because the parameters that the losses and efficiencies are a function
of are themselves dependent on those losses.

The aim of the paper is to define the motor operating parameters, developed powers,

energy losses and efficiencies and also to show the respective relations. Conclusions are

drawn, based on the analyses of presented definitions and relations, on the motor energy

investigations.
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INTRODUCTION

Evaluation of the energy behaviour of a hydraulic motor
is an evaluation of its overall efficiency n,, = f (n,,, M, v),
i.e. evaluation of the overall efficiency n,, as a function of
motor shaft speed n,, and load M, and of the working fluid
viscosity v. This is also assessment of the value and proportions
of the motor mechanical, volumetric and pressure losses
deciding of the motor mechanical n,, , volumetric n, and
pressure 1, efficiency, where the product n,, = n,, n,, Ny
determines the motor overall efficiency n,,. The energy losses
and the corresponding efficiencies 0, , n,,, and My should be
determined as a function of parameters having a direct impact
on the particular losses and efficiencies.

Designers and makers of rotational hydraulic motors and
hydrostatic systems have not had so far a tool to determine
their energy behaviour in the (0 <®,(®y, .. 0<M (M, )
field of change of the hydraulic motor shaft speed and load
coefficients and in the v . <v <v__field of change of the
working fluid viscosity.

The rotational motor producers make erroneous routine
evaluations of the following energy efficiencies and work
parameters:

— the motor overall efficiency 7, as a function of the shaft
speed n,, and motor pressure decrease Ap,, (e.g. [11+14])

— the motor overall efficiency n,, as a product of the volumetric
efficiency n,, and the so called ,,mechanical — hydraulic
efficiency” n,, ., determined all the three as a function of

the same parameters (e.g. [11, 12])

— motor shaft speed n, as a function of the motor capacity Q,,
and volumetric efficiency n, , determined in turn as a function

of the motor pressure decrease Ap,, (e.g. [11, 13])
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— motor shaft torque M, as a function of pressure decrease
Ap,, and the so called ,,mechanical — hydraulic efficiency”
Ny OF the motor (e.g. [11+14])

— motor capacity Q,, as a function of the shaft speed n,, and
volumetric efficiency 1, , determined in turn as a function
of the motor pressure decrease Ap,, (e.g. [11+13])

— motor shaft usefull power P, as a function of the motor
capacity Q,, and pressure decrease Ap,, and as a function
of the motor overall efficiency 7, determined in turn as
a function of the motor shaft speed n,, and pressure decrease

Ap,, (e.g. [11+13]).

The hydraulic motor researchers evaluate in a wrong way
the losses arising in the motor:

— the motor torque M,, of mechanical losses as a function
of the motor pressure decrease Ap,, and shaft speed n,

— asumoftorque M,, of mechanical losses and the so called
»torque of pressure losses” (resulting from the pressure
losses Ap,, in the motor) — as a function of motor pressure
decrease Ap,, and the shaft speed n,

— the intensity Q,, of volumetric losses in the motor as
a function of the motor pressure decrease Ap,, (or as
a function of the motor shaft torque M) and as a function
of the motor shaft speed n,.

The evaluation methods of the energy losses and efficiency
of the rotational hydraulic motors, used so far in the scientific
research and in the industrial practice give wrong results
because the parameters that the losses and efficiencies are
a function of are themselves dependent of those losses.

There are very few informations of the motor makers
presenting properly the motor overall efficiency n, = f (n,,,



M, as a function of the motor shaft speed n,, and torque M,
at a specified fluid viscosity v and presenting the impact of
viscosity v on the overall efficiency n,, (e.g. [10]).

It is a common deficiency that no information is given
about the dependence of the motor mechanical, volumetric
and pressure losses on the kinematic viscosity v of the working
fluid used in the hydrostatic drive system.

The fundamental reason of the erroneous evaluations are
commonly accepted views on the research methodology and
on the method of determining the energy losses in pumps and
in hydraulic motors . That method is based, among others, on
the traditional reading of the energy balance of a hydrostatic
drive system from the Sankey diagram [1+9]. The present
unsatisfactory state is also effect of using simplified evaluations
of the relations of particular losses to the motor or pump
working parameters and to the working fluid viscosity.

Therefore, the aim of this paper is to define the work
parameters, developed powers, losses and energy efficiency
of a rotational hydraulic motor and also demonstrating their
complex interdependence. The analysis of those definitions
and relations will be a basis of conclusions regarding the
investigations of motor energy characteristics.

ROTATIONAL HYDRAULIC MOTOR
— WORK PARAMETERS, POWERS,
ENERGY LOSSES, ENERGY EFFICIENCY
— DEFINITIONS AND RELATIONS

— Motor shaft rotational (angular) speed n, (®,) varies in
the (0 <®,,(®y,.. 0SM,,(M,,, ) field of the hydrostatic
drive system operation. The instantaneous n, (o,,) value is
required by the machine (device) driven by the motor. The
instantaneous value of the n, (®,,) speed is independent
of the instantaneous value of the M, torque loading the
motor shaft and also independent of the energy losses in
the hydraulic motor and in the hydrostatic drive system.

— M, _torque loading the motor shaft varies in the
(0 <BY( By, 0<M(M,, ) field of the hydrostatic drive
system operation. The instantaneous value of M, torque
is required by the motor driven machine (device). The
instantaneous value of M, torque is independent of the
instantaneous value of the required motor shaft speed n,,
(m,,) and also of the energy losses in a hydraulic motor and
in the hydrostatic drive system.

— Working fluid (hydraulic oil, oil-water emulsion) kinematic
viscosity v changes in the v, <v <v__ range. The
instantaneous value v of the viscosity of fluid flux reaching
the hydraulic motor is independent of the motor and of the
energy losses in the motor.

— Motor useful power P , required on the motor shaft by
the driven machine (device), is a product of the required
M;, torque loading the motor shaft and the required shaft

angular speed o, :
P, =M, o,=21IM, n, (1)

The motor useful power P, is independent of the energy
losses in the hydraulic motor and the hydrostatic drive
system.

— M, torque of mechanical losses in the motor, occurring in
the ,,shaft — working chambers” assembly, is a function of
the required M, torque loading the motor shaft and of the
required shaft rotational speed n,,. The n,, speed influences
the inertia forces of ,,shaft — working chambers” assembly
elements and in effect the friction losses in the piston,
satellite and vane motors. The M,  torque of losses is to
a some extent also a function of the working fluid viscosity v.

The impact of fluid viscosity on the mechanical losses in
the ,,shaft — working chambers” assembly occurs mainly in
the piston motors with fluid in the motor casing:

M, =f(M_,n,Vv) )

M
Power AP, of mechanical losses in the motor, occuring
in the ,,shaft — working chambers” assembly, is a product
of the M, torque of mechanical losses and shaft angular
speed o,

AP, =M, o,=2[IM  n 3)

Mm M

M, indicated torque in the motor working chambers (at the
point of conversion of the working fluid pressure energy

into mechanical energy of the ,,shaft — working chambers”
assembly), required by the motor from the driving working
fluid, must be greater than the M,, torque loading the
motor shaft [required by the driven machine (device)]
because of the necessity of balancing also the M, torque
of mechanical losses in the ,,shaft — working chambers”
assembly. The M, , torque is equal to the sum of shaft torque
M,, and M, torque of mechanical losses. The indicated
torque M, requires a value of the product of decrease
Ap,,, of the indicated pressure in working chambers and
the theoretical motor capacity q,, per one shaft revolution
(theoretical motor working volume V|, ) in accordance with
the expression:

Ap, .
The M, . torque indicated in the motor working chambers is

not a function of the decrease Ap, , and of theoretical motor
capacity q,, per one shaft revolution.

For evaluation of the M, torque indicated in the motor
working chambers a formula can be used relating the
M,, torque loading the motor shaft with the known motor
mechanical efficiency n, [formula (11)]:

APy i M M,

2H M an
with:n, =f(M,, ,M )=f(M,n,V)

i.e. a formula where mechanical efficiency n,, is defined
as a function of parameters influencing the M,, torque
of mechanical losses in the ,,shaft — working chambers”
assembly and as a function of the M, torque loading the
motor shaft.

Pressure decrease Ap,,._indicated in the motor working
chambers is a function of the required M, torque indicated
in the chambers and theoretical capacity q,, per one shaft

revolution:

Apy,; = 21T M, _ 2IIM,, + My,.) ©

Qe Qe

Therefore, the pressure decrease Ap, . indicated in the motor
working chambers (with determined theoretical capacity
q,,, per one shaft revolution) is a function of the required
M,, torque loading the motor shaft and the M, torque
of mechanical losses in the ,,shaft — working chambers”
assembly. The pressure decrease Ap, . is indirectly a function
of the shaft rotational speed n,, and a function of the working
fluid viscosity v, which have an impact (apart from M, ) on
the M, torque of mechanical losses:

Apy =M, My ) =fM,n,v) ()

For evaluation of the decrease Ap, . of pressure indicated in
the motor working chambers (with determined theoretical

(&)

Mm?
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capacity q,, per one shaft revolution) a formula can be used
relating the M, torque loading the motor shaft with the
known motor mechanical efficiency 0, [formula (11)]:
2TIM,,
Apy; = (8)
th T] Mm

with:n, =fM,, ,M ) =M, n,V)

i.e. a formula where mechanical efficiency n,, is defined
as a function of parameters influencing the M,, torque
of mechanical losses in the ,,shaft — working chambers”
assembly and as a function of the M,, torque loading the
motor shatft.

P indicated power in the motor working chambers is
required by the motor from the driving working fluid at the
point of conversion of the working fluid pressure energy
into mechanical energy of the ,,shaft — working chambers”
assembly. The P is equal to the product of the M, . torque
indicated in the chambers and the shaft angular speed o,,.
The power P, . indicated in the working chamber is a sum of
useful power P, [required on the motor shaft by the driven
machine (device)] and the power AP, of mechanical losses

Mm
in the ,,shaft — working chambers” assembly:

AD. ..
MO)M = Apysi Qe Ny = Py =
211 )

=My; oy =My + My, ) 0y =Py, +APy,

Mm’

The P, power indicated in the motor working chambers is
not a function of the decrease Ap,  of pressure indicated in
the chambers and of theoretical motor capacity q,, per one
shaft revolution.

For evaluation of the P, power indicated in the motor
working chambers a formula can be used relating the motor
shaft useful power P, with the known motor mechanical

efficiency n, [formula (11)]:

P _ PMu

Mi

an
with:n, =1f(M,, ,M =M, n,V)

i.e. a formula, where mechanical efficiency 7, is defined
as a function of parameters influencing the M,, torque
of mechanical losses in the ,,shaft — working chambers”
assembly and as a function of the M,, torque loading the
motor shaft.

The motor mechanical efficiency n,, is a ratio of useful
power P on the shaft [required by the motor driven
machine (device)] to the power P indicated in the motor
working chambers (required by the motor of the driving
fluid at the point of conversion (change) of the working
fluid pressure energy into the mechanical energy of the
,»shaft —working chambers” assembly). The n, efficiency
can be also determined by the ratio of motor shaft torque
M,, to the torque M, , indicated in the working chambers:

P

(10)

Mm®

PMu —

n — — Mu —
Mm

PMi PMu + APMm (11)
M, oy My _ My

- (MM + MMm) (DM - MM +MMm - MMi

The motor mechanical efficiency 1, is a function of torque
M, of mechanical losses in the ,,shaft — working chambers”
assembly and the shaft loading torque M, . Therefore, the
N, €fficiency is a function of torque M, and shaft rotational
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speed n, and a function of working fluid viscosity v, which
influences (apart from M, ) the torque M, of mechanical
losses in the ,,shaft — working chambers” assembly:

Ny = T My, M) = £ (M, 1, v)

because: M, =f(M,,n V).

(12)

The motor mechanical efficiency n,, can be also evaluated
from the formula:

_ oM, .
APysi Qe

However, mechanical efficiency n, is not a function of the
decrease Ap, . of pressure indicated in the motor working
chambers and of the motor theoretical capacity q,, per one
shaft revolution.

Intensity Q,, of'the motor volumetric losses in the working
chambers takes into account internal volumetric losses
(between the chamber inlet channel and chamber outlet
channel) and external volumetric losses (between chambers
and casing and then led out of the casing). The intensity
Q,,, of motor volumetric losses (with determined theoretical
capacity q,, per one shaft revolution) is a function of the
decrease Ap, . of pressure indicated in the chambers and,
to some extent, of the shaft rotational speed n,, as well as
working fluid viscosity v:

QMV = f(ApMia nMa V) (14)

The intensity Q,,, of volumetric losses in the motor working
chambers is a complex function of torque M,, and motor
shaft speed n, and also working fluid viscosity v, i.e. of
parameters independent of the motor and motor losses.
The decrease Ap,,; of pressure indicated in the chambers,
influencing directly Q,, [formula (14)], is a function
[formula (6)] of the shaft torque M, and of torque M,
of mechanical losses in the ,,shaft — working chambers”
assembly and, in turn, torque M, of the losses [formula
(2)]is a function of torque M, and of motor shaft speed n,,
and also of the working fluid viscosity v. At the same time,
the impact of shaft speed n,, and working fluid viscosity
v on the intensity Q,, of the volumetric losses in working
chambers differs from the impact of n, and v on the torque
M,, of mechanical losses in the ,,shaft — working chambers”
assembly. A direct evaluation of the relation of intensity
Q,,, of volumetric losses in the motor working chambers
to the motor shaft torque M, and speed n,; and also to the
working fluid viscosity v would be unjustified and wrong
because it would be under a complex impact of the torque
M,, of mechanical losses.

Power AP, _of the motor volumetric losses, in the working
chambers, is a product of decrease Ap,,, of pressure
indicated in the chambers and intensity Q,,, of volumetric
losses in the chambers (on the assumption that the external
volumetric losses are small and negligible from the energy
point of view):

Mm

APMV - Ale QMV (15)

Motor capacity Q,, required by the motor from the driving
fluid must be greater than the product q,, n,, [theoretical
capacity q,, per one shaft resolution and motor shaft
rotational speed n,, required by the motor driven machine
(device)] because of the necessity of balancing also the
intensity Q,, of volumetric losses in the motor working
chambers. Capacity Q,, is equal to the sum of intensity q,,,
n,, and intensity Q,, :

QM =Gy Dy T QMV

(16)



=M,, 0y +M,,, ©\ +

Evaluation of the motor capacity Q,, (with determined
theoretical capacity q,, per one shaft revolution) can
be performed with a formula including the motor shaft
rotational speed n,, required by the motor driven machine
and known motor volumetric efficiency n,, [formula

(23)]: n
QM — th M (17)

nMv

with: n, =1(Q,,,n,) =T (Ap,, 0y V)

i.e. a formula, where the volumetric efficiency n, is
determined as a function of parameters influencing the
intensity Q,, of volumetric losses in the working chambers
and as a function of the motor rotational speed n, .

Power P . of the working fluid absorbed by the motor
in working chambers is required by the motor from the
driving fluid as a difference between power p, . Q,, of the
fluid inflowing in the working chambers from the inlet
channel and power p,,,. Q,, of the fluid outflowing from
the chambers to the outlet channel. Assuming that the
external volumetric losses are small and negligible from the
energy point of view, it may be accepted that the intensity
of the outflowing flux is equal to the intensity Q,, of the
inflowing flux. Therefore, power P, . may be determined
as a product of the decrease Ap,, of pressure indicated in
working chambers and the motor capacity Q,,. Power P,
must be greater than power P indicated in the chambers
(required by the motor from the driving fluid at the point of
conversion (change) of pressure energy of working fluid into
the mechanical energy of the ,,shaft — working chambers”
assembly) because of the necessity of balancing also the
power AP, of volumetric losses in the chambers. Power
P,,.; is equal to the sum of power P, and power AP, :

PMci = P QM ~ P QM:
= Ap,; Q= Apy; (qy, 0y, + Q) = 9)
= APy Ay My T APy, Q= Py T AP,

Power P of the working fluid consumed by the motor in
working chambers is a sum of useful power P, [required
on the motor shaft by driven machine (device)], power AP,
of mechanical losses in the ,,shaft — working chambers”
assembly and power AP, of volumetric losses in the motor
working chambers:

PMci - PMu + APMm + APMV (19)

After replacing in the equation (19) the useful power P, ,
power AP, of mechanical losses and power AP of
volumetric losses by the expressions relating those powers
to the parameters and losses deciding of their values,
a picture can be obtained of the impact of those parameters
and losses on power P . consumed in the working
chambers:

Py =My 0y + My, 0 +Apy; Qy, =
2ITMy + My,
It
_ QMV

=2ITM + M, ) ny +

e

Qu = (20)

Power P, . of working fluid consumed by the motor in
working chambers can be evaluated by means of a formula

expressing the ratio of power P indicated in the working

chambers to a known volumetric efficiency n,, of the motor

[formula (23)]:

Py _w @1
Mv

with: n =f(Q,,,n,) =T (Ap,, n,, V)

i.e. a formula where volumetric efficiency n,, is determined
as a function of parameters influencing the intensity Q,, of
volumetric losses in the working chambers and as a function
of the motor rotational speed n, .

Power P . of the working fluid consumed by motor in the
working chambers can be evaluated also from the known
useful power P, on the motor shaft, known mechanical
efficiency n,, [formula (11)] and known volumetric
efficiency n, of the motor [formula (23)]:

Py =—2— 22
. an nMv ( )

with:n, =1M,, , M) =1 (M, n,, V)
and: n,, =1(Q,,, n,) = (Ap,,, n,;, V)

i.e. a formula where mechanical efficiency 1, is determined
as a function of parameters influencing the torque M, of
mechanical losses in the ,,;shaft — working chambers”
assembly and as a function of torque M,, loading the motor
shaft, and the volumetric efficiency n,, is determined as
a function of parameters influencing the intensity Q,, of
volumetric losses in the working chambers and of the motor
rotational speed n,.

Volumetric efficiency n,, of the motor is a ratio of power
P,,; indicated in the motor working chambers to power P, .
of working fluid consumed by the motor in the chambers:

_ i Py _
My = = =
PMci PMi + APMV
_ APy Qi D _ (23)
APy iy Ny + APy Qg
e v I VRV

th nM +QMV QM

The motor volumetric efficiency n,, (with determined
theoretical capacity q,,, per one shaft revolution) is a function
of intensity Q,, of volumetric losses in the motor and of the
motor shaft rotational speed n,,. Therefore, efficiency
is a function of the decrease Ap, . of pressure indicated in
working chambers and a function of the rotational speed n,,
as well as a function of the working fluid viscosity v (which
have an impact on the intensity Q,, of volumetric losses)
and also directly a function of rotational speed n,;:

Ny = F Qe 1) = F(Apy 0y v) - (24)

because: Q,, = ' (Ap,,, n,;, V).

— Losses Ap,, of working fluid ressure in the motor channels
are a sum of two pressure losses i.e. loss Ap,, | of pressure

in the inlet channel (between the motor inlet point and
working chambers) and loss Ap,, , of pressure in the outlet
. p.
channel (between the working chambers and the motor
outlet point). Losses Ap,, are a function of motor capacity
. . Mp .
Q,, and of working fluid viscosity v:

Apyy, = Apy, T APy, = f(Qup V) (25)

Losses Ap,, of working fluid pressure in the motor channels
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are a complex function of the motor shaft speed n,, and
torque M, and the working fluid viscosity v, i.e. parameters
independent of the motor and of losses in it. The motor
capacity Q,,, having a direct impact on Apy, [formula (14)],
is a function [formula (16)] of the shaft rotational speed n,
and of intensity of volumetric losses Q,, in the working
chambers. The decrease Ap, . of pressure indicated in the
worklng chambers, having a direct impact on Q,, [formula
(14)], is a function [formula (6)] of the shaft torque M, and
of torque M, of mechanical losses in the ,,shaft — worklng
chambers” assembly, and the torque M,, of mechanical
losses [formula (2)] is in turn a function of the motor shaft
torque M, and speed n,, and of the viscosity v of working
fluid. At the same time, the impact of working fluid viscosity
v on the losses Apyy, of fluid pressure in the channels differs
from the impact of viscosity v on the intensity Q,, of
volumetric losses in the working chambers and from "the
impact of v on the torque M, of mechanical losses in the
,shaft — working chambers” assembly. Also the impact of
shaft speed n,, on the intensity Q,, of volumetric losses in
the working chambers differs from the impact of n,, on the
torque M,, of mechanical losses in the ,,shaft — working
chambers” assembly. Direct evaluation of the dependence
of pressure losses Ap,, of the working fluid in the motor
channels on the motor shaft speed n,, and torque M,, and
on the viscosity v of working fluid would be unjustified and
wrong, because it would be under a complex impact of the
intensity Q,,, of volumetric losses in working chambers and
of torque M, of mechanical losses in the ,,shaft — working
chambers” assembly.

Power AP, of pressure losses in the motor, in the motor
channels, with the assumption that external volumetric
losses are small and negligible from the energy point of
view, is a product of the pressure losses Apyy, in the channels
and the motor capacity Q,;:

AP =Ap, Q, (26)

Decrease Ap,, of pressure in the motor (with determined
theoretical capacity q,, per one shaft revolution), required
by the motor from the driving working fluid, must be greater
than decrease Ap,, of pressure indicated in the working
chambers (required by the torque M, indicated in the
chambers) because of the necessity of balancing also the
losses Apy, of pressure in the motor channels. Decrease
Ap,, is equal to the sum of the indicated decrease Ap, . and
losses Apyy,:

Ap,, = Ap,; T ApMp (27)

Replacing in the equation (27) the decrease Ap, , of pressure
indicated in the working chambers with expression (6), we
obtain the dependence of decrease Ap,, of pressure in the
motor on the required torque M, loading the motor shaft
and on the torque M, of mechanical losses in the ,,shaft
— working chambers” assembly and also on the pressure
losses Ap,, in the motor channels:

2IT M, +M,,,,)
Apy = ™ =
Qe

The decrease Ap,, of pressure in the motor can be evaluated
by means of a formula expressing the ratio of decrease Ap, .
of pressure indicated in the working chambers to the known
pressure efficiency Ny of the motor [formula (37)]:

Ap, ..
ApM — le
T.lMp

f(ApMpﬂ ApMi) = f(QM’ ApMi’ V)

+ ApMp (28)

(29)

with: n, =
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i.e. formula where the motor pressure efficiency nM
defined as a function of parameters influencing the 1osses
Apy, of working fluid pressure in the channels and as
a function of the decrease Ap, . of pressure indicated in the
working chambers.

Decrease Ap,, of pressure in the motor can be evaluated
also from a known torque M,, loading the motor shaft,
from a known mechanical efficiency 0, [formula (11)] and
a known motor pressure efficiency My [formula (37)]:

21 M,,

th an T.I]\/Ip

with:n, =M, ,M )= (M, n,Vv)
and: ny, = £(Ap,,, Ap,) = F(Qy, Apy, V)

Apy, = (30)

i.e. formula, where the mechanical efficiency n, is defined
as a function of parameters influencing the torque M, _
of mechanical losses in the ,,shaft — working chambers”
assembly and a function of torque M,, loading the motor
shaft and the pressure efficiency Naip is defined as a function
of parameters influencing the losses Apy, of pressure in the
channels and as a function of decrease. Ap,, of pressure
indicated in the motor working chambers.

Working fluid power P, _consumed by the motor must
be greater than power P, . (consumed by the motor
in the working chambers) because of the necessity of
balancing also the power AP, of pressure losses in the
motor channels. Power P, is equal to the sum of power
P, and power AP, of the losses. Power P, is a product
of the decrease Ap,, of pressure in the motor and motor

capacity Q,:
Py = APy Q= (Apy; T Apy,) Q=
- ApMi QM + ApMp QM - PMci + APM]:)

€2

The working fluid power P, consumed by the motor is
a sum of useful power P, (required on the motor shaft by
the driven machine (device)], power AP, of mechanical
losses in the ,,shaft — working chambers” assembly, power
AP, of volumetric losses in the working chambers and
power AP, of pressure losses in the motor channels:

P, =P, *tAP  +AP +AP = (32)

After replacing in equation (32) the useful power P
and power AP of mechanical losses, power AP of
volumetric losses and power AP, of pressure losses w1th
formulae expressing dependence on parameters and losses
deciding of the values of those powers, we can obtain
a picture of the impact of parameters and losses on the
consumed power P,

Me = My 0y + My oy +Apy; Qyy, +ApMp Qv =

2H(MM + MMm)

Qv
+Apy, (qunM + QMV):

= 21’I(MM +M,,, )(nM + Quy j+
e

+Apy, (th ny + QMV)

=M,, 0oy +M,,, ©\ +

QMV+
(33)

The expression describing the working fluid power P,
consumed by the motor can be also obtained from the



product of decrease Ap,, of pressure in the motor [formula
(28)] and motor capacity Q,, [formula (16)]:

Py = ApMQM =
_{ZH(MWMM,“)
I

(34

+ApMp:| (th nM +QMV)

Expressions (33) and (34) are equivalent.

Evaluation of the working fluid power P,, consumed by
the motor can be performed with a formula expressing the
ratio of working fluid power P, . consumed by the motor
in the working chambers to the motor pressure efficiency

Ny [formula (37)]:

P, = (35)
T]Mp

with: n,, = £ (Ap,,, Ap,,) = £ (Q,;, Ap,;, V)

i.e. a formula where the pressure efficiency My is defined
as a function of parameters influencing the losses ApMp of
working fluid pressure in the channels and as a function of
decrease Ap, . of pressure indicated in the motor working
chambers.

The working fluid power P, consumed by the motor can be
evaluated from the known useful power P, on the motor
shaft, a known mechanical efficiency n,, [formula (11)],
known volumetric efficiency n,, [formula (23)] and known
pressure efficiency Nyip [formula (37)] of the motor:

P u
P =—F— (36)
Mvm My My
with: n,, =M, , M, )=T (M, n,, V)

Ny = £ Qo 1 )= £ (Ap,> 1y, V)
and: ny =f(Ap,,, Ap,,).= £ (Q,, Ap;, V).

In formula (36), the mechanical efficiency n,, is defined
as a function of parameters influencing the torque M,
of mechanical losses in the ,,shaft — working chambers”
assembly and as a function of torque M, loading the motor
shaft. The volumetric efficiency n,, is defined as a function
of parameters influencing the intensity Q,, of volumetric
losses in the working chambers and as a function of the
motor shaft rotational speed n,,. The pressure efficiency
Ny is defined as a function of parameters influencing the
pressure losses Apy, of working fluid in the channels and
as a function of the decrease Ap,,. of pressure indicated in
the motor working chambers.

The motor pressure efficiency 1, is a ratio of the working
fluid power P, . consumed by the motor in the working
chambers to the power P, consumed by the motor:

P P

ﬂ — Mci — Mci
" PMC PMCI + AP
37
_ Apyi Qu _ ApMi _ APy G7
(Apy;i +Apy,) Qv APy + APy, APy,

Therefore, the pressure efficiency can by presented as a ratio
of the decrease Ap, . of pressure indicated in the working
chambers to the decrease ApM of pressure in the motor. The
motor pressure efficiency 1, is a function of losses Ap,, of
the working fluid pressure in motor channel and decrease
Ap,,; of pressure indicated in the motor working chambers.

Therefore, efficiency My is a function of the motor capacity
Q,, and a function of the working fluid viscosity v (which
influence the losses Apy, of working fluid pressure in the

channels) as well as a function of the decrease Ap,, of
pressure in the motor working chambers:

Nup = T APy AP ) =T (Qyy> ADyyi5 V)
= f(QM, V).

— The motor overall efficiency 0,  is a ratio of the useful power
P,,, on the motor shaft required by the driven machine
(device) to the power P, consumed by the motor:

Py, M, o0, 2IIM,n,

1"' = = =
v Py Apy Qu Apy Qu

Replacing in formula (39) the power P, consumed by
the motor with equations describing its dependence on
the useful power P, and on the powers AP,, , AP and
AP, of the energy losses in the motor (with a determlned
theoretlcal capamty q,,, per one shaft revolution), we obtain
the expressions describing the motor overall efficiency n,

as a function of the losses:

(38)

because: Apy,

(39)

with reference to equation (32):

P P

— _Mu _ Mu
™, TP AR, +AP, +AP,
with reference to equation (33):
(41)

2TIM,, n,,

2H(MM+MMm>[n + Qe J+ApMp(thn +Qu)

Mt

NMu =

with reference to equation (34):

21TM,, n,,

Ny =
|:2H(M214 +MMm)_|_ApMp:| (th n,, +QMV)
Mt

Expressions (41) and (42) are equivalent.

(42)

The motor overall efficiency n,, is therefore a function
of torque M,, ~of mechanical losses in the ,,shaft — working
chambers” assembly, intensity Q,, of volumetric losses in the
working chambers and losses Ap,, of pressure in the motor

. . P .
channels. The n,, efficiency is also a function of the motor
shaft torque M, and speed n,, required by the driven machine
(device):

M = f (MMm’ QMV’ ApMpJ MM’ nM)

Torque M,, = f (M,,, n,,, v) of mechanical losses from
friction of elements in the motor ,,shaft — working chambers”
assembly is a function of the required torque M, loading the
motor shaft. In the piston, satellite and vane motors, torque
M,, of the losses is also a function of the required speed n,,
influencing the inertia forces in the ,,shaft — working chambers”
assembly and in effect the forces of friction between those
elements. In the piston motors in particular, with working fluid
in the casing, the torque M, of the losses is also a function of
the fluid viscosity v, which influences the friction between the
,,shaft — working chambers” assembly elements and the fluid.

Intensity Q,, = f (Ap,,, n,,, v) of volumetric losses in the
motor working chambers is a function of the decrease Ap,,
of pressure indicated in the chambers and, to some extent,
a function of motor shaft rotational speed n,, and also a function
of working fluid viscosity v.

Losses Ap,, = =1(Q,,, v) of the working fluid pressure in the
motor channels are a functlon of the motor capacity Q,, and of
the working fluid viscosity v.

(43)
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In order to evaluate the dependence of overall efficiency n,,
of the motor (with determined theoretical capacity q,, per one
shaft revolution) on parameters independent of the losses in the
motor, i.e. evaluate 1, as a function of the required motor shaft
torque M, and speedn,, and also as a function of the working
fluid viscosity v, a product of the motor mechanical efficiency
Ny, Volumetric efficiency n,, and pressure efficiency Ny
must be used:

My = £ My Dy, V) = My, My, My,

with: Ny, = FT M, , M )=f(M,,n V)
because: M, =f(M,,n,, v)[equation (12)]

Ny, = F Qe 1y,) = F(Ap,,, 0y V)

(44)

because: Q,,, =T (Ap,,, n,,, V) [equation (24)]
and: 1, = F(AD, Ap) = F(Qy, Ap,,, V)
because ApMp =1(Q,,, v) [equation (38)].

In the above equation describing the overall efficiency
n,,» mechanical efficiency n, is defined as a function of
parameters influencing the torque M,, of mechanical losses in
the ,,shaft — working chambers” assembly and as a function of
torque M, loading the motor shaft. Volumetric efficiency n,,
is defined as a function of parameters influencing the intensity
Q,,, of volumetric losses in the working chambers and also
as a function of the motor shaft rotational speed n,,. Pressure
efficiency Ny is defined as a function of parameters influencing
the losses Ap,, of working fluid pressure in the channels and
a function of decrease Ap,,, of pressure indicated in the motor
working chambers.

After replacing in equation (44) n,, with expression (13),
n,,, With expression (23) and n,,with expression (37), we
obtain a formula describing the motor efficiency n,, as a ratio
of useful power P, to power P, consumed by the motor, i.e.
a formula confirming correctness of the expressions describing

Tle’ rlMv and nMp:

T.IM = f(MMﬁnM’V): annMvnMp:

_ 2IIMy qyny Apy;  2TIMyny Py )
Apyidwe Qu Apv QulApy Py

In equation (45), the required motor capacity Q,, [equation
(17)] is a function:

n
Q, = G v
nMv

Ny, = Q1) = (Apy, 1y, V)
Q,,, = f(Apy, 0y V)

with:
because:

and the required pressure decrease Ap,, (equation (30)] is

a function:
2[1IM
Apy, = ™
Qi Myt Mip
with: My =T M, M) =M, n,, V)
because: M, =f(M,,n,,V)
and: Ny, = £ APy, Apy) = F(Q, Ay, V)
because: ApMp =1(Q,, V).

After replacing in equation (44) n,, with formula (11),
n,,, With formula (23) and n,,_ with formula (37), we obtain
an expression describing the efficiency n,, as a product of
individual efficiencies described by losses and parameters
deciding of their values and where at the same time Ap, . and
Q,, are functions of the losses.
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Mu = f(MM’nM’V): Myt Mty Mvip =
_ My Qe Dy Apyy;
MM +MMm th nM + QMV ApMi +ApMp

(46)

where: M, =f(M,,n,, v)[equation (2)]
Q,, = f(Ap,,,» n,,, v) [equation (14)]
ApMlD =1 (Q,, v) [equation (25)]

with:  Ap,, = 21y, +M,y,.) [equation (6)]
Qe
and: Q= q,,n, +Q,, [equation (16)].

Decrease Ap, , of pressure indicated in the working chambers
[equation (6)] is a function of the loading torque M, , and torque
M, of mechanical losses in the ,,shaft — working chambers”
assembly. Capacity Q,, in the motor channels [equation (16)]
is a function of motor shaft speed n,, and the intensity Q,, of
volumetric losses in the working chambers.

Formula (46) shows a direct dependence of the torque
M, of mechanical losses in the ,,shaft — working chambers”
assembly on the torque M, and on the motor shaft rotational
speed n,, as well as on the working fluid viscosity v.

Formula (46) presents a complex dependence of the intensity
Q,,, of volumetric losses in the working chambers on the shaft
loading torque M, and on the torque M, of mechanical losses
in the ,,shaft — working chambers™ assembly (decrease Ap, ; of
pressure indicated in the working chambers depends on M,
and M, and has direct impact on Q,, ) and also on the shaft
speed n, (influencing in diversified way the torque M,, of
mechanical losses and intensity Q,, of volumetric losses). The
intensity Q,, of volumetric losses depends on diversified impact
of the working fluid viscosity v: indirectly by impact of v on
the torque M,, of mechanical losses in the ,,shaft — working
chambers” assembly and directly by impact of v on intensity
Q,,, of losses in the chambers.

Formula (46) presents also a complex dependence of losses
Apy, of working fluid pressure in the channels on the shaft
rotational speed n,, and on intensity Q,, of volumetric losses
in the working chambers. The intensity Q,, of losses influences
the motor capacity Q,, [equation (16)] and at the same time Q,
depends in a complex way on the shaft loading torque M, and
on the torque M, of mechanical losses in the ,,shaft — working
chambers” assembly. Pressure losses Ap,, in the channel are
also dependent on the diversified impact of the working fluid
viscosity v: indirectly by impact of v on the torque M, of
mechanical losses in the ,,shaft — working chambers” assembly
and by impact of v on the intensity Q,, of volumetric losses in
the working chambers and directly by impact of v on the losses
Apy, of pressure in the channels.

ANALYSIS OF THE PRESENTED
DEFINITIONS AND RELATIONS

M

1. The power P, consumed by the motor is a sum of motor
shaft useful power P, and powers of three different energy
losses in the motor. The losses occur in series increasing
power stream in the opposite direction to the direction
of power flow. In effect, the power stream in the motor
increases from the shaft useful power P, to the working
fluid power P,  consumed by the motor:

P,.=P,, Tt AP, +AP + APMp

Mechanical losses (and power AP, ) occur in the ,,shaft
— working chambers” assembly, volumetric losses (and
power AP, ) occur in the working chambers, pressure losses
(and power AP, ) occur in the motor channels.



. Figure 1 presents a diagram of the direction of increasing
power stream in a hydraulic motor. Direction of the increase
of power stream is opposite to the direction of power flow
in the motor. The diagram replaces the Sankey diagram
of distribution of power flowing in a power transmission
system. The use of Sankey diagram for description of
power stream in the power transmission systems is a basic
cause of errors in evaluation of losses in the power flow.
The Sankey diagram suggests determination of losses in
a system as a function of input parameters of that system.
The suggestion can be noticed in the method of hydraulic
motor investigations and in the related evaluations of losses
and the motor energy efficiency. But the input parameters
of the system depend on the losses.
. Torque M, of mechanical losses in the ,,shaft — working
chambers” assembly should be evaluated as a function M, |
=f(M,,,n,,v),ie.as afunction of the motor shaft loading
torque M, and the shaft rotational speed n,, and also as
a function of a working fluid viscosity v.
The picture of torque M,, ~of mechanical losses in the
motor, presented in literature and in the industrial practice as
a function M, =Tf(Ap,,, n, V), i.e. as a direct dependence
on the decrease Ap,, of pressure in the motor, is incorrect
because it bears the impact of the mechanical losses and also
of volumetric losses in the working chambers and pressure
losses in the motor channels.
. Intensity Q,, of volumetric losses in the motor working
chambers should be evaluated as a function Q,, = f (Ap,,.,
n,,, v),i.e. a function of decrease Ap, . of pressure indicated
in the working chambers and of motor shaft rotational speed
n,, and also as a function of the working fluid viscosity v.
The picture of intensity Q,, of volumetric losses, presented
in literature and in industrial practice as a function Q,, =
f (Ap,» Dy V), i.€. as a direct dependence on the decrease
Ap,, of pressure in the motor, is incorrect, because it bears
the impact of the pressure losses in the motor channels.
Similarly, the picture of intensity Q,, of volumetric losses
asa function Q, =f(M,,,n ,Vv),i.e. as adirect dependence
on the motor shaft loading torque M, is also incorrect,
because it bears the impact of the mechanical losses in the
,,shaft — working chambers” assembly.
. Pressure losses Ap,, in the motor channels should be
evaluated as a function Ap, = f(Q,,, v), 1. e. a function of
motor capacity Q,, and of working fluid viscosity v.
The picture of pressure losses Ap, , presented sometimes
in literature and in the industrial practice as a function Ap,
=f(n,, v), i.e. as a direct dependence on the motor shaft
rotational speed n,, is incorrect because it bears the impact
of mechanical losses in the ,,shaft — working chambers”
assembly and the impact of volumetric losses in the motor
working chambers.
. The torque M,, of mechanical losses in the ,, shaft
—working chambers” assembly and the so called ,,torque”
of pressure losses Apy, in the motor channels cannot make
up a ,,sum” and also that ,,sum” cannot be evaluated as
directly dependent on the same chosen parameters (which is
practiced in literature and in industry), because those losses
are of different character and are dependent on different
parameters [M, =1 (M, n V), ApMp =1(Q,, V)]
. The impact of working fluid viscosity v on:
— torque M,, of mechanical losses in the ,,shaft —working
chambers” motor assembly
— intensity Q,, of volumetric losses in the motor working
chambers
— pressure losses Apyy, in the motor channels
is differentiated.

8.

The dependence of particular kinds of losses on the
working fluid viscosity v should be presented in expressions
describing dependence of those losses on other parameters
which have a direct impact on them [M,; =1 (M,, n, v),
Qu, = £ (Apyg. V). Apy, = F(Que 1.

The overall efficiency of the motor (with determined
theoretical capacity q,, per one shaft revolution), in the
(0 <@y Oy, 0SM(M,, ) range of hydraulic motor
shaft speed and torque coefficients andinthev . <v<v_
range of working fluid viscosity, must be evaluated only
as a function n, = f (M,, n,, v), i.e. as a function of the
required motor shaft torque M, ,, required shaft rotational
speedn, and as a function of the working fluid viscosity
v. Torque M, and speed n,, are parameters required by the
motor driven machine (device), independent of the motor
and of the motor losses. The working fluid viscosity v is
also independent of the motor and of the motor losses. At
the same time those parameters (M, , n,,, v), in a direct or
indirect way, have an impact on the motor mechanical,
volumetric and pressure losses and also on the internal
parameters deciding of the losses: on pressure decrease
Ap,,, indicated in the working chambers and deciding of the
capacity Q,, of volumetric losses in the working chambers
as well as on the motor capacity Q,, directly deciding of the
pressure losses Ap,,, in the motor channels.

The motor overall efficiency n,,, as a function of the
motor shaft torque M,, and speed n,, and as a function of
the working fluid viscosity v, is a product of the motor
mechanical efficiency n, , volumetric efficiency n,, and
pressure efficiency Myp!

Ny = fM, 0y, v) =

M

PMu

= an TQIMV T.lMp

Mc
Each of the three efficiencies, as a factor of the product
describing the overall efficiency, is evaluated as a function
of parameters having a direct impact on the respective losses
and as a function of a parameter to which those losses are
added”.

10. The mechanical efficiency:

I1.

_ PMu _ MM

an - PMi - MM +MMm

=f(My.ny,Vv)

must be evaluated as a function of parameters which
have a direct impact on the torque M, = f (M,,, n,, v)
of mechanical losses in the ,,shaft — working chambers”
assembly, i.e. a function of the required motor shaft torque
M,, and a function of the required shaft rotational speed
n,, as well as a function of the working fluid viscosity v.
At the same time, the mechanical efficiency n,, is directly
a function of the shaft torque M,, because the torque
M, of mechanical losses is ,,added” to the torque M,
causing decrease of power transmission efficiency in the

assembly.
The volumetric efficiency:
Py Qe
T]Mv:PM1 - Y =1 (Apy;- Ny V)
Vi D v + Qi

must be evaluated as a function of parameters which
have a direct impact on the intensity Q,, of volumetric
losses in the working chambers, i.e. a function of pressure
decrease Ap,, indicated in the chambers and as a function
of the required motor shaft rotational speed n, as well as
a function of the working fluid viscosity v. At the same
time, the volumetric efficiency 1, is directly a function
of the shaft rotational speed n,, because the intensity
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direction of power flow

inlet channel (Ap,m)

"shaft — working
_chambers” assembly

/

direction of power flow

shaft speed n, (c,)
shaft torque My

outlet channel (ﬂ.pMpz)/,- . ]

direction of power flow

L e r

Fig. 1. Diagram of the direction of increasing power stream in a rotational hydraulic motor; direction of the increase of power stream is opposite to the
direction of power flow in the motor. Power stream increases from the motor useful power P, required on the motor shaft by the driven machine (device)
to power P, consumed and required by the motor from the working fluid. The increase of power stream is an effect of the power of losses in the motor:
power AP, of mechanical losses in the ,,shaft — working chambers ™ assembly, power AP, of volumetric losses in the working chambers and power AP,
of pressure losses in the motor channels. Powers AP, , AP, and APMp of the losses are functions of the output parameters of the motor assembly where the
losses occur and diversified functions of the working fluid viscosity v: power AP, of mechanical losses is a function of torque M, and shaft speed n,, (v, )
required of the motor by the driven machine (device) and a function of the working fluid viscosity v, power AP, of volumetric losses is a function of the
decrease Ap, . of pressure indicated in working chambers (torque M, indicated in the chambers) and of the shaft rotational speed n, as well as a function
of the working fluid viscosity v, power AP, of pressure losses is a function of motor capacity Q,, and of the working fluid viscosity v. Power P, indicated in
the working chambers: P, = P, + AP, = power P, ofthe working fluid consumed in the working chambers: P, =P, + AP, +AP,  power P, ofthe
working fluid consumed by the motor: P, =P, +AP,  +AP, + AP, . The diagram replaces the Sankey diagram of distribution of power in transmission

systems, causing incorrect loss evaluation during the hydraulic motor energy investigations.

Q,,, of volumetric losses is ,,added” to the product of  12. The pressure efficiency:

theoretic.al capacity q,, per one shaft reyo}ution aqd speqd _ Pyi _ Apy; ~ T (A

n,,, causing decrease of power transmission efficiency in Ny = P A A =1 (Apy;- Qui> V)

the chambers. Me Pri T APy

If we wish to present the motor volumetric efficiency 7, must be evaluated as a function of parameters which have

as a factor in the productn,, . Nyp describing the motor a direct impact on the pressure losses Apy;, in the motor

overall efficiency n,,, i.e. to present n,, as a complex channels, i.e. as a function of the motor capacity Q,, and

dependence on the parameters (M, n,,, v) describing the a function of the working fluid viscosity v. At the same

overall efficiency n,, and as a dependence on the mechanical time, the pressure efficiency LIV is directly a function

losses in the motor, the intensity Q,, = f (Ap,,, n,, v) of of the pressure decrease Ap,, indicated in the motor

volumetric losses in the chambers should be determined working chambers, because pressure losses Ap, in the

with: motor channels are ,,added” to the pressure decrease Ap, .,
Ap,, = 2T M, +M,,,) causing decrease of power transmission efficiency in the

Mi channels.

Qe If we wish to present the motor pressure efficiency My, @S
and with torque M, of mechanical losses in the ,,shaft a factor in the product n,, m,,, Ny describing the motor
— working chambers” assembly as a function of M, =f overall efficiency n,,, i.e. to present n,, as a complex
(M, 0, V). dependence on the parameters (M, n,,, VS describing the
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13.

overall efficiency n,, and as a dependence on the mechanical
and volumetric losses in the motor, the pressure losses
ApMp f(Q,, v) in the channels should be determined with

=y Ny T QM, the intensity Q,, = f (Ap,,, n,,, v) of
volumetnc losses in the chambers should be determmed
with:

2H (MM + MMm)
Qe

and with torque M,, of mechanical losses in the ,shaft
— working chambers” assembly determined as a function
of M, =f(M,,n,,v).

Therefore, the picture of the characteristics of overall
efficiency as a productn,, n,, My of efficiencies correctly
described by the characteristics of mechanical efficiency
Ny = f (M, 0, V), volumetric efficiency n,, = f(Ap,,,, n,,, V)
and pressure efficiency Ny = f(Ap,,, Q,p V) is complex.

CONCLUSIONS

Apy; =

The methods of investigation of the rotational hydraulic

motor losses and energy efficiency, used in the scientific

research and in industrial practice, give incorrect results
because:

— losses and efficiencies are evaluated as functions of
parameters which depend on those losses or which have
no direct impact on the losses,

— the mechanical, volumetric and pressure losses and the
corresponding efficiencies are presented as directly
dependent on the same parameters, although each of
those losses is a function of different parameters and is
a different function of the working fluid viscosity v.

In the investigations of the hydraulic motor (pump and
a hydrostatic transmission system) losses and energy
efficiency it is necessary to use as a guide the diagram of
the direction of increasing power stream from the hydraulic
motor shaft to the pump shaft.

The complex method of evaluation of the motor overall
efficiency n,, = f (M, , n, v) as a product n,, m,,. Ny of
three efﬁc1enc1es correctly described by the characteristics
of mechanical efficiency n,, = f (M,,, n,,, v), volumetric
efficiency n,, = f(Ap,,,, n,,, v) and pressure efficiency Nyp =
f(Apy;» Q,,» v) should be replaced by a method of evaluation
of the motor efficiency based on the defined coefficients k.
of the motor and the motor driving system energy losses.
The proposed motor efficiency evaluation is performed as
a part of the energy efficiency evaluation of the hydrostatic
driving system where the motor is used.

The evaluation method of the hydraulic motor (and also
of the pump and of the hydrostatic driving system) energy
efficiency is based on the mathematical models of losses
where each type of losses is a function of parameters
influencing directly the losses and independent of those
losses.

Evaluated are the loss coefficients k, relating the hydraulic
motor (pump and system) mechanical, volumetric and
pressure losses to the reference values: driving system
nominal pressure p , pump theoretical capacity Q,,, motor
theoretical rotational speed n,, and theoretical torque M.
The loss coefficient k, are determined at the working fluid
reference viscosity v_. Also the impact is determined of the

viscosity ratio v/v_(viscosity changinginthev . <v<v__
range) on the value of loss coefficients k..

The method allows to evaluate the values and proportions
of mechanical, volumetric and pressure losses in the motor
(pump, driving system) and their dependence on the fluid
viscosity v.

The knowledge of coefficients k, of the mechanical,
volumetric and pressure losses allows to obtain, by applying
a numerical method, a picture of the overall efﬁciency
Ny = (@, M,,) of the motor (pump and system) in the
(0<Oy( Dy 0 MM< M,,,.) motor operating field and
for the selected ratio v/v_of fluid viscosity.
Simultaneously, the (0 <®,(®,,, ., 0<M,(M,,, . ) motor
(pump and system) operating field is determined for
a selected v/v, ratio of the working fluid viscosity to the
reference viscosity.

It is assumed that the method is precise and simple in use.
It reduces the necessary laboratory investigations of pumps
and hydraulic motors. Il allows to seek energy saving
displacement machine designs. It also allows to evaluate the
drive energy efficiency and to seek energy saving structures
of hydrostatic transmission systems.
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