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Abstract

The paper presents theoretical and mathematical models of the torque of mechanical losses

in a hydraulic rotational motor with constant capacity gMt per one shaft revolution (with

constant theoretical working volume VMt) and with variable capacity gMgv = bM g Mt per

one shaft revolution (with variable geometrical working volume VMgv). The models are

to be used in the laboratory and simulation investigations of motor energy losses aimed
at evaluation of the motor energy efficiency and hydrostatic drive efficiency.
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INTRODUCTION

The paper is a continuation of references [1+10], aimed
at developing a method of evaluation of the losses and
energy efficiency of the hydrostatic drives and displacement
machines used in them. The method is based on theoretical and
mathematical descriptions of losses in the pumps, hydraulic
motors and in other elements of a hydrostatic drive system.

Description of the hydraulic motor losses and energy
efficiency is based on the diagram of the direction of increasing
power stream in a rotational hydraulic motor, which is
introduced instead of the Sankey diagram (Fig.1 [10]).

The aim of the paper is to present theoretical and
mathematical models of torque of mechanical losses in the
rotational hydraulic motor ,,shaft — working chambers”
assembly. The motor is a displacement machine with constant
theoretical capacity q,, per one shaft revolution (with constant
motor theoretical working volume V) or with variable
geometrical capacity q,,, o =b,,q,,, per one shaft revolution (with
variable motor geometrlcal working volume VMgV).

The models are to be used in the laboratory and simulation
investigation of the motor energy losses, motor energy
efficiency and hydrostatic drive efficiency.

THEORETICAL MODELS OF THE
TORQUE M,,,, OF MECHANICAL LOSSES
IN THE MOTOR ,,SHAFT — WORKING
CHAMBERS” ASSEMBLY

Torque M, indicated in the rotational hydraulic motor
working chambers must be greater than torque M loading
the motor shaft (torque required by the driven machine
(device)) because of the necessity of balancing also the
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torque M, of mechanical losses in the ,,shaft — working
chambers” assembly. The assembly connects the shaft
with working chambers, forms the working chambers and
changes their capacity. Therefore, the torque M, indicated
in the motor working chambers is a sum of torque M, loading
the shaft and of torque M,  of mechanical losses:

M =M, M, )

Torque M, = of mechanical losses in a rotational hydraulic
motor with Varlable geometrlcal capacity Oy, PET ONE shaft
revolution is, with maximum value of Ay Le. with Qg
q,, (with coefficient b, quV/qu =1), equal to the torque
of mechanical losses 1n the motor working with constant
theoretical capacity q,, per one shaft revolution. The theoretical
and mathematical models describing the torque M,, of
mechanical losses in the ,,shaft — working chambers” assembly
of a motor with variable capacity qg,, per one shaft revolution
(with variable b, coefficient) may be described with reference
to models of the torque M,, ~of mechanical losses in the
assembly of a motor with constant capacity q,, per one shaft
revolution (with b, = 1).

Torque M, of mechanical losses in a rotational
hydraulic motor is mainly an effect of friction forces
between elements of the ,,shaft — working chambers”
assembly, dependent, among others, on the torque M
loading the shaft.

Friction forces between the elements of the ,,shaft
— working chambers” assembly are, to some extent, an
effect of loading those elements by inertia forces from the
rotational and reciprocating motion, dependent on the shaft
rotational speed n, and on the motor capacity q,,, per one
shaft revolution (b coefficient).



There are also friction forces between the ,,shaft
— working chambers” assembly elements and the working
fluid, dependent on the fluid viscosity v and on the shaft
rotational speed n,, and also on the motor capacity qy,, Per
one shaft revolution (b,, coefficient). The impact of working
fluid viscosity v on the friction forces between elements of the
,,shaft — working chambers” assembly and the working fluid
is visible mainly in the piston hydraulic motors with casing
filled with fluid.

Torque M, loading the motor shaft and the shaft rotational
speed n, required by the driven machine (device) change in the
(0O <O pppav 0 <My <My a0 hydrostatic drive operating
range. The kinematic viscosity v of working fluid (hydraulic oil,
oil — water emulsion) changes inthev . <v<v_ range.

M,,, n,, and v are parameters independent of the motor and
of the losses in that motor. In models applied to motor with
variable capacity Ay = b,, q,, per one shaft revolution, the

change of Uytgy (b,,) is assumed in the 0 < Qpigy = Die (0<b,<1)

range, although in fact b, . is of the 0.2 - 0.3 order.

Torque M, of mechanical losses in a hydraulic
m\MM,nM,bM,v

motor operating with torque M,, and speed n,, required by the
driven machine (device) (the motor having capacity Qg PeT ONE
shaft revolution (b,, coefficient) and fed with working fluid of

viscosity v) can be described as a sum of torque MMm‘1\41\4:0’[11\4)131\4‘v

; torque M of

and increase AM MMy 0. by

Mm\MM,nM,bM,v
mechanical losses occurs in an unloaded motor (when the
torque M, required of the motor is equal to zero — M,, = 0) and

the increase AM, of'the torque of mechanical losses is
m\MM,nM,bM,v

an effect of loading the ,,shaft — working chambers” assembly
elements by the increasing shaft loading torque M, ;:

Mm\MM,nM,bM,v o Mm\MM:O,nM,bM,v

+ AMMm‘MM’nM’bM’V
In constructing the theoretical and mathematical models

describing the torque AMMm‘MM’nM‘bM’V of mechanical losses in

a rotational hydraulic motor, an assumption is made that the

increase AM of the torque of the mechanical
m|MM,nM,bM,v

losses in the ,,shaft — working chambers” assembly, as an

effect of the increasing required torque M, loading the

motor shaft, is practically independent of:

— required shaft rotational speed n_,

— value of theb = quv/qMt coefficient of capacity per one
shaft revolution,

— working fluid viscosity v.

An assumption was also made in the proposed models, that

increase AM of the torque of the mechanical
m|MM,nM,hM,v

losses is determined at the speed n,, = n i.e. equal to the
motor shaft theoretical speed, at the coefficient b, = 1
(with Uy, = q,,) and at v =v_i.e. working fluid reference
viscosity v :

AM

Mm\MM,nM,bM,v - f(1\/IM) =

=AM ~M

Mm\MM,th,bM=] Vi M

(©)

In constructing the theoretical and mathematical models

describing the torque M, of mechanical losses in
m‘MM‘"M‘bM’V

the ,,shaft — working chambers” assembly it was also assumed
that:

— the impact of required shaft rotational speed n, and
value of the coefficient b, = q,,_/q,, on the load of the
assembly elements with inertia forces,

— the impact of working fluid viscosity v, n, and b, on the
friction forces between elements and working fluid,

in consequence, the impact of n,, b, and v on the torque
M,,  of mechanical losses in the motor can be determined
with the shaft loading torque equal to zero (M, = 0),
because the inertia forces of the assembly elements and
friction forces between the elements and working fluid are
independent of the torque M, loading the motor shaft:
MMy =00y pbygv f(nM, bM, V) 4
The above mentioned assumptions allow to describe

the torque MMm‘M .+ b, Oof mecha-nical losses in the ,shaft
M MM’

— working chambers” assembly by a theoretical model in the
form:

Mm\MM,nM,bM,v

+AM )

Mm\MM,th,bM=l Vn

Mm\MM=0,nM,bM,v

In a hydraulic motor with theoretical (constant) capacity
q,,, per one shaft revolution (b,, = 1), operating with theoretical
(constant) shaft rotational speed n,, and the working fluid
reference (constant) viscosity v , the theoretical model
describing the torque of mechanical losses in the assembly
takes the form (Fig.1):

Mm\M]\,[,th,bM:l,vn

+AM ©)

Mm\MM,th,bM=I Vi

Mm\MMZO,th,bM: 1 Vi

The impact of inertia forces of the ,,shaft — working
chambers” assembly elements performing the rotational

and reciprocating motion on the torque MMmIM o by

M MM
mechanical losses in an unloaded motor may be presented
as a function of the motor shaft rotational speed n, and as
a function of geon.netrlcal capacity q,, (b, coefficient) per
one shaft revolution.

The impact of the friction forces between the ,,shaft
— working chambers” assembly elements and the working

fluid on the torque MMmIM —om.., Of the mechanical losses
M MM

in an unloaded motor may be presented as a function of the
working fluid viscosity v and as a function of the motor shaft
rotational speed n, and of the capacity Uy (coefficientb )
per one shaft revolution.

The proposed theoretical models describing the torque

MMy i by of mechanical losses in the ,,shaft — working

chambers” assembly of an unloaded hydraulic motor
(with torque M, = 0), with changing shaft speed n, with
theoretical (constant) capacity q,, (b,, = 1) or geometrical
(variable) capacity q,  (b,) of the motor per one shaft
revolution and with cflanging working fluid viscosity v,
take the form:

¢ in a hydraulic motor with theoretical (constant) capacity

q,, (b,, = 1) per one shaft revolution (Fig. 2):

dyvm

Mm|MM=0,nM,bM=],v= Mm|My=0,np,by=1.v,, v

n (7

Aym

\%

Mm|My=0,n M,bM=l,v“) V_

n

=M +AM

Mm|My=0,ny=0,by=1,v,
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where:

AM

= +
Mm|My=0,ny,by=1v, Mm|My=0,ny,by=1,v,

— M MmlMM=0,n M=0>bM=I>V“ - (8)
n

_ M
- (MMm|MM =0,ny =Ny by =lv, MM‘"lMMZOs"MZO’bM :]’V")n

Mt

* in a hydraulic motor with geometrical (variable) capacity
Ay (quv =b,, q,,) per one shaft revolution (Fig. 5):

dym

v
MMm|M =0 =
=00y, by Ve

vn

M

Mim|Myy=0,05, bypv

+AM

= (MMm|MM=0,nM=O,bM=0,vn Mm|MM=0,nM)bM,vn) V_ )

+AM

= (MMm|MM=0,nM=O,bM=1,vn Mm|MM=0,nM)bM,vn) —

where:

AM

- +
MmIMM=0,nM,bM,Vn Mm|MM:0,nM,bM,v“

- MMm|MM:O,nM:0,bM:0,v":

(10)

Mm|My=0,ny;,by,ve MI\/[m|MM=O,nM=O,bM=1,vn:

n

— M

_(MMm|MM:O,nM:an,szl,vn_MMm|MM:0,nM:O,bM:I,vn)n bM
Mt

It is assumed in expressions (9) and (10) that the torque

MMm‘1\41\/[:(”1]\/]:&bMNn of mechanical losses in the ,,shaft — working

chambers” assembly of an unloaded hydraulic motor (M,, = 0)
with geometrical (variable) capacity Ay (g = b,, q,,) perone
shaft revolution and with zero shaft rotational speed (n,, = 0) is
practically independent of the coefficient b,, of capacity per one
shaft revolution and can be determined for by, = 1. Therefore
the following simplifying assumption is accepted:

Mm|My ;=0,np =0,bp (=0,v,, =

=M

Mm|MM:O,nM:0,bM: 1 Vi

Mm‘MM:O’nM:O’bM’Vn =

In models describing the torque of mechanical losses in
a rotational hydraulic motor, used for description of losses
and energy efficiency of the motor and of the hydrostatic
transmission system in the (0 <Oy < Oppnavs 0 <My <My ax)
operating field, the increase of torque of mechanical losses
occurring in fact at the motor speed n,, approaching the zero
value (n,, = 0) is not taken into account. That increase occurs
below the shaft critical speed n,, . The motor rotational speed
instability on,, increases below the critical speed n,, and
in effect the torque M,, ~of mechanical losses in the ,,shaft
— working chambers” assembly increases. Assessment of

the value of torque M of mechanical losses

Mm|MM=0m =0,bM,vn

M
in a motor with zero rotational speed n,, (n,, = 0) is done by
approximation of the function M =1 (n,) at
n, =0.
" Exponent a__ in expressions (7) and (9) determines the
impact of the ratio v/v_of viscosity v to the reference viscosity
v, = 35mm’s” of the working fluid on the value of torque
of mechanical losses. The impact occurs mainly in a piston
displacement machines with fluid filling the casing (in pumps
and hydraulic motors).
The proposed theoretical model of the increase of

torque AM, | of mecha-nical losses in a rotational
m\MM,nM,bM,v

Mm\MI\/[:O,nM,bM,vn

hydraulic motor, the increase resulting from loading the
motor shaft with torque M, , takes the same form in the
case of a motor with theoretical (constant) capacity q,, per
one shaft revolution (b,, = 1) and in the case of a motor with
geometrical (variable) capacity q,,,, Per one shaft revolution
(quv = bM th):

e in a hydraulic motor with theoretical (constant) capacity

qy, (b,, = 1) per one shaft revolution (Fig. 1 and 3):

AM (11)

~(M M )
Mm|My=My;,n=nyuby=1v, Mm|My=0.n =0, by=1v; M
Mt

e in a hydraulic motor with geometrical (variable) capacity
Ay (quv =b,,q,,) per one shaft revolution (Fig. 4 and 5):

AM (12)
MM

Mm|My;=M;,n\=n M‘,bM=1,vn_l\/[Mm|MM=0,11 M= D=1 ,vn) M
Mt

Mm|M .0y by =1, v —

Mm|My, 0y ,by, v T

=M

In effect, the proposed theoretical models describing the torque M, of mechanical losses in a hydraulic rotational

motor take the forms:

* in a hydraulic motor with theoretical (constant) capacity q,, (b,, = 1) per one shaft revolution (Fig. 3):

M

Mm|My,ny by =1v

+ (MMm|MM =My, .0y =y by =l v, MMm|MM =0,ny =ny,,by :l,v“) M

Aym

Ny

Mm|MM=O,nM=O,bM=I,v“+ (1\/1M111|MM=0,11M=11Ml by=Lv, MMm|MM=0,nM=0,bM=I,V ) _

Ny [\

n

M,, (13)

Mt

* inahydraulic motor with geometrical (variable) capacity q,,, (d,,,, = by, d,,) per one shaft revolution (Fig. 4 — withn,, v,

Fig. 6 —withv_. v, v_):

M

MmlMM RITVRIVRY =

+ (MMm|MM:MM[,nM:an,bM:I,vn_ MMm|MM:O,nM:th,szl,v") M
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Mm| MM:O,nM:O,bM:I,v“+ (MMm|MM:0,nM:n Mt ,bM:l,vn_ MMm|MM:0,nM:0,bM =Lv,

a

n v
)—MbM o
Ny

vim

t n

M,, (14)

Mt
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Fig. 1. Torque M, . , _, . of mechanical losses in the ,,shaft — working chambers” assembly of a rotational hydraulic motor with constant capacity q,,
M MM

per one shaft revolution (b,, = 1 ), at the shafft theoretical rotational speed n,, and at the working fluid reference viscosity v, , as a function of the motor shaft
torque M, ,— graphical mterpretatwn of the theoretical model (6)

My :ﬂﬂ M"‘:D‘ nM:O! My Mytr At (bM:1)
MMm EM_
=
¥ MM =0 MM 0 \Gym
MM - Mwlm - lf 4
M, =0 by =1 bu=1 \n,
My, | Mot 4 B
Mrm bM:]
R
— |
'
'
' ===
M,=0
Myr E: =1
" MH =0 ‘ol’m
— A
by =1 (\ Vn
¥
My =0 :
n, =0 4 _
Mum h::l / \
) / \ y My :g MH :g
n M=V =M, ™=
\ Mm by =1 Mm b, =1
Ay » ”
ymin }’I'TIUK l
0 B 1 Y

n

Fig. 2. Torque M,

Mm|My =0, b =1y

n

of mechanical losses in the ,,shaft — working chambers” assembly of a rotational hydraulic motor with constant capacity q,,

per one shaft revolution (b,, =1), at shaft torque M, = 0, as a function of the ratio v/v, of viscosity v to the working fluid reference viscosity v — graphical

interpretation of the theoretzcal models (7) and (8); motor shaft speeds: n,,

"The impact of working fluid viscosity v on friction forces between the

., shaft — working chambers” assembly elements and the working fluid occurs mainly in the piston hydraulic motors with casing filled with the working fluid.

MATHEMATICAL MODELS OF THE
TORQUE OF MECHANICAL LOSSES

In mathematical models describing the torque M, of
mechanical losses in a hydraulic rotational motor coefficients
k; of losses are used relating (comparing) the components
describing the torque M, of losses in theoretical models
to the following reference values:

. I miP
— theoretical torque My, = gl i‘[n of a hydraulic motor with

theoretical (constant) capacity q,, per one shaft resolution,
determined at the decrease of Ap,, of pressure in the motor

equal to the system nominal pressure p, (Ap,, = p,) and with
assumption that there are no pressure and mechanical losses
in the motor,

theoretical rotational speed n,, of a hydraulic motor with
constant capacity q,, per one shaft revolution resulting
from the motor capacity Q,, equal to the theoretical pump
Ql’l Mg = q_;:[tt i

theoretical capacity Q,, of the hydraulic motor driving
pump — a product of the theoretical capacity q,, per one
shaft revolution of the constant capacity pump and the shaft
speed n,,, of an unloaded pump (Q, =g, n

P/
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of m echanical losses in the ,,shaft — working chambers” assembly of a rotational hydraulic motor with constant capacity q,,

per one shaft revolution (b,,=1), as a function of the motor shaft torque M, — graphical interpretation of the theoretical model (13); motor shaft speeds:

theoretical speed n,,, n, = 0; working fluid viscosity v

min’

v andv . Theimpact of working fluid viscosity v on friction forces between the ,,shaft — working

chambers” assembly elements and the working fluid occurs mainly in the piston hydraulic motors with casing filled with the working fluid.
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Fig. 4. Torque M,
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of mechanical losses in the ,, shaft — working chambers” assembly of a rotational hydraulic motor with variable capacity

per one shaft revolution, at theoretical shafi rotatio-nal speed n,, and at working fluid reference viscosity v , as a function of the motor shaft

torque M, — graphical interpretation of the theoretical model (14); capacity q,, per one shafi revolution (coefficient b, of the change of capacity per one
shaft revolution): Gy = 0 (b,,=0), Dy (b,)s Dy = Do (b,=1

Theoretical and mathematical models describe the torque
M,, of mechanical losses in a rotational hydraulic motor with
theoretical (constant) capacity q,, per one shaft revolution or
with gepmetrlcal (variable) capacity Ay = b,, q,,, per one shaft
revolution:
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= is a theoretical capacity per one shaft
th qM\ApMiZO,pMziZO,v“ p y p

resolution of a constant ca-pacity motor, determined at
Ap,,, =0, p,,,; = 0 and v , which is equal to the theoretical
active volume of the working chambers during one shaft
revolution,
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Fig. 5. Torque M, of mechanical losses in the ,, shaft — working chambers” assembly of a rotational hydraulic motor with variable capacity

MMy =0n, b, v

Dy = b,,q,, per one shaft resolution, at the shaft torque M,, = 0 as a function of the ratio v/v of viscosity v to the working fluid reference viscosity v,

— graphical interpretation of the theoretical models (9) and (10); motor shafi speeds: theoretical speedn,,, n, = 0; capacity q ey DET ONE shaft revolution
(coefficient b, of the change of capacity per one shaft revolution)): q,, =0 (b, =0), q ey = (b,,), Dy = Do (b,, = 1). The impact of working fluid viscosity v
on friction forces between the ,,shaft — working chambers” assembly elements and the working fluid occurs mainly in the piston hydraulic motors with casing

filled with the working fluid.
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Fig. 6. Torque Myt b of mechanical losses in the ,, shaft — working chambers” assembly of a rotational hydraulic motor with variable capacity
vum
Dy = b,,q,, per one shaft revolution as a function of the motor shaft torque M, —~ graphical interpretation of the theoretical model (14); motor shaft speeds:

theoretical speed n,,, n,, = 0; capacity q ey PET ONE shafi revolution (coefficient b, of the change of capacity per one shaft revolution): q v = 0 (b,,=0),
Do (b,,) Dy = Qs (b,,= 1). The impact of working fluid viscosity v on friction forces between the ,,shaft — working chambers” assembly elements and the
working fluid occurs mainly in the piston hydraulic motors with casing filled with the working fluid

~ dy,~ Dy 4, 1sa geometrical capacity per one shaft revolution of the variation of capacity per one motor shaft revolution
ofa var1ab1§ capacity motor, determlned'at Ap,,, = 0,p,,, =0 changes in the 0 <b,, <1 range.
and v , which is equal to the geometrical active volume
of the working chambers during one shaft revolution. The proposed mathematical models describing the torque
In developing the models it is assumed that capacity =~ M, of mechanical losses in the ,,shaft — working chambers”

Qyy,, Per one hydraulic motor shaft revolution changes assembly, related to the theoretical models of the torque of
in the 0 < q,, < q,, range and coefficient b, = q,, /q,, mechanical losses, take the form:
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* inahydraulic motor with theoretical (constant) capacity q,,,
(b,, = 1) per one shaft revolution [referring to theoretical
model (13)]:

dvm

n A%
= _M —
Mm|Myp,ny,by=1v k7.1.1"‘k7.1.2n MMt +
Mt n (15)
a\'m
Ny | 9meP
_ M Mtt'n
+k7.2MM_k7.1.1+k7.1.2 I — +k7.2MM
th Vn
where:
Kk _ Mm|My,=0,ny=0,by=Lv, Mm|My, =01, =0,by=1,v,
7117 =
MM[ thpn
M1 (16)

“l\/IMm|MM =0,ny =0y by =lvy MMm|MM =0,ny=0,by=1,v,
k;1,= =

M

M
‘ (17)
_ MMm|MM=0,nM=an by=Lv, MI\/hn|MM=0,nM=O,bM =Lv,
thpn
211
M -M
k _ M-m|MM:MM1=nM:th Jby=Lv, I\/ImlMM:O,nM:nMl ,bM:I,v“_
727 M -
Mt
(18)
Mm|MM =MDy =Ny by =1,vn_ Mm|MM =0,npy=npg.by=1v,
thpn
211

e in a hydraulic motor with geometrical (variable) capacity
Qg (quv =b,, q,,) per one shaft revolution [referring to
theoretical model (14)]:

dvm

n A%
_ M
Mm|My;,ny,byv k7.1.1"'1(7.1.2 bM MMt —| +

th n
(19)

a\'|I|

_ ny, ImP
+k7.2MM_ k7.1.1"'1(7.1.2 bM | — +k7.2MM
th Vn

where: coefficient k., is described by expression (16),
coefficient k., , — by expression (17), coefficient k., — by
expression (18).

CONCLUSIONS

1. Theoretical and mathematical models have been developed
of the torque M, of mechanical losses in the ,shaft
— working chambers” assembly of a rotational hydraulic
motor with constant q,, (V,,) and with variable Ay 4%
capacity per one motor shaft revolution.

The models present dependence of the torque M, —of
mechanical losses in the assembly on the torque M,
loading the shaft and on the shaft speed n,, [changing in the
(0< My <My pa 0SBy <O gy0,) motor (and the hydrostatic
transmission system) operating range] and also on the
working fluid viscosity v changinginthev . <v<v__range.
Torque M, , shaft speed n,, and working fluid viscosity v are
independent of the motor and of the losses in it.

The models present also the dependence of torque M,
on the capacity Qy,, Per one shaft revolution (coefficient

Mgv)
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b, = q,,/4,, of the capacity per one shaft revolution) in
a variable capacity motor. In the models, the change of q,,
(b,,) is assumed in the 0 < Qygy < (0 <b,, = 1) range,
although during the motor operation by, . is of the order
of 0.2+ 0.3.

2. Mathematical models of the torque M,, ~of mechanical
losses are based on the defined coefficients k, of energy
losses, relating the torque of mechanical losses to the
reference values:

— theoretical torque M, of the motor with theoretical
(constant) capacity q,, per one shaft revolution
determined at the system nominal pressure p,

— theoretical rotational speed n,, of the motor with
theoretical (constant) capacity q,,, per one shaft revolution
resulting from the pump theoretical capacity Q,,.

3. Mathematical models of the torque M,, of mechanical
losses in the ,,shaft — working chambers™ assembly should
correspond with models of volumetric losses in the motor
working chambers and with models of pressure losses in
the motor channels.
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