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Meplexopeva

Displacement machines — design principles & scaling laws

Power density comparison between hydrostatic and electric
machines

= Volumetric losses, effective flow, flow ripple, flow pulsation

= Steady state characteristics of an ideal and real displacement
machine

" Torque losses, torque efficiency
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due to compressibility of a real fluid
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due to viscosity & compressibility of a real fluid
@ Pressure drop between displacement chamber and port

Port pressure
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Electric Motor 4 .~ Hydraulic Motor
A B
x>
Vs
/'/. v

J... current density [A/m?]

F =1-B-L -sin¢g With I current [A]
(&
B ... magnetic flux density [ T] or [Vs/m?]

FE =p-L-h

Torque: T=]-B-L-r-sinx T=p°L'h°I'



Napadeiypa
Power:  P=Tw=T2nn

For electric motor follows: P=]IBLr2mn assuming a=90°

For hydraulic motor follows: P=p-L-: h-r-27m-n

Force density: Electric Motor Hydraulic Motor

7.6-10°A-m -3.10°m =4.1-10"Pa upto5 107 Pa

1l
s o

with a cross section area of conductor: 9 10°m?2



Aoyo¢ paloc-toxvoc

Electric Machine Positive displacement machine
Mass
= 1...15kg/kw 0.1.. 1kg/kW
power

——> Positive displacement machines (pumps & motors) are:

o 10 times lighter

o  Mmin. 10 times smaller

o much smaller mass moment of inertia (approx. 70 times)

@ much better dynamic behavior of displacement machines
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£ ===  Swash Plate Machines
RistoniMachines Bent Atxis machines /'/f}:* ‘
2

In-line Piston Machines — >
/W with external piston support
Radial Piston Machines t&

with internal piston support

KN External Gear
&

= SV
./ /77 Screw Machines  others

Fixed displacement machines <——> \Variable displacement machines




Avrqu ooVIKWV ENBOAWYV
Cylinder block Pitch radius R

5 F ; : //: 7 Outlet

@
1 I I A \
R & )
Q
. |/ y :
(L ‘,A& Inlet '
\\ S pae |==< -
/ . 77wzl ZR
Swash plate Pigton Valve plate Cylinder block
(distributor)

|:> Piston stroke = f (i,R)

Variable displacement pump
@ Requires continous change of 8



Mnyavecg Bent Axis & Swash Plate
Torque generation . Torque generation
on cylinder block

—Y
%‘—

>

Radial force F_
exerted on piston!
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Openings in cylinder bottom In case of plane valve plate
TSI ETETTEFS




AvtAiec aéovikwv ePBOAWV

Plane valve plate
\

Plane valve plate

Inlet | Outlet
V7. V7

:> Connection of displacement chambers with suction and pressure port



Suction valve

.~ Pressure
valve for

Outlet

AvtAiec aéovikwv ePBOAWV
Kinematic reversal: pump with rotating swash plate

Inlet

can only work as pump

Because of check valves ‘
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AvTtAisc aovikwv

© Simple and compact design

® Short response time, high bandwidth
e Through going shaft

Long service life, low loaded bearings

Limited swash plate angle B, ca.21° |
High radial piston forces ’

ﬁ igher max. speed

® Angle B up to 45°
® Less losses

e High loaded bearings

© Expensive design

Qynchmnisatinn required




Juunepidpopa steady state

Displacement volume of a variable displacement machine: V=o V,u

o = const oL = const
Ap = const Ap = consi,
n = const
< o o = const
0 n o —, 0 Ap — 0 n —
o = const o = const
n = const n = const
Ap = const
~ ~ o = const
0 Ap — 0 n — 0 Ap
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The pump size is determined by the displacement volume V
[cm3/rev]. Usually a proportional scaling law, conserving

geometric simila-rity, is applied, resulting in stresses remaining T,n
constant for all sizes of units.
/7
/7

Y /P
r-E£- Q=Vn Ap = p, - py S
2.7
First Order Scaling Laws : % - linear scaling factor
L=A. L, T=A% T,
V.=A. V, m=A°.m, n:A". n,

Assuming same maximal operating pressures for all unit sizes and a
constant maximal sliding velocity !




Napadeiypa

he maximal shaft speed of a given pump is 5000 rpm. The
'displacement volume of this pump is V= 40cm3/rev. The maximal working
pressure is given with 40 MPa. Using first order scaling laws, determine:

- the maximal shaft speed of a pump with 90 cm3/rev

- the torque of this larger pump

- the maximal volume flow rate of this larger pump

- the power of this larger pump

V 90
For the linear scaling factor follows: h=3—=3—=13]
V, 40
Maximal shaft speed of the larger pump: n=A"n,=131"-5000rpm =3816.8 rpm
Torque of the larger pump: .V 40-10°Pa-90-10°m’
I'= Ap = =573.25 Nm

Maximal volume flow rate: 27 2-
Ouax =V My =90-10° m*/rev-3816.8 rom = 0.3435m*/min =343.51/min |

"
Power of the larger pump: P =Ap-Q=40-10°Pa-0.3435m’ 'ﬁs_l = 229kW
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Axial piston machine — swash plate design

A B

|\

Volumetric Losses

C
/
4

I | o

=
;

G __Otr——>">>7
i Torque Losses

/ A B C D E
V

G H




stributor

Inlet

N\

Cylinder

.

[ P

Mpoaypatikn pnxoavn O€TIKNC LETATOTLONG

Ap = p, - p,
P
p,(Q
<
Se'  Ppiston
~V¢— 3 T \n
QSe ‘/,/

e

Effective Flow rate:

Effective torque:

\g“ —

Qe=
T, = AP -0V i +7

anax n - Qs

2.7 =

‘I volumetric losses

nal volumetric losses

Qs ... volumetric losse

T....torque losses
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losses due to

En Em: g lete Py Q,

: QS = 2 Qsef'l' . 1QSEI+QSK+Q$ Eﬁionfgpee 4 I

b= j=

T i o\ Tn o )¢ las,

external internal losses due to

volumetric losses compressibility Q. 7
Py
|
L 1
Q external and internal volumetric losses = flow through laminar

resistances:

b-I-Ap
—(:' AID Q = 12 Y n = const

H g
Assuming const. gap height

Dynamic viscosity M — f(a ’ p) i




2Typaia mapoxn avtAiiog

Instantaneous volumetric flow Q

a displacement chamber

The instantaneous volumetric flow is given by the sum of instantaneous flows
Q_, of each displacement element:

k
O = 2 0. k ... number of displacement chambers, decreasing
a al
their volume, i.e. being in the delivery stroke
: Zz .
Zlsan number = E z ... number of displacement elements

zis an number 1 _Z.05 or k=2-05
2 2

—> Flow pulsation of pumps ——> Pressure pulsation

_ur _ f((p) Volnmetric flow displaced by Qai _ f(CP;)
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Non-uniformity grade of volumetric flow is defined:

6 Qmax min

6 =) Qmax Qmm
Q T Qmm




AntwWAELEC pOTTING

TS =@+@+@+ 7. = constantvalue
_- Se

Torque loss due to viscous friction in gaps (laminar flow)

o H o h...gap height
‘T.IE;: _k}"p ';'H _CT;.: "H-R

Torque loss to overcome pressure drop caused in turbulent resistances

/ v v

f— 2 — A-_- l._+ w- B —

I'so=Crp p 1 Ap, = Ao prt P
Torque loss linear dependent on pressure S

g ... drag coefficient —

Tsp=Crp Ap

A ... flow resistance coefficient A =

turbulent
VY Re

:> T = Ap-a-Vig, +7T; effective torque required at pump shaft
) 2.7




Juunepidpopa steady state

Torque losses of

a real displacement machine TS = f(na AP, Vae)

Ap = const I
Ap = const
n =const
3] Q
n 3 )
= i n
0 n 0 Ap — 0 —
n = const I
Ap = const
n = const a
LS 5 "
0 n —,




Juunepidpopa steady state

_Ap-a-V,

L B T T max T
1,=1.+1, = +75

Effective torque T,

2.7

Effective torque T

/ § Ts n = const / [ TS
L 4
{ Ay
/ 70511 I /7'5
T , p
P TSc /& TSC

I~
Ap = const T T:

0

n ___, Ap -
T. = f(Ap,n,V,0)
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? H

Piston displacement: S, = —Z |

- P - |
Loa :
s, = R tanﬁ ) (1—COS§0) | Outer dead point AT
7//// ///AO d):O &
i, =\ (Ao = AT 8
] ) P Lo oo N>
7 B | e Wi
§ /:-"‘(_/"’-/'-’/7 / 7 '_,‘/ %A \ 9 t‘ 2 A -«m
- (,{/ W // /// > \ +2¢ ! : § i
s SOV ol ) 0 74_, & + N :
0 | PRY e % CHR
LA // ,,// | .\
Piston stroke: ,V/ //// j/ // / \ I /
H, =2-R-tanf "”/ A 7T ¥ - Inner dead poi
s point IT
4 /’///A/ z=b tanf
-y b=R-y Ly

R ... pitch radius y =R -cos ¢




AvtAia aéovikwv epBOoAwV-Kivnuoatika
iston velocity in z-direction:

ds ds, d '
Vp = g o ¢=_m.R-tﬂnﬁ'51“@ &2
dt de dt
et
Piston acceleration in z-direction: | \7
P :ﬂ’v_;._ﬁf”_n_d?:_mz.ﬂ.mnﬁ-cnsgn ==

T odt de di

= z r-_.'__-_m
. . - f 4
Circumferential speed !
//
Vu = R Q) | //
Centrifugal acceleration: |
a, =R w? Coriolis acceleration a_is just zero, as the vector of

angular velocity w and the piston velocity v, run parallel
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Geometric displacement volume:
| Vg Z A Hp Z ... number of pistons For an ideal pump

without losses

In case of pistons arranged parallel to shaft axis:

.d?
V =z.2% R.tan B @

7-dp ‘R-tan f —> Mean value over time

Geometric flow rate: 0 =n-z-

k ...number of pistons, which

: k
Instantaneous volumetric flow: , ,
QH = 2 Qm. are in the delivery stroke

with Qm, instantaneous volumetric flow of individual piston Qaf — f((pi)

v, =®-R-tanf-sin@

Q,=Vv,"A = A -R-tanf-sing,




2TypLaia mapoxn
n case of even number of pistons:  =(05.;

In case of ocdd number of pistons:

k, =24+0.5 for 0<q:)5E
2 z

and k2=§—0.5 for E<u:p 52-£




MaApoc mopoxnG Kot POTTIAG
kinematic flow and torque pulsation due to VAR e v

a finite number of piston T

Flow Pulsation: Non-uniformity grade: {

o=

6@ _ Qmax B Qmm Wlth Q Qmax + min

QHH mi 2
Even number of pistons: Odd number of pistons:
JU JU JU JU
5Q=— tan —— 6Q — tan ——
z 22 2Z 4z
7. -1 : T +T71 .

Torque Pulsation o, =—2—mL with T  =-—"%—"0




MaApoc mopoxnG Kot POTTIAG
kinematic flow and torque pulsation due to

a finite number of piston z... number of pistons
Non-uniformity Even number of pistons: Odd number of pistons:
o TLo=T Y P ‘ I e
2 : ! mean ?mean—‘ i__aig_zJ € 9.2 4-z
MLUMEBER OF FISTOMNS 3 4 5 & T g o 10 11 12 13 14
NON-UNIFORMITY of FLOW / TORQUE 01403 |0, 2253 [0,04938 [ 0 1403 [0,0252 | 0,0781 | 00152 |0,0498] 00102 | 00345 [D0073 [0,0253
MUMBER OF FISTOMNS 15 16 17 18 13 20 21 22 23 24 29 26
NON-UNIFORMITY of FLOW / TORQUE 00055 0,0183 (00043 [ 00153 [0,0024 [ 0,0124 | 00028 [0,0102] 00023 | 00086 [0,0020 (0,007 3

Flow and torque pulsation frequency f:

Even number of pistons: f=z'n

Odd number of pistons: f=2-z'n




MaApoc mapoxng

Non-uniformity grade: W
N
§ = Qmax B Qmin with Qm; _ Qmax + Qmin

o | 2

0, | i

Kinematic non-uniformity grade for piston machines:

.078 1015 0‘049 o.‘lo

Q, ——=
e
Q

Number of 3 4 5 6
pistons z

Non-uniformity | 0.140 | 0.325 [0.049 |0.140
grade 6

:> Volumetric losses Q_=f(¢) and Q, = f(Ap,n,Vi,B )




MaApoc mapoxng

0, Kinematic Non-uniformity of Flow Rate z=9

Effective Flow Rate Q, Pump Outlet

0 60 120 180 240 300 360
rotating angle [de(]
|::> Flow pulsation leads to pressure pulsation at pump outlet
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£ ===  Swash Plate Machines
RistoniMachines Bent Atxis machines /'/f}:* ‘
2

In-line Piston Machines — >
/W with external piston support
Radial Piston Machines t&

with internal piston support

KN External Gear
&

= SV
./ /77 Screw Machines  others

Fixed displacement machines <——> \Variable displacement machines
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Radial gaps between teeth addendum circle and housing

Housing Inlet Outlet

Driving gear

Qe=V-n-Qs

— . \

Driven gear

Axial gaps between housing and the gear pair must be very small to seal the
displacement chamber



Expression for the theoretical flow rate of an external
gear pump

D, =the outside diameter of gear teeth
Dji= the mside diameter of gear teeth

L =the width of gear teeth

N=the speed of pump in RPM

V'p=the displacement of pump in m/rev
M= module of gear

z=number of gear teeth

a= pressure angle

Volume displacement 1s

v :%(Dj DML

D =D, —2(Addendum + Dendendum)

i 0

Theoretical discharge 1s

O, (m’/min) =V, (m’ /rev) x N (rev/min)

If the gear 1s specified by its module and number of teeth, then the theoretical discharge can

be found by

2 2
20 :
Or = ZJZ'LmzN|:Z + [1 +%H m’ /min

2. TooAGKNC-Baoka otolyxeiot USPAUVALKWY CUCTNUATWY VPNAAG Ttieong



Expression for the theoretical flow rate of an external

Force generated
on shaft from
outlet pressure

Drive gear

Oil carried around
spaces between
housing and teeth

gear pump

Outlet

Idlergear

Inlet

Partial vacuum generated
as teeth unmesh. Oil enters
from reservoir

2. TooAGKNC-Baoka otolyxeiot USPAUVALKWY CUCTNUATWY VPNAAG Ttieong
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Inlet 1 A Outlet 2
NE Y
P = P, — Dy \ \ DARN N Driving gear
\ & Y h'ih\\‘
| < < T )
(T N
9 < Ap, = p, = Ps
. rj.
SR
9 1 KR\
MU\
i p .
Driven gear 3 Driven gear
Outlet 1 Inlet 2

Outlet 1 and inlet 2 can be connected —> p,=p,
or the pump can have two separate outlets —> D.=p
1 3

Apl - Apz :> the driving gear is pressure balanced!
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Internal gear (ring gear) Pinion Advantages:
Better suction ability
Higher efficiency
More compact design
Less noise emission

Pressure zone 7 / - Suction zone

— Crescent shaped divider

//é

Using teeth of standard involute design requires a combination where the
pinion has two or more fewer teeth than the ring gear! Pinion and ring gear

are then separated by a crescent shaped divider.

——> Longer duration of teeth meshing leads to better sealing function
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Crescent shaped divider

Many different tooth profiles have been applied in the recent past.




AvTAieC TUTOV gerotor

Applying specially generated tooth curves it can be achieved, that the inner
rotor (the pinion) has only one tooth less than the ring gear, thus eliminating the

crescent-shaped divider.

Each tooth of the pinion maintains
continuous sliding contact with a
tooth of the ring gear, providing
fluid tight engagement.

Ring gear (z,)

Outlet

Relative sliding velocity between
pinion and ring gear is very small

guiet operation and long
service life




Ring gear (z,) fixed

AvtAiec tunov Gerotor
2 Pressure port

Outlet Inlet
L=
_ .
T | —

Rotating
distributor

z, =2z +1
S0
o
SN
;

- Displacement volume is

given by z_ times z, tooth
spaces

@ Multiple delivery of

each tooth space




Afovika dtakeva

Gear pair Shaft seal
A=(1.1+13): ‘; : {r /
1 Pressurized area A / Axial gap /
Sliding bearing |
\ \ I

|
/ B A-A
/ 4 /
/ /z

Bearing bushings ~ housing Front cover

End cap |

——> Only one direction of shaft rotation possible!




A=(1.1:1.3)
12

2K Driving gear

AfoviKka Slakeva

7

o

rd

A
AN

) B _ zp"’

XN/

N

Sliding bearings

N\

Driven gear

/ o Sealing

Axial gap — pressure compensated

Pressurized area

Improved volumetric efficiency




AKTLVLKAQ SLAKEVA
Radial gap compensation — gy
7%

. p'-o .
Axial gap compensation
Pressurized area

Bearing bushing

@ Small pressure zone achievable




Napadelypa oxedraopou
Shaft seal
@ &
TN
| . A\

- inlet

Driving gear

R outlet

N

¢
% 7

Driven gear

I N

© T @

Bearing bushing performing a radial and axial gap compensation




Napadelypa oxedraopou

Internal gear pump with axial and radial gap compensation

Pinion
- Ring gear \ special shaped divider
[/ / R //7:/;/ ////,// s N \vl’ 7/ . e ==r /\
/ s Zoinlet [ASS MW NN
’ r -
. —— \V
] /
¥
N ! ff ' Q
y ‘ : v L// (AN = X
/ / 2 y .'/.. 1_\_\\\ \
/ | AA /1"/ \
d |
Pr rized ar * Moveable bearing shell
essurized area outlet

Radial gap compensation
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£ ===  Swash Plate Machines
RistoniMachines Bent Atxis machines /'/f}:* ‘
2

In-line Piston Machines — >
/W with external piston support
Radial Piston Machines t&

with internal piston support

KN External Gear
&

= SV
./ /77 Screw Machines  others

Fixed displacement machines <——> \Variable displacement machines




AvtAiec aéovikwv epBoAwv bent axis

Synchronization of cylinder block
Driving flange

Cylinder block /lt’é(
ey
= N Using a bevel gear
&7 o
v DA ‘s
\ NZA715 AR AR

Using a universal joint R




AvtAiec aéovikwv epBoAwv bent axis
Synchronization of cylinder block  connecting rod

N\ piston
N -
s N — A, 72 —f-E
== /& X s —
g = N SV 0N
§ === -‘_-- & '/ ; LL:
N\ g, \ Piston rod
Cardan joint / Synchrc-ihnizationigy piston rod
Synchronization by pistons
N2 AN
= k —
PANZ z
[ X _a\__ o Ve

7 A ST T

—

N Ly
NN ‘A &




AvtAiec aéovikwv epBOoAwv bent axis-Kivnpatika

Five link 3D mechanism

Four link 3D mechanism Cylinder (4)
Frame (1) cyinder () Frame (1) / Piston rod (5)
Piston (3) VST PR LB E VTP I
z
za/&{ffﬁff;’ff/f;; 3;’
N Piston (3)
/ 5 /
d -3 Vi
A z 7
/ ZA |
Y o g |
/] z Driving flange (2) /-
A

Driving flange (2)-

Assuming a fixed connection between link 2 and link 4, achieved by

synchronization the mechanism has finally three ?
mechanism has finally two degrees degrees of freedom _
of freedom

Piston can rotate about z_-axis and
Piston can rotate about z , -axis piston rod can rotate about z_-axis



Short piston with piston rod

Synchronization by
universal joint or bevel gear

Spherical piston with piston ring

— _{B

2xeSLOONOC EPBOAOU

Long piston with piston rod

Synchronization by
pistons or piston rods

Conical piston with piston rings

| 777, /@A_
gy,




Napadelypa oxedraopou

Driving flange bearings Pump control device

S

Spherical valve plate




Napadelypa oxedraopou
Driving flange bearings

AN

Fixed displacement pump

Conical piston

I
Q <

Spherical valve plate
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with external piston support with internal piston support

Rotating cylinder bod
el Y Stationary cylinder body

Suction —t— Stroke ring
o ,, Delivery
/ 2 ) Y
LI |
1 -3 \
1 N
W~
4 .
> Suction
e
Delivery

eccentricity Rotating cam or crankshaft

:> Displacement volume adjustable by changing eccentricity e




ial Piston Pumps

Multiple stroke radial piston pumps

with external piston support with internal piston support

Rotating cylinder body Stationary cylinder body

5 -—

N A

L
'-,IIU

AN

P

Stationary stroke ring Rotating cam

—> Only fixed displacement pumps realizable!




E¢wtepkn untootnpén epBOoAwv

Stroke ring
Plane valve plate

Stroke ring

Piston

‘ \\\ N
N

NS LA

V///

|

Rotating cylinder body Piston rotation enforced
by friction force F,



n support on outer stroke ring

E¢wtepkn untootnpén epBOoAwv

Stroke ring

|

9
%)
—
o
>

LSS

OO

W \\3

Stroke ring borne in roller bearings

N N
\ N\
\ N
N A\

Piston roller guide

YL LS

N

AN N AN
zgg i
AN

|

A

Piston sliding bearing




Slipper support

Hydrostatically
balanced slipper

E¢wtepkn vntootnpLén epBOoAwv
Stroke ring

Slipper pocket

A

ral

L

AN
% Hydrodynamically

balanced slipper

il .-"ff.-—"%l

Ball joint inside the piston




| N EvaAAaktiki umootipLén
Using a sliding carriage supported using line contact

/A &iﬁﬁﬁm N\
T

Change of eccentricity by pivoting
the stroke ring about pivot axis




Napadelypa oxedraopou

Pump control system Slipper

P

Piston
<6¢\ AN \\\\
%
/
/7 WD U\
- 2 NS \\\/ N
N Ty & h\
R ) \ ~ Z A ./,/
_ n /
| 7 7/ |

Stroke ring
Control journal




KoxAwwtn avtAia

With two meshing screws outlet

Q
’F
P

NI
O

—

NN
AN

P NN
AN

) : : - :
oy ¥ ﬁM VvV
7777

inlet

7




KoxAwwtn avtAia

outlet ¢ thread pitch
. ...thread pitc
A ! 2 i
fe N ey
’ p2 H/
/4/4., - s
NN #7: 7
A \ 87
AN
\\\\\\l J P, 2
¢:y/, YA, - %
49 ;
N y 5
N ) b |
Aq : outlet

With three meshing screws




KoxAwwtn avtAia

= YeAida 14 duaieén 7




Unbalanced vane pump

) Rotor

tator

Fixed and variable pump design

Mtepuylodpopoc avtAia

Balanced vane pump

R
o 1
17
7 .
b
N / —,
A /4
7 (
/
v -~
\ ) /
¢ /‘ \ ///
e
7 /

Only fixed displacement pump




Mtepuylodpopoc avtAia

Single stroke vane pump — variable
displacement volume N

vercenter pump — the direction of flow can be re-
versed by change of eccentricity, i.e. without N
I;’changing the direction of rotation of the drive shaft

Relatively high friction between
axial moveable vanes and rotor

&
between vanes and stator

Large radial forces exerted on the rotor

@ Limitation of max. operating pressure (20 MPa)

t Cpax

= —

—

I AAARRRR WY

inlet

outlet

ho flow!

outlet

inlet




Mtepuylodpopoc avtAia

Multiple stroke vane pump i Rigid vane pump

/‘ 'I///]//Iﬂ ‘




Mtepuylodpopoc avtAia

External fluid distribution
outlet Internal fluid distribution

r_t stator
d

/) 1/ rotor

inlet Distributor - fixed control journal




Mtepuylodpopoc avtAia
ator ring

placement volume:

Rotor

L A 2o
: *
Pulsation free flow 9%
. 1st rotor 2nd rotor L D _l
G!I —r,::-*-—-:—-\\ A r—-——-:——-;—:-:-zvr\ y \
W b3 Y
N Y s\ S
—J_—_—_-';'L—ufr_-—i'_._t . Emea 7;;1‘__»
0 90° 180° 270
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£ ===  Swash Plate Machines
RistoniMachines Bent Atxis machines /'/f}:* ‘
2

In-line Piston Machines — >
/W with external piston support
Radial Piston Machines t&

with internal piston support

KN External Gear
&

= SV
./ /77 Screw Machines  others

Fixed displacement machines <——> \Variable displacement machines
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Axial piston machine — swash plate design

A B

|\

Volumetric Losses

C
/
4

I | o

=
;

G __Otr——>">>7
i Torque Losses

/ A B C D E
V

G H




BaOuot amodoong

¢,
nv

where V. .... represents the derived displacement volume

olumetric efficiency: 1], =

Torque efficiency _ 1 _ ﬁtp ' V:
(hydraulic-mechanical efficiency): o = T - Y e Te

e

Total efficiency: ?]r =

The derived displacement volume can only be
determined by measurement

Ap =p, - p




OYKOMETPLKOC BaBpoc anodoonc
Volumetric efficiency n, = f(Ap, n@u) Q

7, =

n = const Ap = const
- U = const u = const
|~
° Ap ———» O P N e
) %
U'_V_ Vi'”min=Qs
max

Dynamic viscosity of fluid: u=7(@,p) [Pa-s]




OYKOMETPLKOC BaBpoc anodoonc

Volumetric efficiency n, = f(ﬁp, n, K-, M) 7. = 0.
v n. VJ
Qc=0 " Viax- n - Oy 0, = l Variable displacement pump
SLu

14

Ap = const
n = const T

s

-
> —/‘ =
=

0 Horsien Hopr Hmlu 0
Y
Typical values of dynamic viscosity
used in displacement machines: 0.0435Pa - s+ 0.0087 Pa - s
with: Kinematic viscosity V [ cSt, mm?/s] and

Y =10mm? -s1 + 50 mm? -s™1 with p = 870kg - m™3
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Amnodocon pomng
nhm=f(Apanal/;9M) =—=J ’

+ 7T,

]

7 - Ap-a-V_
2

/A
Ts=Tsy+Tsp+Tsp+ Tsc=Cy @+ Cp TSc
11

1L
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T]z=f(Ap9n9V;'9M) ” :ﬁfﬁi_QE'tﬁl[}:}
T op

n

?1' l r?ﬁm

l,-o
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Comparison of Efficiencies of Axial Piston Pumps

nﬁgﬁ(xx) m v =20cSt BENT AXIS DESIGN
0,94 y
0,92 —

0,90 ,/ gﬁ ‘iL
. /T R
1/ [~ — |

0,84

0.82 /4 'SWASH PLATE DESIGN
0,80 / /
0,78

0,76 /

0,74
0,72

OVERALL EFFICIENCY

0,70

0 50 100 150 200 250 300 350 400 450 500
DIFFERENTIAL PRESSURE [BAR]




Napadeiypa

he displacement pump with a displacement volume of V=100 cm3/rev is
driven by an electric motor at 1800 rpm. At steady state conditions the

pressure difference across the pump is Ap=380 bar. Determine the
effective flow rate at the pump outlet Q, and the power required to drive

this pump. Assume the following values for efficiency: 0 p
. . . _ 2 e

- volumetric efficiency r]v—0.87 "

- torque efficiency n,_=0.95 Ap=p,-p, —

The effective volume flow rate: )
1
Q. =V-n-n, =100 10°m’ -18{][}-;—[] .5 -0.87=0.00261m"-5s"'=156.6 1-min”
The effective torque yields:

7, Ap-V, 380-10°Pa-100-10° m’

I, =——= = 0636.62 Nm
My, 27T, 2-m-0.95

The power required to drive the pump:
P:?:,-m:F;-2-:1'-11:636.62}»]111-2-#-]230-3I:IZOI{W




Metpnoelc steady state

aim of steady state measurements is
termination of steady state characteristics Q
p2’ e

of pumps. —

)¢ \a

O Losses and their dependency on operating
parameters

TN =
Q/

O Efficiency and its dependency on operating

parameters L )
o Effective torque T_and effective volumetric Under stable conditions, all
Flow rate Q_in the whole parameter range parameters remain constant,
including temperatures !
@ Parameters to be measured: Inlet pressure P, Outlet pressure P,
:> Temperatures U, 9, & _ forque T Shaft speed n

Volume flow rate at pump outlet Q =Q,




Zuunepipopa steady state

V. derived displacement volume to be determined during measurements

—> Q. must be calculated using
Os measurement results

T, must be calculated using
measurement results

Pin = Pous + Ps= @@"‘P ‘2 777@

P must be calculated using
measurement results
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Measurement @f effective volume flow rate at pump outlet

Method definied in ISO 8426

D| Ao
2—const .
<) '/ \Ap>0
C 4
~. = const V!
o .

> 2=const Q Ve Q-Q
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easured Values: Inlet pressure p, Torque T - Shaft speed n
Outlet pressure p,  Temperature U, 0, 9,
ISO 4409 Volume flow rate at pump outlet Q,

——> Temperature 6, must remain constant during measurements

Pressure relief valve

L ] 1956 Poe 4
L / — T n
Additional measured — 7 AN
values: / EM 2~d<Ip<4-d
Qse Flow meter 2:d<h<4-d

Case flow rate QSe (
|

Lt | Pressure case line P,




' Metpnoelc steady state

In case that Q2 is measured in low pressure line, the measured o 03@?p
3

value must be corrected with respect to p, and 6,

1 N

Alternative

’Qz = (), [1 _ pz;{f% + B, (92 _0, )] [ Position

with

K ... bulk modulus

Be ...thermal volumetric
expansion coefficient //
" T
23 2-d<l,<4-d
K=2-10°Pa os,@ 2-d<lk<4-d

Ee=0.65-10'3 K-1 (




Metpnoelc steady state

Measurement in pumping and motoring mode

I:E_l QP high pressure line A QA o
— ;r V4
P\ _ ~4 Test unit
n':lech:micatl\é
" adjustmen
H—(Ew
T/ |In
U
®_“ :\l—i
2% =
G 4
=3
N 2 &
i —) Sy
€ ' | low pressure ling/B —( ]
8 O« . drainagelinel |
l . 1 "

]
phmmmnd
Less temperature problems, because only a small amount
of volume flow is throttled in pressure relief valve

I Qa0a paBs psQs L p. Q T




ISO measurement accuracy classes

Table 1: Permissible systematic errors of measuring instruments as determined during calibration

Metpnoelc steady state

Parameter of measuring instrument

Permissible systematic
errors for classes of
measurement accuracy

A B C
Rotational frequency [%] + 0.5 +1.0 +2.0
Torque [%] +0.5 +1.0 2.0
Volume flow rate [%] +0.5 +15 25
Pressure below 2 bar gauge [bar] +0.01 +0.03 + 0.05
Pressure greater than or equal to 2 bar gauge + 0.5 +15 +25
[%]
Temperature [°C] + 0.5 +1.0 +2.0
Permissible temperature variation
Accuracy class A B C
Temperature variation [K] 1.0 +2.0 +4.0




METQ&“&&&%’?&%M pressure differ only

Types of pressure with respect to their reference point.

Absolute pressure p_

Pamb~Po Fluctuation of p_  ~ +5%
Atmospheric pressurep_ P,
P < oY
Differential pressure Ap © I
Z Q_m ¥
Gauge pressure p S ’
g 0 o |
pgzpmeasured-pamb t [S]
Direct measuring pressure instruments @ Using a liquid column
: Indirect measuring pressure instruments Using the effect of a pressure

@ acting on a material or on bodies

Electrical pressure sensors of a certain shape



Metpntég ieong

Electrical Pressure Sensors
— | -

Inductive Capacitive Resistive Piezoelectric | Magnetic Field
Principle Principle Principle Effect Sensors

LVDT - sensor
LVR - sensor

Potentiometric
Sensors

Hall effect

\

Piezoresistive [| Strain Foile || Thick-film Strain
Sensors Gauge Gauge Gauge

Semiconductor
Materials

Metallic Strain

Gauge



MetpnTtéC mapoxne
Flow measuring instrument is defined as device which measures
the flow rate of a fluid.

Pressure difference across an orifice floated element
A

Spring

Displacement of a spring loaded

D<<dO

//
2 ////
=X —Ed Illlrz(pl—pz) i
D
4 I, 1 2
a,...flow discharge coefficient o, =0.7+0.55 —>Q

—> Should not be used for determination of steady state characteristics!




MetpnTtéC mapoxne

Flow meter — device which directly indicates the rate of flow of a fluid

Using kinetic energy of a fluid to drive

Gear flow meter a rotating system of blades (an impeller),

L

Screw flow meter

A,

nW

SN ey

E-

i
A B
(7

e

whereas the rotational speed of the rotor
is measured with an electric speed sensor
(frequency measurement device)
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1. Keep p, and 6, constant

2. Adjust different pressure levels at constant shaft speed

3. Record all measured values under steady state conditions

IR

Repeat measurements for different speed settings

In case of variable displacement pump repeat measurements for

75%, 50% and 25% of v

Repeat measurements for different temperatures 6,

Provide table with measurement results

No. n T P, 01 P, Qz 92 Pse QSe
[1/ [bar [1/
[RPM] |[INm] [bar] [°C] [bar] min] [°C] ] min]
1 2001.46 15.03 19.77 50.50 25.11 145.13 61.20 1.20 0.21
2 2001.63 68.78 19.79 50.30 69.65 144.02 60.30 1.25 0.43
3 2001.79 130.59 19.86 50.30 120.82 142.92 6|O.40 1128 0.56




Xoapktnplotika steady state

PP, —
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OVYKOMETPLKECG ATWAELEC
ective volume flow rate is reduced due to compressibility of the fluid

C C |
d—V=f—Ldp m— anc_anB=__(Pc_PB)
B V B KA

K
A
AV,
Pumping *‘j
1 ——
—F (Pe—p:) SIE C | d K
‘ \Y |
l = |
simplified a : dv="v_,,‘:, |
l Suction |
Ap o
AV, =V, L L |
K Vo Va Ve W
A an Vinax
Vy i

QSK -n AVB with n ... pump speed




Zuunepipopa steady state
of a real displacement machine Qi=Vn=a Vywa n

Effective volumetric flow rate Qe = Qi — QS
Pump

Pump

Ap = const

T n = const

2 Ap —* min p——

= Os = f(Ap, nV.,o ) 0...temperature




Juunepipopa steady state

Effective mass flow at pump outlet Q

Pump y Ol Pump
e —— W, F
Ap = const
TN
T n = const T
¢
o ol Q!ﬁ o C
11
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Email:

etsolakis@central.ntua.gr




