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Relation between Units

Size

Lengths

Surfaces

Volume

Density

Force
Weight

Torque

Pressure

Unit

Micrometer
Millimeter
Centimeter
Decimeter
Meter

Kilometer

Square centimeter
Square decimeter
Square meter

Are

Hectare

Square kilometer

Cubic centimeter
Cubic decimeter
Cubic meter
Milliliter

Liter

Hectoliter

Gram/

Cubic centimeter

Newton

Newton meter

Pascal
Bar
. pound
Si =
P inch?
kp
cm?

Symbol

pum
mm
cm

dm

km

Nm

Pa

Bar

Psi

Relation

1um = 0,001mm

1mm =0,1cm = 0,01dm = 0,001m

1cm =210mm = 10.000um

1dm =10cm = 100mm = 100.000pum

1m =10dm = 100cm = 1.000mm = 1.000.000pm
1km = 1.000m = 100.000cm = 1.000.000mm

1cm? = 100mm?

1dm? = 100cm?® = 10.000mm?

1m? = 100dm” = 10.000cm?® = 1.000.000mm?
la = 100m?

1ha = 100a = 10.000m?

1km?® = 100ha = 10.000a = 1.000.000m?

1cm® = 1.000mm® = 1ml = 0,001l
1dm?® = 1.000cm® = 1.000.000mm?®
1m?® = 1.000dm® = 1.000.000cm®
iml = 0,001l = 1cm®

11 = 1.000 ml = 1dm?®

1hl = 100l = 100dm®

1.9 K0 gt 40
em®* dm® Tm® Tml
iN=gkOem_yd
S m
1daN = 10N
INm=1J

1Pa = 1N/m? = 0,01mbar = _1Kg

mes?
lbar =10 N2 = 1OO.OOO£2 =10°Pa
cm m
1psi = 0,06895 bar
KP__ 0,981har
cm
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Mass Milligram mg 1mg =0,001g
Gram g 1g = 1.000mg
Kilogram kg 1kg = 10009 = 1.000.000 mg
Ton t 1t = 1000kg = 1.000.000g
Mega gram Mg IMg = 1t
Acceleration Meter/ m Mo N
§ s kg
per square second 5
1g=9,81m/s
Angular speed One/ Second 1 ® =2emen ninl/s
S
Radiant/ Second
rad
S
Power Watt W 1W=1m=1i=1kg:m.m
Newton meter/ second Nm/s s s s s
Joule/ second JIs
Work/ Energy ~ Watt second Ws IWs = INm = 1 kg : m, m=1
Heat volume Newton meter Nm S
Joule J
Kilo joule KJ = 3,6010%kJ = 3600kJ = 3,6MJ
Mega joule MJ
Mechanic Newton/ square N
a mm? 1 N 7= 10bar = 1IMPa
tension millimeter mm
Plane angle Second ” 17 =1/60
Minute ’ 1" =60"
Degree ° 1°=60"=3600 "= _7 a4
Radiant rad 180°
lrad = 1m/m = 57,2957°
1lrad = 180°/n
Speed One/second 1/s 1 1 omint
One/minute 1/min S
1 401
——=min" =—
min 60s
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Important Characteristic Values of Hydraulic Fluids

HLP HFC HFA HFD
(3%)
Density at 20°C 880 1085 1000 925
[kg/m?]
Kinematic Viscosity 10-100 36-50 0,7 15-70
at 40°C
[mm?/s]
Compressions Module E 12000-14000 20400-23800 15000- 18000-
at 50°C 17500 21000
[Bar]
Specific Heat at 20°C 2,1 3,3 4,2 1,3-1,5
[kJ/kgK]
Thermal Conductivity at 20°C 0,14 0,4 0,6 0,11
[W/mK]
Optimal Temperatures 40-50 35-50 35-50 35-50
[°C]
Water Content 0 40-50 80-97 0
[%]
Cavitation Tendency low high very high low

10.01.2013 6
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General Hydraulic Relations

Piston Pressure Force

F=10epe A
| F:pvonolo
F §_P _ 2
= A=d o7
A 4
d- 4eFe(]1
| zep
e
p—O,loﬂ.dz

F = piston pressure force[N]
p = fluid pressure[bar]

A = piston surface[cm?]

d = piston diameter[cm]

n = efficiency cylinder

Piston Forces

F=p,eAell
-+ =
t,ﬁ.. _;_ - FI F= p. ® Ae n e10 F = piston pressure force[N]
1 = ) pe = excess pressure on the piston[bar]
A= d e A = effective piston surface[cm?]
g \,k\ F_%:—I 4 d = piston diameter[cm]
= F - ,
\IJJ ET,’_I A For annulus surface: n = efficiency cylinder
r 2]
Ao (D> —d*)er
4
Hydraulic Press
|:1 F2 F1 = Force at the pump piston[N]
e F, = Force at the operating piston[N]
A1 Az

F es =F,es,

mnm
T

_Fl_ SZ
PE A

A
A s

A; = Surface of the pump piston [cm?]
A, = Surface of the operating piston [cm?]
s; = Stroke of the pump piston [cm]

s, = Stroke of the operating piston [cm]

¢ = Gear ratio

10.01.2013
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Continuity Equation

Q1=Q2
Q =Aev,
Q,=A,ev,

Ajev, =A,ev,

Q12 = Volume flows [em¥s, dm¥s, m¥s]
Ai2 = Area surfaces [cm?, dm?, m?|
V12 = Velocities

[cm/s, dm/s, m/s]

Piston Speed

i
@"L ——

o}

v, =—%
1 Al
.
AZ
2
A1=d o
4
2 42
AZ_(D d*)er

V12 = Piston speed [cm/s]

Q12 = Volume flow [cm®/s]

A, = Effective piston surface (circle) [cm?]
A, = Effective piston surface (ring) [cm?]

Pressure Intensifier

p,eA =p,°A,

p. = Pressure in the small cylinder [bar]
A, = Piston surface [cm?]
p2 = Pressure at the large cylinder [bar]
A, = Piston surface [cm?]
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Hydraulic System Components

Hydro Pump
Vene 77vo| :
=——"9
Q=""To00 Vmn
P, = &[kW]
6000 77,,
M — 159eVeAp -
100. 77mh

77ges = 77v0| * nmh

Hydro Motor

_ Ven
1000.77vo|
e Qen,, 1000
V
_ Ap .V .nmh
a 2001
_ Ap.Q.ﬂges
600

Q

Pab

10.01.2013
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Q = Volume flow [I/min]

V = Nominal volume [cm?]

n = Drive speed of the pump [min™]

P.. = Drive power [kW]

p = Service pressure [bar]

M = Drive torque [Nm]

Nges = Total efficiency (0,8-0,85)

nvol = Volumetric efficiency (0,9-0,95)

nmh = Hydro-mechanic efficiency(0,9-0,95)

Q = Volume flow [I/min]

V = Nominal volume [cm°]

n = Drive speed of the pump [min™]

nges = Total efficiency (0,8-0,85)

Nvol = Volumetric efficiency (0,9-0,95)

nmh = Hydro-mechanic efficiency
(0,9-0,95)

Ap = Pressure difference between motor inlet and
outlet (bar)

P, = Output power of the motor [kKW]

Map = Output torque [Nm]
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Hydro Motor Variable

M, = 30000.B
T n
pP= i OI\/Id oNn
30000
30000 P
n= o—
V4 M,
Md — -Mdmax
I.77Getr
nmax
n: -
[
Vg.nmh
Vg on
Q:—
1000e 77,,,,
Voo ne
Q, =—* |
1000
__QeAp
600 77,

10.01.2013

n My

((

Ap

n My

o 1)

i

Mg = Torque [Nm]

P = Power [kW]

n = Speed [min™]

Mgmax = Max torque [Nm]

i = Gear ratio

Neerr = Gear efficiency

nmh = Mech./hydraulic efficiency
Nva = VOl. efficiency

V, = Flow volume [cm®]
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Hydro Motor Fixed

M, = 30000 .B
T n
pP= i ° Md on
30000
30000 P
n= o—
V4 M,
Md — -Mdmax
le 77Getr
nmax
n = -
[
Vg b 77mh
V en
Q -9
1000e 77,,,,
Voo ne
Q, =—* |
1000
__QeAp
600 77,
10.01.2013

((

e 1))

i

Mg = Torque [Nm]

P = Power [kW]

n = Speed [min™]

Mgmax = Max torque [Nm]

i = Gear ratio

Neerr = Gear efficiency

nmh = Mech./hydraulic efficiency
Nva = VOl. efficiency

V, = Flow volume [cm®]

11
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Hydro Motor Intrinsic Frequency

10.01.2013

12

V¢ = Displacement [cm?]

g = Intrinsic angular frequency [1/s]
fo = Intrinsic frequency [Hz]

Jiea = Moment of inertia red. [kgmz]
Eg = 1400 N/mm?

Vg = Volume of the line [cm°]
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Hydro Cylinder

d’ezr d,°0,785
= [C

= m2]
400 100
A d,” 0,785 o]
o 100
2 2
ARz(dl—dz) 0785mmﬁ
100
2
b= M [KN]
10000
2 2
FZ:p-(dl--dz)oo,785[kN]
10000
h Q

[m/s]

V= =
te1000 Aeb

Qm=6°A-v:¥460wmm

0= Q.
Mo,

_ Aeh
10000

. Aeheb
Qe1000

Ui

[s]

10.01.2013

d; = Piston diameter [mm]

d, = Piston rod diameter [mm]

p = Service pressure [bar]

v = Stroke speed [m/s]

V = Stroke volume [l]

Q = Volume flow, considering the leakages
(I/min)

Qu = Volume flow, without considering the
leakages (I/min)

Nvol = Volumetric efficiency (approx. 0,95)

h = Stroke [mm]

t = Stroke time [s]

"Jj'—l <F‘Z*—“A
Fs
- =
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Differential Cylinder

A¢
-+ Fz
= — "%
| "
de FD dk = Piston diameter [mm]
d,=100e ds = Rod diameter [mm]
7T e Py
Fp = Pressure force [KN]
0. = 410" o F, F, = Traction force [kN]
: red K2 pk = Pressure at the piston side [bar]
4e10% e Fz ¢ = Aspect ratio
st — 2 2 Qk = Volume flow piston side [I/min]
e (d K = dSt ) . .
st = Volume flow rod side [I/min]
d. 2 v, = Extending speed [m/s]
K
(p = - .
(d Kz _ dStZ) Ve = Retracting speed [m/s]
Vol, = Working volume [l]
Q, = o7, v, ed,>? Vol = Fill-up volume [I]
400 h = Stroke [mm]
Ger 2 2
Qs = 400 ev e (d —dg)
v Q
¢ 67 2 2
400°(d|< —dg”)
v, = Qc
6 2
— od K
400
T 2
VOIp :4.—106.d8t eh
T 2 2
Vol = 4e10° ehe(d, —dg")

10.01.2013 14



Rexroth
Bosch Group

Sales Industry Sector Metallurgy

Formulary Hydraulics

Double Acting Cylinder

App dats
. e,
F
h —» Fa
&
e Fg

4e10* Fu di = Piston diameter [mm]
A~ T ¢ (d K2 _dStAZ) dsia = Rod diameter A-s?de [mm]
dss = Rod diameter B-side [mm]
4
324.10 ° 2FB . FA= Force A [kN]
4 (d" —dgg") Fg = Force B [kN]
Ger pa= Pressure at the A-side [bar]
Qa = °Vv .(dKZ_dStAZ) - -
400 ¢ ps = Pressure at the B-side [bar]
Geor Qa = Volume flow A-side [I/min]
Qg = 200 " Vb ° (d* —dgg”) Qs = Volume flow B-side [I/min]
vV, = Speed a [m/s]
Vv, = 5 Qst Vv, = Speed b [m/s]
475% o(d,—dg?) Vol, = Compensating volume [I]
Volea = Fill-up volume A [I]
voo Qe Volgg = Fill-up volume B [i]
LA
400 ¢
T 2
Vol = 1e10° ed, eh
4
VOIFA :m. h.(dKz —dStAZ)
4
Vol = Te10° ehe(d > —dg’)

10.01.2013 15
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Cylinder in Differential Control

A
. R
- K
P Pst - Y
QxI ‘ IQSt
af
dk = Piston diameter [mm]
4eF, K
d, =100e zep ds = Rod diameter [mm]
* Fo = Pressure force [kN]
D, = 410" e FD F, = Traction force [kN]
: e dSt2 px = Pressure at the piston side [bar]
4010" o Fz ps:= Pressure at the rod side [bar]
st — 2 2 h = Stroke [mm]
e (d K — dSt )
Qk = Volume flow piston side [I/min]
o %g v od,? Qs = Volume flow rod side [I/min]
Extension: Qp = Pump flow [I/min]
Q v, = Extending speed [m/s]
V. = P
a or od.? Ve = Retracting speed [m/s]
400 St Vol, = Working volume [l]
QP od Kz Volg = Fill-up volume [I]
Qx = d.2
st
2 2
Q _QP.(dK _dSt)
st
Retraction:
Ve = 67 =
2 2
400‘(d|< —dg”)
Qs=Qp
2
Q _ QP ® d K
K= 2 2
(d K — d St )
T 2
VOIp :m.dSt L] h
T 2 2
Vol, = 2el0° he(dy" —dg")

10.01.2013 16
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Cylinder Intrinsic Frequency at Differential Cylinders

AK dK AR Asg; dsg

h Moy
« dak ne e
1 |
L
2 A« = Piston surface [cm?]
A = dK47[ A = Piston ring surface [cm?]
100 dy = Piston diameter [mm]
2 2 ds; = Piston rod diameter [mm]
A = (dy _4d3t s drk = NW- piston side [mm)]
m Lk = Length of piston side [mm]
, drst= NW-rod side [mm]
Vi = M.i Ls:= Length of rod side [mm]
4 1000 h = Stroke [cm]
V. - M.& Vre = Volume of the line piston side [cm®]
RE™ 4 1000 Vrst= Volume of the line rod side [cm®]
VRK .04 Mgk = Mass of the oil in the line piston side [kg]
Mey = W Mgs: = Mass of the oil in the line rod side [kg]
hx = Position at min intrinsic frequency [cm]
Mgg, = % fo = Intrinsic frequency [Hz]
,= Angular frequency
Ageh n Vst _ Ve
3 3 3
he= \/AR 1\/AR1\/AK Wy =W ® SR
(——+—+) Mireg T Myeg
VA A
2 2 fOl = ﬂ
0, = i.( AC*Es . A oEy ) 2r
m Acehc o Aelh-h)
10 RK 10 RSt
f, =20
27

d )’ 1 [400eA,
Meied = Megk d_ + Meg; d
RK RSt T

10.01.2013 17
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Cylinder Intrinsic Frequency at Double Acting Cylinders

Ag

Ag; dg,

Vas mg

dp

Ap = 7]
100
v, = Ao’ Lt
4 1000
_ Vi @ oy
R 1000
20E, A’
0, =1000 == o i
m, Ageh
* + Vs
10

)

Equation applies only to the middle position of the

double rod cylinder

Natural frequency of any position can be calculated

using the equation for the differential cylinder (as shown
on page 17, however AK = AR)

(0]
f, =20
27
1
Mejreq = 20 Mgk d_
R
m
a)01 a)o ° red
mt‘)lred + mred
w
s

10.01.2013

Ag = Piston ring surface [cm?]

dk = Piston diameter [mm]

ds; = Piston rod diameter [mm]
dr = NW [mm]

Lk = Length of the piston side [mm]
h = Stroke [mm]

Vg = Volume of the line [cm?]

mg = Mass of the oil in the line [kg]

fo = Intrinsic frequency

o, = Angular frequency
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Cylinder Intrinsic Frequency for Plunger Cylinders

d 2z
A=
100
V. - dKZﬁ. L.
R4 1000
_ Vi ® 04
R 1000
2
w,=100e Bu g (P
My A oh+Veg
10)
f =%
" ox
4
mﬁlred = 2 * mR(d_Kj
dg
) @ mred
. ° mt‘)lred + Ifnred
w
f01 2_:;
10.01.2013
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A« = Piston surface [cm?]

dx = Piston diameter [mm]

dg = Diameter of the piping [mm]
Lk = Length piston side [mm]
Lg = Length of the line [mm]

h = Stroke [mm]

Vg = Volume of the line [cm°]
Mg = Mass of the oil in the line [kg]
fo = Intrinsic frequency

w,= Angular frequency

Rexroth
Bosch Group
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Piping
Ap= e lepoV 10
de?2
_64
lam. Re
~ 0,316
turb. _m
Re = ved 0103
v

6ed2e”

d - /400.9
6err Vv

10.01.2013

Ap = Pressure loss at direct piping [bar]

p = Density [kg/dm®] (0,89)

A = Pipe friction coefficient

Mam, = Pipe friction coefficient for laminar flow
Aurb. = Pipe friction coefficient for turbulent flow
| = Length of the line [m]

v = Velocity in the line [m/s]

d = Internal diameter of the piping [mm]

v = Kinematic viscosity [mm?/s]

Q = Volume flow in the piping [I/min]

20
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Application Examples for Specification of the Cylinder Pressures

and Volume Flows under Positive and Negative Load

Nomenclature

Parameters Symbols Units
Acceleration / deceleration A mi/s?
Cylinder surface A; cm?
Ring surface A; cm?
Aspect ratio o=A1/Az -
Total force Fr daN
Acceleration force F.=0,1emea daN
External forces Fe daN
Friction forces (coulomb friction) Fc daN
Sealing friction force Fr daN
Weight force daN
Mass me E+ m, kg
g

Piston mass myg kg
Volume flow Q=0,060A0Vax I/min

Vimax cm/s
Torque T=ceJ+ T_ Nm
Load torque TL Nm
Angular acceleration o rad/s®
Inertia moment kgm?

10.01.2013
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Differential Cylinder Extending with Positive Load

Bewegungstrichtung

Direction of motion

Layout:
Fr=FatFrtFctFe [daN]

Given Parameters

Fr= 4450 daN
Ps =210 bar
P;=5,25 bar
A;=53,50cm2
A,=38,10 cm2
¢=1,40

Vmax = 30,00 cm/s
==>p, und p;

_PsAHRIF + (P A)]
A, (L+9°%)
P

s — Py
T — bar

Py

p,=p; +

Verification of the cylinder dimensioning and
calculation of the nominal volume flow Qy,
depending on the load pressure p;.

Calculation:

_ 210038,1+1,4°[4450 + (5,250 38,1)]

! 3 =120bar
381(1+14%)

7210_2120 =52bar
14

p, =525+

Q= 0,06653,5630=96 I/min

35 .
=96,/—————=60l/min
R \/210—120

Q: OvOG’Al’VmaX
35
Ps =Py

I/min

I/min

QN:Q

Selection of a Servo valve 10% larger than the
calculated nominal volume flow.

10.01.2013
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Differential Cylinder Retracting with Positive Load

Bewegungsrichtung

Direction of motion

Layout:

Fr=FatFgr+Fct+Fe [daN]

Given Parameters

Fr= 4450 daN
Ps=210 bar
P;=5,25 bar
A;=53,50 cm2
A,=138,10 cm2
¢=1,40

Vmax = 30,00 cm/s
==>p, und p;

_ (psA2(03)+ F +(p; A0)] ba
A, (L+9°)

P = Pr +[(Ps — p,)@°] bar

Verification of the cylinder dimensioning and

calculation of the nominal volume flow Qy,
depending on the load pressure p;.

r

P,

Calculation:

2
0, - (210#38,1014°) +4450 +3(5-25' 3BLo LA _ 1 g7par
381(1+14°)

p, = 5,25+[(210 - 187)1,4%] = 52bar

Q=0,06438,1030=69 I/min

35 )
=96,/——— = 84|/ min
Qu \/210—187

Q= 0,060Az0V s I/min

Q. =0 /i I/min
Ps—P,

Selection of a Servo valve 10% larger than the
calculated nominal volume flow.
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Differential Cylinder Extending with Negative Load

Bewegungsrichtung

Dirsction of motion

Calculation:
Layout: »
Fr=FatFr-G  [gan . 175¢613+13 [_222§+ (0«613)] = 36bar
61,3(1+1,3%)
Given Parameters 175-36
=0+———=82b
Fr=-2225 daN Pz =0+ 1,3 o
Ps= 175 bar
P+= 0 bar
A;=81,3cm?
A,=61,3cm? .
p=13 Q=0,06681,3012,7=62 |/min
Vmax = 12,7 cm/s
==>p; und p;
2
_ PsA+ o [F +(pr A Qy = 62.|—>>_ — 311/ min
Py = 3 bar N 175-36
A (1+¢7)
L
Verification of the cylinder dimensioning and
calculation of the nominal volume flow Qy,
depending on the load pressure p;.
Q: 0,06.A1.Vmax |/m|n
35 :
Q=0 I/min
Ps— P,
Selection of a Servo valve 10% larger than the
calculated nominal volume flow.
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Differential Cylinder Retracting with Negative Load

Bewegungsrichtung
Direction of motion

Layout:
Fr=FatFr-G  [an

Given Parameters

Fr=-4450 daN
Ps=210 bar
P;=0 bar
A;=81,3cm?
A,=61,3 cm?
=13

Vmax = 25,4 cm/s
==>p, und p;

_ (psA2(03)+ Fr +(pr Ap)l
AL+

P = Pr +[(Ps — p,)@°] bar

Verification of the cylinder dimensioning and

calculation of the nominal volume flow Qy,
depending on the load pressure p;.

bar

P2

Calculation:

2 —_
p, - (Z0°6L3+13) 50+ (00613013)] 5
61,3(1+13°)

p, = 0+[(210 — 122)] = 149bar

Q=10,06661,3025,4=93 I/min

35 .
=93, |————— =591/ min
Qn \/210—122

Q= 0,060Az0Vya  I/min

35
ps - pz

I/min

QN:Q

Selection of a Servo valve 10% larger than the
calculated nominal volume flow.
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Differential Cylinder Retracting at an Inclined Plane with Positive Load

Layout:
Fr= Fa+Fet+Fs+[Ge(necosa+sina)] daN

Given Parameters

Fr=2225 daN
Ps= 140 bar
Py= 3,5 bar
A;=31,6 cm?
A,=19,9 cm?
¢=1,6

Vmax = 12,7 cm/s
==>p; and p;

- P +9°[F +(prA)]
' A, (L+9°)
p

s — Py
BT — bar

P, =P+

Verification of the cylinder dimensioning and
calculation of the nominal volume flow Qy,
depending on the load pressure p;.

Calculation:

2
p, - (140+109) + 1602205+ 350199)] g,
19,9(1+16°)

140-85

pZ = 35+1,T = 25bal’

Q= 0,06¢31,612,7=24 |/min

35 .
=24 =19 I/min
Qu \140-85

Q= 0,060A eV I/min

35
ps - p1

I/min

QN:Q

Selection of a Servo valve 10% larger than the
calculated nominal volume flow.
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Differential Cylinder Retracting at an Inclined Plane with Positive Load

Calculation:
Layout (140019,9016%) +1780+[35¢19,9016)]
. ° ° + + . .
Fr=F+Fz+Fs+[G cosatsina)] daN = == ’ ——2 =131bar
T a E S [ ’(H’ & Q’)] pZ 19,9(1+1,63)
Given Parameters p, =3,5+[(140 - 131) ¢ 1,6° = 26har
F;=1780 daN
Ps= 140 bar
Py= 3,5 bar
A;=31,6 cm? Q= 0,06019,912,7=15 I/min
A,=19,9 cm? 35 _
9=1,6 Q, =15 }7:30 I/min
Vmax = 12,7 cm/s 140-131
==>p; and p;
3
0, = (PsAp)+F + (P AP
2 = 3
A, (1+¢°)
2
P, = Pr +[(ps — P,)e"] bar
Verification of the cylinder dimensioning and
calculation of the nominal volume flow Qy,
depending on the load pressure p;.

Q=0,060A,eV, ., I/min

Qy=0Q /i I/min
Ps—P,

Selection of a Servo valve 10% larger than the
calculated nominal volume flow.
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Differential Cylinder Extending at an Inclined Plane with Negative Load

Gcung

Beweg“‘ ngst = mo\\o“ A,
D\YGC\\O“

/FR/'A\

Calculation:
Layout:
FT = Fa+FE+FR+[GO(u.COS(X,-Sin(X,)] daN (210.106)+1,22[—6675+(O.106)] 131
= =131har
Py 106(1+1,4%)
Given Parameters
Fr=-6675 daN Caution!!!
:;Sf glb(;?ar Negative load is leading to cylinder cavitation.
AT: 53 5 om? Specified parameters to be changed by means of
A1: 38’1 om? using a larger cylinder size, increasing the system
(p2:_1 4’ pressure or reducing the necessary total force.
Vimax = 25,4 cm/s A; =126 cm® A, =106 cm® R=12
==>p; und p,
210-44
0 = PsA, +9°[F el I P, == 5 =116bar
l il
1+
pAZ( 0 ¢ ) Q=0,06012625,4=192 |/min
P, =Py +——5 bar ~192 izggllmin
o ¢ _ o Qn 210-44
Verification of the cylinder dimensioning and
calculation of the nominal volume flow Qy,
depending on the load pressure p;.
Q=0,060A eV, I/min
35
Qy=0Q I/min
ps - p1
Selection of a Servo valve 10% larger than the
calculated nominal volume flow.
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Differential Cylinder Retracting at an Inclined Plane with Negative Load

Calculation:
Layout: ;
F = Fo+Fe+Fr+[Ge(necosa-sina)] daN p, = (210038114 )+[_66753+ (0381014)] =107bar
381(1+14°)
Given Parameters p, = 0+[(210-107) e 1,4° ]=202bar
F =-6675 daN
Ps =210 bar
P;=0 bar
A;=53,5cm? Q= 0,06638,125,4=58 |/min
A,=38,1cm’

35 .
0=14 Q, =58|——-=34 I/min
Vmax = 25,4 cm/s 210-107
==>p, and p;

3
+F+
o (A )+ (0 AL |

A (L+¢°)
p, = pr +[(ps — pz)(/’z] bar

Verification of the cylinder dimensioning and
calculation of the nominal volume flow Qy,
depending on the load pressure p..

Q=0,060A,eV, ., I/min

Qy=Q S I/min
Ps — P2

Selection of a Servo valve 10% larger than the
calculated nominal volume flow.
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Hydraulic Motor with a Positive Load

Bewegungsrichtung
Direction of rotation

P,

Layout:
T=o0eJ+T, [Nm]

Given Parameters
T =56,5Nm
Ps=210 bar
P;=0 bar

Dy =82 cm®/rad
oy = 10 rad/s

==>p; and p;
p.+p; 10xT
P, = 2 2 T+
DM
P, = Ps — Py + Py bar
Verification of the cylinder dimensioning and

calculation of the nominal volume flow Qy,
depending on the load pressure p;.

bar

Calculation:

210+0 10ere565
P = +
2 82

p, =210-127 + 0=83bar

=127bar

Qwv=0,0101082=8,2 I/min

[ 35 :
=82 |—=—" =53 l/min
Qu 210-127

QM: 0,0l.O)M.DM [/min

/ 35
Qy=Qy.|—— Umin
§ . Ps — P,

Selection of a Servo valve 10% larger than the
calculated nominal volume flow.
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Hydraulic Motor with a Negative Load

-— 1

Bewegungsrichtung
Direction of rotation

Py

Layout:
T=o0eJ-T,

[Nm]

Given Parameters

T=-170 Nm
Ps=210 bar
P+= 0 bar

Dy =82 cm®/rad
oy = 10 rad/s

==>p, and p;
+ 107T
p1=pS Pr 2270 par
2 Dy
P, =Ps— P, + Py bar
Verification of the cylinder dimensioning and

calculation of the nominal volume flow Qy,
depending on the load pressure p;.

Calculation:

_ 21040 10e7e(-170)
o2 82

p, =210-40+ 0=170bar

= 40bar

Qwv=0,011082=8,2 I/min

35 .
=8.2 = 3,6 l/min
Qu \210-40

QM: 0,01.Q)M.DM
35
Ps =Py

I/min

I/min

QN:QM

Selection of a Servo valve 10% larger than the
calculated nominal volume flow.

10.01.2013

31




Rexroth
Bosch Group

Sales Industry Sector Metallurgy

Formulary Hydraulics

Identification of the Reduced Masses of Different Systems

The different components (cylinder / motors ...) have to be dimensioned for the layout of the
necessary forces of a hydraulic system, so that the acceleration and the deceleration of a mass is
correct and targeted.

The mechanics of the system are defining the stroke of the cylinders and motors.
Speed- and force calculations have to be carried out.

Statements with view to acceleration and its effects on the system can be made by fixing the reduced
mass of a system.

The reduced mass (M) is a concentrated mass, exerting the same force — and acceleration
components as the regular mass at the correct system.

The reduced moment of inertia (I¢) has to be considered for rotational systems.

The reduced mass has to be fixed in a first step for considerations with stroke measuring systems or
for applications with deceleration of a mass!

Newton’s second axiom is used for the specification of the acceleration forces.
F=mea F=force [N]
m= mass [kg]

a= acceleration [m/s’]

_)
- — =
= = m ]

The following equation is applied for rotational movements:
F=1e09" I' = torque [Nm]
i= moment of inertia [kgm?]

o r_ 0" = angular acceleration [rad/s?]

C? b
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Linear Drives

Primary Applications (Energy Method)

The mass is a concentrated mass and the rod | is weightless. The cylinder axis is positioned
rectangular to the rod I.

Relation between cylinder and rod:
g Ve _VYn gr=8c_8n

r | r I

Needed torque for acceleration of the mass:

I'=1X80"=Fer
=mel*X8" l=mel?
—mel?xZn o =3n
| |
=melXa,
melea ) .
==> F=—"T=mejea_ i=—
r r
mei can be considered as mass movement m.
. . lea . a., a
F=meiea =meije °:m0|20aC:MoaC mit —Csz
r r
F= cylinder force
M= reduced mass
a.= acceleration of the cylinder rod
General validity: M=mei?

The same result can be obtained by the aid of the energy method (kinetic energy of the mass m). The
dependence of the mass movement with the cylinder movement can be specified with the help of the
geometry of the system.

Energy of the mass:
1

KE:—I049'2:1m0|209’2 (I=mei®)
2 2
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2
:lm.|2.(ﬁ)
2 r

1 12 2

10.01.2013
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M=mei’ and
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Concentrated Mass with Linear Movements

NN

v is the horizontal component of v'. v" is positioned rectangular to rod I.

Energy method:

|<E=1|-¢9'2=1m-|2-67'2
2 2

2
V’
:%molzo(Tj (0'=v'Ir

2

=1m0i2 oy’
2

with v=v ecosa

==> KE=%m0i20V’2

£2
:1&.\/2 ZEM .VZ
2 (cosa)? 2

P2
|

with M = m———- ==> M s position-depending
(cosa)
If: o= 0 then, o=1 and M=mi?
a=90° then, cosa=0 and M=o

+2
0,75

If a cylinder is moving a mass, as shown in the preceding figure, and the movement is situated between -30° and

a=30° then, cosa=+0,866 and Ma =m

+30°, the acceleration- and deceleration forces have to be calculated in the center of motion with a reduced mass,
twice as large as the one in the neutral center.
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Distributed Mass at Linear Movements

rod , mass =m, length =1

AN\

When considering the same rod | with the mass m, you can here also calculate the reduced mass of
the rod.

KE:EIOH’ZZEXolmOIZOH'Z l0m0|2
2 2 3 3
1.1 v\
:—Xo—molzo[—j (0'=v'Ir)
2 3 r

2
ZEXolmol—ov’z
2 3 r?

:1X01m0i2 oy'?
2 3

with v=v ecosa
1, 1 mei? )

=—Xe—e—eoV° =—eMev

2 3 (cosa)’
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Rotation

11

T3

If considering now a rotating mass with a moment of inertia I, driven by a motor (ratio D/d).

KE :1| 00'%, = £| o (0 .ﬂ)2 I= moment of inertia [kgmz]
2 2 D
1 d 2 2 . 2
:EI o o o0 ¢' = angular acceleration [rad/s?]
:il ° i2 .9;2
=21,007 lo= Iof?

i=d/D

If a gearbox has to be used, i has to be considered.
If i=D/d, then lo=I/i’
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Combination of Linear and Rotational Movement

<

A mass m is here moved by a wheel with radius r. The wheel is weightless.

KE:EmoW
2
zlmo(roﬁ’)z v=re ('
2
=Zmer? 06?’2
21I Y le= mer?
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Hydraulic Resistances

The resistance of an area reduction is the change of the applied pressure difference Apto the

corresponding volume flow change.

Volumenstrom Q

r - d(4p)
dQ
Py = Q- a0 Y50
A

4 \ .
Py -py 0= Gy 4P
2r \

4p=py ~py

Druckdifferenz dp i

Orifice Equation

2
QBIendeinG.O{K.dB .7[. Z.Ap
4 N p

Throttle Equation

4
wer

QDrosseI = i (pl - pz)
8ernel

n=pev

10.01.2013

ok = flow coefficient (0,6-0,8)

p = 0,88 [kg/dm?]

dg = orifice diameter [mm]

A p = pressure difference [bar]

Qorifice= [l/m [ n]

Qthrottle= [m3/5]

n = dynamic viscosity [kg/ms]
| = throttle length [m]

r = radius [m]

v = kinematic viscosity [m?%/s]
p = 880 [kg/m?]
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Hydro Accumulator

k = 1,4 (adiabatic compression)
AV =V, (&j ol1- (&j AV = effective volume [I]

Vo= accumulator size [I]
po = gas filling pressure [bar]

P, = Py p. = service pressure min [bar] (pressure loss at the
) valve)
AV p, = service pressure max [bar]
-
Po | Po= <0,9*P;
Vo| —
i Py
AV Provide an accumulator in the pressure circuit for
Vo= 1 1 pressure-controlled pumps!
(poj . 1- ( plj K Swivel time of pump tsa of the pump catalog.
P; P, AV =Qet,,
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Heat Exchanger (Oil - Water)

ETD=t, —t, Ve, = oil flow [I/min]
P Py = dissipation power [KW]
Py = — te = inlet temperature oil [°C
01 ETD ol . p - [°Cl
At = cooling of the oil [K]
14eP, . . .
At = tx = inlet temperature cooling water [°C]
VK Atk = heating of the cooling water [K]
V= cooling water flow [I/min]
Calculation of Aty is different, depending on the ETD = inlet temperature difference [K]
respective hydraulic fluid. Po1 = spec. cooling capacity [kKW/h]
HFA HLP/HFD HFC
14,7 P, 36eP 17,2 P
Aty = v Y Aty = v Y Aty = v Y

ol

The size of the heat exchangers can be defined by the calculated value py, of the diagrams of the
different manufacturers.
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Example AB-Standards:

Kenn-
Benennung; zeichnung 4.00
Wirmetauscher im 3.50
Diagramm 1 3.00
2.50
AB 32-09/056G-019-01/F (1) o0 "“’/L( \
AB 32-09/056G-028-01/F (2) % TN \
AB 32-09/056G-037-01/F (3) ] LIL)_; T/T: 270 3¢
AB 32-09/080G-021-01/F (a) 1.00 101305 .
0.9
AB 32-09/080G-033-01/F (5) 823
AB 32-09/080G-045-01/F (6) 8:58
AB 32-09/110G-025-01/F ) . '
1.80
AB 32-09/110G-041-01/F (8)
1.50 p—
AB 32-09/110G-057-01/F (9) =T
AB 32-09/132G-051-01/F (10} ng = - < - o
AB 32-09/132G-071-01/F (11} 5.9 R B N A I
AB 32-09/132G-091-01/F (12} P W =12 740
010 10,5 1,0
S
0.30
0.2
0.80
0.70
0.50
N
0.50 = ’(\ .
L~1 N
010 T SN
‘ // bF ~ \
9.35 o —~—3.0
6.30 | N
" L ~
_,/r\ © N
1 1 2.0
0.20 | iste—TT1.0
' T b.5
/’/,[4] “
'Pm (kW/K) 0.15
0.50 |
0.40
0.0
0.3 |t L AP (bar)
' W SN s R v=36 m?/s (3L} Bogis: Tu 50°C
oo | e N 1< | B.0 Ty 20°C
YO = E = R B 2.0 150V6 32°C
0.06 (1) :
0.05
0.04
0.03
0.02
1 o]
4 10 20 30 50 100 150 200 500 1000
vo {(L/min)
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Layout of a Valve

!

The necessary volume flow can be calculated
based on the cylinder data as well as on the
extending — and retracting speeds.

P= Pssystem pr.-P.load pr.-P rreturn pressure
2
(Load pressure = E*System pressure)

At optimal efficiency

Fr=load force [daN]

Ps = system pressure [bar]

P+ = return pressure [bar]

A; = piston surface cm2

A, = ring surface cm2

¢ = aspect ratio cylinder

Vmax = extending speed of the cylinder cm/s

2 piandp;

_ (ps A2§03)+ F +(pr Al bar
A, (1+9°%)
P, =Py +[(ps - p2)§02] bar

P,

Verification of the cylinder dimensioning and
calculation of the nominal volume flow Qy,
depending on the load pressure p;.

Q= 0,060Az0V s I/min

Q, =Q X l/min
Ps — P2

X= 35 (Servo valve) pressure loss via a leading edge

X= 35 (Prop valve) pressure loss via a leading edge
(Prop valve with shell)

X= 5 (Prop valve) pressure loss via a leading edge
(Prop valve without shell)

Selection of a valve 10% larger than the
calculated nominal volume flow

Translation: Harm/March 16, 2011
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