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A Basic Study on Simulation of Flow Ripple in Piston Pumps

Sae—Ryung, Choi

Department of Mechatronics Engineering

Graduate School,

Pukyong National University

Abstract

Noise in hydraulic.-systems could be induced with the form of structure-
borne noise, fluid—borne noise and air-borne noise.. Of the three components,
the fluid-borne noise has great-influence on-total noise generation

In a hydraulic system with a piston type pump, a key source of fluid—borne
noise must be the flow ripple in the piston type pump. Therefore, reducing flow
ripple in piston type pumps is very important in mitigating pressure pulsation
and noise in hydraulic systems. This study aims at developing a computer
simulation program which enables precise anticipation of flow ripple of piston
pumps.

There were several-researches: on-flow ripple in ‘axial piston pumps, but
detailed descriptions on the analyzing methods-were not given. Besides, the
researches on flow ripple in the radial piston pumps were hardly found in
reference serveys. In this study, therefore, the author intends to offer
fundamentals on simulation methods of flow ripple in axial piston pumps and
radial piston pumps.

In axial piston pumps, a sudden backward flow from the discharge port to a
cylinder chamber can occur when the cylinder port is connected to the

discharge port around bottom dead center(BDC). This backward flow is major
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source of flow ripple. The magnitude and the transient wave pattern of the flow
ripple is largely affected by valve plate design such as relief groove shape,
pre—compression/expansion angle And also, operating conditions of pumps
and oil’s effective bulk modulus have close relations with the flow ripple. In the
study of axial piston pumps, firstly detailed mathematical model of flow ripple
was suggested. Then, simulation programs were produced for the numerical
analysis of the flow ripple characteristics in pumps, based on Matlab and
AMESIm separately.

Using the simulation programs, effects of discharge port's shape, pre-
compression/expansion angle and effective bulk modulus on the flow ripple
were investigated. Through the investigations, it was ascertained that the
simulation programs could be utilized very effectively to obtain valve plate
design relevant to the flow ripple reduction.

Nowadays, radial piston-pumps are used in very-high pressure application
mostly over 60 MPa,“and have the-design aspects with rotating—cam and fixed—
cylinder style.

In the study of radijal piston pumps, firstly detailed mathematical model was
suggested. Then a simulation program was produced for flow analysis in a
pump, based on AMESim software. Using the simulation program, the reasons
for flow ripple generation and volumetric efficiency decrease in the pump were
investigated. \In the ‘investigation through simulations, the effects of several
design parameters and operation conditions such as clearance between piston
and cylinder, mean load: pressure, volume of cylinder.chamber and pump
discharge chamber(dead volume), fluid viscosity; and bulk modulus of fluid on
the pump’s performances were studied.

From the simulation results, it was known that the mean load pressure, the
pump discharge chamber(dead volume) and the effective bulk modulus of
fluid were working key roles on the flow ripple generation and the volumetric

efficiency decrease.



BO
T

7l &

S IR R R = I e B

H
N

A

A
=

A (0)

N
W
-
o
oy

o
o}

fuy

<

22E @9 AN ATEA

3 A

S|
Al

=0)9 A

o‘Pl‘(}(O

A
Al

P A e

K

-
7o
me
X

)

o

B

™

oy
wmo

3|
A

o 13 wjA &

3 flava
=

D :

7} Aol

=
o

OISR R

Le

-
w
Tor
wo

1
—_

oy
H
B

G

oL

B
o).

A

T

ol

5o
)

<M
ot

_E,h

L EYS A (AUH A EE )

Qs



2 EE A%
AQ: EFARFEHY v Y A f3

AQ,: A™H EAlel % Ay A e

R : A 9249 wA

V, s o R E 09 Ao gl AuE
2 IrEY £

a @ A9 AToeRE AU TE A97A|
n : &Sl 7129 v dn]

f o7t stelld Asfe =971% &
g

SELEEECE E

D, @ A=

47

Lp: 32E) o]

e: el AP

A g WA

P, : BEohG Tkl

D, : B Wit et ofel
N, : B vz o5

DY AE J)Rke] 71 %3 o)

vi



=
L

FTA AUA R RSANAFE FAZ AHEEY, 1

Ald A

=
=

<= 71A A

A

oA I AE

Al

s

Y

[e)
f4t

1.1 479 8F

A

H)
ot

B

A4 de AgEa Qe

1Y

3 3L
H XL

=
K2

ol

I
]

o

=
=
A

R

=
F
=

=
T

[e]

i

]

oA | o

or fxo| o9 AHT wjAlgA o] AL,

4 O

]

ko>
[S]

CEE A R
oL

L
ol
ok

R

afaL,

S

o deltddol ALHgon, AAel
th olel o] #ojrdgo] 4 ¥E]

]

ko>
[S]

=

=
e

T

Jjo
L

KA

of

5

H

=] e}

H

RLN

H

K WE} F A2 A BE v

AN
A&E A 71717 ARES e

|28 9] a3 of

ac]

)A

o
o|
w

A
o
2

ojy
(=as
1

H]

F A E o)A

s
er

=
[e)

AL 7}

Al Ag A&

=

ojod 2 A <€) "k @

]

o] &

]

o

|

o

i

SRR

she

goll L, AR

3 A
. weby

Al

K
;Oﬁ

A
of

Zo LAY FF PE

i
)

o AA ]2

AR
i

Ry

FA7EA] B ALE o]

b

S

o ojF¥ . glrh

0

il

o7
L

s
=
o
]
BR
ol
=
N

3

dojry, V9 mep =

ol A

A7

B
i

<

o oAy

H



1.2 479 =54 9 Y&

AN SAE PN fA A ¢ EHES AP ARARE Puo
W gsidae 5 BEel ok ¥ aeu F b4 Ze@e 48 Azl 2
s, wE U9 dEe SAReEH 1 ASsHs Pel A ATAE
of Sl A GATHERA WEA, 25HE -2/ 2 F). AW o5 S
o 1 Aol WS BipehaL, AgAY SHEe] WE 0AE WAL 5 gt
webd] SIAE 9IS ushs WA 53 BB goetA ANd 5 e
AgUold RBE et Ro] B AT ZHolu

AN W AE BIZAN FF WES FUR GHHe] 1 Aol Hrl, A

1
Y XZE7} sHAHE (BDC, bottom-dead center)-F< Ad W], $% XE 1
70 A9 A= 343 gFeE S5 gaia wgstt VY ol wy

i=]
AR FEe PR )Tl 2 48 WEGRE JAE 7 46 v
2]

Hxo f&F WF52 T FFIEAN S AFREA, =X Al EE
Aol 212l Kojima e A3 4 AlEgolAd Ayel
CESE 9 AR S 2 AMESImO®

gre] 4@ @Bl AN g Ao, S A
4

A F2 AAET Qe 2348 dHolbd AE dExEE 39 A - aF
gad el gtk of WA WLL F9U P £F WHRA AL UNE A
7] el §4 Egol 9 we WA s, PE 57 Addow

2 =EdAE 1 A8 4 ZRa9d AMESImC® AlE#Hod REs



-
2
ol
38
o
=
s
e,
>,
ut)
)
=
-z
1o
ia
i)
e
do
ol
E
il
BN

1

ol
o

ARgEo = gleoltd

d

o= I T $F TReIA 2Ae
R PRl 021 Dl el vehd g festdth wE W
AAE 9% 12H e ARE AT BHow, 54 HAY ARTE Oy
o% dfo] 2 AFUNEE FaATE, Bx A BAE Fo Fe) AAE]
B 5ol vA e dFe 2AMT



Al 2% AAL JAE HZO % HF A|FEHolA
2.1 92 57 % ZAY
B M ING IAE F2E o FEa 4549 olgd Ady
g B ZgolEY X YRE 32E FA9 #AAAA uHd yAE HE
i WEo] e Fe mdS AAST IF 2.1 NG YAE HIZM A
Ar] BE2o] 3 A3t WE WHZgo|Eg} HAES] x| #AES Ve
Ax o AA $F % Q, & U o= FAH
Qathh_AQt_AQs (2.1)
A7IA L Q,: AA FE 7
Qu: o1& F+& 7%
AQ,: v A %
AQg: 87 P et



JNE FE FF Q, & A FAS UNoE BF /1T 25
o] 71%87 Hw, A8 (BDC, 19 2.1 3
2 aowiE A4S O shd, ofde FAo® vehd 5 gk P

N—
~
e}
Do
~

Q= zDN )cos(e—i

1ZOzsin(7z/22 21
0<o<Z  Au k=1
Z
Ze9<?” g k-3
Z Z
0<0 Adu k=3

A @DAA WA FE FF AQ A S Sueld EEdwie e
o 4

B4
MY FARE AQ, % A Tl EEAE RE WA FARF AQ,

2 ALk
AQ, =AQ,, +AQ, (2.3)
AN s F-ZelA e v A FARE AQ, v FZAS) A Wl w
2 Rl & FEEVY PEUR FAEF Q, & Mgl okgg 2ol
R
Ath__%_Qd (2.4)

gl 5 14 Q, 3
o S A1EE Aefl hEAe Vst fEF=delth
V., d
Ath —+ dic +Qs (2.5)

A7, MALAS D, B2 qBY 3 A5FE N, AF#ze] 05 w A&
g AHE Vyehd, 2 (243 4 (2.5)9 3 190 A4V, 2 A
s& dV, /dt ofelsh o] mAET

I-M
i
i,
m>'

V,=V,,+(D/2z)cosd (2.6)
dV,/dt=—(z DN /60z)sin@ (2.7)



Cylinder,
port

Delivery
port

Suction

dQ, - P —PF de |Qd| : /J‘Raz Rda 9.8)
P 2C,° A, (0)

R Re? (1001
— dag=—22 ———J (2.9)
Aa) A Lo a,

AR R 529 FEA daid FAEae EA ool BA Y AR
welate], I A mdS % 2.3¢] JERT 29 2.3 AU ok o
g9l o] Alolof] FAHRE HFAZ dsndo|gty sHA et 7} g0
e, &4, 57t AP AFE P, V,, B,, P,, V,, B,, #4% A
TS Q. et s, 7+ §URE AL WA ow yYehdown P 3 P, ol
3t F2lo] Tt

(o))



/ Piston
_dVi
dr

Pn,Vi,Be

A QO+
(a) Capacity

(b) Inertia

(c) Capacity

As(6) A Adf) A
Ps % . ! % Pa
Suction4— — Delivery
port Qe - Qe port

a9 2.3 AEy TEE 525 A5 Ho AEYolH nd

dP, /dt =K, (—dVt/dt—Q, — AQ,) IV, (2.10)

dP, /dt =K,,(Q, —Q, - Q) /V,, (2.11)
AUy 0 479 57 wlE AL 57k el L, B4 w4l AF C, % &
W, 129 2.200 b geiude ggve £53g40z e Q o Hat]

ohaje] Ao] FajAT).

C
QA (F’u—ﬂz——fz “} (2.12)
dt . pL, A
T, A el depYn dzrE S e wY QE 2y
2o WA o zRE oftje Hog Fazirt
Q,=sign(R, —P,) C, A (0)/2|R, —R|/ p (2.13)



2.1.2 =X& 32+ FA9 AL 1HK &2 A¢

F WAl gt dF *E]chﬂ U g owGE
AN B £% Wl disid s v aake] Ais Alslsta
T atA GEE HAA e Ao R 4 (2.10), (2.11), (2.12) A

a=K, =K, 2 gelste] $48 qiets

]l

AR U 4 p, = A @O 25 EFE Y T2 FF AQ, I
a7k oy Ao dEkd = Qv
dp, K[ dV,
dt vt( dt Qs QS]

O 24w A9y 9 eARolA fAS dAdel AT IS %
AlE o] A E%‘% eI A9y WF-e] 9 B 2 Ak, $E
[e)
T

AN AU A ARAEFF Q9 AVILNA FYLER AFoe

Q, =sign(P, - P,)C, A\,(e)«/Z|P P/ p (2.15)
Q,=sign(P, - P.)C, A (8)/2|P. =P/ p (2.16)

v,
=
p.

a,(¢) a,(6)

A £
X X P
/ /
<+ —_—

Q er

Ao A FA &5 st Al gl B

a3 2.4 2



B A7 i gZE AAE S R HE $F 2E FAC HEee
e = : o} Zo] 4~5717} At w4
AQ, o AL A (BDO) & Fdats A8 (™ 2.5004 19

ghol $& xES vhd of, 783 A (top dead center, TDC)

&

o
any
LR
1:,

A
=

tlo

= o
g

ol

ol

v IAEY 25904 5 AUGE BAgH o] &9 X ESL whd ujoyt uhA
stf, WH ZYolEe widE = FEO A e mEtA = 1M IAEY 5
H I AEoA sAll AQ, 7F TS 7t Qlth st F$E X EC H&5H A™

HokedA 1M mAES 59 SAE Al gt 3709 AddelAs

AQ, (34 74 =) AT = g% AQ & TAEA ek

bottom dead center bottom dead center
piston | piston

! ' ‘/num.1

top dead center top dead center

(a) (b)
9 25 WH Tl Eo] dAFEE AYG-LES

01

Ho| 7

o,

oAl A (2.1)& A&ste] HA FF FF Q, & AALEel oA, WA
F% AQ, B 007 Bt AQ T TASH: RS AEdolde %
L2 s AR S 7] wiEolth w4 (2.2)~(2.9)F

A HEst] Q, % AQ = ¥ F 2 (2.1 uForn Q,

o
[o

fu

4 O

(L K

1>
4
ol
ol
=
2
o
o

(2.2)~ (2.9 = AH&st] AQ & A Alrtsl= A S o dAs Ayst

©



a2 gk flel AES SHMTEA AIRE to]lgle Ak 67 EAFT o]
AIZE sl 2= O [deg.] Abelell= ths #AI2 o] A7 st
360N,
T 60
ANEE Q, & Tl AX 13]de LQHE AIRE Fetel z AFAE
)8 #Eo] WA o ® WSty webx 3y 1719 F7]= 407 (3607 /Z)
7b feh shxRE WH EYo]lES] A W 75 X ES YAfo] v Pl A
T7F 7] wiel AL mE WH EFeolES fF WAE 0~3607 9 3
T2 o] AREgith o] AlEH oA VIR A o E=E AIZE t o] Wit w
=8 HEE] WIS Adtsi, 2 QAN E At 4% 6
t}. =3 Aatel= Al 43 Runge—Kutta W& AFE-sh, WA v AJ7E
2(2.6), 2.7) 2 2 (2.15), (2.16)& AH&ste] p, & sk, 73l
2l (215 2HE A2 Q5 7ot thgor 2 23)°0ZFEH AQ E T

0= (2.17)

o
offl
it

HE re
d
=2

) of\
o
oto g

il

th o]olA A (2)F AHESIA Q& AAtstd, AMERFH Q & T7F + 3
=3
Ao At FdA FIEHoR uEsof st ol hERiged wE A
AT K @o|t. whoF §944 &l 7]&(bubble) o FH|E =919 7tAE
I ko] mAistEEE F& AASERAST Kool me 2 4% 1E 5 v
53| n)gd v e WP}; (BDC) <ol Al 2AsHy] witol Aud ¢
. < =

ol B (&1l E) oA
Aol As T HE e TEE ﬁ]*}ﬂu} 2

1/n
1{%)
K,=— SPR¥ (2.18)
L[R]
f P n

P
o714, AN HAE @ Aol f=V/V, @ZI A4S 0.
0.1%), n=1.4, K=1200~1250MPa, F,=0.05MPa & A&3%t} 19 2.5
o ghelel wWate] wE Ga AAUYASY WakE hebd Zo
AP (BDO) Rzl SE AA@AAS gol W wobd & 9 o %

AT,

10



bulk modulus K [MPa]
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item Value (unit)
Number of piston(Zz) 9
Displacement (D) 16.22cm?/rev
Cylinder volume at TDC(V,,) | 0.95cm?
Inlet pressure ( p,) 0.05MPa
Outlet pressure( p,) 14 MPa
Ofifice coefficient(C, =C,) 0.7
Notch angle (o ) 6.9°
Bulk modulus of 0il (K) 1200 MPa
Density of oil( ) 872kg/m®
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)
7Ftsto] Abgshs Al GubA ol

o] AFeA to® i FxE ¥ 3137 ¢ I T
w1 el WS fAbele, i
3.1 AA ek,

item Value
Number of pistons(Z) 3
Piston diameter (D) gmm
Piston length(L ) 44 mm
Piston stroke (L) 5mm
Eccentricity of cam(e=L/2) 2.5mm
Piston area(A,) 0.50265cm?
Displacement of pump 0.754cm?/rev
Clearance between piston and cylinder 5um
Axial length of the sliding surface between piston

34 (£2.5)mm

and cylinder
Dead volume of each cylinder at BDC (®at Fig 3.2) 0.366cm?
Volume of load side chamber(® at Fig. 3.2) 7.918cm?®
Cracking pressure of the check valves 0.5cm?®
Suction (boosting) pressure ( p;) 7 MPa
Mean load pressure( p,) 70 MPa
Pump speed (N ) 1720 rev/min
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3.2 =7t o] &

4
ofy
i
rie

gl #3 71 B4

=0l st (BDO) ol 1A wlol 3]d52] 3|4 (0)5 =02 3t
o] BDCEHH Zt% grtE 3 e wo vAs W x 2 JArs £
vE U ol EAE
x=e—ecosd=e(l-cosé) (3.1)
v=t=ewsin @ (3.2)
714, w=da/dt ot}
o] O] 379 AaEo] AL AFTeol wepA PojA= olEARl =3
FQ, v Uw Ho® EAdH

Q=Y AV =A ea)zosin{0+(i ~1)
i=1

i=1

(3.3)

~ R
3
L

2 BN et FAE T L ALEY Foln, 27 25 4 9,
02 Yol wep 2y 7h the vk 2ol iRl
< OL7ml? /= 1,8 +012

(3.4)
wlz<@=L2nl1 = 2,=(2-1)/2
At oz 9o 4w @, ol tste]
Qn = A, ewsin Z°”sin(0+ Z"—lzrj/sinZ (3.5)
z Z i
webA, z7F E5D o, 4 (3.5) =
* 7,=(z+1)[2/[&= 0<0<7lz]:
' /4 V3 . (3.6a)
=A, e ®C0S—CoS| & =—-{/sin—
A=A, 21 ( ZZJ z
*2,=(2-1)/12 [ nlz2<0<27xlz]
ch':Apea)coslcos 0-3% |1sin = (3.6b)
22 22 z
Ae
_ 522 o H—S—E IsinZ
2 22 z
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2] (3.6a), (3.6b)E AHEFo =M Holtd IAAE FHEZO o2 3+ FF

2
TS AR AT 5 ook 28y 2 (3.6a), (3.6b)elE BE U] A7)
A5, B wE Fx FEF ¥ FY W $F HHO AE FEF A
Hell ost Ao FA Foll udt JdFE st dErh wEA, HE &
PAI AL FA AFEOQ AMESimS ARgste]l AlEdold ndls e

of ATelM o R s AZ ¢ ArEE 19 3.2¢ vErdth At
= S8 12X O2 3 7 MPal fEHAE doltd AAE A2 FY5A
Fwaeth 3719 FAaEe] 1207 ¢ AE ML IAES ST webA
Aol AR A V5SS F9, FESE o] we] B F9l W FE ¥
Eo] Ax AR AA @B QoA sHAR(BDO) % AR (TDC) oA o 7
e ZES WX g sl - nAg AdEga gelud Ak HE:
H| 7. 2

@

\]
K
My
_O,

[
o

242be] dA&E=L FEF A A 24 Qo] AT o] AH
L4E FY A
A(TDO) ol 91 A & we] A . 59
AANE AALE ©7F EAs 24249 I'Ji%ﬂ]/\i %“3@ FEFE AY
of oA FEedo AZERH F2I | e Fordy 248 s
& AXA BAR HF e

Aladeold R el HE FEAIAE A 22O/ AMESimE A
g3t on 9 329 F¢slE2 58 AMESIm &I EJoZ A% o] 1
Y 3.3°|t. 19 3.39 Rdle 7 ARy /3~ ES HCD(hydraulic component
design) #holB g olX AFsh= LahEs ARES] A oH, 3 31904
AAE =2 sehvly g £ 3.2 AAE H =

HaEoA s A Aol 8 Hd Abole] R ERE(BAF1ID &
ARgeElon, F4 $F WER AREHE AAMEE] RdRe AXY A

AaWE 2 (CV001)S AHE38Fgtt.

Of

25



l
7> ® |; 7> ® |
T il _Te., L!
®
@
® 2 . S
B/I.E/} [{/:’S ) )
® | | |
o e e 1

no. 1 piston =

cvood i




* 3.2 #FEae =2 e

density (p) 850kg/m®
effective bulk modulus of 0il(K,) | 1700 MPa
kinematic viscosity (V) 60x10°m?/s
temperature (T ) 40°C

3.4 dolHd JAE HEZ AEHIA 2
3.4.1 % WF AlEHIA 2%

(1) 2 AALIA 9 L 2 73

AT i Pz Ui A¥Y ZREA 1) A o] e A-doEy
B $EHe 30 # A AdaE a7 340 YERUTE 27 3.4
A (e BE FXE0] e % -3.13 3.2 Foixl FdviEE 4843 A E
ol Azfolw, A-y Uy o] 7 MPaZYE 70 MPaZtA| d53sHs Fetel
T $F 192109 He 7ol 3 (SM00~130° & #4\1% 3.4 (a)
Fx), A¥Y T 4ol 70 MPaZF €| 7 MPa7tA| 73t Eted= &9
Fo] 021 Tite] yEbads & F STh(SF 270~300° o 7%k 1% 3.4 (a)
Fx). 289 (b= 18 @8 2do=5E Fd o & p, 7t 7 MPa® g
olF S wo A Eg o)A Aot o] ulE HZ F< o Ha} ¢h¥ol w

7 MPao| B2 % FHdA FFo] GE (02 X)) & F3ko] TS

3
CIO¥ OB dfg@d 2ho2 Y AT frE AFdedAF K

500 MPa® Yol S AE ol ABolth o] w= fhfe] gFAdo
Sl weEbd FE(eF 90~160° o 77%F, 1% 3.4 (o Fx) 2 FU©F
270~330° 9 F3F 1™ 3.4 (o) FF) F#He] dE (0w FA)HE 3t
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i
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cyl. pressure —-----discharge flow - suction flow

80 . — 2.0
@ 60 / \ 1.5
(al T~
g /./ ™ \," - <
© 40 / 1.0
3 y L
0 R R S R W
% / : \
5 20 /o 0.5

0 L : 0.0
100 200 300
angle []
(a) K,=1700MPa, p,=70bar
cyl. pressure --—--discharge flow - suction flow

80 . T — 2.0
© 60 1.5
al .-
Q40 1.0
S vi
5 20 ! & 0.5

0 . 0.0
0 100 200 300
angle [7]

(b) K,=1700MPa, p,=7MPa
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cyl. pressure -----discharge flow - suction flow
80 — : 2.0
@ 60 :— \ 1.5 =
= i \ 3
240 : 1.0 I
2 a ©
0 ! 2
5 20 / : \ 0.5 3
| Y
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0 : ' 0.0
0 100 200 300
angle []
(c) K,=500MPa, p,=70MPa
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AT o HEEFHY $F §8%(1F 3.2:4 A O &
Sl A B A2 A 37 AR-EE] F= FES T AiolH,
g p,7h.7, 20,745, 70 MPad ®{ ] A E#old ARE RolFth
AlgE o]l p,olele FAES £ 313 3.20] Fo devE g U

steh &, o] AlEdol A= 28 3.29 ¢ 3R HE e £
10 Lo ofFE#HolH7F A E #H=ZQ Fe= THs90ct =3 o
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Axoz AT 4 (3.6)9 Axtel:
A&l Tt
Fig. 504 Hi= uke} 3Zo],
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(rectification) A1Z1 FE ] Az Qe H]gto], Ha} o] & I (p, =20,
45, 70 MPa) oA = ol sf=o] S & 5 qlom,
9] (a)ollA ®i= upgl o] 4 i 2
A dEske el 7l %@01 g =
9 3.6, 549 o&§E =& HAow, O¥ +

= e a”¥EE WrolA EAIE Aotk I¥ 3.60EFE, % WE

T30 A 1A A (first harmonic) & 3t F-3F stglo] nlws vhe 4o
= 2zn, (H) [z: 92E &, n0 HE 3 AEE (rps) |0 AR, Hat F-8F ¢4
of FoPAWAM zn 2 WAFPE Btk olHd Az QAL IAE FLA

o
PASHE FF BEGIAE F7F £ A9 FA5sh 2, Gy AR
=

L

3.49 (a) Fx). ofdsh FF W TAVIF= MY ALE FZAMY 1
AEMAPE F2elM febrel h5ded gaiM R8s, HE e ENE Y

O ORE fAF GR®HE 983 TrEge Fel #97 B4t Ak

flow late [L/min]
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flow late [I/min]

200
angle [ ]

719 3@ LR85 S S -

S 3.3 “1EN3 6 ol O OF

mean load mean flowrate volumetric
pressure. [MPa] [L/min] efficiency [%]
7 1.297 100
20 1.283 9892
45 1.245 95.98
70 1.206 93.01
# 3.3 19 3.6°04 dehd Fd Fek bl Wsle] mE FE £ 2
A Z&e] W3S Qg Jlojt} o]} o] B3l ¢tHo] £S5 wo] AY a&
of wtolAl= dAe FHE ddE, Fok 4ol woE 1d 3.4(), (o°lA
Be= ovkg #Zol 59 B 7] W FE Y 2V 4% dEo] A=

F7bo] Zojx|7] wiolt},
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39 BaE ABIolAS F8ste] 1 A%E AT
(1) F2E~AAY Aol A 9

HAEo wWslE AL AMESim AZEY]9 Hd Hi Alo]d FH
29 (BAF11) S ARg3le] AAatsit, s AEx Ady Alolo Wb whak Sxj7t
0.01, 1, 10, 20, 30, 40 um< wiof, 19 3.2°9] #¢ sJ2A AL G2 &
TolM e FF FF HEel B AlEeld A3E 9 3.8 B % 3.4 vE
itk AlEFol AN FAE~AAY Ate] A o]l FEuEES % 3.1
3.29] gEs AHESEAATH

a9 3.8 ¥ & 34oA-HE= Bke) 2ol SAEFH-H-Y Alo]e] EATE

=

ol web Pz e A {Fol ket Y A A ago] oA, F&
14%

=

o] 70 MPasl& Zkel o] Awe] BAl gl A fo] e A
& % & Ay Zel SA7L001 um @el F7te FFHE 10 um

MBS B FA f WAE WS 2 Zow e dRHow 1
& B FAED A Aolo] BAlE 5 umAER A
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oA o] W Ae ol WAED AR Apeld muyl W #99
W Qol7h 34(£2.5) mmeA vl A7) wRolth oleld ALde EA
10 umelste) i AQumgol gast s2EWH AQY Aole] FA) Faol
ol thE AQle] 71QIEe A4Sl ekd oA Mo A FHolHES

Fale] 1 991 2Abgh
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flow late [L/min]

—001Tum---1pwum--—--10 um

1 l5 —imas '20 LU oo ‘30 um
1.0 ,
0.01,1,10 xm
R SN :
0.5§ 120 ‘ 1 T _
] 40 um’
. . | 3qum | ]
| 0505 0510 0515 0520 0525
0.0 0.2 0.4 0.6 0.8 1.0

time [s]

>

a9 3.8 AE~AAY Aol EAY JT WE Bz £F §3

¥ 3.4 1% 3.89 A7 Qo

mean
mean load volumetric
flowrate
pressure [MPa] ) efficiency [%]
[L/min]
30 1.268 97.77
40 1.253 96.63
50 1.238 95.45
60 1.223 94.32
70 1.208 93.12
80 1.193 91.98
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79 wEUB (a9 3.2 #FF)E AHEst 24T
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324 A ®2 EFTolMe 3 WEo] #d AEHold A¥E I 3.9
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v 29 3.2¢ YERA A3y F 2 o2 QFY Aaue @9 $& A
AWH @ Ato]e] AHOZA ¥ AP (TDO) ol §1A13 wjo] A o
o] AAs 23 £ 4F AV F4FEY 7)ol WAZe wE FY &
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flow late [L/min]

——30MPa - 40 MPa ----- 50 MPa

~weeem 60 MPQ - 70 MPa ----- 80 MPa
1-5 & T L T T T T
1.0
0.5
70 MPa
0505 0510 0515 0.520 0.525
0.0 0.2 0.4 0.6 0.8 1.0
time [s]
% 3.9 e Ee] el wE A= £F 4%

¥ 35 1% 3.99 Ay 9ok

mean load mearn volumetric
pressure [MPa] flowrate [L/min] efficiency [%]
30 1.268 97. 7ML
40 . 288 96.63
50 1. 2818 95.45
60 1.223 94.32
70 1.208 93.12
80 1.193 91.98
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(3) AdH FEHF AdH A @Y I

AdE &5 49w @9 AAe] 0.1, 0.2, 0.3, 0.4 2 0.5 cm* Y e,
F WEo AEdeld A%E 1% 3.10 ¥ X 3.60 dEkdch

A-Y FEF AAdW] A Ho] solde wepa Fxe
Bt fgol Folga Pxo A4 ago] Wobds vehdth Ay FEF A
dH e AR o] F4F AF m&o] HolAE A AdYY 4E5FH FTE Al
FEH AAN Foll Fordd 45 AV FZ FYAA ] 27)el ATl w
A F9 frEel Aasty] wioltt
1.5
<
£1.0
=,
b
kS
= 05
o]
0.5;05. 0.510 0.5;15 0,5|20 0.525
0.0 . : ] : i |
0.2 0.4 0.6 0.8 1.0
time [s]

19 3100 AW @8 I wE 2 $F AF (A" 3.2 FF)

%3623 3.108] B3 gk

volume of mean volumetric
chamber @ [cm®] | flowrate [L/min] efficiency [%]
0.1 1.255 96.74
0.2 1.236 95.29
0.3 1.218 93.96
0.4 1.202 92.70
0.5 1.187 91.52
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(4) B= 27 AW AF @2 IF
AL Z3¢ AW G 9 AAo] 1,3,5,7 cmiPA wol, 73 3.29 AAH B
o] oA f% W] #S AlEHClH AE 19 3.11 9 3% 3.7

Ebvllch,
A&
<]
o] W3}
<
£ 1.0
=)
@
©
z 0.5
Koy
O.éDS 0.5‘10 0.5;15 0_5‘20 0.5;25
00 ] i i i H i i
0.2 0.4 0.6 0.8 1.0
time [s]

" 311 Ad @i Fel wE HESY FF ¥ (O 32 FX)

3.7 19 3.119 A 9}

volume of mean volumetric
chamber ®[cm®] flowrate [L/min] efficiency [%]
1 1.212 93.48
3 1.209 93.26
5 1.208 93.17
7 1.208 93.13
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6) ¢+ TAEY ¥

2 FHIEIE 5, 20, 40, 60, 80 ¥ 100 mm* /s wel, 27 3.2¢] A
Tl frg Wsel wek AlEEold Ads 29 3.12¢] HE

5/
z
©
{o
il

o] AlEHo|HOoREYE AT U BZA FU89 THEs 20 mm?/s
oY wol= A fFol ulg Hojx FEF FFC WIF YEhA S5S
& 5 9l

——5mm’/s- - - 20 mm’/s—-----40 mm'/s
== B0 MM g e 80 mm/s-:=ee- 100 mm’/s
1.5 . v d

= |/ —

£ 1.0 | 40,60, 80, 100 mm/s |~

3 = 126 —— ! —

Nl E

[4)] 2, \\/._./ !

© 2 ‘

— [} 20 mmi/s

2 05 =l R e T

= ’ l

[ 0505 0510 0515 0520 0525
00 s r . A
0.2 04 06 0.8 1.0

time [s]

8 2=0
FH WOl 5

ru

19 3.12 252 s R uf

39



71 7139 &l webd f9Re fra AFSYAST

spetch Re K, 7F 1700, 1400, 1100, 800, 500,

200 MPa® W= S weoll, 27 3.29 AW ®2 EF7olxe] 49 2 {3
A Ans a9 3.13 2 % 8o veERigith

Jdo
jiacs
Jo
b
=2
o ol
o
i,

Fig. 1314 A Eelold A2 A7l st (N 4% 729 ol FeH
K, ol wala 2 th2s) vt Teju of FrrelA ) sEe f@x pE
A9 FEY BEAE Debd 5 Qon o At 2 guE Ax:
ohm, o714 mAetaAr s Fhe AAAE etk 19 313 9
RE, f9 K, b Ask@] webd gzmel Ax mgol dasA Ast

= & g oo, I dde 19 349 (o) 2HFE ol F .

ox 1o

Y
flo

ke
oo

ot

o

o
PR

+

% 3.8 AER9 FHEe WE FLo 52 4%

bulk medulus Mean flowrate volumetric

of oil [MPa] [L/min] efficiency [%]
1700 1.208 9%.%8
1400 1.188 91.64
1100 1.157 89.25
800 1.102 84.96
500 0.969 74.69
200 0.351 27.09
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—— 1700 MPa ------ 1400 MPa ----- 1100 MPa
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N
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presssure [MPal]

—— 17000 bar - - - 14000 bar —---- 11000 bar
== 8000 bar «-«:--- 5000 bar =:=:--- 2000 bar
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