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Development of a mathematic model for
a variable displacement vane pump for engine oil

Sy oty a

- 2EY - ol R Al

D. Q. Truong, K. K. Ahn, J. |. Yoon and J. S. Lee
Received: 29 Aug. 2012, Revised: 23 Nov. 2012, Accepted: 28 Nov. 2012

Key Words : Engine Lubrication(31Z-&2), Vane Pump(# %13 ), Variable Displacement(7}H -8 %), Modeling(%

23)

Abstract: Variable displacement vane-type oil pumps represent one of the most innovative pump types for industrial

applications, especially for engine lubrication systems. This paper deals with a modeling method for theoretical flow

rate investigation of a typical variable displacement vane-type oil pump. This theoretical model is based on the pump

geometric design and dynamic analyses. It can be considered as mandatory steps for a deeper understanding of the

pump operation as well as for effectively implementing the pump control mechanisms to satisfy the urgent demands

of engine lubrication systems. The developed pump model is finally illustrated by numerical simulations.

1. M B

Nowadays, the design requirements for engine

lubrication systems, especially for vehicle applications,
have been oriented to a general performance
improvement, coupled with a contemporary reduction of
A fixed

displacement lubricating pump driven by a rotating

power losses, weights and volumes.

component of the mechanical system is generally
designed to operate effectively at a target speed and a
maximum operating lubricant temperature. Meanwhile,
the lubrication requirements of the machine do not
directly correspond to its operating speed. It results in
an oversupply of lubricating oil at most machines. A

pressure relief valve is then provided to return the
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surplus lubricating oil back into the pump inlet or a
reservoir to avoid over pressure conditions in the
mechanical system. The result is a significant amount of
energy being used to pressurize the lubricating oil
which is subsequently exhausted through the relief
valve. Subsequently, a potential trend for machine
lubrication is the employment of variable displacement
vane pumps as lubrication oil pumps. To vary the
displacement, there are two common approaches which
are the use of a linear translating cam ringm), and the

. L 412)
use of a pivoting cam ring

. By the second method,
each pump of these types generally includes a control
ring combined with other mechanisms such as springs,
which alter the

displacement of the pump and thus its output at an

can be operated to volumetric
operating speed. The pump control mechanisms are
normally supplied with pressurized lubricating oil from
the pump output to drive the pump displacement and to
avoid over pressure situations in the engine throughout
the expected operating range of the mechanical system.
Therefore, development of a variable displacement vane-
type oil pump model is indispensable and can be

considered as a priority task in order to investigate the
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pump working performance as well as to optimize the
pump design structure. Some studies relating to this
field have the pump

performances’ . Giuffrida and Lanzafame® derived a

been done to
11)

investigate

mathematical model for a fixed displacement balanced
vane pump to analyze the theoretical flow rate through
the cam shape design and vane thickness. Staley et al.”
carried out a study on a variable displacement vane

9 also

pump for engine lubrication. Loganathan et al.
developed a variable displacement vane pump for
automotive applications by simulations and experiments.
In another study, Kim et al."” investigated an electronic
pump
through a simple mathematical model. Although these

control variable displacement lubrication oil
studies bring some interesting results, a clear and
careful analysis of the theoretical flow rate in a variable
displacement vane-type oil pump was not considered.
This paper is to develop a theoretical model of a
typical variable displacement vane-type oil pump based
on its geometric and dynamic analyses. By using this
model, the ideal pump flow rate could be easily
investigated through numerical simulations. It can be
considered as  mandatory for a

steps deeper

understanding of pump operation as well as for
effectively implementing pump control mechanism to

satisfy the urgent lubrication demands.

2. Model Design for A Typical Variable
Displacement Vane Type Oil Pump

2.1 Variable Displacement vane type oil pump
In this study, a variable displacement vane-type oil
pump made by MyungHwa Co. Ltd.”? as displayed in
Fig. 1 was used for the investigation. During the pump
operation, the vanes slide out of the rotor slots and the
vane tipedges always contact with the ring inside
contour due to their centrifugal effects. Subsequently, it
performs pumping chambers between succeeding vanes
to carry oil from the inlet to the outlet. The increase in
volumes forming by pumping chambers allows the oil
to be pushed in by atmospheric pressure from oil sump

through suction pipe.
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(b) Internal structure of the pump

@ Base @ Main-covered coat @ Sub ring
@ Tapped holes @ Located pin @ Pivot pin
@ Sub-covered coat Main ring @ Deliver port
@ Drive shaft @ Rotor Orifice
@ Suction port Vanes @ Oil seals
Spring

Fig. 1 Research vane type oil pump

The pumping chamber volumes continue to increase
in size for the first half of each rotation. The oil is
then carried to the other side where the pumping
chamber volumes begin to be reduced. Finally, the oil
is squeezed out at the outlet as the pumping chamber's
size decreases.

For varying the pump displacement, rotation of the
main ring around the pivot pin is controlled by
pressured oil itself in the control chamber through the
orifice, the pumping chambers, centrifugal force effects

and the return spring.

2.2 Oil pump model design
2.2.1 Vane movement analysis

The analysis of a generic vane i” is carried out on a
cross section of the pump as in Fig. 2. Points O, and
Oy are in turn the centers of rotor and main ring inside
surface of which their radiuses are R, and R,. The
eccentricity between the rotor and the ring inner surface
is e, There are N vanes with thickness t, and radius R,
at its tip curve (center point O,;). At the initial state,
each vane stays at the end of the corresponding slot
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defined by radius R,. Point Bi is the intersection point
between the tip arc and center line of the vane.

The rotor rotates with a constant velocity @ (pump
speed is n). At a current angular position of the rotor,
@, position of the vane i" can be defined as

2r

o=0——-I(i-1),i=1..N
Due to the centrifugal effect, the vane contacts with

the inside surface of the main ring at point A, Point A,

is far from point B; as an angle 7. Following relations

can be obtained:

p, =[R*+0,0, +2R.0,0, cos7,. i=1.N

2)
pl+e’—R’?
B, = acos ————=
pie. 3)
. [ e sine,
Y, = asin| ————
[ R, —R, ] 4)
0,0, =Jel+(R,—R,) +2¢, (R, - R,)cos(a, +7) (5
Subsequently, the vane lift (/) can be obtained as
l,=0,B,-R =0,0,+R,—R, (6)

Main Ring

Vane

’x'h

1,
Sliding
Slot

2 Rotor

Fig. 2 Geometric analysis of a generic vane

2.2.2 Theoretical pump flow rate analysis

Fig. 3 displays the volume variation analysis for the
chamber under the considered vane i" corresponding to
a small rotational angle of the rotor de& . The volume

derivative  of  the jh

under vane i,
()/dex

chamber

, 18 computed as

uv

k3| X| 2012. 12

el ebd wd A
= 2
BN Aj
i Air A = —
/ t,
/// 77\\\
777
do Rr
ap,

Fig. 3 Volume variation for a chamber under a
generic vane

dv,

(a)

uv dlv (al' )
da

da

betvx%

=bxt, X
do

()

where: b is the ring depth.
Next, the volume variation for a chamber between

two consecutive vanes (ith and (i+1)th) occupying the
angular positions @ and @ =& +27/ N respectively
is analyzed in Fig. 4. This volume variation can be

computed:

dI/bv (at’ :dV

bv_in

V

bv_out

.

i+1

) (%,

,+1)_d (04’0441)(8)

After the small rotation do of the rotor, the two
vanes i" and (i+1)" contact with the ring surface in
turn at two points A; and Ay which are different
from the previous ones (Ajp and Ag+1p). Consequently,
it causes both of the input and output volumes to be
reduced small amounts as marked as part S, in Fig.
4(b). Based on this figure and by a simple calculation,
the volumes of oil entered into and pumped out of the
chamber between two consecutive vanes can be in turn
derived as in (9) and (10) (represented as part S; in

Fig. 4(b):

1
dI/b\Lin (ai’aHl) ZEb(pli—ldﬁHl _plildeiﬂ) (9)
1
dvaiout (OQ,OKM) ZEb(p[Zd,B[ _p[zdei) (10)
d6 =df, —da (11)

From equations (8) to (11), the volume derivative of



the chamber between vanes is finally obtained as

dva (a, Z; ) _2 _
T ) (pi+1 pi )

P2+l

(12)

‘Lior

(a) Rotational analysis of 2 consecutive vanes

Out-volume
dva_om(al’az)

In-volume
v, ,(oq.0,)

iTi A A’ ?
CSI; Y (g

da
ap,

(b) In/out-volume analysis of a chamber between two
consecutive vanes
Fig. 4 Volume variation for a chamber between
two consecutive vanes

Finally, the ideal theoretical flow rate of the vane

pump can be computed based on (7) and (12) as

follows:
0, (@)= 33 P i av, ())-1]
+%a)T:W[sign(dV;V(ai,qﬂ ) —IJ
+%a)a;2’;(aN,a])[sign(dl/'bv(aN,al))—lJ (13)

2.2.3 Main ring rotation analysis

Force due to pressured oil inside main ring

In this research pump, the eccentricity between the
rotor and the ring is maximum (ec mex = Rs - R,) at the
initial state of the main ring. In this case, the rotor
contacts with the inner contour of the ring at point Cio,
and the center point of the ring inner contour is at Og.

Two coordinate systems have been used which are a
Cartesian coordinate system positioning at the rotor
center (O:XY;), and a polar coordinate system of which
the pole is located at center point of the ring inner
contour and the axis points to a point on the ring at

which the ring contour is closest to the rotor.

(b) After a small rotation of main ring
Fig. 5 Pressure distribution inside main ring
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During the operation, the eccentricity between the
rotor and the ring makes a cam contour if considering
O, is the center point. Based on the pump working
principle, the pressure distribution profile within one
rotation of the pump at the ring initial position (see

Fig. 5a) can be divided into three regions: the first

region at arc CioCx relates to the suction zone (the

pressure is the same as the minimum pressure Py OT

tank pressure); the second region at arc CxCs gives
the pre-compression for the oil chambers (the pressure

increases from Py to P or outlet pressure); and the

third region at arc CsCio relates to the delivery zone
(the pressure is the same as the maximum pressure
Pmax)~

For a small rotation of the ring, do , around the
pivot pin O,, the center point of the ring inner contour
is moved from point Oy to point Oy . The three regions
of pressured oil are then re-positioned in which points
Ci, Ciy, Cs are moved to points Ci, Cy, Cs,
respectively (see Fig. 5b). The initial coordinate of

point O (Oy) is easily determined as

{Oposo = Rrot

AHOpOSO =%o,, (14)

Consequently, trajectory of the center point Oy is

determined as a rotating vector of which the length is

Ry and the angle is ((/Jow —d(p). Let define the angle

difference between the pole axis and the center line

0,0, is V.. Then the total moment acting on the
ring caused by the pressured oil inside the ring to make

it rotate around the pivot pin can be computed as

Z Oy vit_inside

Ocs, .
+ J. R, sin(y, + o)
(27

C2t

Qe .
:J.O RI‘D[ Sln(y/st + as )ijansdas

o, —
><|:(Pmax _Pmin)S—CZ[-'—Pmin bde(XS

Oc3 —Ocoy
2z . (15)
+ R, sin(y, +o)P, bR dox,
O3y
Force due to pressured oil outside main ring

(through the control orifice)
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Considering the oil chamber outside the ring through
the control orifice (see Fig. 1), the relationship between

input and output flow rates during a small rotation of

the ring, 99, can be expressed as

V,u dP.

— t t
Qinﬂow - Qoutﬂow =—2 o

B dt
/]

(16)

(a) Motion analysis of main ring

-

(b) Pressure analysis at outside chamber
Fig. 6 Pressure distribution outside main ring

where:  Pinflow ad Qoufiow are the input and output flow

rates computed correspondingly by (17) and (18); Vour

is the chamber volume which can be measured

accurately by using the pump design software; Hoil is
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Bulk modulus; “outis the pressure derivation.

2
- Pmax _Pout)

Poil (17)

=C, A

or<-or

—

Qinﬂow

where:  Cors4or-and Poiiare in turn flow coefficient,

area of the orifice, and mass density of oil.

Hip

Qoutﬂow = _J.’u (Opold(DSiIl;U)led/u
la
Hp
0,05dpsin u |bRy
J-,”za ( P )
I
+J- zb(O 2al(psill,tl)szaﬂu
Hrq
I
+J. 4b(O O4d(ps1n,u)bR4dlu (18)
Haq

The total moment acting on the ring outer surface
caused by the pressured oil to make it rotate around

then pivot pin can be obtained as (see Fig. 6)

ZMOpioilioumide I O Ol sin ¢ outled:u

I 0,05 pOs.sin (Fy bRyd

Hyp ———
- O 02 Slnﬂ Outszd/’l
2a
Hap
- 0,0, pOysin iFy bR,d 1t (19)
Haa

Force due to centrifugal effects of vanes and oil
volumes between vanes

Centrifugal force generated by an oil chamber
between each two consecutive vanes is firstly analyzed
in Fig. 7. The centrifugal force of this chamber is
presented by a vector Foi cen(i) positioning at the

chamber mass center G; which can be presented by

A
G' 1 _ AitAizA(' t

é i — i+1)

Q SA,.,A;*,MN

(20)

where: W; and Q are the mass centers of the

AGAGMN and Al (i plocks, respectively; and:

1
AdATA Gy E(ﬁz ~Bii) (P = ;)

Sa,ALMN =(Bi=Bn)(pi—R.) (21)

A Feen(m;)
Vane i" 1) U Vane i+ 17
N A(i+1)t”
T |
: I
N |
4] > | |
I Qf : |
. I
Q‘t Q : |
. I
| I
: I
~J
}N SU V ™
! |
: |
| R

ﬂi _:Biﬂ

Fig. 7 Centrifugal force generated by an oil

>

chamber volume between two consecutive vanes
By using simple calculation, the following relation

can be obtained:

GU-= ¢ Xpi+pi+1_2Rr+3+2§XPi_Rr

S P 3 3+3& 2
1M 3+2§ IB :Bz+1
UM =5 (22)

Fig. 8 Centrifugal force effect on ring rotation

From (22), the coordinate of G; is finally calculated as

N (23)

47
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Centrifugal force of an object of mass m; travelling
in a circle with radius R(m;) around the rotor center can

be computed as (see Fig. 8)

Fcen(m[)zm[sz(mi) (24)

where: m; and R(m;) are defined as in equation (25),
(26) and (27) corresponding to an oil chamber between
two consecutive vanes, an oil chamber under each vane

and a vane.

mi - (SAirA;A(HI)r * SAizATIMN )X bx pOil
R(m;)=0,G,

(foranoilchamber between two consecutive vanes ) (25)

m; =1, X(R. =R, +1,; —h,)XbX p

R(m;)=R., +(R. —R., +1,~h)/2

(for an oil chamber under a vane) (26)

m; = ththbxpsteel
, (fora vane)
R(m;)=1;+R.—h,/2 27)
where: &, is the length of vane; Pstwelis mass density of
vane material — steel.
The total moment acting on the ring caused by the
centrifugal forces of N vanes and N oil chambers are

derived as

OpMi=\/Oporz+R2(mi)—20pOrR(mi)cos(0(,(mi)+l//,,) (29)

(30)

Force of compression spring

From Fig. 5, the moment generated by the spring

force can be computed as

spi

Mo, ==F,,, O Heos(¢c) 3D

where: OpHis a constant obtained based on distance

48 szonmr|AsR 2012 12
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O05Co  and angle %co defined when the ring is at the

initial position; Pc =%, _d¢; and Fopris derived as
F:vpr = FsprO + ksprxspr;

( F{,.o 1s pre-load forceof thespringat initial position ) (32)

Xy =0pH(tan(¢c)—tan(¢ca )) (33)

Finally, the ring rotation defined by summing

moments acting on the ring around the pivot point:

[ring(p = zMol)imliinside + ZM

D My M (34)

Oy, oil_ourside

here: Iing is the ring moment of inertia.

3. Modeling results

3.1 Modeling process

In this section, numerical simulations and analyses
have been carried out based on the vane pump model
developed in Section 2 in order to evaluate the working
performance of the pump. The setting parameters for
the pump model were obtained from the designed pump
geometric as shown in Table 1. The pump speed was

simulated up to 4000rpm.

Table 1: Setting parameters for pump model

Parameter Unit Value
Rotor radius, R, mm 24
Slot elﬁdﬁfsi’n; W— curve mm 13
Ring inner c];mtour radius, mm 275
Ring dépth, b mm 28
Number of vanes, N 9
Vanetvdixmz?sion: mm X mm 2.5 x 10
Spring stiffness, kspr kgf/mm 4.544
Spring pre Fsl:i:dmg force, kef 30.8992

O,H =80.06mm;HC, = 29.7mm;
OpOl =24mm; OpO2 =38.75mm;
0,0, =38.15mm;0,0, = 48.15mm,

Other geometric parameters

R, =15mm; R, =33.25mm;
R, =5mm;R, = 5mm;
Oil SAE 5W 20
N/m’ 1.5 x 10°
Bulk modulus, ﬁoil
Oil SAE 5W 20 Density, ;
kg/m 852
Poil
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3.2 Simulation results

First of all, the pump model was tested in the free
load condition. In this condition, the suction port was
connected from the oil sump and the pumped flow rate
was directly return to the oil sump without any
restrictor. Fig. 9 then displays an analysis of the first
the

derivatives generated by these vanes in case the pump

four consecutive vanes as well as volume

speed and discharge pressure are in turn kept at

constant values: 500rpm and 1bar.

[ Vanet; Vane 2; -

ane 3, —— Vane 4| |

Vane Lift [mm]

RN > | SR
0.1 0.2 0.3
Time [s]

(a) Analysis of vane lifts

[ Vane 1; - Vane 2; -—--- Vane 3; —— Vane 4

<

N

dVuv - Volume Derivative [nm3/1e-4s]

0.0 0.1 0.2 0.3
Time [s]

(b) Analysis of volume derivative under vanes

2000 ~Vane1;------—- Vane 2; -~ Vane 3; —— Vane 4

1000 |

-1000

dVbv - Volume Derivative [mm3/1e-4s]
o

-2000 -

. ! . ! .
0.0 0.1 0.2 0.3
Time [s]

(c) Analysis of volume derivative between vanes
Fig. 9 Analysis of four consecutive vanes

With the counter-clockwise rotation of the rotor shaft,

the movements of vanes were obtained as shown in

2 .ot AT .

(SNp=Ye)|
ELCaE=1

- ol A
Fig. 9a. Consequently, the volume under each vane and
volume between each two vanes generated by the vane
lifts were analyzed in figures 9b and 9c, respectively.
The vane movement was also checked with different
pump speeds while the pressure was still kept at the
constant value. The results were then observed and
plotted in Fig. 10. From this figure, it is clear that the
vanes functioned well in all the conditions.

In vanetype oil pump, if considering that the vane
thicknesses is small enough to neglect, the theoretical

pump flow rate can be approximately calculated as,

Q th_app

0, (@)= bR -R)=Z05(R-R) o

To verify the theoretical flow rates produced by
employing the proposed theoretical model, the flow
rates obtained by (13) with respect to different working
speeds are compared with the flow rates approximated
by (35). The comparison result is shown in Table 2.
From this table, it can be seen that the model functions

well in deriving the theoretical pump flow rate.

Table 2: Comparison of theoretical flow rates

Speed [rpm] 1000 | 2000 | 3000 4000

O from (13) 1 9335 | 59747 | 88238 | 117.815
[Ipm]

Qi from (33) 151700 | 63403 | 95.134 | 126,845
[Ipm]

500rpm;

Vane Lift [mm]

0.05
Time [s]

Fig. 10 Analysis of vane movement with respect
to different pump speeds

0.10 0.15
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Next, the steady-state flow-pressure characteristic of
the pump model was investigated as depicted in Fig.
11.
pressure values and different pump speeds in the free-

The flow rate was checked at different setting

load condition. The flow — pressure characteristic points

) 500rpm
,,,,,,,,,, 1000rpm
,,,,,,, 2000rpm
Y T 3000rpm
] —— 4000rpm
s
o 80
(0]
14
g
£ 60
T
S [
& 40 -
Q
o
[=
20
0 PN R NI N L
| 2 s - 14

Dis-charge Pressure [bar]

Fig. 11 Steady state flow - pressure characteristic
[od
Dp
Load
Restrictor
] Self-Adjusting .
Mechanism Oil
Sump ‘
Fig. 12 Simulated lubrication system
= [ 1000rpm; - 2000rpm; -~ 3000rpm; —— 4000rpm]
o
@
® 100 |-
§ o B B
E
5 50
s URIRY U U
=
E 18 = \ 1000rpm —————— 2000rpm 3000rpm —— 4000rpm]
§ sl /)
g of
o
QA
5 2
g 0 | | |
. 4Ar -~ 3000rpm; —— 4000rpm|
g sl - q
w
0
0.0 0.2 0.3 0.4
Time [s]
Fig. 13 Performance analysis in constant load
condition
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out that a higher pressure level is corresponding to a
higher reduction of pump displacement, or the higher
the

significant rising of the force acting on the ring due to

reduction of pump flow rate. The reason is
pressured oil outside the main ring (see Section 2.2.3D),
subsequently degrading the eccentricity of the rotor and
the ring inner contour.

As a result, the pump flow rate is decreased and
becomes to zeros when the ring inner contour center
coincides with the rotor center.

Finally, the pump model was tested in case of
connecting the pump delivery port to a load component
before returning to the oil pump. In this case, the load
is simulated as a fixed flow restriction valve (orifice) as
depicted in Fig. 12. The valve could allow the flow
rate with maximum of 135 Ipm corresponding to a
The

simulations were performed with three different pump

10bar of the pressure drop over this valve.

speeds while the valve opened area was set to 80%.
The results were then obtained as plotted in Fig.13. It
can be seen that with low speeds as 1000rpm and
2000rpm, the eccentricity between the rotor and the ring
was stable at the initial state (maximum eccentricity)
(see the bottom sub-plot in Fig.13). It is because the
low speeds performed corresponding low delivering
flow rates which were fully allowed to pass through the
restriction valve. The delivering pressures in these cases
were then quite low (see the middle sub-plot in Fig.
13). Since, the total generated moment around the pivot
pin was not enough to make the ring rotate. Only when
the speed was increased as 3000rpm and 4000rpm, the
pumped flow rate was over the capacity of the
restrictor, consequently causing a rising in the delivering
pressure. This high pressure level created the moment
around the pivot pin largely enough to rotate the ring.
As a result, the eccentricity was automatically changed
to the steady-state position to adjust the delivering flow.
The pump operation in this case can be seen clearly in
Fig. 13 with the dash-dot-blue and solid-black lines. The
results prove that the pump has enough ability in auto-
adjusting the displacement with respect to each working

condition.



o

ofd

o pa

4. Conclusions

The

displacement vane-type oil pump for lubrication systems

mathematical model of a typical variable
has been presented in this paper. By employing the
displacement control mechanism based on the working
pressure and the balance spring, the lubricating oil can
be easily and continuously adjusted with respect to the
desired performance to obtain the highest lubricating
efficiency. A variable displacement vane-type oil pump
made by MyungHwa Co. Ltd. has been investigated.
Consequently, the mathematical model and theoretical
flow rate of this pump was developed and analyzed
based on its design and dynamic analyses. Finally,
numerical simulations have been carried out to
investigate the working performance of the designed
pump model. The simulation results show that the pump
with

requirement. This variable displacement vanetype oil

could adapt well any engine lubrication

pump with the developed model may become an

advanced solution for industrial machines with

lubrication purpose in the near future.
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