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Development of Transformable Lung Positioner for Thoracoscopic Surgery
(Design and Fabrication for Improvement of Suction Force and

Simplification for Disposable Structure)

Hiroyuki MIYAMOTO, Toshio TAKAYAMA, Toru OMATA, Hiroyuki OHIZUMI

In thoracoscopic surgery for lung cancer, surgeons manipulate the lobe of lung to proper positions to approach to
surgical sites. However, the tissue might be damaged while it is picked up with a conventional thin shaped forceps. To
overcome the problem, a transformable lung positioner that can be inserted from a 12 mm port was previously developed.
The device has three links, each of which has suction cups for adhesion. It is transformed from a linear shape into a
triangle, which allows wider area. Requirements for the positioner are as follows. It can lift up more than 500 g, which is
heavier than the average weight of a human lung 445 g. Such a device must be disposable for clinical use because the
tissue or blood might be sucked up into the device. Therefore the structure should be simple. The suction force of the
previous positioner was insufficient and its structure was too complicated. Therefore this study redesigns the structure of
the flow path and develops components for the positioner applying silicone rubber and plastics for the materials of the
device. Their intrinsic flexibility and bio-compatibility are advantageous. The components were fabricated and assembled
into the new positioner. To increase the suction force, we also developed bellows shaped suction cups that can fit to a soft
tissue. The new positioner can lift up porcine liver weighed 510 g.

Key Words : Pneumatic system, Medical Equipment, Thoracoscopic Surgery, Transformable, Silicone Rubber,

Suction Cup, Valve, Hinge, Bellows
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(b) Bottom view

Fig. 10 Overview of the suction assist valve

Disc Hole
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Sealing
(2) Applied negative pressure
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(1) Initial state

(3) Contact with objects (4) Steady state

Fig. 11 Motion of the suction assist valve

(a) Disk part (b) Seat part (c) Assembled
suction assist valve

Fig. 12 Assembly of suction assist valve parts
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Fig. 13 Bellows shaped suction cup with a filter
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Fig. 15 Transformation of the positioner
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Table 1 Verification of the suction assist valves

No. 1 2 3 4 5 6 7 8 9
Pressure| 15 05 35 06 45 60 34 10 08
decrease

(kPa)

Decrease) 38 13 88 15 113 15 85 25 20
ratio (%)
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Friction Characteristics of Vane for a Balanced Vane Pump™

Yoshiharu INAGUMA **

This article describes the friction characteristics at a vane tip, which causes primary loss of torque in a balanced vane
pump, through the measurement of the coefficient of friction at the vane tip using cylindrical test rings having various
values of inner surface roughness. Especially, the influence of operating conditions such as operating pressures, rotational
speeds and oil temperature on the friction characteristics is experimentally investigated. Under the situation that the
coefficient of friction becomes lower by lessening the surface roughness in the region of less than 0.7 umRz, the coefficient
of friction increases with an increase in the pressure acting on the vane in this region. However, both a rise in oil
temperature and a decrease in the rotational speed (the vane sliding speed) make the coefficient of friction higher
independently of the surface roughness. In addition, a mathematical model for the friction characteristics at the vane tip
under a fixed pressure condition is proposed by using the sliding speed of the vane and the oil temperature instead of the

viscosity of oil as parameters. It can well simulate the relationship between the coefficient of friction and the operating

conditions for each ring with a different value of the surface roughness.

Key words : Fluid power system, Hydraulic vane pump, Vane tip, Tribology, Friction, Operating condition

1. Introduction

A balanced vane pump has been widely used for a
hydraulic power steen'ngD and a continuously variable
transmission””® in a vehicle because it has an advantage of
low pressure ripples and low noise in addition to its
compactness and lightweight. However, the balanced vane
pump generally has a disadvantage that the friction torque of
vanes is signiﬁczlnt4> because the vanes are always pushed to
an inner surface of a cam ring by the delivery pressure. In
order to improve the efficiency in such a system, it is desired
to reduce the friction torque in the pump.

The author theoretically revealed how a ratio of the cam
lift to the vane thickness and the friction at the vane tip
affect the mechanical efficiency in the balanced vane pump”.
In addition, reduction in the friction of the vane under a
constant oil temperature was verified by smoothing the inner
surface of the cam ringS). As a means to reduce the friction
torque of the vane, to lessen the surface roughness of the
cam contour was also attempted by using coated vanes in an
actual vane pumpe). For measurement of the coefficient of
friction, a cylindrical ring with a constant inner radius is
practical and several studies using vanes with or without

coatings at the vane tip were reported‘”"r’) 0 However, the

*Manuscript received October 21, 2013
**TTEKT Corporation
(1-5-3, Tado-cho, Takahama, Aichi, 444-1323, Japan)
E-mail: yoshiharu_inaguma@jtekt.cojp.
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influence of the operating conditions, especially the oil
temperature, on the friction characteristics at the vane tip
has been unclearly investigated. In addition, the effectiveness
of lessening the surface roughness for the reduction in the
coefficient of friction should be closely investigated.

In this work, the influence of the operating conditions
including the oil temperature on the coefficient of friction at
the vane tip is clarified for cylindrical test rings with various
values of inner surface roughness. Then, a practical
mathematical model to simulate the changes in the coefficient
of friction at the vane tip is presented for the test rings with
the various values of the surface roughness.

2. Nomenclature

b : rotor width (mm)

C,  characteristic constant (—)

F, :vane force (=wbp,) (N)

Nt rotational speed of rotor (min™)

p, : inlet pressure of test apparatus (MPa)
p, - outlet pressure of test apparatus (MPa)
.- inner radius of cylindrical test ring (mm)
T driving torque (Nm)

T, : friction torque independent of p; (Nm)
" friction torque of vane (Nm)

v sliding velocity of vane tip (=Rw) (m/s)

v,  characteristic constant (m/s)
w  : vane thickness (mm)
z . number of vanes (—)
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o : characteristic constant (—)
A coefficient of friction at vane tip (—)
lo - characteristic constant of vane friction (—)
4 - viscosity of oil (Pa-s)
- oil temperature (C)
o angular velocity of pump (=2zN/60) (rad/s)
@,  characteristic constant (rad/s)

3. Experiment

For understanding the friction in sliding parts of a
hydraulic pump, it is very important to measure the
coefficient of friction by using parts with similar material and
shapes to the actual pump parts under the same sliding
condition. Figure 1 shows a cross-sectional view of the test
apparatus for measuring the coefficient of friction at a vane
tip. In the apparatus based on an actual vane pump, a
cylindrical test ring with a constant inner radius is used
instead of a cam ring. The rotor and the vanes are from the
actual vane pump, and the rotor has ten vanes. Two side
plates made of ferrosinterd alloy without heat treatment
have no port to communicate with pump delivery and have
vane back pressure grooves to lead the delivery pressure to
the bottom of the rotor vane slot. The vane tips slide on the
inner surface of the test ring with the loads due to the

delivery pressure.

=

17

-
=

Oil seal  'Shaft

Vane back pressure groove

Fig 1 Cross-sectional view of test apparatus

Figure 2 shows the dimensions of the test parts. The inner
radius of the test ring R, corresponds to the small radius of
the actual cam ring. In the previous study, it was found that
the iner surface roughness affected significantly the
coefficient of friction”. Therefore, seven test rings having
different values of the inner surface roughness were
prepared in order to investigate the friction characteristics in
detail. The test rings A to E were made of the same material
as the actual cam ring and the test rings F and G were made
of high-speed tool steel, the same as the vane. The test rings
had inner surfaces finished by grinding or lapping. The

surface roughness was measured in four parts per ring at

F45% Ha4E
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right angles to the sliding direction of the vanes, and their
values are presented in Table 1. The surface roughness
becomes finer in alphabetical sequence for the test rings. The
vanes with two kinds of thickness w were finished by barrel
polishing to roughness of about 03 umRz at their tips.
Because the surface of the test rings and vanes were harder
than Hv 650, its roughness hardly changed after the test.

Test ring Vane
5
al4-— ] h
g Vane height : h=8.7mm
al kF-- Vane tip radius: R,=2mm
| SR 220 Vane thickness:Dw=1.4mm
nner radius:R,=20mm
b} width: b =15mm @w=1.8mm
— |Rings Ato E: Quenched high-speed tool
-8 | Carburizes and quenched steel
| ferro-sintered alloy
2 [Rings F and G:
Quenched high-speed tool steel
Outer diameter of rotor at vane slot: 39mm
Vane slot clearance: 0.020 — 0.025mm

Fig. 2 Specifications of test rings and vanes

Table 1 Surface roughness of test rings

Test |Surface roughness (um Rz)

ring|  Values at four sections  (average)
A | 1398 1468 1460 1520 (1462)
B | 0546 0980 1460 0513 (0697
C | 0550 0502 0477 0532 (0515)
D | 0319 0369 0520 0398 (0402
E | 0177 0252 0257 0177 (0216)
F | 0108 0124 0094 0136 (0116)
G | 0116 0098 009% 0105 (0104

Figure 3 shows the experimental system. After a
regulation of the inlet pressure at p,, oil from a feed pump
was introduced to the vane bottoms through the vane back
pressure grooves of the side plate in the test apparatus. The
inside of the test ring was filled with the oil of the outlet
pressure p, equal to the atmospheric pressure. The vanes
slide touching their tips to the inner surface of the test ring
by p;. The oil temperature 6 was measured at the inlet of
the test apparatus. The properties of the hydraulic fluid,
commercial mineral oil, are given in Table 2.

For the apparatus having the test ring with no cam lift, the
driving torque T becomes the total friction torque of the
shaft, rotor and vanes. In the test, the torque was measured
twice at the same operating condition. After setting the
pump speed N and the oil temperature 6 at a measuring
point within 10 min™ and + 3 °C, respectively, the driving
torque (total friction torque) 7 was measured in the process
to increase the inlet pressure p; and to decrease it again.

During the measurement of 7, p; was maintained within =
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002 MPa. Through the entire test, the maximum value of the
difference between the two measured values of 7 at the
same condition was 008 Nm. In this work, the mean value of

the two measured values was adopted as 7.

Torque meter
(magnetostriction type)

Vane back
pressure
groove

Test
apparatus

Variable speed p.= Relief valve
DC motor (22kw) 2 %>
Heater and cooler
[ -

L

Fig. 3 Experimental system

Table 2 Properties of oil (equivalent to
ISO VG 32)

Temperature (C) | 40 60 &0

Density p (kg/m) | 85 842 829

Viscosity u# (pa-s) | 00293 00153 00089

4. Experimental results and discussion

4.1 Coefficient of friction

Figure 4 shows examples of the relationships between the
pressure p; and the total friction torque 7 in the cases of the
test rings A and G. The test ring A has a relatively rough
surface roughness. Figure 4(a) shows that 7 has a linear
increase against p, for each N. Then, for the change in T
against p,, the Y-intercept, ie. T at p,=0, is denoted as T,
Then, T is divided into two parts: 7, independent of p;, and

T, dependent on p,, as expressed by the following equation.
T=T,+T, (1)

In these components, 7, becomes the friction torque of the
vane pushed on the test ring inner surface. In the test ring G
with an extremely fine inner surface, 7 is considerably low
compared with that of the test ring A at the same p,, as
shown in Fig. 4(b). However, the change in T against p, is non-
linear. For the nondinear p-T characteristics, the Y-intercept,
T, should be determined by using 7 in a low region of p,, as
shown in Fig. 4(b). In this work, 7, was determined through
a linear approximation using three values of 7T at p; less than
1 MPa. The maximum error between two measured T for

each value of T is shown in Fig 4. In the test ring G having
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the lowest friction characteristics in all the test rings,
although the ratio of dispersion to 7 becomes greater because
of their low values, the mean values would have no problem
to discuss p-T characteristics for the test rings.

Testring A w=14mm 6=60°C
Surface roughness
' <
3 g
‘:/.
; Al /
_ Spm) =t = S /‘/
£ | o n~=500min-t 2
= 2~ o N=1500 min-! A
— ® N=3000 min-!
Max. dispersion =~
E0.08 Nm
Tﬂ
1 -
2
L’
7
o | | | L 4lo
0 1 2 3 4 5 6
py  (MPa)
(a) Test ring A
1.2
TestringG w=1.4mm 0=60°C
Surface roughness
=222 FL“ LLE]
os EEEEEEE
g Max. dispersion -
z T0.08 Nm %,/i ~
~ | _$— Y X L= T,
041 - o N= 500 min-!
& @ N =1500 min-1
® N =3000 min~!
To
0 | | | | |
0 1 2 3 4 5 6
py (MPa)

(b) Test ring G

Fig. 4 Relationships between p, and 7 in test rings A and
G (Influence of rotational speed)

Figure 5 shows the relationship between N and T, for the
test rings A and G as examples. When the pump operates,
both the vane force caused by the pressure p, and the
centrifugal force of the vane act on the cam contour. The
centrifugal force depends on the square of the rotational
speed N independently of the pressure. Using a method of
dividing T into 7', and 7, shown in Fig. 4, the friction torque
of the vane due to the centrifugal force is considered to be
included in 7;, When the centrifugal force is significant, 7',
would increase non-inearly with increasing N. The actual
change in T, against N was almost linear.

Because 7, is important for the analysis of the coefficient of
friction at the vane tip, the changes in 7, according to the
operating conditions, especially oil temperature, were
investigated for each test ring Figure 6 shows the
relationships between p, and 7, of typical five test rings at

the rotational speed of the rotor N of 1500 min" for three

20144E 7 H CPI%264E)



Yoshiharu INAGUMA : Friction Characteristics of Vane for a Balanced Vane Pump 61

kinds of oil temperature #. To make it easily seen, Fig. 6 is
divided into two. In all the test rings, only the test ring A
with the average surface roughness greater than 1 umRz
has a linear change in 7, against p,, including the results at
other N. It was already reported that a test ring with a finer
surface roughness has lower 7,. However, it is a notable fact
that 7, increases with an increase in oil temperature for all
the test rings including the test rings B and F.

0.6
04+
1S
Z
= 2 oil Test ring
0.2 temp. A G
0=40°C | —O— | ——
0=60°C [ —Q- - [ —A -
0=80°C | —@—[—A—-
0 | | | | |

0 500 1000 1500 2000 2500 3000
N (min-1)

Fig. 5 Change in 7, against N

By dividing 7 into 7, and 7,, the effect of the centrifugal
force is considered to be eliminated in 7. Then, 7, can be

expressed by the following equation.
T,=AzbwR_ p, (2)

From the measured 7, 2 can be reversely estimated as

follows.
=T,/ (zbwR. p,) (3)

In this experiment, 4 means the average value of the
coefficient of friction for ten vanes. Figure 7 shows the
relationships between p, and 2 calculated from 7, in Fig. 6 for
the five test rings. The torque error of =004 Nm
corresponds to the error of 001 at p,= 1 MPa or 0002
at p;= 6 MPa in A The magnitude of this error would enable
to discuss the difference in the coefficient of friction for the
various test rings, as shown in Fig. 7. Except for the test ring
A, 4 becomes higher with increasing p,. In particular, the test
ring C with a surface roughness of about 05 umRz has a
distinct increase in A with increasing p,. As the surface
roughness becomes smaller, the increasing rate of 1 against p,
becomes smaller. For all the test rings, it is clear that 4
increases with rising oil temperature. The same results were
obtained at other rotational speed N. In the results shown in
Fig. 7, it could be considered that the vane slides under the
condition near the boundary lubrication for the test ring A

and under the mixed lubrication for the other test rings.
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When a test ring has an extremely fine inner surface ie. the
test ring G and makes a condition near hydrodynamic
lubrication, an increasing rate of 4 against p; and the influence

of oil temperature become small.

3 Ring[dCC)| w=1.4 mm P
24401 N=1500 min-t ‘
A | 80
D | 40
~2 D | 60
S D | 80
Z G | 40
G [ 60
c TG [80
il
00 1 2 3 4 5 6
p; (MPa)
(a) Test rings A, D and G
3 Ringl0 (CC)l = 1.4 mm
—A&—|C |40 :
—A - C 60| N=1500 min-'
—A—-C[80
~2 E
1S E
£
il
0
0 1 2 3 4 5 6
Py (MPa)
(b) Test rings C and E
Fig. 6 Relationships between p, and 7,
0.14
w=14mm N=1500 min-1
012 |
0.10 |-
Ring|[# (°C)] Ring|# (°C) Ring|4 (°C)
0.08-[—O0—| A [ 40 [—O—| D[40 [——] G| 40
—® -| A |60 [—® -] D[ 60 [—>-] G| 60
= —o— | A[80 [—®- D] 8 [—@- G| 80
0.06 |-
0.04 |-
o
0.02 |- W
‘ ‘ Error ranqe correqunding to OA‘OS Nm
0 0 1 2 3 4 5 6
Py (MPa)
(a) Test rings A, D and G
0.12 -
Ring|d (°C) —
C 1 40 w=14 mm
— A -] C | 60 N=1500 min-"
010 F[=A=-[ C [ 80
I——[ E | 40
— ¥ -| E | 60
0.08 |-[=%=-1E [ 80
~ 0.06 |-
0.04 -
0.02 |-
O | | | | |
0 1 2 3 4 5 6

P (MPa)
(b) Test rings C and E

Fig. 7 Relationships between p, and 4
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Although the previous study presented that the roughness
of the sliding surface affected the coefficient of friction 2 the
influence of the operating conditions on the relationship
between the surface roughness and A was insufficiently
clarified. Figure 8 shows the influence of the pressure p, on it
under the condition of N=1500 min" and #=60"C. From this
figure, it would be interesting that A increases with an
increase in p; for the test rings B to E and that the change in
A becomes small for the test ring A with the roughest inner
surface of 15 umRz and the test ring G with an extremely
fine iner surface of 02 umRz This tendency appears
remarkably at a high rotor speed or a low oil temperature.

0.14

w=1.4mm greater Py

0.12 |- N=1500 min-1 o f n

| 9=60°C $ i s s
010 Testring A

< 0.08 1 p; (MPa)

B u 5.88
0.09 Al 490

— . [ ] 3.92
004 ol 204

- (g A 1.96
0.02 E ol 0098

0 e ! L !
0 0.4 0.8 1.2 1.6

Surface roughness (um Rz)

Fig. 8 Relationship between surface roughness and 4
(Influence of pressure)

For the influence of the rotor speed N and oil temperature,
the results under a high pressure condition, ie. p, =588 MPa
are shown. Figure 9 shows the influence of N on the
relationship between the surface roughness and /4 at 6 =60
°C for five kinds of N. In the range of the practical N, 4
becomes lower with an increase in N independently of the

surface roughness.

0.14
: |
0.12 =9. '/_‘:_Q_:.—_'..—_' .':.:::.—_‘T‘_—.g
0.10 F (/2 SRS :.‘..‘:.‘:}
0.08 higher N Testring A
< N (min~")
0.06 [¢) 1888
A
0.04 o 1500
[ 2000
0.02 A 3000
| 1
0 0 0.4 0.8 1.2 1.6

Su;'face roughness (um Rz)

Fig. 9 Relationship between surface roughness and 4
(Influence of rotational speed)

Figure 10 shows the influence of oil temperature on the
relationship between the surface roughness and A As seen
from this figure, 4 increases with rising oil temperature for

each rotor speed N independently of the surface roughness.
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Also for the surface roughness greater than about 0.7 umRz,
with which the vane slides under the condition near the
boundary lubrication, 2 remains constant despite an increase
in the surface roughness for each oil temperature. The
similar results were obtained in other cases of N.

0.14 higher 6
012 —_—T ==
j =3
0.10F Testring A
0.08 |-
< w=14mm
0.06 |- p,=5.88 MPa
N=1500 min-*
0.04 0 O #=40°C
0.02 | ® 9=60°C
‘ ® 9=80°C
0 | L
0 0.4 0.8 1.2 1.6

Surface roughness (um Rz)

Fig. 10 Relationship between surface roughness and 4
(Influence of oil temperature)

For the friction at the vane tip, the oil film thickness at the
vane tip formed by sliding of the vane would be an important
factor. Based on the elastohydrodynamic lubrication (EHL)
theory, the oil film thickness at the vane tip was
calculated? . According to the calculated results, the oil
film became thinner with rising oil temperature (decreasing
the viscosity of oil) or with a decrease in the sliding velocity
of the vane” ™ . Furthermore, it was calculated that the
coefficient of friction increased with an increase in oil
temperaturew. When the oil film becomes thin, the area of
metal-tometal contact between the ring surface and the vane
tip increases. Then, it could be inferred that the coefficient of
friction increases because of a decrease in the support caused
by the oil film for the vane force. In a study on the friction
loss of hypoid gears, it was revealed that a higher oil
temperature of lubricant brought a greater increase in the
temperature on the gear tooth surface due to an increase in
the heat generated by the friction loss™.

4.2 Modeling of friction characteristics

From Fig 7, it is found that the pressure and the oil
temperature affect the coefficient of friction A Furthermore, it
could be understood from the difference in the slope of 7,
against p; in Fig 4 that the rotational speed of the rotor,
namely the sliding velocity of the vane, affects 4. Then, it is
attempted to represent 4 using the non-dimensional
parameter S, which is used to represent the friction

characteristics in plain bearings and denoted as follows.

S=uv/(F,/b) = w/ (whp,/b)
=uv/ (wp,) (4)

In Eq. (4), the oil temperature and the rotational speed of
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the rotor N are taken into consideration as the viscosity of oil
u and the sliding velocity of the vane v, respectively.

Figure 11 shows the changes in 4 against S indicated on a
logarithmic scale. In this figure, the values of 4 for five kinds
of test rings, five kinds of N and three kinds of oil
temperature are plotted all together. The data of 4 at the
same oil temperature are related together using three kinds
of lines. An obvious fact is that the change in values of 4 can
be roughly classified by the test rings with a different surface
roughness. In the cases of the test rings D, E and G with a
finer inner surface, it might be possible to roughly represent
the change in 4 against S with one curve because of their
much lower values as a whole. The representation of S—4
characteristics using one curve, however, would be difficult
for the test rings A and C.

Test rin

AlC[DJETG o
pr(MPa)[196] © T A TOTV IS I 3'2808
92 o A ] v RO 6);80"0
0.14 88| © | A | m |V e
’ N=500, 1000, 1500, 2000, 3000 min-"
02)e [ . w=14mm
010,
0.08 |-
< LN
0.06 ¥ o et
0.04 [re..___
0.02
0
106 10-5 104
S

Fig. 11 Changes in 4 against S for various operating
conditions

Because the friction at high pressures is important in the
actual pump, the data at p, =588 MPa were selected from
Fig. 11 and plotted again in Fig. 12. In comparison with Fig.
11, the figure becomes straightforward. However, it is
considered to be still ineffective to represent the change in 4
using S for the variations of N and the oil temperature.

The previous studyu) reported that the friction torque
characteristics in hydraulic pumps including a vane pump

could be accurately represented by the following equation.

r=— S0l 1,0 0=0 |ap
1 +(w/w,) 'oo,

+ (Cu+C,) Vo +T, (5)

In Eq. (5) V,, is the theoretical pump displacement, Ap is
the pressure differential across the pump, and Cy, @, o, G,
C,, C, and T, are pump constants independent of @, Ap and 6.
In addition, 6, is a typical working oil temperature used as
the standard in the test. By comparing Eq. (5) with Eq. (1) and
changing Ap to p, the following equations can be deduced.
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CroVan -6
n=— S| 1+C o p (6)
1 + (/) [ Lo, l
T,= (Cu +C,) Voot T, (7)
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Fig. 12 Changes in 4 against S at p; =588 MPa

In Eq. (6), 1+ (w/m)* is an additional term representing
the change in 7, against @, and 1 +C,(0-6,)/6, is an
additional term representing that against 6. At this time, CV,
in Eq. (6) corresponds to A@zwhR. in Eq. (2). Seeing Eq. (2), the
only changeable parameter is 4. Hence, by introducing 4,
independent of @ and @ as a constant, and following Eq. (6), 4

can be rewritten as A” as expressed in the following equation.

« Ao 0—0
r=—="_l1+c 0
1 +(w/w,) [ bb, j

Ao 0—-0
=— _l1+¢, T 8
1+(v/vy) ( ! 0, ] 8

In Eq. (8), v (=Rw) and v, (=Rw ) are finally used,

because the use of

the sliding velocity of the vane v is
better than that of the angular velocity of the rotor @ to
discuss the friction.

Figure 13 shows the change in 4 for p; =588 MPa. In this
figure, not S but the sliding velocity of the vane v is used as
the abscissa, and both @ and N corresponding v are also
indicated. In comparison with Fig. 12, this figure makes it
easier to understand the influence of the oil temperature on
the relationship between v and A for the test rings with
various values of surface roughness. It was attempted to
represent the changes in A for five test rings using A°
expressed by Eq. (8).

As seen in Fig. 13, Eq. (8) can also represent the change in
A against the various values of v and the oil temperatures for
the various test rings. The result in the test rings B and F
are also similar although they are not shown. Representing
the change in 4 using 6 is considered to be better than that
using the viscosity of oil x. The values of constants in Eq. (8)
to simulate the changes in /4 for the five test rings in Fig. 13
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are presented in Table 3. Regrettably, the equation to
represent perfectly the change in 4 for all the operating
conditions of v, p; and @ was not constructed because the
increasing rate of 4 aganst p, changes complicatedly
according to the inner surface roughness, as seen from Fig. 7.
As a result, it was difficult to add the effects of the surface
roughness and p, to the equation representing the change in
A. However, Eq. (8) can well represent the change in 4 under
a fixed p, condition, and is very useful to understand the

behavior of the coefficient of friction.
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Fig. 13 Comparison between 4 and 1*

Table 3 Values of constants for v- curve (6,=60°C)

Test ring Ao v, (m/s) a G,
A 0.2004 6680 02547 00731
B 0.1958 0628 01612 00863
C 01134 1.362 03819 0.2649
D 0.1002 1.130 06439 06025
E 0.1389 0068 04441 0.1560

4.3 Friction Characteristics for extended vane force

A test ring with an extremely fine inner surface produces
an excessively low value of the coefficient of friction A It
would be interesting to know how the fine surface roughness
keeps low friction for increasing the vane force due to the

pressure. Therefore, by using the test ring F with a fine
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surface roughness of 0116 umRz (average), the influence of
the increase in the vane force F, on A is investigated. By
using a vane with a thickness w of 1.8 mm, the vane force
denoted as F, =wbp, can be increased.

Figure 14 shows the change in 7, aganst F, at oil
temperature of 60° C for the vanes with a thickness w of 14
and 18 mm. At N=500 and 1500 min", the change in 7,
against F, are almost identical independently of w. At N=
3000 min "', however, the values of 7, for w=18 mm become
much higher than those for w=14 mm at the same F, in the
region of F,>130 N.

S[wmm) 14118

N=500 mn "] 0 | A Testring £
N=1500 min | @ | A 6=60°C
N=3000min" | ® [ A
=2
= N
z (
= N=500 min~"
1k <
(w=1.4 & 1.8 mm) A N=1500 min-*
g g (w=1.8 mnq;m
=1500,3000 min-'
. ‘(wz 4 mm)
0 50 100 150 200
F, (N)

Fig. 14 Changes in T, against F,

Figure 15 shows the relationships between F, and 4 for the
vane of w=18 mm. As seen from Fig 15a) for N=1500
min, 4 increases gradually with an increase in F, and the oil
temperature 6.

Figure 15(b) shows the changes in 2 at N=3000 min ", and
A becomes higher in the region of £,>130 N for all the oil

temperatures. Regrettably, the cause of an abrupt increase in

0.08
Testring F N=1500 min-'
w=1.8 mm
0.06 [—o—6=40°C
—0— 0=60°C

~ 0.04 |-—@--0=80°C

0.02
0 l l l
0 50 100 150 200
F, (N)
(a) N=1500 min™
0.08
Testring F N=3000 min-"
w=1.8 mm
0.06 F—o— g=140°C
—0— 6=60°C
~ 0,04 |-—@-9=80°C
0.02
0
0 50 100 150 200
F, (N)
(b) N=3000 min™
Fig. 15 Changes in 4 against F, (w=1.8 mm)
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/ only at N=3000 min" was not clarified. However, this fact
suggests that a thinner vane should be used in order to

maintain a low friction condition.
5. Conclusions

In this work, the friction characteristics of a vane for
various operating pressures, rotational speeds and oil
temperatures were experimentally investigated by using
cylindrical test rings having various values of inner surface
roughness. As a result, the following conclusions were drawn.

For the test rings with an inner surface roughness less
than 07 umRz, the coefficient of friction decreased with
lessening the surface roughness but increased with
increasing the pressure acting on the vane. For the test rings
with a rougher inner surface greater than 1 umRz, the
coefficient of friction is independent of the pressure. With an
increase in the oil temperature and a decrease in the vane
sliding
independently of the surface roughness.

speed, the coefficient of friction increased

A proposed mathematical model using the sliding speed of
the vane and the oil temperature instead of the viscosity of
oil as parameters could well represent the friction
characteristics at the vane tip for each test ring with a
different value of the surface roughness.

In addition, in the test ring having low friction due to an
extremely fine inner surface, the coefficient of friction at a
high vane speed became higher at a greater vane force

independently of the oil temperature.
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Application of Electro-Hydraulic Servo Systems to Hot strip Downcoiler
(3rd report) Appling new Posicast Control to production Downcoiler

Hiroaki KUWANO

Many kinds of electro-hydraulic servo systems are applied to rolling mills such as a hot strip mill, a cold strip mill and a
seamless tube mill because their quick response, high power and high positioning accuracy. However when applying such a
system to a hot strip downcoiler, it was found that the controlled object has low natural frequency and is lightly damped so
that stable control is very difficult. In the first report, Optimal control theory was applied, however, the derived control
system was shown to be poor in robustness. Especially, the control effectiveness was highly influenced by the response of
the servo valve and the length of piping between the servo valve and the cylinder. In the second report, in order to
overcome this difficulty, a novel and practical control method was proposed and developed based on the Posicast Control
proposed by O.J.M. Smith in 1957, which can make the system stable and give a high response. In this report, the practical
design method of the proposed control system named new Posicast control is described, and it will be shown that this new
Posicast control system realizes a kind of dead-beat control and gives high response and robust stable control by using the
internal information of the controlled object. The effectiveness of the proposed control system is also shown by using the
data of a downcoiler operated in a production line.

Key words : Iron manufacture, Rolling mill, Hot strip mill, Downcoiler, Electro-hydraulic servo system, Lightly dampted

system, Posicast Control, Dead-beat control, Robust control
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Table 1 Calculation flow

+ Using equations (20) of 2nd report
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+ Using equations (a3) of appendix in 2nd report
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Table 2 Simulation conditions

Pipe Length 31lm
Servovalve 2stage type with moving coil driven
pilot servovalve

Rated Flow 500 ¢ /min at 69 MPa
Response 90Hz at 90° Phase Lag
Working Pressure 158 MPa
Cylinder (mm) Cylinder D: 224, Rod D: 132, Stroke: 1310
1, 108 % 10" kg - ni
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