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A Study on Vibrational Viscometers Considering Temperature Distribution Effect™

Ali AKPEK** Chongho YOUN™**, Toshiharu KAGAWA™*™**

In viscosity measurement, temperature control is very important. In this study, the effects of temperature distribution on
vibrational viscometers are investigated. Vibrational viscometers are preferred over other types of viscometers owing to
their low cost, easy to use and efficacious continuous viscosity measurement capability. The study was conducted in two
parts. In the first part, the challenge of unequal temperature distribution in vibrational viscometers was analyzed. The heat
generated by a heater during continuous viscosity measurement disperses every part of a sample fluid and influences the
fluid’s viscosity. Therefore, the sample fluid may have inhomogeneous viscosity values because temperature distribution
cannot be equal at every point in a fluid. This experiment is repeated several times with different temperature gradients
for gaining a better understanding about the effect of unequal temperature distribution on fluid viscosity. Experimental
outcomes show that under some conditions, viscosity measurement errors could reach 27.9%. This finding has been verified
by mathematical calculations. In the second part of the research, for solving the unequal temperature distribution problem,

the use of a magnetic stirrer for mixing up the fluid throughout the viscosity measurement with the aim of achieving

homogenous temperature distribution is proposed.

Key words : Vibrational Viscometer, Viscosity Control, Heat Transfer, Temperature Control, Measurement Error

1. Introduction

In industry, the ability to gather data on the viscosity
behavior of materials is important. Information about any
change in the viscosity behavior of materials may reveal to
manufacturers important product dimensions. Viscosity
measurement is the most convenient way of detectingchanges
in the color, density, stability, solid content, and molecular
weight of a material. Thus, improving existing viscometers is
important for furthering the improvements in the quality of
materials.

The concept of viscosity was postulated by Sir Isaac
Newton as “the resistance which arises from the lack of
slipperiness of the parts of the liquid, other things being
equal, is proportional to the velocity with which parts of the
liquid are separated from one another.” This ‘lack of
slipperiness” is viscosity”. Using this concept, all fluids can be
categorized by examining the relation between the applied

shear stresses and the deformation rate of flow of a fluid?.

*Manuscript received May 8, 2013
**Department of Mechano-Micro Engineering, Tokyo Institute
of Technology
(4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japan)
E-mail: akpek.a.aa@m titech.acjp
P&I Laboratory, Tokyo Institute of Technology
(4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japan)
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Based on the above definition, a viscometer can be defined
as an instrument that measures fluid viscosity. There are many
types of viscometers such as capillaIyS), U-tube, falling sphere,
falling piston, rotational”, electromagnetically spinning sphere,
stabinger, bubble, micro-slit, and vibrational viscometers”.

All types of viscometers have merits and demerits.
However, vibrational viscometers stand out owing to their
low cost, easy to use and efficacious continuous viscosity
measurement capabi]ity6>. Therefore, we consider vibrational
viscometers in this study.

Experimental viscosity-measurement data are often used
as the basis for determining the quality of selected fluids.
Accuracy is the key point in enhancing viscometers and
improving fluid quaﬁty”‘ o,

This work is focused on the temperature measurement
problem inside a flud and its effect on viscosity
measurement. The temperature measurement problem is
known to degrade the accuracy of vibrational viscometers.

For overcoming the problem of unequal temperature
distribution, the use of a magnetic stirrer in addition to
changing the sample fluid's temperature gradient, which
may allow for more uniform distribution of heat in the
sample fluid, is proposed. The aim is to obtain more accurate

fluid temperature measurements.
2. Vibrational Viscometer
The concept underlying a vibrational viscometer can be

20144E 5 H  CPI%264E)
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better comprehended by analyzing a damped spring. The
damped vibration of a spring in a liquid is influenced by the
restoration force of the spring and the viscous resistance of

the liquid.
Vibrational . Electromagnetic
Viscometer Driving Unit

B Ther "

_— Oscillator
Standard
Fluid

Experimental
Cup

=

Fig. 1 Front view of vibrational viscometerBased on this
idea, the following equation can be constituted.

F
R.= 7 = A zfip (1)

In the above equation, /" denotes the vibration frequency
(Hz), A denotes the planar dimensions of both sides of the
oscillators in a liquid, # denotes the liquid viscosity, and p
denotes the liquid density. F is the force using which the
electromagnetic driving unit induces a constant-velocity

jot

vibration ¥¢* in the oscillator.
Therefore, as shown in Fig. 1, it is evident that the force (F)
generated in the electromagnetic driving unit for maintaining

it )

constant oscillator amplitude (V¢*') against viscous resistance
is proportional to the product of the fluid's viscosity and
density (7 X p).

During experiments, the planar surface area of the
oscillator (4) was 785 mm’ oscillator frequency (f) was
designated as 30 Hz, and the oscillator vibration amplitude
was 04 mm.

The ASTM D216206 Standard Practice for Basic
Calibration of Master Viscometers and Viscosity Oil
Standards procedure is used for calibrating a vibrational
viscometer. Furthermore, JS14000 standard fluid is used for
such calibration runs”. We used this fluid in our experiments.
The characteristics of this standard fluid are listed in Table 1.

§F45% 35

_2_

Table 1 JS14000 Standard fluid values, lot number 124

Kinematic Dynamic .
Temperature Viscosity Viscosity Density
Celsius mm?/s mPas
0 (cs) P) g/mL
10 37290 32820 08800
20 12940 11,310 08740
25 8,080 7,040 08712
30 5,188 4506 08685
35 3416 2957 08657
40 2298 1983 08629
Electromagnetic | Vibrational I
Driving Unit Viscometer
H Computer
I —bﬂ ] )
( : 52 Thermoneter 5
IS ¢ (Thermeo 5)
Thermometer 4
—— (Therma 4)
Y <> Magaetic Str e
N S R ) o

Magnetic Stirrer & Heater ]

Fig. 2 Front view of experimental setup for detecting
unequal temperature distribution in vibrational
viscometers

Unit : mm

Fig. 3 Top view of experimental cup shown in Fig. 2

3. Experimental Setup

As shown in Figs. 2 and 3, five thermometers are placed in
different parts of the experimental cup, and the experimental
cup is immersed into a heating cup. Water is used as the
heating fluid. During the experiments, the heating fluid
temperature was adjusted by changing the temperature
gradient via the heater. The temperature readouts of all
thermometers were recorded simultaneously. The aim was
to analyze temperature distribution within the fluid.

The height of the cup was 40 mm, and the thermometers
and oscillators were located at a depth 20 mm in the fluid.

Thermo 5 and Thermo 1 are referred to as boundary

20144E 5 H  CPI%264E)
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thermometers, Thermo 2 and Thermo 4 are referred to as
oscillator thermometers, and Thermo 3 and the viscometer's
builtin thermometer are referred to as center thermometers.

JIS Class 2 level type K sheet (KS) thermocouples and the
viscometer's builtin thermometer were used during the
experiments. All thermometers were calibrated using the
ASTM E22007a standard test method for thermocouple
calibration'.

The study was conducted in two parts.

In the first part, the unequal temperature distribution
problem of vibrational viscometers was investigated.

In the second part, the experimental setup was modified
with the use of a magnetic stirrer, as shown in Fig. 2. It is
expected that the use of a magnetic stirrer would solve the
unequal temperature distribution problem. In this part, the
experiments conducted in the first part were repeated using
the modified experimental setup. The magnetic stirrer was
operated at 1500 rpm in all experiments. Additionally, the
magnetic stirrer was used as a heater, as shown in Fig. 2.

4. Experimental Results

41 Temperature measurement experiments

The experimental setup for the first part of the research is
shown in Fig. 2. The experiments were carried out under
various temperature gradients.

In Fig. 4, the initial temperature is around 175°C, and the
experiment proceeded for 800s. The temperature increased
by around 5°C/min between 500s and 800s. These points
were selected because the viscosity values at 30°C, 40°C, and
50°C lay between these points.

55

? s —Thermo 1
g ——Thermo 2
E 20 ——Therma 3
3 —Thermo 4
& 25 ——Thermo £

0 100 200 300 400 500 600 700 800
tls)

Fig. 4 Temperature assessment of JS14000 standard fluid
under high temperature gradient

In Fig. 5, the initial temperature is around 15°C, and the
experiment duration is 1,500s. The temperature increased by
around 25°C/min between 900s to 1,500s.

As shown in Fig. 6, the initial temperature is around 175°C,

F45% H3 5
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—Thtimo 1
—Thermo 1
— i
——Therma 4
- H

0 150 300 450 B0 750 300 080 1200 1350 1500
thsl

Fig. 5 Temperature assessment of JS14000 standard fluid
under medium temperature gradient

and the experiment duration is 5000s. The temperature
increased by around 05°C/min between 2000s and 5000s.

Figs. 4, 5, and 6 verify that there are severe temperature
deviations across thermometers. The degree of unequal
temperature distribution varies with the temperature
gradient. Therefore, in the second part of the research, for
overcoming this unequal temperature distribution problem,
the use of a magnetic stirrer that stirs the fluid throughout
the viscosity measurement and ensures homogenous fluid
temperature is proposed.

In Fig. 7, the initial temperature is around 20°C and the
experiment duration is 750s. The temperature increased by
around 5°C/min between 450s and 750s in compatible with
Fig. 4.

In Fig. 8, the initial temperature is around 215°C, and the
experiment duration is 1500s. Temperature increased by
around 25°C/min between 900s and 1500s in compatible
with Fig. 5.

55

50

45

£
E 35 =——Therma 1
2 =—Thetmao 2
2 30 ——Thermo 3
E =—Thermo 4
g 25 ——Thermo &
2

0

15

10

0 1000 2000 3000 4000 5000
tls]

Fig. 6 Temperature assessment of JS14000 standard fluid

under low temperature gradient

As shown in Fig. 9, the initial temperature is around 225°C
and the experiment duration is 4000s. The temperature
increased by around 05°C/min between 1500s and 4,000s in

20144E 5 H  CPI%264E)
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s Table 2 Detailed results of temperature measurement
i experiments
45
FigNo | Boundary |Oscillator| Center |Difference 1 Diff 2|
40 | 200 26 21.0 16 9.1
—Therma 1 Figd 400 284 245 3.9 155
5335 1 s Lo . ! -
=] =t 50.0 438 35.9 79 | 141
S —Thasd 300 238 23.1 06 | 69
£ R Fig7 400 287 27.0 1.7 13.0
E 25 —Thet e €
& 50.0 a8 349 70 | 152
20 | 300 26 205 21 | 95
o Figs 400 326 30.1 25 10.0
50.0 420 418 0.2 8.3
10 300 266 246 20 | ©a
o 150 2 ¥ o 58 Fig8 400 342 33.7 05 | 63
thsl 500 444 450 0.6 5.0
. . 300 240 23.7 0.3 6.3
Fig. 7 Temperature assessment of JS14000 standard fluid Fige — == o = =
under high temperature gradient with magnetic 50.0 444 43.7 (o e e
stirrer 300 290 29.1 01 | os
Fig9 400 39.1 39.3 0.1 0.7
50.0 50.1 49.9 0.2 0.1

—Therm 3
o Thermo 3
—Theema 1
—Therma

e Therimms &

] 150 300 450 600 750 00 1050 1200 1350 1500
sl
Fig. 8 Temperature assessment of JS14000 standard fluid
under medium temperature gradient with magnetic
stirrer
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ngﬂ

— i §

Tl &

iy
=]

e Theama

Tem

o Theamo ¢

o 500 1000 1500 2000 1300 3000 3500 4000
T

Fig. 9 Temperature assessment of JS14000 standard fluid
under low temperature gradient with magnetic
stirrer

compatible with Fig. 6.

In all experiments, 30°C, 40°C, and 50°C marks on the
boundary thermometers were chosen as reference points
and recorded. This was done for measuring the success rate
of the methods used herein. These readings recorded at
these reference points are listed in Table 2.

Difference 1 refers to the temperature difference between
the oscillator and the center thermometer, and Difference 2

refers to the temperature difference between the boundary

F45% 35
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thermometers and the center thermometer.

The experiment involving a low temperature gradient and
magnetic stirrer yielded the most homogenous temperature
values. The greatest deviations among thermometers
recorded in the high
temperature gradient experiment. Temperature deviations

temperature readings were
recorded in the experiments involving the magnetic stirrer
are smaller than those in the experiments without the
magnetic stirrer. Hence, temperatures are measured more
homogenously when the temperature gradient is lower.
4.2 Viscosity measurement experiments

Similar experiments were carried out for measuring
viscosity. The thermometer of the vibrational viscometer was
used during viscosity measurement experiments. The
purpose of these experiments was to acquire information
about temperature deviations between the oscillators and the
thermometer of the vibrational viscometer and the effect
such deviations have on viscosity measurement. Given the
presence of a temperature deviation between the oscillators
and the thermometer, the measured viscosity values differ
from the standard ones.

—=—\iscometer
# Standard Fluid

Viscosity [Pa.g]

20 30 40 50 &0
Temperature [*C]

Fig. 10 Comparison of measured viscosity under high
temperature gradient and standard viscosity
assessment
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Fig. 11 Comparison of measured viscosity under high
temperature gradient with magnetic stirrer and
standard viscosity assessment
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Fig. 12 Comparison of measured viscosity under low
temperature gradient and standard viscosity

assessment
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Fig. 13 Comparison of measured viscosity values under
low temperature gradient with magnetic stirrer
and standard viscosity assessment

During the viscosity measurement experiments, high and
low temperature gradient experiments were investigated in
depth because these experiments correspond to the
maximum and minimum scenarios in our study. The results
of the viscosity measurement experiments are summarized
in Table 3.

The most severe viscosity deviation, as seen in Fig. 10, is
observed at 50°C. A 2790% error in viscosity measurement
occurs at that point. This indicates the presence of a

considerable temperature difference between the oscillators

F45% H3 5

_5_

Table 3 Detailed results of viscosity measurement

experiment

FigNo Temp. (°C) [Viscometer|S. Fluid | Error (%)
30 3.444 4,506 | 23.70%

Fig 10 40 1.443 1.983 27%
50 0.7 0.9697 | 27.90%

.30 | 401 | 4506 | 11.10%

Figlli = 40 1.47 1983  12.30%
| 50 0283 0.9697 14.40%

30 4.97 4.506 @ 10.20%

Fig12 40 2.14 1.983 @ 7.90%
50 1.05 0.9697  8.20%

| 30 4.68 4.506 | 3.80%

Fig13 | 40 2.01 1983  1.40%
| 50 0.954 0.9697  1.60%

and the center thermometer.

The highest viscosity measurement error of 1440%, as
seen in Fig. 11, is observed at 50°C.

However, without the magnetic stirrer, as seen in Fig. 10,
the viscosity measurement error is 279%. The viscosity
measurement shown in Fig. 11 has a lower measurement
error owing to the use of the magnetic stirrer, which mixes
the fluid and affords a more homogenous temperature
distribution in the fluid.

In Fig. 12, a 1020% viscosity measurement error is
observed at 30°C for the standard fluid under a low
temperature gradient.

According to Fig. 13, when the magnetic stirrer is used
under the low temperature gradient, the viscosity
measurement error is 380% at 30°C. This means that the
temperature of the fluid around the oscillators and that
around the viscometer’s thermometer should be very similar.
However, as shown in Fig. 12, the viscosity measurement
error is around 1020% without a magnetic stirrer.

Therefore, it can be deduced that during continuous
viscosity measurement, the use of a magnetic stirrer affords
measurements of higher accuracy than those without the use
of a magnetic stirrer. Additionally, the viscosity values
obtained under the low temperature gradient are more
accurate than those obtained under the high temperature
gradient, even with the use of a magnetic stirrer. These
results are in accordance with those of the temperature

measurement experiments.
5. Mathematical Background

The problem of unequal temperature distribution problem
was also investigated through simulations. The simulations
were modeled using high, medium, and low temperature

gradients, as shown in Figs. 4, 5, and 6, respectively. The
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simulation results were compared with the results of
temperature measurement experiments. Heat distribution
can be simulated using the heat equation.”
dT d*T  d*r
aq <E e )
In this equation, T denotes the temperature, ¢ denotes the
time, and a denotes the thermal diffusivity coefficient.
The thermal diffusivity coefficient of JS14000 Standard
Fluid is 007 mm®/s.
All simulations were designed as per the measurements

(2)

shown in Fig. 3.
Fig. 14 shows the result of experiment with the largest
temperature deviation among simulations; the results are
listed in Table 4. This figure is thus chosen for further
investigation. As observed, the measured temperatures vary
considerably under the high temperature gradient. At the
end of the simulation in Fig. 14, when the temperature around
the center thermometer (Thermo 3, x = 30 mm, y = 125 mm)
was around 40°C, the temperature around the oscillator
(Thermo 2 and Thermo 4, x = 15 mm, y = 125 mm) was 424°
C, and the temperature at the edge of the fluid (Thermo 1
and Thermo 5, x = 0 mm, y = 125 mm) was around 495°C.
Therefore, according to the simulation results and based
on Table 1, at the end of the simulation, the viscosity
measurement error between the center thermometer and
the edge of the fluid was around 496%. Furthermore, the
between the

thermometer and the oscillator was 126%. As shown in Fig.

viscosity —measurement  error center
10, for measurement using an experimental setup, the
corresponding error was 27%. The difference can be ascribed
to additional error sources.

Non-compressible fluid analysis was done for simulations.
A MATLAB code was used to generate simulations. During

MATLAB code writing, finite difference method was used to

Table 4: Detailed results of simulations and comparison
with temperature measurement experiments

FigNo Boundary Oscillator Center |Difference 1|Difference 2
30.0 22.6 21.0 1.6 9.1
Figd 400 | 284 | 245 3.9 15.5
500 | 438 359 7.9 141
| 300 | 247 23.6 1.0 6.4
Figla 400 | 332 31.0 2.1 9.0
500 | 42.8 40.4 2.5 2.6
30.0 22.6 20.5 2.1 9.5
Fig5 400 | 326 | 301 2.5 10.0
500 | 420 41.8 0.2 8.3
300 @ 264 25.9 0.5 4.1
Figl15 400 @ 36.4 35.9 0.5 4.1
500 | 46.4 45.9 0.5 4.1
agp: | wxmp | gap 03 6.3
Fig6é | 400 | 343 | 324 15 7.6
500 | 44.4 43.7 0.7 6.3
300 | 293 29.2 0.1 0.8
Figls 400 | 393 392 0.1 0.8
500 | 49.4 49.2 0.2 0.8
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Yaxis fum)

Fig. 14 Temperature distribution in JS14000 standard
fluid under high temperature gradient

Tamparature
Y1 1 1 i
o § {

i o)
¥ i o)
Fig. 15 Temperature distribution in JS14000 standard
fluid under medium temperature gradient

¥ s o]

Fig. 16 Temperature distribution in JS14000 standard
fluid under low temperature gradient

solve the heat equation that is given at equation (2). The
solution of heat equation with finite difference method can be

seen below.
1
T:S; - Trs,n —a < TrSH,n_ZT;E,nJr T»};— 1n + Tr:n‘rl_ZTml?n"' Tnl:,n - l) (3)
At Ax? A*

As it is shown in Fig. 3, the sample cup is 60 mm in length
and 25 mm in width. Therefore, in order to provide this
condition, 61 mesh points in X direction and 26 mesh points
in Y direction were used in the MATLAB code. For
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boundary condition calculations, Thermometer 5 was used
since it was closest thermometer to the heating fluid.

Difference 1 refers to the temperature difference between
the oscillator and the center thermometer, and Difference 2
refers to the temperature difference between the boundary
thermometers and the center thermometer.

As expected, the simulation with the low temperature
gradient yielded the most homogenous temperature results.

6. Discussion

As seen in Figs. 4, 5 and 6, as the heating duration
extends, a more uniform heat distribution is observed in the
JS14000 standard fluid; this causes a drastic decrease in
temperature deviation among thermometers. A similar trend
can be observed in Figs. 7, 8 and 9.

The dissimilarity between Figs. 4 and 7 can be ascribed to
the fact that under normal conditions, heat dispersion is more
homogenous in stirred fluids than in static fluids. Hence, the
temperatures recorded by the thermometers may vary
moderately.

Furthermore, similar to the viscosity measurement
experiments, as the uniformity of temperature distribution
increases, the accuracy of viscosity measurements increases.
According to the experimental outcomes, it can be stated
that the temperature homogeneity of a fluid may depend on
the temperature gradient of the heater and devices such as
the magnetic stirrer.

Another important result obtained from this research is
that low temperature gradients, which afford sufficient time
for heat to be transferred throughout the fluid, could yield a
homogenous temperature.

During viscosity measurements, temperature deviation
between the oscillators and the center thermometer
indicated measurement error. This deviation can be ascribed
to a 15mm gap between them, as seen in Fig. 3. This gap
results in an unequal temperature distribution, which could
lead to grave measurement errors in Some Cases.

In addition, temperature deviation between the edge of the
sample fluid and its center may differ considerably. In this
scenario, the viscosity measurements recorded at these two
points may vary enormously owing to a 30-mm gap between
the two points. This measurement error may lead to serious
quality assessment problems, especially in the case of
expensive fluids, which may be available only in quantities of
up to 100 ml This problem is described in the Mathematical
Background section.

HA5% B3
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7. Conclusion

This study focused on the problem of unequal temperature
distribution in vibrational viscometers.

Vibrational viscometers stand out from other types of
viscometers owing to their low cost, easy to use and effective
continuous viscosity measurement capability. However, it is
understood that the existing vibrational viscometer method
has some problems. Consequently, the viscosity values
recorded by vibrational viscometers may not be accurate.
Experimental outcomes and mathematical calculations verified
this conclusion. In our research, high (5'C/min), medium 225
C/min) and low (05C/min) temperature gradients were
utilized. In additionally to that, a magnetic stirrer was also
utilized in order to constitute homogenous fluids. Experimental
outcomes proved that in high temperature gradient conditions,
there may be up to 279% viscosity measurement errors. In
case of utilizing a magnetic stirrer in high temperature
gradient condition, this measurement error decreases to
1440%. Similarly, in low temperature gradient experiment,
1020% viscosity measurement error was observed. However,
in case of utilizing a magnetic stirrer, this measurement error
decreased to 380%.

Simulations also verified experimental outcomes. It has
been presented that in high temperature gradient condition,
the wviscosity measurement error between the center
thermometer and the edge of the fluid was appeared as
496% and the viscosity measurement error between the
center thermometer and the oscillator was appeared as
126%. Similar results were also appeared in medium and low
temperature gradient conditions.

Finally, we can conclude that; our study revealed the
importance of temperature gradients and devices like
magnetic stirrers for viscosity measurement in order to
overcome unequal temperature distribution problem.
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Analysis of Leakage Flow in a Labyrinth-Sealed Pneumatic Cylinder
with Computational Fluid Dynamics

(1st Report: Three-Dimensional Flow Analysis with a Turbulence Model
and Estimation of Leakage Flow Rates)

Takahiro KOSAKI, Manabu SANO

A pneumatic cylinder with a labyrinth seal has considerably lower friction than that with a rubber seal has, because no
mechanical contact between the piston and the cylinder tube exists. However, air leakage from clearance between the
piston and the cylinder tube is inevitable. This paper focuses on an investigation on leakage flow through the labyrinth seal
inside a labyrinth-sealed pneumatic cylinder based on computational fluid dynamics (CFD). The CFD analysis is conducted
with an ANSYS FLUENT system and, by employing a turbulence model, the leakage flow around the labyrinth seal is
simulated and visualized. From the CFD analysis results, the leakage rates are found and they are compared with
experimentally measured data which are acquired by means of our constructed measurement apparatus. Furthermore, we

define an index to quantitatively evaluate the intensity of the turbulent flow for reducing leakage and discuss the

availability of the proposed index by applying it to some CFD analysis results.

Key words : Pneumatics, Pneumatic Cylinder, Labyrinth Seal, Computational Fluid Dynamics, Leakage Flow, Vorticity
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Fig. 3 Apparatus for measuring leakage flow rate
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Fig. 4 Analysis model for labyrinth seal

Table 1 Dimensions of investigated labyrinth seal
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(a) Three-dimensional plots

(b) Velocity vectors in the first groove

(¢) Velocity vectors in the 9th groove

Fig. 6 Velocity vector plots
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Fig. 7 Measured and computed leakage flow rate
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Application of Electro-Hydraulic Servo Systems to Hot Strip Downcoiler
(2nd report) Reference Shaping for Improving the Transient Response
—Development of New Posicast Control—

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 of quick response, high power and high positioning accuracy. However when applying an
electro-hydraulic servo 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 former report, optimal control theory was applied in
order to improve these characteristics. However, the derived control system was found 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 this report, a newly developed control system has been presented, and was found in the
adjustment of the control system applied to the production machine. The new control system belongs to a kind of Posicast
Control proposed by O.J.M. Smith in 1957. However the final type of this system, named new Posicast Control, has realized
a robust control and a kind of Dead-Beat Control.

Key words : Electro-hydraulic servo system, Lightly dampted system, Posicast Control, Dead-Beat Control, Iron

manufacture, Rolling mill, Hot strip mill, Downcoiler
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Table 1 Simulation conditions

ltems Numerical conditions
Pipe length 5m 8m
Servo valve |2-stage type with moving coil-driven pilot servo
Rated flow 350¢ /min at 69MPa
Response 90Hz at 90° phase lag
Workin,
pressuri 207MPa
Cylinder (mm) |Cylinder D : 200, Rod D : 112, stroke : 830
I, (kg - m’) 11530
K, (1/m) 330 280
k, (s/m) 0 0
k, (s"/m) 25 18
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