
Control of electro-rheological
fluid to achieve rotary balancing

Item Type text; Thesis-Reproduction (electronic)

Authors Kazz, Michael, 1966-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 10:17:22

Link to Item http://hdl.handle.net/10150/278262

http://hdl.handle.net/10150/278262


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are ia ̂ ewriter face, while others may 
be from any type of computer printer. 

The quality of this reproduction is dependent upon the qualî  of the 
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ABSTRACT 
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Balancing of rotating machinery involves a wide spectrtim 

of applications including low and high speed rotors. Systems 

which continuously monitor machines for vibration have made it 

possible to develop other systems that continually correct for 

instabilities such as imbalance. This research provides an 

initial examination of the use of an Electro-Rheological Fluid 

as correction weight to alleviate imbalance in a rotating 

machine. Vibrations not associated with balancing were 

dampened by solidifying ER Fluid used as a correction weight 

in a balancer prototype. However, optimal apportionment of ER 

Fluid to achieve rotary balancing was not achieved in 

prototype tests. 
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NOMENCLATURE 

Fc — Centrifugal Force 

M - Mass 

e - Eccentricity 

(3 - Angular velocity 

P - Density 

M - Viscosity 

ERFV - Electro-Rheological Fluid Valve 

Q - Flow Rate 

E - Electric Field 

L - Length 

h - Electrode gap 

0 - Center of mass 

C - Axis of rotation 

b - Width 

P — Pressure 
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INTRODUCTION 

Balancing rotary machinery applies to many 

manufactxiring operations including paper and printing 

machines, tvirbines, hammermills, conveyors and spindles. 

Some of these machines, for example paper making machines, 

play a critical role in the quality of the manufactured 

product. The paper machine's roller must be precisely 

balanced within a certain tolerance or the quality of the 

paper will be reduced and critical components will wear out 

prematurely. 

Rotary machines must operate within a certain range of 

balance tolerance to perform satisfactorily with minimvim 

maintenance. Critical components, like the paper roller, 

are often monitored continuously. In order to monitor 

vibrations, sensors, such as accelerometers and velocity-

meters, are mounted perpendicular to the axis of the rotor 

against a secure frame. These sensors provide vibration 

data for a balancer - analyzer which can monitor one or more 

of a machine's rotors. By adopting this "predictive 

maintenance" approach, the user has a means to identify a 

potential fault in a rotating machine long before a critical 

state of imbalance is attained. 
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When a rotor has excess vibration due to xinbalance, an 

analyzer-balancer can provide the balance correction 

information. A technician then uses the information to 

perform an "in-place" balance of the rotor(s). To do this, 

the technician must stop the machine and apply correction 

weights to the rotor, resulting in operational downtime. In 

some instances when in-place balancing is unfeasible, the 

rotor must be removed and rebalanced on a balancing machine. 

Existing Balancing Technology and ER Fluid Applications 

Most research dedicated to balancing technology has 

been oriented towards analyzing rotors while machinery is in 

operation. This research has provided plant supervisors 

with programs that identify balancing needs and schedule 

maintenance operations for many kinds of machinery (Valenti, 

1991). Newer developments include fully automated systems 

for machine monitoring. These systems are designed to 

analyze many performance parameters including balancing. 

The non-automated element is the operation that the 

balancer-analyzer cannot do — balance. The balancer-

analyzer provides correction recommendations for use in 

alleviating vibrations caused by imbalance. To physically 

correct an imbalance, a technician normally must stop and 



gain access to the rotor and add correction weights. 

Critical rotary machine operations could be improved by 

having a balancing system integrated into the machine. 
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Electro-Rheoloaical Fluids 

Electro-Rheological Fluids (ER Fluids) are composed of 

materials that exhibit an increase in viscosity with the 

application of an electrical field. ER Fluid properties were 

discovered in the 1940's; one of the first ER Fluids was 

composed of starch particles suspended in mineral oil 

(Winslow, 1949). The viscosity of an ER Fluid is proportional 

to the applied electrical potential. High voltage (in 

kilovolts/mm gap) is required to create a sufficient 

electrical field to substantially increase ER Fluid viscosity, 

but only a small current of micro-amps is necessairy. When an 

electrical potential is applied to two plates, the ER Fluid 

located between the electrically charged plates will develop 

an instantaneous increase in viscosity, an increase related to 

the electrical potential level. The ER Fluid regains its 

original viscosity when the electric field is removed and the 

current dissipates. A photograph of an ER Fluid under 

magnification is shown in Figure 1. The ER Fluid was 

developed at the University of Arizona's Department of 

Agriculture and Biosystems Engineering (Kazz, 1990). 
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FIGURE 1: ER Fluid at 100 X's magnification; 2 kilovolts. 
Composition: Lithium Hydrazinium Sulphate + Silicone oil. 
(Kazz, 1990) 

Many devices and engineering configurations have been 

proposed as potential ER Fluid applications (Brooks, 1982). 

These applications include torque converters, shock absorbers, 

dampening struts for helicopters, and "smeirt" composite 

materials (Figure 2). Commercial success of these applications 

has been limited by one primary factor, the strength of the 

"electro-viscous" effect (Duclos, 1988). A "good" ER Fluid 

with an initial viscosity of 350 centi-poise (cp) can have an 

increase in viscosity to 7,000 cp with the application of 

5,000 volts to a one milli-meter gap between plates. In more 

general terms, a material with a viscosity equal to that of 
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motor oil becomes as viscous as peanut butter when high 

voltage is applied- Another limiting factor has been fluid 

cost, which can be as high as $500 per liter. The high cost 

is mainly due to ER Fluids being limited to prototype 

quantities for research, and not the material costs 

themselves. The industrial production of ER Fluids could 

reduce fluid costs to one tenth of present costs (Korane, 

1991). 

Input 
C I  / 

/ 

Z 2 

-E.R. Flutd 

J  
Output 

Parallel Plate Design 

Output 

Concentric Cylinder Design 

E.R. Valve 

r  

FIGURE 2: ER Fluid torque converters, shock absorber 
(Brooks, 1982). 
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Vibra'tion Dampening 

Significant work has been conducted in using ER Fluids in 

devices that dampen vibration. The Lord Corporation has 

reported considerable research on motor mounts and has 

patented a few ER Fluid devices (Korane, 1991). A typical 

device used in many ER Fluid systems is the ER Fluid valve 

(ERFV) . ERFVs consist of two or more plates in parallel, each 

successive pair with alternating charge (Figure 3). Pressure 

drop across the ERFV is calculated using the following 

equation: 

AP=12ii-̂ +2T_4 
bh^ 

Where is viscosity (cp), Q flow rate, L is valve length 

(mm) , h is plate gap, b is valve width and is yield stress 

(JcPa) (Brooks, 1982) . The concentric cylinder valve has a 

width, b = n X mean diameter. 

Motor Mount 

The ER Fluid motor mount, for example, has two or more 

cavities into which ER Fluid may flow. ER Fluid is normally 

held in the top cavity by applying an electrical field across 

the ER Fluid valves. Vibrations activate a controller which 
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ER Fluid 

\

annular floŵ  
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FIGURE 3: Flat plate (a) and concentric cylinder (b) 
ERFVs. (a.Duclos, 1988) (b. Kazz, 1991). 
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releases some of the ER Fluid which, by gravity, redistributes 

itself within the bottom cavity. This system dampens 

vibration by changing the natural frequency of the entire 

system. 

Torque Converter 

The ER Fluid torque converter is one of the first and 

most obvious applications for this xinique material. The 

torque converter operates by attaching the input shaft to the 

output shaft through electrically conductive clutch plates and 

ER Fluid. The clutch plates may be either concentric 

cylinders or parallel plates (Figure 2) . The plates or 

cylinders are spaced at appropriate distances for the 

effective application of a high voltage to stiffen the ER 

Fluid between the plates or cylinders thereby transmitting 

torque from the input to the output shaft. Control of the 

output speed is possible by varying the voltage to the clutch 

plates. The primary problem with this application is that no 

ER Fluid exists which permits high enough torque transmission 

to be suitable for automotive transmissions. A current 

application of an ER Fluid torque converter is one that is 

used to draw integrated circuit wire. The application 

requires much less torque than the previous example, but 
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utilizes the precise control obtainable when using ER Fluid in 

electro-mechanical devices (Korane, 1991). 

Other Applications 

There are other, broader applications of ERFVs. ER 

Fluids interspersed between electric plates are sometimes 

called composites. A cantilever beeim composed of aluminum 

alloy plates filled with ER Fluid which could be dynamically 

tuned in real time was reported by Choi, et. al-, (1989). 

Using such "smart materials," the elastic-dynamic properties 

and natural frequency of an ER composite beam could be changed 

using computer control. When the beam is vibrated or excited, 

a controller responds to stiffen the ER Fluid within the 

aluminxim alloy plates and thus increase the beam's dynamic 

stiffness. Test analysis verified that an electrically 

activated ER Fluid composite could dcimpen vibrations faster 

than the beam without activation. Specialized aircraft and 

"earthquake proof" structures could conceptually use these 

smart materials for their dampening abilities (Dry, 1991). 

Unbalance Induced Vibration 

The vibration measurements from an accelerometer attached 

to an imbalanced rotating device produce a characteristic 



19 

output (Figure 4). This is known as a noise fingerprint (IRD, 

1975). A "bad" bearing, mechanical looseness and component 

imbalance each produce a distinct noise fingerprint or 

îff®rsnt kind of vibration output. Imbalance is the most 

common source of vibration in fans, pumps, centrifuges and 

many other rotating machines (Ercoli and La Malfa, 1990). 

UNBALANCE  ̂

FIGURE 4: Analysis of a "noise fingerprint" from a group 
of machines (IRD, 1975). 
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Imbalance of a rotor can be described with theoretical 

equations for dynamic motion. A rotor at angular velocity w 

having an imbalanced mass M exerts a centrifugal force, 

equivalent to (where eccentricity,e, of shaft is horizontal): 

F^=Mea^ 

Eccentricity is the distance from the imbalance weight to 

the center axis of rotation. acts radially on the bearings 

as above and vertically as; 

Eccentricity causes vibration in a rotor. One or more 

imbalance masses or several discreet imbalance masses may 

combine to cause an average F̂ . The magnitude of the 

imbalance is dependent on the rotational speed and 

distribution of mass about the rotor's center (Figure 5). 

Fg^=Mea^cos {vst) (Hussey, 1983) . 

w(rQcl/s> 

+ 4 
O C 

FIGURE 5: Imbalance in a rotor. 
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A typical means of correcting an imbalance condition is 

to identify the magnitude eind location of needed corrective 

weights. An alternative is to remove weight from the rotor. 

Shaving weight may be possible for large steel rotors, but not 

for rotary machines such as fans or rvibber coated printing 

rollers where material removal may affect the performemce of 

the machine. 

Dynamic Balancing 

The most common industrial imbalance is a dynamic 

imbalance in more than one plane (Figxire 6) . Rotor imbalance 

may be corrected by application of the proper weights in the 

optimal locations; correction usually involves more than one 

weight. The balancing system developed in this research 

distributes corrective weights in only one plane but could be 

expanded to two or more. 

FIGURE 6: Diagram of dynamic imbalance (IRD, 1975). 
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Au-toinatic Balancing Machines 

A dynamic balancing operation generally consists of three 

steps- Analysis, the first step, uses electronic sensors 

(accelerometers, velocity-meters) to determine the location 

and magnitude of the imbalance. This diagnosis can provide a 

vibration fingerprint of the rotary machine being tested, as 

well as information on where to place the corrective 

weight(s). Step two is the decision concerning vibration 

alleviation. This decision may involve a hiiman technician or 

an expert system that bases the decision on the machine's 

maintenance history, i.e., how much operating time at the 

current vibration level before damage to the machine occurs. 

Step three is attachment of corrective weights to the 

imbalanced rotor. A final measurement then checks corrective 

actions to assure adequate reduction of vibration level. 

Typically, step three is a manual operation. A 

technician must stop the machine, manually access the problem 

area and attach corrective weights- Some attempts have been 

made to automate this last step. A few inventions have used 

a quickly solidifying liquid material that act as corrective 

weight when it is attached to the rotor in the proper 

location. "Altiminum Driveshaft With Balancing Composition," 

describes a means for adding corrective weights to aluminum 
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shafts as the shaft is turning (Ellis, 1991). This method was 

specially designed to suit the iinigueness of aluminum alloys 

in bonding with other materials. A special liquid polymer 

carrier containing metal particles is attached to an aluminum 

shaft by use of ein induction heater. 

Many automatic balancing methods are specialized, but one 

innovative approach has been proposed that does not require 

specific location coordinates for the corrective masses. This 

dynamic balancing method uses two steel balls held inside a 

rotor, called an automatic balancing head. Within the 

balancing head is a clutch which, when depressed, frees the 

balls. The balls automatically assume the correct positions 

to suppress oscillation of the rotor (Thearle, 1932). An 

application for this approach is the balancing of electric 

motor rotors. 

Another unique design uses three eccentric discs mounted 

on a shaft in such a way that the disk position adjusts to 

automatically balance the rotor (Olsen, 1904). This device 

was tested in the balancing of the rotor of an experimental 

steam turbine engine. The eccentric discs gradually shifted 

until they reached a position that brought the shaft into 

running balance. Key to this design was the size of the bore 

in which the disks rotated- The device had a limitation as to 
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the range of imbalance values it could correct and it could 

only be movinted in one plane. 

Recently, with more attention committed to computer 

assisted balancing machines, alternative means have evolved 

for automatic weight correction. The Spray Automated 

Balancing Of Rotors (SABOR) is one innovative method to 

accomplish this task. SABOR sprays a Tvingsten Carbide powder 

onto a metal disk in response to signals from a vibration and 

phase detector. A specialized gian sprays the powder quickly 

enough to cover a relatively short phase angle of a rotor 

spinning at 1000 r.p.m. It was foxand that the SABOR method 

reduced vibration in the rotors with an effectiveness of 97.3 

to 99.3 percent. The sprayed particles also remained affixed 

to the rotor for centrifugal loads as large as 7 Mpa (1000 

p.s.i.) (Smalley, et. al. 1988). 

Newtonian Fluids used to Balance Rotary Machinery 

Rather than attaching solid corrective masses to 

specified machine rotor locations, an alternate method is to 

use a liquid correction weight. Water has been used to a 

limited extent to balance rotary machinery. Using an external 

shell around the machine in need of balancing, water can be 
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distributed by centrifugal forces to alleviate the imbalance 

of the entire rotating system (lijima, et. al., 1991). 

This method (like the ball bearing and disk methods) 

works because centrifugal forces reorient the cojnrective mass 

to the proper location of the rotor. Because a rotor with an 

excess mass at a given location exhibits a larger degree of 

centrifugal force at that location, an equal and opposite 

force attracts mass outwcird to a position 180 degrees opposite 

the location of the imbalance. 

Other researchers found that distributing water through 

centrifugal force almost eliminated imbalance forces. In fact, 

it was found that the method worked best at higher rotational 

speeds (lijima, et. al., 1991). A single valve was used to 

release water into four separate reservoirs. More water 

flowed from the central reservoir to the reservoir (s) opposite 

the imbalance mass(es). The suction created by the 

centrifugal force pulled water into the reservoirs. 

One of the problems with this approach is the removal of 

water once it is no longer needed in the shell. One method 

used suction ports in various locations of the shell to 

extract water. An advance in the design of the water balancer 

was the use of dams or banks inside the shell to orient water 
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flow into suction ports (ligima, et. al., 1991). Tests of 

rotors which contained directional banks revealed less 

vibration than the same rotors without banks (Figure 7). 

ER Fluids 

ER Fluids have significant advantages over water as the 

balancing medium. The most important advantage is that ER 

Fluid viscosity can be controlled. Thus, the natural 

frequency of a rotor can be controlled by retaining the ER 

Fluid held in a particular distribution after the rotor is 

stopped. When the balancing machine using water stops 

spinning, the centrifugal forces that acted to distribute the 

water against the walls of the shell are absent and the water 

assumes its most stable form — on the bottom of the shell. 

When the rotor starts to rotate again, there is a period of 

instability while the water sloshes around while re

establishing the desired position distribution. This motion 

may be prevented using an ER Fluid which is held in place by 

an electric field. A second advantage is the potential for 

using ERFVs to control fluid movement or apportionment. 

Figure 8 illustrates the relationship between electric 

field and yield stress with an ER Fluid. The ER Fluid is 
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FIGURE 7: Diagrams of the lijima balancer (ligima, 
1991). 

et. al. 



28 

composed of a dispersed phase (solid) suspended in a 

continuous phase (liquid). The solid is a lithium salt of 

polymethylacrylic acid. A 35% by volume fraction of this 

solid is suspended in a chlorinated paraffin made by ICI as 

Cereclor 50LV (Low Viscosity, 50 Centi-Stokes) . This ER Fluid 

has an initial viscosity of 350 Centi-Stokes (0.35 Pas). It 

has a density of 1.23 grams per milli-liter. 

Yield 
Stress 

(Pa) 

250 OH 

2000-

1500-

1000-

1 1 
0.5 1 1.5 2 

Electric Field (kV/mm) 

Figure 8: Graph of Yield stress vs. Electric field. 
ER Fluid is from Advanced Fluid Systems, London. 
(Brooks, 1982) . 
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OBJECTIVES 

The objective of this project was development of a 

practical system with few moving parts, compatible with 

current balancer-analyzer systems, which could balance a rotor 

in real time without stopping the rotor. Specific objectives 

were: 

1. To build and test an automatic balancing system that 

utilizes ER Fluid as a correction mass. 

2. Evaluate the effectiveness of ER Fluid and water as 

correction masses for balancing applications. 

BALANCING SYSTEM DE7EL0PKENT 

Several approaches to balancing rotors were considered 

during the development of an ER Fluid balancing system. The 

initial rotor balance design involved apportionment of ER 

Fluid into specific locations, or cells, by means of a ptunp 

and valves. This ER Fluid balancing system consisted of 

cells, an ER Fluid movement system, and an electronically 

controlled fluid apportionment system. For each cell, an ER 

Fluid Valve (ERFV) controlled ER Fluid flow into and out of 

the cell. ER fluid was forced into the cell by pump pressure 

when the ERFV was opened and drawn out from the cell when the 
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valve direction was reversed. A hydraulic swivel bearing 

permitted fluid delivery to the rotor. The remainder of the 

ER Fluid movement system consisted of a pump, selected for low 

flow rates with a high viscosity fluid (Figure 9). 

Top view 

Side View 

Cel 

valve 
''erf valve 

Ir^ by pass 
loop I 

FIGURE 9: Initial ER Fluid balancing system 

An important component of the cell was a flexible Viton 

diaphragm that permitted fluid to be drawn out of the cell 

without creating a partial vacuiam and provided an ER Fluid to 

air barrier. On the external side of the diaphragm was a 

space that permitted air entrance from an outside "breathing" 

hole (Figure 10). When fluid was pumped in, the cell expanded 

to the outside walls of the box and when fluid was drawn out, 

the flexible diaphragm was pulled inward. 
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diaphram 

FIGURE 10: Cut-away view of a cell. 

Each valve was connected to the cell through a spider 

fluid distribution system and main line. The ER Fluid passed 

through the main line from the pvimp to a swivel, located under 

the spider, that rotated with the balancer. This permitted 

distribution of ER Fluid to the cells while the balancer and 

rotor were rotating. 

The control system for the balancer was composed of two 

parts, an electronic controller mounted inside the balancer 

and a digital timing circuit. The digital timing circuit was 

linked to the electronic controller by a multiple slip ring 

assembly containing the needed high voltage supply and low 

voltage supply connections. An important aspect of the 

control system was the ability to control high voltage from a 
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low voltage controller. High voltage operational eunplifiers 

are costly; relay technology permitted control of eight valves 

at lower cost. The relays selected for this application were 

latching relays rated at 10,000 volts. 

In operation, the controller received digital signals 

which caused the ER Fluid valves to open for specified time 

periods. A series of low voltage pulses were sent through the 

slip rings to the electronic controller located in the 

balancer which operated the specified ERFV's. The slip rings 

permitted connection of low voltage switches and high voltage 

ERFVs mounted in the rotor. The controller was linked to 24 

volt transistors which provided the supply voltage to the high 

voltage latching relays. The controller produced one voltage 

pulse to open and a second to close the high voltage relay (s) . 

The periods between pulses were set with a timing circuit, 

which provided a control of the amount of ER Fluid 

apportioned. 

A control system and fluid distribution system with eight 

cells were constructed to test this concept. Consistent 

apportionment of ER Fluid was achieved. However, the system 

was not developed further because of problems encountered with 

encapsulating a control system utilizing a dozen timing and 

amplifier chips, eight high voltage relays and associated 
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wiring within a four inch diameter (10 cm) vessel to be 

movmted within the rotating device with eight ERFVs. The 

complexity of this design motivated a search for a simpler 

fluid balancing system. 

Centrifugal System 

The research by lijima, et. al., (1991) , which used water 

as the balance media, appeared to provide a simpler solution 

for using liquids for balancing. This system utilized a 

balancing rotor that was independently suspended from a rigid 

frame. This allowed centrifugal apportionment of water into 

locations that would reduce imbalance. A balancer fixed to a 

rigid freoae using an ER Fluid as the centrifugally apportioned 

meditim was devised and evaluated. 

The first centrifugal balancer design used the same fluid 

movement system (pimp, fluid swivel, spider) described 

earlier. ER Fluid was supplied to the shell via a four line 

spider distribution system from a positive displacement piamp 

located beneath the rotor. A fluid swivel, composed of a 

bearing and pressed fittings, permitted fluid transport from 

the stationary pximp to the rotating spider. The electrical 

contacts and slip rings were assembled in a similar fashion 

using an additional special bearing which permitted high 
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voltage contacts to the metal bands (Figure 11). An 

electrical slip ring with only two contacts was used to 

deliver the control voltage. The system applied voltage to 

parallel plates with alternating electrical charges to stiffen 

the contained ER Fluid. 

Operation involved pumping ER Fluid into a circular shell 

and allowing centrifugal forces to redistribute ER Fluid along 

the shell in response to the rotor imbalance. A voltage then 

was applied to freeze the ER Fluid in the mass distribution 

position obtained by centrifugation. 

ER Fluid 

Tygon Tubing 
spindle — 

Slip Ring Assembly 

ER Fluid Swivel' 

ER Fluid Valve 

no tor 

Control Board 

Flow 

FIGURE 11: Side View of Centrifugal Balancing System. 
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Concentric metal bands acted as ERFVs to control ER Fluid 

viscosity within the external shell. Two perforated metal 

bands between the outside and inside beinds permitted flow 

within the system (Figure 11). This structure prevented ER 

Fluid from leaving the shell's boundciries eind still allowed 

for movement between the perforated metal when no voltage was 

applied. When voltage was applied, the ER Fluid solidified 

and its radial position was stabilized. However, centrifugal 

force was sufficient to move the ER Fluid against the outer 

walls of the shell. 

-V 

Concentric 
Metal Bands 

Distribution \ \ \ 
Lines \ \ 

Perforated 
Bands 

FIGURE 12: Top View of Centrifugal Balancing System. 



36 

ER Fluid was pumped into the rotor and distributed by 

centrifugal force between perforated steel plates, forming a 

composite. The composite was composed of alternating layers 

of ER Fluid and metal electrodes. The fluid did not act as a 

precise location correction weight but instead distributed 

cibout the circumference to provide an average distribution of 

mass over a larger area. This corrective method may require 

use of greater mass than balancers using selected solid 

correction weights. 

The fluid distributed itself relatively equally around 

the walls of the shell and did not alleviate imbalance. The 

presence of the ER Fluid inside the composite shell however, 

changed the natural frequency of the rotor as expected. 

Moreover, when voltage was applied, the natural frequency of 

the rotor was further changed so that when a vibration was 

introduced by tapping the rotor with a rxibber mallet, 

vibration decreased rapidly. 

An IRD Mechanalysis 885 Balancer Analyzer was used to 

measure the amount of vibration present in the rotor during 

the tapping test. The 885 used an accelerometer mounted to the 

frame of the rotor to pick up analog vibration signals which 

were then translated to digital signals using a Fast Fourier 

Transform (FFT). The FFT eliminates the time dependency of 
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the analog signal and provides a graphical output of vibration 

amplitude (y) versus frequency (x). 

Figure 13 shows the FFT output tests at zero, 1,000, and 

2,000 volts. The figure displays "noise fingerprint" output 

from the 885 Balancer Analyzer system. The peaks indicate 

greater vibration (amplitude) at various frequencies. It is 

clear that vibration decreased with increased voltage. 

Modified System 

Since balancing was not achieved with the second device, 

a balancing system more similar to the water mass positioning 

system of ligima, et. al. (1991) then was considered. ER Fluid 

use in this type of liquid balancer permits flow and mass 

distribution control without use of a mechanical valve, thus 

increasing system reliability. Additional dampening also 

might be achieved by applying voltage to locations containing 

ER Fluid. Once inside the reservoirs, the ER Fluid could be 

forced to retain its position. A water filled balancer 

loses placement integrity when centrifugal forces are removed, 

which can cause instability, even resonance, dxiring machine 

startup and slowdown. 

The modified system is shown in Figure 14. A sump 
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containing ER Fluid is located at the center of the balancing 

machine. A fluid pimping system provides pressure to add or 

remove ER Fluid from the svanp. Foxir ERFVs are located in 

lines linking the sump with the four reservoirs. All ERFVs 

are connected to one high voltage relay which controls flow. 

The overall structure of the slip rings and base frame eire the 

same as in earlier designs used in this research. However, 

the four reservoirs are secured to the ERFVs by an adjustable 

Velcro strap which encircles the circumference of the 

reservoirs. When the rotor begins to spin, ER Fluid is forced 

outward through the ERFVs by centrifugal force; the pump is 

not used- ER Fluid flows into the reservoirs when voltage is 

Reservoir Sunp Reservoir 

:: L: ID ER Fluid Valve 1_ :: L: "] ER Fluid Valve I ID 

spindle 

Slip Ring Assembly 

ER Fluid Swivel 1/ 

TT 

•Brushes no"tor 

X. 

I Control Board 

FIGURE 14: Modified centrifugal balancer using foxir reservoirs. 
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absent. Flow then can be halted by the application of an 

electrical field to impede flow into the reservoirs. An 

additional modification was installation of a larger motor to 

permit higher rotational velocity and a two diameter pulley 

for operation at two test speeds. 

The mass of the apportioned ER Fluid was measured by 

removal of the reservoirs from the system and weighing of the 

ER Fluid with an einalytical balance. The experimental 

equipment set up is shown in Figure 15. 

3 

FIGURE 15: Experimental equipment components used in balancing 
tests were 1) power supply 2) balancer 3) analytical balance 
4) 885 Balancer Analyzer. 



BAIAMCZN6 SYSTEM EVALiniTION 

41 

The final centrifugal balancing system was tested for 

effectiveness using the IRD Mechanalysis 885 Balancer 

Analyzer. The 885 performed two principle tasks, FFT 

analysis, to show vibration frequencies, and single plane 

balance, which provides the location and mass of correction 

weight(s) needed to alleviate imbalance. 

The 885 is composed of a computer which contains a 

software package allowing a user to perform multi-task 

analysis for almost any rotating machinery. The 885 uses a 

piezo accelerometer to measxire vibration and an optical sensor 

to determine the rotor's rotational speed and phase angle. 

For the ER Fluid balancing system, the accelerometer was 

moxinted on the rotor's support frame close to the central 

bearing attached to the main rotor. A small mounting stud was 

used to attach the accelerometer. The optical sensor was 

fitted into the base of the balancing machine and its lens was 

aimed at a reflective strip attached to the balancer's shaft 

to provide the zero degree location. 

FFT analysis were initially conducted with the balancer 

spinning at low speed with the reservoirs empty, then repeated 
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at a higher rotational velocity. FFTs provided vibration data 

over a wide range of frequencies affecting the balancer. The 

FFT analysis provides useful information for determining 

machine maintenance. A balancing analysis also was conducted. 

Using a single plane balance, the 885 Balancer Analyzer 

calculated the magnitude of the imbalance and its location. 

The 885 also presented imbalance correction information, 

recommending correction mass magnitude, in greims, and 

placement location, in degrees. The 885 also conducted vector 

analysis to determine a split vector, i.e., the coordinates of 

the imbalance weight split into two or more locations on the 

rotor. Four coordinates were selected for the split vector 

function, representing the reservoir locations at 0, 90, 180 

and 270 degrees. 

FFT and balancing analyses were performed for the test 

balancer at two test speeds using water as the correction 

mass. Balancing data was taken to determine imbalance 

reduction using water, which distributed immediately to the 

reservoirs as the rotor spun. The same test then was 

performed with ER Fluid used as the correction weight, except 

the ER Fluid was constricted by high voltage until the 

balancer reached its maximum rotational velocity and then 

released for distribution. 
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RESULTS AKD DISCUSSION 

A qualitative approach was used to compare balancing 

systems using water and ER Fluid as correction weights. The 

885 Balancer Analyzer obtained balancing data from the system 

and computed balancing recommendations. The FFT analysis 

output display shows vertical peaks at critical vibration 

frequencies (Figure 16). Balancing data and recommendation, 

in tabular form, list original vibration data, (location and 

amplitude), new vibration data (after calibration weight was 

applied) and new coordinate(s) (where correction weight 

placement is recommended). 

FFT analysis for the balancing machine with the 

reservoirs empty shows three significant vibration peaks in 

the frequency range of zero to 3,000 Cycles Per Minute (CPM) 

(Figure 16). The highest vibrational peak is located at the 

operational speed of the rotor (462 CPM). The vibration 

amplitude at this speed was 31.63 microns. The second major 

peak, at 915 CPM, was a vibration amplitude of 12.98 microns. 

This peak was likely caused by a vibration occurring twice per 

revolution or two times the operational speed of the rotor. 

The third peak was located at 1875 CPM (four times rotating 

speed); the vibration amplitude was 13.68 microns. This 

vibration was likely caused by the four reservoirs which 
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caused a bump when each passed the sensor. The other smaller 

peaks, shown at lower frequencies, probably were caused by 

noise. Higher peaks, e.g, those at the 2,400 CPM frequency, 

likely were caused by bearing noise. 
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FIGURE 16: FFTs of empty balancer at 462 CPM (top) and 
623 CPM (bottom). 
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Single plane baleincing data is shown in Figiire 17a-b-c. 

The first test of the balancer at a rotational speed of 451 

CPM without correction weight (empty) resulted in a vibration 

of 9.5 microns at a 131 degrees location. When water was 

added to the central reservoir as a correction weight, while 

the balancer was stationary and the balancer was spun at low 

speed, water flowed quickly into the reservoirs due to 

centrifugal force. Vibration data, taken while the balancer 

was spinning (Figure 17a), showed the result to be greater 

imbalance of 15.05 microns at a location of 339 degrees. 

Figure 17a. Figure 17b shows balancing data from the highest 

test speed, 621 CPM. The balancer indicated the initial 

imbalance vibration was 32.0 microns at 147 degrees. When 

water was added, the vibration increased to 36 microns located 

at 137 degrees. 

Figure 17c shows balancing data from the test in which 

water was added to the balancer while the rotor was rotating 

at 456 CPM. It was believed this mode of operation would 

overcome inconsistencies created by fluid apportionment during 

rotor start up. This test resulted in the greatest imbalance 

of the three trials. Imbalance increased from 12.95 microns 

to 56.0 microns. These results are contrary to results 

reported by lijima, et. al., (1991). 
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The fluid balancing results may have occurred because the 

balancing device was secured to a frame which allowed any 

displacement forces, resulting from ijnbalamce, to react 

through the rotor's shaft. Therefore, centrifugal force did 

not apportion water to a location opposite rotor heavy spot, 

but instead caused the shaft to flex in a manner that 

apportioned water to the same heavy spot location. If the 

entire balancing system were mounted on springs, the shaft 

deflection could be minimized due to dampening by the springs. 

This could permit correct apportionment of fluid into the 

appropriate reservoirs to reduce imbalance. 

ER Fluid was believed to be superior to water as a 

correction weight because it could be released by a simple 

light weight ER Fluid valve with no moving parts, instead of 

a solenoid valve. Test results obtained for calibration tests 

at 458 CPM and 623 CPM using ER Fluid as the correction weight 

were very similar to results obtained in the previous 

calibration tests with water (Figure 18). Initially, at 455 

CPM, there was an imbalance of 9.55 microns at 349 degrees 

when the reservoirs were empty (Figure 19a). When ER Fluid 

was released as the balancer's rotor reached a speed of 458 

CPM, the imbalance increased to 15.3 microns at a location of 

340 degrees. This result suggests the correction mass (ER 

Fluid) was apportioned to the location opposite that required 
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by the initial test balance. Also, ER Fluid was apparently 

over apportioned, perhaps because the ER Fluid Valve operated 

ineffectively. 
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FIGURE 18: FFT output for balancing system with empty 
reservoirs prior to ER Fluid test (458 CPM top, 623 CPM 
bottom). 

The test at the highest speed, 596 CPM, produced a result 

similar to the lower speed result. Figure 19b. When the 

reservoirs were empty, there was an initial imbalance of 6.3 

microns at 314 degrees. The balancer was stopped, ER Fluid 

was added to the sump, and the balancer respun with 2,000 

volts supplied to the ERFVs. Voltage was removed from the 

ERFVs when the balancer was at 557 CPM permitting fluid 
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distribution. The result, an imbalance of 15.5 microns at 346 

degrees, appears to be similar to balancing results obtained 

at the slower speed (Figure 19a). 

FFT analyses for the balancer containing ER Fluid inside 

the reservoirs were computed for operation at both speeds. 

Figure 20, The vibration output is similar to the FFT 

analysis output obtained with water used as the correction 

weight. Vibration peaks were largest at operational speeds, 

implying imbalance. 

Two reasons may explain the results obtained when using 

ER Fluid instead of water as the correction mass. ER Fluid is 

roughly 125% as dense as water and has a much higher viscosity 

so it flows through the valves more slowly than water. The ER 

Fluid valves were designed to operate with a 5,000 volts 

output, but could only produce a two kilovolts maximum output 

in operational tests. Two kilovolts was sufficient to slow, 

but not stop ER Fluid flow while the rotor was moving. 
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smoô Y 

An automatic balancing system that utilized ER Fluid as 

correction weight was built and tested. A balancing and FFT 

evaluation of the balcincing system compared use of water and 

ER Fluid as correction weights and found vibration increased, 

by about the same amount, when either ER Fluid or water was 

used to correct imbalance. However, based on balancing data 

from the 885 Analyzer Balancer, ER Fluid Valves apportioned ER 

Fluid to a more consistent location than water. This result 

perhaps occurred because ER Fluid released by the ER Fluid 

Valves occurred when the balancer's rotor was rotating at 

operational velocity (rotational acceleration was zero) 

instead of being released immediately after starting rotation 

(when rotational acceleration was maximum), as with water. 

Additional recommended experiments with this ER Fluid 

balancer should include improved ERFVs which can completely 

stop ER Fluid flow during centrifugal acceleration. An 

alternative design might use solenoid valves located as close 

to the center of the rotor as possible to minimize vibration 

effects. However, ER Fluid could have the advantage of 

permitting additional harmonic dampening if located at the 

outside circumference in a composite form (as used with the 

centrifugal balancer prototype). 
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Other suggested system modifications include use of 

smaller dicimeter ER Fluid Valves or only one ERFV spinning 

within a torus shaped balancer. Such a system may also 

reduce the vibration occurring at two and four times rotating 

speed. Another modification would involve suspending the 

balancing machine on dampening springs to reduce the effect of 

shaft deflection on correct ER Fluid apportionment. 
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