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ABSTRACT

Recently, a fluid turbine which has a brush attached to it has been
designed and tested with water as fluid. The purpose of the
turbine-brush is to clean up fouling in a tube. The Montreal
Protocol prohibits the use of CFC products from refrigeration
industry or from industry in general as a cleanser in 1996.
Alternatives for the cleansers, devices or a combination of
alternative devices with a cleanser should be found. One of the
methods is to develop a device which cleanses fouling with a
cleaning medium. In this paper, we describe a turbine connected
with a brush. However, the turbine with the brush should be simple
and easy to install. This device is a combined small liquid
turbine with a brush. The turbine is activated by the liquid
flowing through the tube. Then the turbine turns the brush cleaning
fouling along the tube. Based on the energy conservation and the
Bernoulli equation along with an empirical relationship of drag
force obtained from an experimental apparatus, a relationship of
the rotational speed, the number of blades, and geometric variables
of the turbine-brush was obtained. The predicted rotational speeds
were compared with the experimental observations. Further work was

recommended for improvements.
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SUMMARY

Oone of methods of cleaning fouling in a tube will be a turbine-
brush unit to replace R113 as a cleanser after 1995. The turbine-
brush consists of a turbine and a brush with a connector between
the two. The turbine-brush was created in KSC,NASA and demonstrated
its rotational motion while it was held at a position.

Objective of the program is to optimize the geometry of the
turbine-brush including the blade angle,the number of blades, and
arrangements of the connector and brush, flow rates, rotational
speeds, diameters of tubing and performance of cleaning before a
final product is designed and manufactured.

As an initial step, a relationship among the above variables was
developed based on the energy conservation law and the force
momentum theorem. Numerical values of an existing turbine-brush are
used with the relationship to predict the rotational speed.
Predicted rotational speeds are compared with observed rotational
speeds. These two differ in one order of magnitude.

The drag coefficients were computed based on the incoming velocity.
From the open literature, we did not find any information of its
drag force coefficients, because this may be the first device to do
the cleaning in the tube with the fluid as driving energy source.
Possible alternative coefficients useable for the turbine-brush are
those for a spinning sphere or a disk and cylinder connected in
tandem. From the experimental results,the force was measured and
its coefficient was calculated. As a result,the equation relating
the variables produced the angular velocity. o

While it rotates, the flow downstream of the turbine-brush is a
combination of a usual turbulent one dimensional flow with a forced
vortex motion due to the turbine motion within the connector and
brush then one more complicated form of forced vortex motion takes
place downstream of the brush. A laminar sublayer flow was assumed
to pass through the gap between the turbine-brush and the wall of
the tubing.

A simple numerical model was developed. One hundred sixty eight
volume elements were constructed in order to use in a three
dimensional unsteady flow conditions. Boundary conditions,
properties,turbulence model, and so on have to be supplied to run
and yield a result.

Further work is recommended as follows:(l)a coded program of
computation is recommended for various parameters of the turbine-
brush, (2)measurement of drag force coefficients in the wide range
of the volume rates,(3)study of constraints under which the
relationship derived be optimized including the degree of the
reaction of the turbine,(4)experiments be performed with a
different forms of the brush, (5)a numerical simulation be continued
with the model to determine a feasibility of the numerical scheme
for the turbine-brush in the future.
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NOMENCLATURE

Area of tube cross-section, m’

Width of the brush,or the length of turbine-brush
sections, m

Drag coefficient

Diameter of the tube, m

Force, N

constant defined by the force:unity is the SI unit
Enthalpy,kJ/s

specific enthalpy, kJ/kg

Kinetic energy, kJ/kg

Mass rate, kg/s

Static pressure, N/m’

Potential energy, kJ/kg

Heat transfer rate, J/s

radii of the rotating elements,m

Specific internal enerqgy,kJ/kg

Tangential Velocity,m/s

Fluid velocity, m/s

Specific volume, m’/kg

Rate of work, kJ/s

Greek Letters

T EMT AR

Subscripts

tension
tur

Turbine angle

Weight adjusting factor
3.14

Density, kg/m’

Summation

Angular velocity, /s
Dynamic viscosity, N s/m?

representing the length between p, and p,
representing the length between p, and p;
Brush Base

brush and its hub

Brush

Drag force

Fluid

Entering section

exiting section

shaft work

Shear force

Referring to rotational parameters
Tension of a wire

turbine
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I.INTRODUCTION

CFC refrigerants/cleansers will not be allowed to use in cleaning
fouling in tubes starting in 1996. In this paper, we describe a
device which will clean fouling in tubes. The device consists of
two parts; a turbine and a brush with a connecting part. Details
of the turbine, brush and the connector are shown in
Fig.1(Werlink,1993). The turbine has four blades with 70 degree
wide and there is a spacing of 20 degrees between the blades. These
blades are installed in a direction of 45 degree from the axial
direction. A connector links the turbine with a brush.

The brush is made of nylon fibers so very densely structured that
fluid may not pass through. It is possible to consider that the
friction in the gap between the turbine and the tube wall and brush
and wall may be of a nature of a laminar flow. However, the drag
force of the turbine-brush unit is very complicated. At a glance,
the unit may be assumed to be a spinning sphere(Goldstein) or a
disk connected to a cylinder in tandem(Blevins). While a cleanser
water solution passes through a tube, more or less,the friction
force may be reduced due to the fact that the cleanser is a
material made of long chain structured polymers(Sellin and Moses).
Oon the other hand, a constant vortex motion provided by the turbine
followed by a swirling motion of the fluid within the connector and
the brush, again,a vortex motion due to the brush rotation are very
complicated and difficult to analyze exactly.

The combined vortex and turbulent flow may be analyzed by
superimposing two separate flow characteristics together,i.e., an
axial turbulent flow passing through the geometry of the turbine-
brush and a rotational flow within the turbine-brush configuration
may be analyzed separately and results should be superimposed.

In this project, preliminary results were obtained based on
simplifying assumptions and measurements of drag forces. Based on
the assumptions, the energy conservation law was used along with
the force momentum theorem tieing up with the drag force in terms
of pressure drops across the turbine-brush. By doing so, the speed
of the unit in rotational motion was predicted and compared with
the experimental results.

I1.ANALYSIS

2.1 Drag Force and its Coefficient
Consider a control volume shown in Fig.2. Certain assumptions are

needed to deal with the flow phenomena for a first order
approximation solution. The assumptions used for the fluid
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are(Munson et al.):

1.0ne-dimensional incompressible steady flow

2 .No heat transfer from or to the flow, and t;, = tou-

3.Fully developed turbulent flow

4.The tube has a uniform internal diameter.

5.The fluid has constant dynamic and thermal properties.

6.Fluid passing through the brush section is a negligible amount.

7.The drag force of the turbine-brush held at a position will be

the same as it moves, once the tension force is taken into account
in computing the drag coefficient.

Based on the force-momentum theorem, the sum of forces in the
horizontal direction is the same as the rate of momentum
change (Munson, et.al):

ZF =(mf/gc)(vout -Vin) (1)

The sum of forces are collection of the tension force, static
forces, the drag force and the skin friction forces(Fig.2):

- Frension T (P1 -p;)A + Fp - Focin.r.1-2. = (mg/g.) (Ve - V) (2)

where p’s are the static pressures measured at the upstream and
downstream of the turbine-brush. If the static pressures at the
stations 1 and 4 are used equation(2) becomes (Fig.4):

—Ftension + (pl - P4)A + FD + Fskin.f.l—4. = (mf/gc)(v4 - Vl) =0

because V, is the same as v, for a fully developed flow at the
station 4 in the tube. From the above, we obtain Fy:

FD = Ftenaion + (p4 —pl)A = Fskin.f.1-4.

By the definition of the drag coefficient, G, the drag force is
given by:

n

Fp valeCo/ (29.)

CD = [Ftension +(p4 - pl)A - Fskin.f.l--i.]/(pfvle/zgc) (3)

The coefficient,C, is computed from equation(3) with Fiengionr Pas P1s
and V, which come from experiments. The skin friction force is in
terms of viscosity, the velocity gradient at the laminar sublayer
in the gap between the turbine and tube wall and the brush and
tubing wall. The friction force in the axial direction has a form:

Foxin.f.1-2. = eV, (27B,_,) (4)
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2.2 Energy Conservation Law

Consider the energy conservation on the control volume shown in
Fig.2(Moran and Shapiro):

Q -W= (K.E. + P.E. + H)yoe = (K.E. + P.E. + H)y, (5)
where Q is the heat transfer rate, W, the mechanical work and K.E.

and P.E. are the kinetic and potential energy,respectively and H is
enthalpy defined by:

H= m:h; h = u + p/p, m, = mass rate (6)

Applying the usual assumptions to liquid steady flows,i.e., no heat
transfer, temperature being unchanged,i.e, ti,, = Tous and the
density being constant, the above equation is written as follows:

W = (m/g.) [(V,2/2 + pv) = (Vi*/2 - piv)] (7)

The rate of work in equation(7) includes the shaft work and the
friction work as the unit rotates:

W = Wshaft + Wskin.f. (8)

Since the rotational force comes from the motion of the blades,
all of energy of fluid is assumed to turn the turbine-brush, the
shaft work will have a form:

Wahatt = Jtot(oz/ 2 (9)

where w is the angular velocity and J.. is the sum of the moment of
inertia about the axial direction. The sum of the moments consists
of moments of inertia of the turbine,J.., the connectors,J.om.r - -
brush hub, J,, and the brush,J,, '

Tear = (PE)ear(®/2) (1 = ") (/360) NPy, (10)
Teonn. = (Pt ) conn. (1/2) (L5* = ;") Peonn. (11)

Jon. = (PB)p.n. (W/2) (53 = I2*)pon, (12)

Jp = (PB)p(n/2) (r* - ')y (13)
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where p is the density, t is the thickness, o is the angle of the
blade, and § is a number adjusting the geometry with respect to
one of the components of the turbine-brush, N,the number of blades,
and r's are radii, respectively(See details in derivations of
APPENDIX).

Since the turbine-brush unit is held in a position but rotates, the
friction work due to the translation motion is negligible. The
friction between the brush and surface of the tube wall is due to
the force normal to the centrifugal force. This force should be
multiplied by the tangential velocity of rotation(See details in
derivation of APPENDIX):

wbr,tot = (zn/3gc)udry(pB)brw3r7(r73 = rzs)brﬁb.h. (14)

The magnitude of the dry friction coefficient between the turbine
the brush and the tube wall is 0.35(Baumeister and others). Since
the flow in the gap between the tube wall and turbine housing is
laminar, the work against the rotational motion is:

wrot. = (2“/3gc)P«:(PB)cur(’-’squ(rf - rla)turﬁtur (15)

After collecting all of these terms, equations(2),(3),(4),(9-15)
and substituting into equation(7), a relationship of important
variables such as the angular velocity, the speed of the unit along
the tube, and the number of the blades is shown as follows.

3
c,I,(r,® = r’)w’ + (T, -r*)Ne’ - cy(rt - r,*)Ne’ -

(cq + cs) (ryt - r,*)w —-c¢(r;! - r,*)w?

+ c,(rg + r;)w® -cg =0 (16)
where
c; = (27/39c)Mary (PB)oe.Bo.n. (17a)
c; = (23/39c)M:(PB)muﬁun(a/36°) (17b)
Cy = (1/2) (PB)ruPeur (2/360) /29, (17¢c)
¢, = (1/2) (Pt)conn.Beonn./29c (17d)
cs = (7/2)(pB)p.n./29; (17e)
ce = (n/2)(pB)u/29c (17£)
c; = m¢/(8*gc) , (179)
Ce = = (M/2gc)V’Co FFrensionVs (17h)
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where B,,. is a factor adjusting the geometry for the brush and hub,
Beomn.r @ factor adjusting the geometry for the connector, and P, 1is
a factor adjusting the geometry for the turbine. V.2 = Vierans.’
Vorot.2r Va2 ® Varanse’ Vyor.= ((¥¢ + 1,)/2)0 were also used in
equation(16). Subscripts 1, and 2, here refer to the inlet and
outlet,respectively.

2.3 Application of the Derived Equation

For the number of blades, N= 4, r’s being read from Fig.l,listed in
Table 1, equation(16) becomes a third degree polynomial in w at a
given volume rate,.i.e., V, = constant:
a,w’ + a0 - a, = 0 (18)
where a’s are expressed as follows:
a, = c,r,(r; - r;’) + c,r,(r - r,’)N (19a)
a, = C,(r, + )2 = [cN(r* - ') + (¢4 + &) (xrs® - r,*)

+ ce(r,* - 1Y) (19b)
a, = Cq (19c)
where C, is assumed to depend on the incoming velocity, V, and

constant determined from the experiments. Table 1 summarizes all of
the numbers in the above computations.

Table 1 Values of material properties,geometry
and flow properties
Turbine Brush Brush Hub Connector

r,=0.00381m

r,=0.00508 r,=0.00508 r,=0.00508
r,=0.00762 r,=0.00762 r,=0.00762
r,=0.01905
r.=0.02159 m
r,=0.02301 m
r,=0.0254 m r,=0.0254 m
t=0.0015875 m t=0.0015875
B=0.0047625 m B=0.008382 m B=0.008382 m B=0.00254
p=7900 kg/m’? p=1121.625 kg/m* p=4800 kg/m’ p=7900 kg/m’
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The density and viscosity of fluid are p=997 kg/m* and pn=885x10-°
Ns/m?.

2.4 Numerical Simulation

A software NEKTON(Fluent,Inc.) was made available on a DEC
workstation in the Branch through the KSC Telnet network. NEKTON is
a finite element based fluid problem solver that is capable of
analyzing flows of three dimensional unsteady nature. This is a
result of a spectral element method developed by Professor Patera
of MIT and commercialized by Fluent,Inc.

The flow domain of the turbine-brush is a cylinder with a length of
11d, d being the diameter of the cylinder. At the location of 3d
from the entrance, the turbine-brush of 2d long is placed. The
jocation of the exit is then 6d away downstream from the turbine-

brush which may be the minimum distance for which a fully developed
flow at the exit is warranted.

Starting from the entrance, 21 surface elements were constructed.
These elements were moved up to the next position along the
cylinder length, thereby, became volume elements. At the location
of the turbine brush, the surface was divided into different
concentric elements from the previous fluid elements so that these
elements are identified as rotating elements at given locations.

The connector and brush sections were made into volume elements in
a similar manner to the turbine section(Fig.3).

At present, 168 finite volume elements were constructed for the
flow domain and stored in the SUN workstation network at UNC-
Charlotte. Additional variables to be supplied are boundary
conditions,fluid properties, rotating boundary conditions,
turbulence model, and deformation information for each element.
This is a very crude model for the turbine-brush. However,this
would yield important an insight so that an analyzer can determine
whether a numerical study may be of help in the turbine-brush
development.

III.EXPERIMENTAL INVESTIGATION
3.1 Type of Probes and Their Locations

Fig.4 shows an experimental apparatus. A hydrant with a control
valve supplies water to the test section of a transparent tubing of
i.d.,2 in. The valve controls the flow rate. The turbine-brush unit
is held by a wire and a load cell transducer measures the tension
force of the wire. The pressure ports are shown as p,, P:rPsr and p,.
The rotation speed was measured by picking up pulses from a
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rotating magnet which is placed in a turbine blade. The sampling
rate was 49.98 per second. The load cell and pressure transducers
have the measuring ranges as shown in Table 2.

Table 2 Transducer Ranges

Transducers ranges Accuracy in F.S.
Load cell 0-50 1b 0.1 %
P 14.7-60 psia 0.02%
p. 14.7 - 50psia 0.02%
Ps 12.0 - 30psia 0.02%
P 12-30 psia 0.02%

A PC and labview software display and record the data in an ASCII
file in a monitor and disk. A typical data set is shown in Table 3.

3.2 Data from Experiments and V,, F, Computation

Applying the force-momentum theorem to the turbine-brush held at a
point produces an equation in the form:

=Ftenston + (pl - Pz)A + FDrag - Faxin.f.1-2.

= (m/g.)(V, = V,) (2)

where the first two quantities of the left hand side of the
equality and V, are known and the drag force is given by Fpg =
C,p¢V,?°A/2g., A being the cross section area of the tube. From this
equation V, is obtained. Computation yielded that V,’s are within
a range of 95 percent of V,. Table 3 summarizes data from the
experiments, computed velocities and the drag forces. The
quantities in parentheses are the numbers in the Pound-Inch system.

The reading devices have ranges of uncertainties within 0.10

percent, yielding an uncertaintity of about 1.0 percent for the
measurement system.
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Table 3 Summary of Flow Rates,Pressures,Tension Force
and Drag Force

Flow Rate p, P- Ps P4 Feension v, Drag Force

m*/s kpa kpa kpa kpa N m/s N
(gpm) (psi) (psi) (psi) (psi) (1bs) (ft/s) (1bs)
.0037 21.86 10.34 1.014 2.64 39.44 1.822 0.468

(58.5) (3.17) (1.50) (0.147) (0.38) (8.86) (5.98) (.105)

.0047 51.79 10.76 1.048 2.64 41.15 2.32 0.53
(74.47) (3.16) (1.56) (0.152) (0.38) (9.25) (7.61) (2.36)

.0052 20.80 10.74 1.50  2.81 39.41 2.0l 0.655
(82.00) (3.02) (1.60) (0.218) (0.41) (8.86) (6.58) (2.97)

IV.RESULTS AND DISCUSSION

4.1 The Angular Velocity

In the computation procedure, the geometry factors were used; PBo.n.
= 72, Beonn. =72, and P = 0.65. Table 4 shows the computed and
observed frequencies for three cases.

The predicted and the observed frequencies do not agree well. The
predicted values are of magnitude of one order higher than the
observed values. This means that the mass of the rotating system
has been estimated less than it should be and that the sum of the
inertia of rotating parts of the turbine-brush should be estimated
more carefully, rather than using the geometry factors.

One of the assumptions used was the flow in the gap between the
turbine-brush and the tube wall is a laminar sublayer. This may not
be true. Estimating the frictional work in the rotating motion of
the turbine-brush may not be accurate, particularly with the brush.
More data are needed for the drag coefficients in a wide range of
the volume rates to know whether the deviation between the two
values of the angular velocities would be greater in the high

Reynolds number side.

4.2.Coefficients of Drag Forces
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From Table 3, the drag coefficients

were computed for three

different flow rates. The Reynolds numbers and the coefficients are

listed in Table 4. Further computed resu
later report.

1ts will be compiled for a

Table 4 Coefficients of Drag forces at Flow Rates

Flow Rate Re C, forea. fopservea

m3/s (gpm)

0.0037(58.5) 1.08x10° 0.14  43.
0.0047(74.47) 1.37x10° 0.43  47.
0.0052(82.00) 1.19x105 0.20 47,

98
41
86

~N
. . .
[oNo N

The difference between the incoming velocity and the moving speed
of the turbine-brush is very little. The drag coefficient changes
from 0.14 to 0.4 in the Reynolds number range at 10°. The
coefficient of the turbine-brush is compared to those of the
spinning sphere(Goldstein), and the disk connected to a cylinder
in tandem. The drag coefficients of the turbine-brush is less than
the spinning sphere and the disk connected to a cylinder(Blevins).

4.3 Constraints under which optimum values are obtained

An important constraint among others see
reaction of the turbine-brush, which is

ms to be the degree of the
defined as(Shepherd):

R = [(U2 = U2) + (V7 = Vi®)1/(29.E) (20)
where E is defined as:
E = [(V? - V,2) + (U - U2) + (VP - Vi, *)1/(29:) (21)

where all of the symbols used are denoted in Fig.5. The absolute
velocity V is resolved into a component V, passing through the
axis( a radial velocity) and a tangential component V,. The

reaction is an indication of energy tran

sfer from the fluid to the

turbine. For example, R = 0 implies that there is no change of
static head or pressure in the rotor and such a machine is called
an impulse type. In general, the term reaction alone is used
whenever the turbine is not purely impulse, but for the special

case of steam turbines, it has come to

imply 50 percent or half

degree of the reaction. The turbine of the turbine-brush has a
degree of the reaction between 0 and 50 percent. This aspect of the

degree of reaction for the turbine-brush
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Other important constraints are the optimum radii of the structure
because these determine the weight  of the turbine-brush,

consequently the rotating inertia. The structure of the connector

seems to be a very important constraint. A new arrangement and
structure of the brush will be important. All of these variables
are related with the geometry factors. The more accurate these are,
the better predictions seem to be made.

strictly speaking, the actual application of this device in
cleaning fouling, the device will travel along the tube, not held
at a place. The current experimental apparatus holds the turbine-
brush at a point, thus the drag coefficient might be different from
those obtained from the apparatus in which the turbine-brush was
held at a point. A series of this type of experiments should be
carried out in the future.

4.4 Numerical Simulation

The numerical analysis be continued to establish a feasibility
study. This type of the feasibility study may be needed to justify
the required time for a coding a new program Or justify using a
commercially available code, if needed.

V .RECOMMENDATION

Further work is recommended as follows.

1.Determine the weights of the turbine-brush as a unit and
individual components. This will help determine the mass moment of
jnertia of the turbine-brush and mass adjusting factors, because
these control the prediction of the rotation speed.

2.More drag force measurements may be needed from low volume
rates. Additional experiments would tell us whether the prediction
is reliable in the low or high velocity side of the flows.

3.Investigation of the constraints under which the relationship
derived be optimized including the degree of the reaction of the
turbine. Because of the brush attached to the turbine, this may be
a brand new study.

4 .pifferent forms of brushes be attached and experimented for a
possible reduction of the drag force. Rather than the radial brush,
attach fibers in the connector along the axial direction so that
the fibers get stretched due to the centrifugal force in rotation.
This would reduce the drag force and enhance the rotational speeds.
This kind of fiber arrangement could be beneficial for a smaller
diameter.
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5.Computation procedures be coded for the current verification of
the equation as well as its future use.

6 .Numerical analysis with constructed elements be carried out to
determine feasibility for further numerical study and to know

whether it could aid the design development activity based on the
software NEKTON or a different code or coding a new code.

VI.CONCLUDING REMARKS

Based on the Newton’s law of force and the energy conservation law,
an equation was derived relating certain number of geometrical
variables with flow variables together. Pressure drops across the
turbine-brush were measured in order to compute the drag force
coefficients. These coefficients were used in the derived equation.
This equation provided the rotations per second. These have been
compared with the experimental values. They do not agree at all.
The reason was discussed in the Results and Discussion section.
Further work has been suggested in the Recommendation section.

VII.APPENDIX

A.DERIVATION OF THE KINETIC ENERGY OF THE BLADES

From Figs.6(a) and 7(a),the mass moment of inertia of the arc
element is:

dI = r?(dm); dm=p(2nrdr)t=2n(pt)rdr; dI=2n(pt)r’dr
I = f2n(pt/g.)r’dr = (n/29g.)(pt)(xr,* - 1) (A1)
where p is the density, and t is the thickness of a plate.

Integration of the above with respect to the radius for a blade
that has o degree,the outer and inner radii as r, and r, gives:

Tewr = (:n:/zgc)(‘:)t‘)t:v.u:‘(rz‘1 = r14)(a/360) (AZ)
Thus, the kinetic energy of the N turbine blade is:

(1/2g.) (Pt) e’ (' - £,*)N/2 (A3)
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B.DERIVATION OF THE OF THE ROTATIONAL FRICTIONAL FORCE AND ITS WORK

From Figs.6(a)and 7(b), the centrifugal force of the arc element
is:

dF ey = I’ (dm); dm=p (2nrdr)B; ® = constant (B1)
where w is the angular velocity of the blade. Integration of the

force with respect to the blade angle and radius with the number of
blades gives:

Fcent = (2n/3gc)(pt)turm2(r43 - rls)(a/BGO)N (Bz)

The friction force is, then:

Ffrict = Udrchent,

where pg, is the dry friction coefficient between the brush and the
tube wali. Thus,the rate of the frictional work is:

Wor,zot = (27‘/3gc)Udry(PB)b:‘”arz(r73 - ;%) (B3)

C.THE NEWTON-RAPHSON METHOD FOR FINDING ROOTS OF A POLYNOMIAL
Consider a function of x, f(x)=a, + a;x + a,x?
+a,x’ + a;x' +--(Cl)

Suppose an estimated root is x,. Then evaluate the function
f(x%,),that is:

£(x,) = a8 * a X + a X, + a;x,° + aX,t + - (C2)

Take the derivative of the function with respective to X and
substitute x with X¢3

df (x,)/dx, = a, + 2a,%X, + 3a,x,2 + 4ax,’ + (C3)

Now make a ratio of £(x,)/df(x,)/dx, subtract from x0 and set it
as:

X = X, - £(X,)/df(X%,)/dx (C4)

n
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Let us compare X, with x, in terms of their magnitudes;hénce the
absolute value of the difference is less than a certain number,e¢
=0.01 for which the accuracy is warranted:

| x, - X,|] = ¢ (C5)

then, one of the roots of equation(8) is x,. For other roots, the
above procedure should be repeated for the polynomial(Stoecker).

Using velocities of Table 3 and C,'s of Table 4 for three cases of
experimental results, the roots were found. w = 276.2072, 297.7274,
and 300.5572, respectively. The other two roots are imaginary
numbers for the three cases. Thus w = 2m(rotation/s) produces

43.98,47.41, and 47.86 for rotations per second, which is
frequency.
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re dm=(density)(2*3.14rdr)(t)

dr

ri

Fcent.

(a)Moment of Inertia for Mass

re

r1

(b)Friction Force due to Centrifugal
Force

Fig.6 Mass Moment of Inertia, Centrifugal Force,Friction Force
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