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ABSTRACT

VISCOUS HEAT DISSIPATION IN TANGENTIAL
ANNULAR FLOW OF NON-NEWTONIAN FLUIDS

By

Jill Marie Kennedy-Tolstedt

A mathematical model was developed to determine the level of viscous heat
dissipation of non-Newtonian fluids in tangential annular flow. A finite difference model
was developed to calculate the velocity profile and the constant of integration from the
equation of motion. A finite element program was adapted to predict the temperature

profile.

The model is based on the equations of energy, motion and continuity, and the
rheological model involving four fluid parameters. The model was used to evaluate the
effect of varying the annular gap, angular velocity and fluid type on viscous heat

dissipation. An experimental design was implemented to validate the model.

The effects of annular gap, angular velocity and fluid type can be embodied in the
Reynolds number. The model correctly predicts the measured temperature profile when
laminar flow exists, (Re < 10). When turbulent flow occurs, (Re > 10), the model

predicts temperature values that are higher than the experimental data.
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1 INTRODUCTION

Viscous heating is important in several engineering problems such as flow of a
lubricant between fast moving parts, flow of fluids in extrusion dies and boundary layer
flow in re-entry problems. In food processes such as extrusion, tube flow, and mixing,
heat generation due to shearing can cause a significant rise in temperature. Heat
generation can also present problems in the determination of rheological properties in
rotational viscometry or cone and plate viscometry. When processes are bound by
critical temperatures, unaccounted for changes in temperature lead to problems in quality

control of the product.

A common misconception in analyzing flow situations is that viscous heat
generation is negligible at low velocities,. Actually, viscous heating is a function of the
velocity gradient, so that even at low velocities, viscous heating does occur. In the
Newtonian case, predicting when viscous heating will be significant is fairly straight
forward. For non-Newtonian fluids, complications arise due to the fact that viscosity is a
function of the shear rate as well as temperature. When viscous heating is neglected,

calculated temperature profiles can be underestimated.

Bird, Armstrong and Hassager (1977) discussed tangential annular flow when

addressing the phenomenon of rod climbing in non-Newtonian fluid behavior. For steady



laminar flow they make the usual assumption that "a fluid particle will follow a circular
trajectory centered on the axis of the cylinders and lying in a horizontal plane". This

assumption is critical to tangential annular flow analysis.

In rheological studies, sources of error are generally attributed to five main areas:
1) slip at the wall, 2) eccentricity, 3) viscous heat dissipation, 4) end effects and 5)
secondary flows. Of these five, viscous heating has received the least attention due to the

complications associated with its analysis in non-Newtonian fluids.

Dealy (1982) discusses these sources of error in addition to rod climbing. He states
that in annular flow of non-Newtonian fluids when the gap to length ratio is small, error
due to end effects is approximately 2%. For a non-Newtonian fluid, secondary flow is
characterized as a discontinuity in the slope of the shear stress versus shear rate curve.
He developed an equation to predict the maximum temperature rise due to viscous
heating of a power law fluid.

n R 292

— g _1
T, T, T (1-1)

This is the same equation developed by Bird, Armstrong and Hassager (1977) when
they discussed tangential annular flow in the estimation of temperature rise caused by

viscous heating in concentric cylinder viscometry.



Correct accounting for viscous heating leads to accurate temperature profiles, better
estimation of rheological properties and improved product quality control. This study is
concerned with viscous energy dissipation in purely tangential flow in concentric

cylinders, with the inner cylinder rotating and the outer cylinder stationary.
The generalized rheological model of Ofoli et al. (1987) given by

6" = o, + pi” (1-2)

was used in this study. Hereafter, this model will be referred to as the OMS model. This
is a four-parameter model for characterizing inelastic fluid foods. By appropriate choice
of parameters, conventional rheological models become special cases of this model. The
model can, therefore, represent power law, Bingham plastic, Herschel-Bulkley, Casson,
Heinz-Casson and Mizrahi-Berk fluid foods. Solving flow problems in terms of the
generalized case results in equations that are applicable in a wider variety of

circumstances.



2 OBJECTIVES

The objectives of this study were:

1. To derive a mathematical model based on a generalized non-Newtonian fluid for
determining the effects of viscous heat dissipation in an annular concentric cylinder,

with the inner cylinder rotating and the outer cylinder stationary.

2. To use the model to predict the temperature profile of fluids held in rotation in the
annular gap and to access the effect of annular gap width, angular velocity,
rheological behavior of the fluid and Reynolds number on the level of viscous

dissipation.

3. To test the model with experimental data.



3 LITERATURE REVIEW

In their investigation of viscous heating in some simple shear flows, Sukanek and
Laurence (1974) suggested the existence of a double-valued shear rate. This shear rate is
due to viscosity dependence on temperature and the presence of viscous heat dissipation.
Experimental studies were undertaken using three configurations: 1) plane Couette flow,
2) circular Couette flow and 3) circular Poiseuille flow. Using a Newtonian fluid with a
strong temperature dependence, data clearly showed the double-valued shear rate but the
magnitude is less than that predicted by their model. Some reasons cited for the
discrepancy are the inability to attain a constant initial temperature, problems with

keeping the gap full of fluid and possible eccentricity of the inner cylinder.

Higgs (1974) studied the error due to ignoring slip at the wall in determining fluid
flowrates for tube flow and annular flow. He found that for tube flow an error of up to
26% can be made in flow rate calculations. Using a slip correction coefficient, p*,
flowrates can be adjusted for slip conditions. It was determined that B* was
approximately constant and that assuming constant f* produced only a 1% error in flow
rate calculations. For rotational viscometer flow, he found that the error due to ignoring
slip is offset by a lower value for the consistency coefficient. Because of the offsetting

errors, the assumption of no slip at the walls is approximately correct.

Seichter (1985) developed a method for estimating viscous dissipation effects on
the power requirements and pressure drop across a screw pump. Although he did
consider temperature dependent viscosity, his procedure was developed for Newtonian



fluids only. For a highly viscous Newtonian fluid he calculated an 8.5% increase in

temperature due to viscous heat dissipation, at a point 576 mm along the screw of the

pump.

In their study of viscous heating of a power law liquid in plane flow, Gavis and
Laurence (1968) predicted a temperature change of 0.2 to 40-C when B* ranges from
0.025 to 200, where B'is given by

B" = (E)Br") G-1)
n

and the Brinkman number for a power law fluid is defined by

h (1 -n)Vgl +n)mo

(n) _
Br = kT,

3-2)

The consistency coefficient was assumed to vary exponentially with temperature.

Turian and Bird (1963) studied the error in viscosity measurements due to viscous
heating when using a cone and plate viscometer. They reported a 15% error in viscosity
measurements when considering Newtonian fluid flow. This error in viscosity was due to
a 3°C change in temperature resulting from viscous heating. They proposed a means of

estimating the temperature rise independent of the rheological model used.



Froyshteter (1977) found that the rheological model chosen has a significant effect
on temperature and velocity profile calculations. He studied the effect of an internal heat
source on the heat transfer of non-Newtonian fluids. He found that for the case of

cooling, instability in the laminar flow occurs.

Froyshteter (1982) studied heat transfer in tube flow of high viscosity
non-Newtonian fluids and the stability of laminar flow due to heating and viscous heat
dissipation. Two boundary conditions were studied: 1) constant heat flux and 2) constant
average fluid temperature. In his analysis, he chose the Herschel-Bulkley rheological
model and assumed an exponential temperature dependence for the plastic viscosity. He
found that for constant heat flux, a temperature profile developed. When the temperature
gradient was large, the viscosity was no longer constant across the cross-section of the
tube. At the wall, where the temperature was at a maximum, the viscosity was reduced
due to its dependence on the temperature. Near the center of the tube the temperature
was not as high and therefore the viscosity is higher. Because the viscosity at the wall is
reduced by the increase in temperature, the shear stress at the wall dropped sharply. This
coupling of viscosity and shear stress means that the viscosity can effect the form and
mzignitude of the temperature profile. A viscosity change of three-fold resulted in a

linear temperature rise. Froyshteter defined the dissipative factor ¢ as

Wr,
2q,,

¢ = 3-3)



Froyshteter found that for constant wall heat fluxand 0.5 < Br < 1.0, the
dissipative factor decreases with increasing length and approaches zero. However, for
constant average fluid temperature in the same range of Brinkman numbers, the

dissipative factor approaches infinity.

Forrest and Wilkinson (1974) examined laminar heat transfer to power law fluids in
tubes with constant wall heat flux. The effects of viscous dissipation and uniform
internal heat generation were included. In the case of constant wall heat flux, they found
viscous dissipation was a dominant factor. When viscous dissipation occurs, it dominates
the heat transfer mainly through changes in the apparent viscosity of the fluid and other

temperature-dependent rheological properties.

In a study by Agur and Vlachopoulos (1981), heat transfer of a power law fluid in
tube flow was considered. Using a finite difference solution for the problem of
temperature dependent viscosity, it was found that the temperature profiles were the same
for both temperature -dependent and -independent rheological properties, when fully
developed flow was considered. When viscous dissipation was significant, the

temperature was greatest near the wall at the point of maximum shear.

Dang (1984) studied forced convection heat transfer of power law fluids at low
Peclet numbers. He found that when viscous dissipation is present, the Nusselt number
does vary with the Peclet number for Pe = 1, 5 or 10. The average temperature reaches

equilibrium when

YA
R 2 1 3-4)



He also found that the average temperature increases with increasing power law index.

Marner and Hovland (1973) used the product of the Eckert and Prandtl numbers as

an indication of the importance of viscous dissipation. Their equation was

A +1
E-pr = ™ (3-5)
q.R

As the product increases, viscous dissipation becomes important. In their study of
vertical tube flow of non-Newtonian fluids, they confirmed that viscous dissipation
distorts the velocity profile. They found that viscous dissipation also tends to increase

the friction factor and decrease the Nusselt number.

A second geometry that has been used in many research studies, is plane Couette
flow. Winter (1971) calculated the temperature and velocity fields for a Newtonian fluid
with a temperature dependent viscosity, assuming constant wall temperature in plane

Couette flow. He defined the Brinkman number as

Br = AT, 3-6)

He showed that unless the viscosity is a function of temperature, the Brinkman
number will not be influenced by the developing temperature field. A criterion, BBr, was
defined to characterize the development of the temperature field and determine how
rapidly the temperature field develops and whether equilibrium has been reached. If

BBr = 0 then the temperature remains constant. When BBr is increasing the time
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required for thermal development decreased, and when ggr > = the temperature
continued to increase and the viscous heat dissipated cannot be conducted away rapidly

enough.

Sukanek (1971) developed a series of relationships in order to determine the
integration constant, C, that arises from the momentum equation. This constant can be

expressed as

2

=2a(PY
c = F(i) (3-7)

where the dimensionless pressure group, P*, was defined as

pr = (’;)'Br (3-8)
and
The Brinkman number was defined as
= -’;B{;—VT—_: (3-10)

where the consistency coefficient was expressed as
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T-T
b= u,cxp[—ﬁ%] (3-11)

By fixing the initial velocity, the Brinkman number can be determined. The
following equation relates the Brinkman number and the velocity-independent,

dimensionless pressure drop, P* and combined them to determine the value of P*

-

1(BrY" BrY-
Br = (—l(P—*) - 2(;;) (3—12)

Once P* is known, Eqn. 3-8 can be used to calculate P and then Eqn. 3-7 can be

-

used to find the value for the integration constant, C. Once C is known the temperature
and velocity profiles can be solved. This relationship exists for Poiseuille flow of a

power law fluid when viscous heating is important.

Bonnett and Mclntire (1975) used a modified Galerkin technique to study the
problem of dissipation effects in the hydrodynamic stability of viscoelastic fluids. The
stability of the flow is a means of determining the possibility of melt fracture occurring.
They found that when viscous dissipation is included in the energy equation for plane
Couette flow with a superimposed temperature gradient, overstability occurs.
Overstability refers to the finite element solution for this problem. When the solution
becomes unaffected by changes in material properties it is said to be overstable. The
overstability tends to mask the effects of the material properties. They found that as the
Brinkman number increased, the solution for the velocity profile became increasingly

unstable.
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Many researchers have studied viscous heating in the cone and plate viscometer.
Bird and Turian (1962) found that for a standard cone and plate viscometer, a
temperature rise of 3°C, due only to viscous heating, is possible. A model was developed
that estimated the temperature rise independent of the rheological model. In a second
study Turian and Bird (1963) looked at Newtonian fluids with temperature dependent
viscosity and thermal conductivity. They speculated that the deviations from Newtonian
flow were caused by viscous heating. In a third study, Turian (1965) investigated viscous
heating of non-Newtonian fluids with temperature-dependent viscosity and thermal
conductivity. He developed an analytical solution for the velocity and temperature
profiles when viscous heating effects were important. The two sets of boundary
conditions studied were 1) both plates at constant temperature and 2) the stationary plate
at constant temperature with zero heat flux through the moving plate. This study
considers two fluid models, power law and Ellis. He used a series expansion to

determine the deviation in viscosity caused by viscous heating.

Lindt (1980) developed a mathematical model to study the flow of a Newtonian
fluid in concentric cylinders. In his model, velocity, temperature and concentration were
time-dependent while viscosity was given as an exponential function of concentration.
He illustrated the predictive capacity of the model by simulating annular flow of a
polymer in a one mm gap with the outer cylinder, R =10 mm, rotating at an angular
velocity of one reciprocal second. For these conditions, the Brinkman number was less

than one, showing that the viscous heating rate was relatively unimportant.

Winter (1977) studied heat transfer for the helical flow case when gradients with
respect to the z-direction are zero. He found that heat transfer is largely influenced by

rheology. Newtonian and power law behavior were considered with viscosity as a
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function of temperature, pressure and time. He defined six dimensionless parameters,
four relating to geometry, the Biot number and the Griffith number. He found that as the

Griffith number increases, so does the importance of viscous dissipation.

In an earlier study, Winter (1973) used an iterative finite difference method to

examine helical flow in an annulus. He defined an axial coordinate Z such that

z = £ = L (3-13)

where 1. is the thermal development length. The temperature field is established, for 102
< Z < 1. This criterion is useful for determining the length necessary for thermal
development. Analysis of the model showed that most of the heat is dissipated in layers
close to the inner wall. Heat is conducted to the center of the annular gap and to the outer
wall. At thermal equilibrium, all the heat is conducted to the outer wall. The velocity
field is strongly dependent on the temperature. As the temperature field develops, the
velocity field becomes asymmetric with a viscous layer near the outer wall and most of
the flow occurring near the inner wall. He found that the maximum shear rate occurs in

the warmest layer at the inner wall.

Kiparissides and Vlachopoulos (1978) investigated viscous dissipation in the
calendaring of power law fluids. Temperature rise due to viscous dissipation was found
to increase with increasing power law index and also with increasing consistency

coefficient.
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Bird et al (1977) discussed tangential annular flow for the phenomenon of rod
climbing in non-Newtonian fluid behavior. They developed the following equations of

motion for this case

r-component

e-component
0 = —-:—%(rzo',e) (3-15)

z-component
0= -2 - 1240 + pg, (3-16)

For a Newtonian fluid the normal stress would be zero but for a non-Newtonian
fluid the primary normal stress difference is nonzero and is postulated to be the cause of

rod climbing. They concluded that the normal stresses are nonzero and that the normal

stress difference is negative.
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For tangential annular flow of a Newtonian fluid, Bird et al (1960) reduced the
equations of motion by considering steady-state, laminar flow when only the velocity in
the 6 -direction is nonzero. When the inner cylinder is stationary and the outer cylinder

rotates at constant angular velocity, the velocity profile is given by

(E_L
‘/9 = QoR . ':R (3 - 17)
(x-3)
and the stress distribution is
1 'Y
Co = -ZHQaRz(;](m) (3-18)

They compared the case of the inner cylinder rotating and the outer cylinder
stationary to the case of the outer cylinder rotating and the inner cylinder stationary. A
much higher Reynolds number is required for transition to turbulent flow when the outer
cylinder rotates. The transition Reynolds number is strongly dependent on the ratio of

the annular thickness to the radius of the outer cylinder.

Pearson (1978) reviewed recent studies of non-Newtonian viscous fluids when high
heat generation and low heat transfer dominate. He discussed the determination of
dominating factors based on the Griffith and Graetz numbers. Because polymers are
thermal insulators and many flow situations are largely adiabatic, mean temperature rises
of 10 to 50 K are possible. The Graetz number alone does not give information on the
importance of viscous heating for a given flow system. When the Griffith number is

combined with the Graetz number, three main categories can be defined as
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Gr
s « 1 (3-19)

when viscous heat generation is negligible

Gr
G, = °m (3-20)

when viscous heat generation cannot be neglected and

% 1 3-21)
when viscous heat generation is dominant
In the above relations,
Gr = AT (K;:;)o (3-22)
Gz = pC;ZHz (3-23)
AT,, = -4 (3-24)
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These relationships can be used to estimate the importance of viscous heating in a
specific flow situation. However, the information necessary to calculate the Griffith
number may not be readily available. The Brinkman number is usually smaller than the
Griffith number and is defined as

gy = BV (3-25)
" = kar,
where
AT, = T, - T, (3 -26)

Large values of Griffith or Brinkman numbers arise from large values of velocity
and small values of thermal conductivity; therefore, either the Brinkman or Griffith
number should lead to the correct estimation of the importance of viscous heat

generation.



4 MODEL DEVELOPMENT

The general relationships which govern fluid flow and heat transfer are the

continuity, momentum and energy equations. These equations are

contiui
’l’)—f + p(V-%) = 0 @-1)
Momentum
p%f- = -VP - (V-0) + pg “4-2)
Encrgy
oc, 2L = v - T(%’Tilw-m - W) @-3)

The geometry of interest in this study is an annular concentric cylinder, with the

inner cylinder rotating while the outer cylinder is stationary. Only purely tangential flow

is considered. The OMS model, a generalized rheological model, is incorporated into the

equations of motion and energy to derive a relationship for viscous heat dissipation. The

following assumptions were made:

1. Laminar flow exists, that is, there is no mixing of the fluid layers.

18



19

2. Negligible slip at the wall.
3. The outer and inner cylinders are perfectly insulated.
4. Negligible inertial forces.
5. Incompressible fluid.
Vv =0 4-5)
6. Constant density and heat capacity

7. No angular variation in velocity or temperature, that is,

o
R

i
(=)

(4-6)

and

81y
1l

“4-7

8. The fluid can be characterized using the OMS model.

9. Each fluid particle follows a horizontal, circular trajectory about the axis of the
cylinders.
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4.1 Relevant Mathematical Relations

With the assumptions in the previous section, the equations of continuity, motion

and energy take the following forms
Continuity
Vv =0 4-38)
Equations of Motion
The three components of the equation of motion are

mponen

T = Ty 4-9)

The r-component of the equation of motion cannot be solved directly since neither the

pressure gradient nor the velocity profile is known.

é-component

i T R (4-10)

In the 8-component of the equation of motion it was assumed that
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v

3:"'0

4-11)

Within the narrow range of temperature increases expected in this study, (5-15°C),

changes in density and viscosity are not expected to be significant, therefore changes in

velocity with respect to time are expected to be negligible. The 6-component of the

equation of motion, therefore, reduces to

19

— 2 (2
0 = 5r (r‘oc,y)
z-component
= 9
0 3, T P&
This equation simplifies to
AP = pgAz

4-12)

4-13)

4-14)

These equations are in agreement with those developed by Bird et al (1960) for

tangential annular flow of a Newtonian fluid.

Equation of Energy

4-15)



22

Before the energy equation can be solved, the 6-component of the equation of

motion, Eqn. 4-12, must be solved for the velocity profile. Eqn. 4-12 can be written as

C, = r'c, (4-16)

where C, is a constant of integration. The constitutive equation for shear stress is given as

G = A @-17)

Given the assumptions made in this study, the rate of deformation tensor reduces to

- 5 Ve -
0 r$(7) 0

A = -
2 o0 o -1
or\r
|0 0 0,
so that
_ 9% _
Ay = rar(r) 4-19)

The shear stress can be expressed as

Co = — My, (4-20)

since only one component of the stress tensor is nonzero. The shear rate is given by
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-_1/1—._ (vl _ . 9(%) _
Y = E(A'K) = (rar(r]) = rar(r) = Ay 4-21)

Substituting Eqn. 4-20 into Eqn. 4-16 and rearranging, gives

G

el N4, (4-22)

Before Eqn. 4-22 can be solved, a constitutive equation is required for the apparent

viscosity.
4.2 Rheology

Using the OMS model, the shear stress distribution is

¢’ = o + uy* (4-23)

o

Rearranging the constitutive equation, Eqn. 4-20, gives

O,o
= —-—— 4-24
n A ( )

Combining Egs. 4-21, 4-23 and 4-24, the expression for the viscosity becomes

o) - i
n = (7) + oume (4-25)
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Combining Eqn. 4-22 and 4-25 with Eqn. 4-16 gives

l‘
%‘ = [ (g) + p T? (4-26)
r Y

which reduces to

Cl % ! )
2 = o+ ny 4-27)
r

For the annular geometry, when r goes from the inner cylinder to the outer cylinder,

the slope of the velocity gradient will be negative so that the shear rate is given by

r

¥ o= - a%(ﬁ) (4—28)

Combining Eqn. 4-27 with the sign change for the shear rate gives

" " "
s = 0, — WY 4-29)

Solving for the shear rate produces

(4-30)

4
]
| S——
Fl-
~ N\
ﬂnlp
D
|
Flo,
—
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Substituting Eqn. 4-28 into Eqn. 4-30 yields

d (Ve _ 1(C, 5 0:1
22 - [ Haf - 2 ]‘ 431

which can be written as

1
A
r u,_ M r
Equation 4-32 must be solved numerically. From Eqn. 4-16
G
G = — (4-33)

Incorporating Eqgs. 4-31 and 4-33 into the energy equation,(Eqn. 4-15), it can easily be

shown that

(AT S k(T
(e - o )
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Equation 4-34 has a form that can be solved using the finite element method,
(FEM). Before the energy equation can be solved, the value for C, must be determined.
The integration constant and the velocity profile can be determined by an iterative

numerical integration of Eqn. 4-32. This procedure is outlined in the next section.

4.3 Numerical solution for the velocity profile

The velocity profile and integration constant, C,, are determined using iterative

numerical integration of Eqn. 4-32. The limits of integration for the velocity profile

come from the boundary conditions.
1) v@) = QR, ata r = R, (4-135)
2) v@ = 0 a r = R, (4-36)

Calculations were made using the Fortran computer program, VELOC, developed for this
study (Appendix C).

Utilizing the boundary conditions, Eqn. 4-32 can be written as:

The left-hand side is equal to the angular velocity, Q. For a first approximation, C,
is set equal to the angular velocity and using Simpson’s rule the integral is evaluated.

The procedure is then to continue to use new estimates of C,, computer generated, until
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the left-hand side is equal to the right-hand side. Once C, is found, the values for the
velocity profile across the annular gap can be determined. Once the temperature profile

is known the mean temperature can be calculated by

. ff T(r) v(r)s rdr

" jf v(r)e radr

4.4 Finite Element Solution For the Energy Equation

(4-38)

For time-dependent, one-dimensional problems, the basic finite element equation

(Segerlind, 1984) can be written as
[C{T} + [K){T} - {F} =0 (4-39)

For this problem, the energy equation can be represented by

v T kar e T 2O (4-40)

Where Q(r) represents the viscous heating term. The relationship between the matrices in

Eqn. 4-39 and the terms of the energy equation are

o, L = [cimy (4-41)
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o'T koT
kg + o5 = KNT) (4-42)
and
Q(r) > ({F} (4-43)

The computer program used has been adapted from a general one-dimensional,
unsteady state, finite element program, ODTIME, written by Dr. Segerlind at Michigan
State University, (Appendix D). Changes were made to convert the specific sections

needed from cartesian to polar coordinates. Also, the expression for Q(r) was

incorporated into the program.

The following changes were required for conversion from cartesian to polar

coordinates

Element Stiffness Matrix

k9] = &[1 ‘1] = 2’"1)‘[1 "1] (4 - 44)

Element Capacitance Matrix, lumped formulation

DL[1 0 2nrDL[1 0
(e —_ -
[c“ = 2[0 1] = [ ] (4 -45)
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Element Force Vector
R A
where
- R, + R;
ro= — (4-47)
For this particular problem
D, = &k D, = pC,
The node spacing, L, is the same as the radial spacing.
L = Ar (4-48)

The use of the FEM does not insure absence of numerical problems. However, two
criterion are available to reduce the possibility of numerical oscillation. They are implied

in using the lumped formulation for the element stiffness matrix. The first one is

D,.L?
& < Da-e) (4-49)

The second criterion is

Ar > 0 (4-50)
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Theta is a value representing various solution methods.

© = 0 Forward Difference
e = } Central Difference

e = } Galerkin Method

© = 1 Backward Difference

With these two criteria satisfied, the lumped formulation has a much larger
operating range than the consistent formulation. Choices for the time and node
increments which fit this criterion help to reduce the chance of numerical oscillation,

thereby increasing solution accuracy.

The solution to this problem is twofold. First the VELOC program was executed to
determine the value of the integration constant and the velocity profile. Secondly, the
ODTIME program is run to determine the temperature profile. Inputs to ODTIME
include rheological data, the integration constant, geometry data and grid information.
The time step used was one second with theta of two thirds. The initial temperature
values are listed with the raw data (Appendix A). The element was divided into 50
nodes, to obtain a smooth curve of data, for the temperature versus annular gap profiles
and 3 nodes for the temperature versus time profiles. The variables definition of all are

listed in the program.



5 EXPERIMENTAL PROCEDURE

5.1 Description of the test apparatus

A drawing of the test apparatus is shown in Figure 1, with Table 1 listing the
descriptions that go with the figure. The outer cylinder is constructed of PVC pipe to
help minimize heat losses through the wall. The inner cylinder was hollow and filled
with sawdust for insulation to minimize heat loss into the core (Figures 2 and 3).
Specifications are listed in Table 2. These dimensions were determined by running the
model for various combinations. The combinations chosen were the ones for which the

theoretical model predicts easily measurable temperature rises.

The base of the apparatus was made of a Q.0127m (1/2") acrylic counter-sink
which fits into a PVC endcap. The endcap was bolted to a 0.1016m x 0.1016m x
0.0254m (4" x 4" x 1") piece of gardor. The base pieces were hermetically sealed with
silicone gel. A 0.0127m (1/2 ") brass bushing was inserted through this combined
basepiece to assist in alignment. A ball bearing was located at the bottom of the base for
the inner cylinder to rotate on. The bottom shaft of the inner cylinder had a recessed

bottom to fit over the ball bearing.

The top piece of the apparatus was of similar construction and was used for
alignment. A PVC endcap fits over the two cylinders with the shaft of the inner cylinder
protruding through the endcap. This endcap was bolted to a piece of gardor to create a
greater thickness to help with alignment. A 0.0127m (1/2") brass bushing was inserted

31
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Table 1. Descriptions for Figure 1

Outer Cylinder, 0.4862 m PVC tubing
0.039 m radius

Inner Cylinder, steel tube filled with sawdust
3 sizes: 0.009 m, 0.019 m, 0.028 m

0.0762 m DIA PVC Endcap

0.0127 m Acrylic Counter Sink for bolt head
0.0762 m DIA PVC Endcap

0.0127 m Gardor alignment piece

Washer and nut

Recess for inner cylinder shaft,
shaft rotates on ball bearing

Gardor Baseplate
Dayton 1 hp Motor

Description

Outer Cylinder

Inner Cylinders
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Figure 1. Experimental Setup



34

Insulation

Sawdust
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Outer
Cylinder
Inner
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Figure 2. Cross—section

of concentric cylinders
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Figure 3. Inner Cylinder Assembly
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into the opening to reduce frictional wear on the PVC endcap and gardor. Two coupling
bodies, with a spider between, connect the inner cylinder shaft with the shaft of the

motor.

The motor was a 1 HP Dayton constant RPM motor with a matching Dayton SCR
controller that has an RPM range of 100 - 1200. This system was calibrated with two
handheld tachometers

1. 770 TIF Photoelectric Tachometer

2. DT-205 Shimpo Digital Tachometer, Electromatic Equipment Company

The apparatus was mounted to the platform shown in Figure 4. This platform was
constructed of wood. The motor was bolted onto the apparatus as shown in Figure 5.
Near the middle of the apparatus, a clamp was mounted to the platform and holds the
apparatus in place. Holes were drilled through the base piece into the platform and pins

were inserted through them to align the apparatus and reduce vibration.

The thermocouples, used for temperature measurements, were arranged as shown in
Figures 6 through 8. The second row of thermocouples were 90 degrees from the first
row. Vertical spacing of 0.0381m (1 1/2") between thermocouples was intended to

reduce local velocity disturbances from affecting nearby thermocouples (Figure 7).

The wall of the outer cylinder was prepared for thermocouple mounting, as shown
in Figure 6, by first shaving a small area to obtain a flat surface. A 0.00794m (5/16") in
diamter was then recessed and in the middle of it a small hole was drilled into the
cylinder. A 0.00794m (5/16") nut was mounted onto the recessed area using Epoxy. A
hole was then drilled along the axis of a 0.00794m (5/16") bolt. The thermocouple was
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Figure 4. Platform
for apparatus
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Figure 5. Front View

Apparatus on platform
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Figure 6. Thermocouple Mounting
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Figure 7. Side View

Thermocouple Location
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Percent of
Annulus

1. 99%
2. 75%
3. 50%
4., 25%
5. 0%
6.
7.
8.

997%
50%
0%

Figure 8. Top View

Thermocouple Location
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inserted into a 0.127m (5") long surgical needle and the end of the T-type thermocouple
was soldered to the tip of the needle. The needle was inserted into the bolt. A grommet
on the end of the needle allows for the bolt to be tightened down while the needle is held
in place. This procedure was carried out for each thermocouple mounted. After
mounting the thermocouples, a piece of 0.0127m (1/2") insulation was fitted around the

apparatus for further insulation.

The thermocouples were then attached to the data acquisition system (Acquisitor by
Dianachart, Rockaway, NJ). The system allows for up to 96 channels of data acquisition

and has software which allows for data storage, calibration and many other functions.

A

A Haake Rotovisco (RV-12) was used to determine the rheology of each test fluid
using a MV cup with the MV-I sensor, (Appendix B). Both the 150 and 500 heads were
used in collecting the rheological data. Newtonian and power law fits were obtained
from a Hewlett Packerd software program attached to the Haake. For Miracle Whip,
shear rate and shear stress data obtained from the Haake, were used in a non-linear, SAS

regression using the OMS model.

5.2 Calibration techniques

The Dayton motor was calibrated using handheld tachometers. Black tape was
wrapped around the shaft to reduce reflection and then a small metallic sticker was placed
on the shaft. The tachometer shines a light beam on the shaft and displays the RPM
reading as reflected by the metallic sticker. Using the controller dial, various speeds were
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located, measured and marked on the controller dial. A series of tests with the annular
gap both full and empty were run while using both tachometers to verify the RPM

obtained. A chart of scale reading versus RPM was made and is given here in Table 3.

The thermocouples were calibrated using an ice water bath. Thermocouples were
found to fluctuate +/- 0.5 C in the ice water bath. A linear variance was assumed and
each thermocouple was calibrated by adding or subtracting some factor which caused it

to read 0.0 +/- 0.5 °C. These calibration factors were then fed into the Acquisitor

program.

The Haake Rotovisco was calibrated a few days before use with a series of known'
weights. Between tests, calibration was reaffirmed by testing with a Newtonian

Standard.

5.3 Fluids tested

Three fluids were chosen for testing:

1. 2% carboxymethylcellulose (CMC)
2. Miracle Whip

3. Honey (to provide a Newtonian sample)

Their rheological and physical properties are given in Table 4. These properties
were determined using the Haake Rotovisco. The values for density were determined by
weighing a known volume of material. The specific heat data was based on the moisture

content of the fluids and



Table 3. Motor Controller Speed Chart

Dyton Controller Setting { Speed Remarks |
| % | RPM 4

} — — p pp— —_— — - —
motor pulses

20 100
30 240

vibration occurs I

vibration occurs
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Table 4. Rheological and Physical Data on Test Fluids

b

| Specific Heat, Jkg:C1 |
|_Thermal Conductivity, Wm-C1__

+
'
b

calculated using an equation given by Singh and Heldman (1984)

C, = 1675 + 0.025W 5-1)

p

The 2% CMC was chosen because it is a non-Newtonian fluid which behaves as a
power law fluid. It is readily available and is convenient for testing since it is a relatively
stable fluid requiring no refrigeration. With 2% CMC the model can be tested for its

ability to correctly predict the temperature rise due to viscous heating of a power law

fluid.

Miracle Whip was chosen because previous tests had shown it to exhibit a yield

stress (Ofoli et al., 1987) This enables assessment of another facet of the model. The
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Miracle Whip was tested for thixotrophy and was determined to exhibit slight thixotropic
tendencies. The small changes in the parameters did not significantly affect the predicted
temperature profile from ODTIME. Honey was chosen as a Newtonian fluid for

comparison of the data.

5.4 Testing procedure

The thermocouples were placed on the apparatus (Figure 8) to give readings at 99,
75, 50, 25 and 0% of the annular gap with two readings taken at 99, 50 and 0%. The
duplicate readings were taken at a position 45-apart. This arrangement was chosen to
check the validity of the assumption that there is no angular variation in temperature.
Accordingly, the thermocouples were repositioned for each different inner cylinder to

maintain the positioning at these gap percentages.

Once the thermocouples were positioned, the inner cylinder was put into place. The
fluid was then loaded into the apparatus while gently rotating the inner cylinder so that
air pockets were not created. After loading, the top endcap was put on and the apparatus
mounted on the platform and coupled to the motor. The setup was then left to equilibrate
for several hours allowing for air bubbles to be released and the substance to reach room
temperature. Before rotation began, three or four minutes of temperature data were taken
to establish the average beginning temperature. The controller was then set at the desired
speed and data was collected for a minimum of 15 minutes with readings taken at one

minute intervals.
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After the data was collected, the system was disassembled and thoroughly cleaned.
The apparatus was then re-assembled, allowed to dry and re-equilibrated to room

temperature.

The testing on the Miracle Whip samples were all done on one day so that no
refrigeration of the sample was needed. Rheological data for the sample was also taken

on that day.



6 RESULTS AND DISCUSSION

An experimental design was implemented to determine the ability of the model to
predict the effects of three variables (annular width, angular velocity and type of fluid) on

the level of viscous energy dissipation.

The data was taken at one minute intervals. Even after calibration of the
thermocouples, initial temperature readings across the annular gap varied. To represent
the profile accurately, the raw temperatures were converted into a change in temperature.
For the selected time interval, a change in temperature was calculated for each
thermocouple. This value was added to the average beginning temperature of all the
thermocouples to calculate an adjusted temperature profile Several temperature points
for the given time interval were then averaged. This is the data that is presented. All the

raw data is in Appendix A.

The effect of angular velocity is shown in Figures 9 through 11. The shear rate
range of this study is 30 - 330 s* (Table 5). At240 RPM in a 1 mm annular gap, the raw
data on 2% CMC and model predictions show excellent results (Figure 9). At both 600
and 920 RPM, the data is significantly lower than the predicted results results (Figure 9).
During the test runs at 920 RPM, a significant amount of rod climbing was observed,
showing that flow is no longer purely tangential. This, in effect, creates a
two-dimensional flow field. Figure 10 shows the data for miracle whip in a 3 mm
annular gap. At 240 RPM, the model shows good agreement with the observed data. At
600 RPM the variation of the model from the observation is 1 to 2 °C, which is still

within engineering accuracy.

48
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Table 5. Shear Rate Data

Cylinder l Alpha Speed Shear Rate '
rad st

32,674
81.683
122.525

49.001
122.502
183.752

89.085
222.710
334.065

» Shear Rates calcated using the simple shear approximation

Alpha

= *
Shear Rate Speed @Abha - 1)

Ro

Alpha = R—l
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Figure 11 shows the effect of angular velocity on the temperature profile of honey
in a 1 mm gap. At 240 RPM the model and data are in excellent agreement, while at 600
RPM the profile predicted by the model is higher than the data. During the experimental
run, a small amount of the product was forced out of the annular gap at 240 RPM. This
indicates the presence of an axial velocity, however, there is little noticeable difference
between the data and model. At 600 RPM substantial amounts of honey was forced out
of the experimental device. As a result, the model over predicted the data by 6 to 8

degrees. The axial velocity is a result of the centripetal force.

The second variable considered is the effect of annular gap. In Figure 12, 2% CMC
is tested at 600 RPM for three annular sizes. For the 3 mm annular gap the model and ‘
data are in good agreement. At 2 mm the model underpredicted by 1 degree at the outer
wall and over predicted by 1 degree at the inner wall. For the 1 mm annular gap, the
model overpredicts the temperature profile by 4 degrees. As the annular size decreases
the Reynolds number increases. For the 1 mm annular gap, the Reynolds number,
presented in Table 6, is 20.03 which is generally considered to be transition or turbulent
flow for non-Newtonian fluids (Skelland, 1983). The model is based on the assumption
of laminar flow and the overprediction of the model at the 1 mm annular gap is
considered to be the result of the high Reynolds number. The values for C, used in

determining the temperature profiles are found in Table 7.

Because of the presence of centripetal forces at high angular velocities, when
testing honey and the rod climbing occuring for the non-Newtonian fluids, the laminar

flow assumption becomes suspect. To address this problem the
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Table 6. Reynolds Numbers

‘ Speed Annulus ‘r - eynolds 1
f | RPM mm {  Number ‘
‘ 2 CMC .

)

2% CMC .
{ 2%2CMC_ | :
i

2momc |

[ Honey |
| Honey |
[ Mirace wnip___|
[ wiip ]

Apparent Viscosity, calculated using the shear rate at the inner wall, was used in the

calculation of the Reynolds number



Table 7. Values of C,

1 Speed Annulus |
L ‘ RPM mm

| 22cMC_ | 240 0.2295

[wmome | o 10 03602_|
[ 29cMC | 920 1.0 03962 |
—2% CMC 1 600 2.0 0.1469 |
500 30 00m21_|
] 240 1.0 0.2033 |

| Honey |
Miracle Whip ;
! \
Miracle Whip l

impeller Reynolds number was calculated using the expression by Ulbrecht and Patterson
(1985)

2
Re = p‘:‘d 6-1)

For non-Newtonian fluids, an impeller Reynolds number less than 10 is considered
to represent laminar flow. For Reynolds numbers less than 20, laminar flow is possible

but not certain.
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Table 6 shows the calculated Reynolds numbers for the fluids and flow situations of
interest in this study. Fluid data for calculation of Reynolds numbers is taken from Table
4. Only three questionable Reynolds numbers occur. These occur when the annular gap
is 1 mm and the speed is greater than 600 RPM. The two Reynolds numbers at 600 RPM
are greater than 10, but are still less than 20 which indicates that these tests should be in
or near laminar flow. The two cases of Re > 10 are both situations where the model
overpredicted the results by at least three degrees. For the case of annular gap of 1 mm
and speed of 920 RPM, the Reynolds number indicates that turbulent flow is occurring.
Even though the assumption of laminar flow is not valid for this case the model predicted

the temperature profile within 8 degrees (Figure 9).

Figures 13 and 14 show the observed temperature profile versus the predicted
temperature profile as the profile develops with time. For the Reynolds number of 1.16
(Figure 13), the line is nearly 45+ showing that the prediction and data are in good
agreement. Figure 14 shows the model versus observed data when the Reynolds number
is 5.03. These lines show that the model is predicting higher temperatures than the data.
Both Figures 13 and 14 show that the model predicts closer to the observed data as it
nears the inner, rotating cylinder. Figures 15 and 16 show the influence of the Reynolds
number across the annular gap at the 10 minute time interval. In Figure 15, as the
Reynolds number increases the model overpredicts the temperature profile. Figure 16
illustrates the data when the annular gap is held constant and the Reynolds number is
varied by changing the angular velocity. For this case also, the model predicts higher
values than the observed data as the Reynolds number increases and reaches the

transition zone.
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The third evaluation of the model was by looking at its accuracy for various fluids.
Figures 17 and 18 show the model and data for the three fluids tested, 2% CMC, Honey
and Miracle Whip. Figure 17 shows the comparison of a Newtonian fluid, honey, to a
power law fluid, 2% CMC. For a 1 mm annular gap at 240 RPM, excellent agreement of
the model and data were found for both the honey and 2% CMC (Figure 17). In Figure
18, 2% CMC is compared with Miracle Whip at 600 RPM and a 3mm annular gap.
Again it is shown that the model and data are in excellent agreement. This would appear
to supports the versatility of the model for predicting the temperature profile for

Newtonian, power law and more general non-Newtonian fluids.

AS shown in the model development section, the temperature profile is directly
related to the velocity profile when viscous heating occurs. Since the hypodermic
needles are inserted into the fluid, disturbances in the velocity field are possible. To
address this possibility, the thermocouples were arranged as shown in Figure 7. If no
significant disturbances are introduced, the temperature readings for the following pairs
of thermocouples (1 and 6, 3 and 7, 5 and 8) should be the same within the accuracy of
the thermocouples. The raw data from each test is given in Appendix A. Comparison of
the two data points taken at 99%, 50% and 0% of the annular gap, for each line, show

nearly identical readings. These readings support two assumptions:
1. The thermocouples did not significantly disturb the velocity field.

2. The Assumption of negligible velocity variation in the angular direction is valid.
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It has been shown that the model predicts the temperature profile across the annular
gap very well at a specific point in time. Figures 19 through 21 illustrate its capability to
predict the temperature profile with respect to time. In Figure 19, two locations were
considered, 50% and 99% of the annular gap. The data shows a slowly increasing
temperature at both locations which is well predicted by the model. Figures 20 and 21
compare the time-temperature profile for two different annular gaps. Figure 20 shows
data at the midpoint of the annular gap while Figure 21 illustrates data at the inner wall.

Again, excellent agreement is shown between the model and the observed data.

The importance of the temperature transient was examined using an eigenvalue
analysis. The maximum eigenvalue was 0.085 and the minimum value was 0.0025.
Using these values and based on the grid chosen, it was calculated that steady state was
reached after 30 minutes. The length of the transient is directly tied to the boundary

conditions assumed.
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7 CONCLUSIONS

A model has been developed for tangential annular flow of non-Newtonian fluids
when the inner cylinder is rotating and the outer cylinder is stationary. The model was
developed using the generalized rheological model of Ofoli et al. (1987), and the
equations of energy, motion and continuity. The model was used to access the effect of
annular gap, angular velocity, fluid type and Reynolds number, on the level of viscous
heat dissipation. The Reynolds number was used to evaluate the combined effects of
annular gap, angular velocity and fluid type. An experimental design was implemented
to validate the model.

The model, a combination of two computer programs, (VELOC and ODTIME),
predicts the temperature profile within 1°C of experimental data provided that the laminar
flow criteria and the other major assumptions are met. As the Reynolds numbers

approach transition, the model begins to overpredict the temperature profile.

One of the major assumptions of this study was that the fluid parameters are
temperature-independent. Over the narrow range of temperature encountered, this was an

appropriate assumption but it does limit the capability of the model.

As the Reynolds number exceeded the laminar flow range, (Re > 10),the model
predicted temperature profiles higher than observed. For Reynolds numbers below 10,
excellent agreement between the model and data was observed for all velocities, fluids
and annular gaps considered. When the model is used to predict the temperature history,

excellent agreement with experimental data is observed.
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8 SUGGESTIONS FOR FUTURE RESEARCH

1. Development and solution of the equations for tangential annular flow with

temperature-dependent fluid properties.

2. Develop the velocity and temperature profile relationships for two- and

three-Dimensional flow.

3. Establish firm criteria for the transition to turbulent flow for an annulus.

4. Development of a model which incorporates viscoelastic effects.
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APPENDIX A RAW DATA

Table A1 2% CMC, 1 mm Annulus, 240 PPM

TEMPERATURE V3. RADIUS
10 MINUTE TIME INTERVALS

PERCENTAGE OF GAP WIDTH

99.0 75.0 50.0 25.0 0.0

1 21.8 21.7 21.3 21.3 21.0
2 21.9 21.7 21.5 21.3 21.1
3 21.8 21.9 21.4 21.3 211
4 21.7 21.8 215 21.3 21.1
5 21.6 21.8 215 21.3 21.2
6 21.7 21.8 21.5 21.2 21.3
7 21.7 21.7 21.5 21.3 21.3
8 21.2 21.4 21.2 21.0 21.1
9 20.8 21.3 21.2 21.0 21.1
10 20.6 21.1 21.0 20.8 21.0

71



72

Table A.2 2% CMC, 1 mm Annulus, 600 RPM

TEMPERATURE VS. RADIUS
10 MINUTE TIME INTERVALS

PERCENTAGE OF GAP WIDTH

99.0 75.0 50.0 25.0 0.0
1 28.7 28.7 28.5 27.8 27.5
2 28.6 28.5 28.7 28.2 27.6
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Table A.3 2% CHC, 1 mm Annulusg, 920 RFM

TEMPERATURE VS. RADIUS
10 MINUTE INTERVALS

PERCENTAGE OF GAP WIDTH

99.0 75.0 50.0 25.0 0.0

1 28.1 28.2 27.8 27.5 26.5
2 28.9 29.0 28.4 28.0 27.0
3 29.5 29.5 30.5 28.5 28.0
4 325 30.5 33.1 29.5 28.6
5 29.4 32.0 30.5 35.9 28.1
6 33.3 28.8 34.4 29.5 28.3
7 32.5 30.5 31.6 28.7 27.3
8 32.3 345 33.0 29.0 28.5
9 29.3 28.1 32.3 29.2 29.0
10 31.8 30.5 30.8 29.0 30.4
DATA AYG. 30.77 30.16 31.24 .48 8.7
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Table A4 2% CMC, 2 mm Annulus, 600 PPM

TEMPERATURE 7S. RADIUS
10 MINUTE TIME INTERVALS

PERCENTAGE OF GAP WIDTH

99.0 75.0 50.0 25.0 0.0

1 23.9 23.9 23.9 23.0 22.4
2 23.6 241 24.3 23.7 22.7
3 23.5 241 24.1 23.3 22.8
) 23.6 24.2 23.5 23.4 23.0
5 23.5 24.0 23.6 23.3 23.1
6 23.4 23.8 23.8 23.5 23.2
7 23.5 23.7 241 23.4 23.2
8 23.5 23.8 24.0 23.7 23.4
9 23.5 23.6 23.7 23.9 23.4
10 23.4 23.5 23.5 23.8 23.4
11 23.6 23.7 23.5 23.7 23.4
12 23.6 23.6 23.2 23.5 23.4
13 23.7 23.5 23.5 23.4 23.5
14 23.8 233 239 23.3 23.5
15 23.9 23.4 24.1 23.6 23.6
16 23.9 23.4 24.0 23.4 23.8
17 239 23.5 23.9 23.4 23.9
18 24.0 23.3 23.9 23.4 23.7
19 23.8 23.4 23.7 23.1 23.7
20 23.9 23.4 23.8 23.2 23.7
21 23.8 23.4 23.7 23.2 23.6
22 23.7 23.5 23.7 23.1 23.6
23 23.7 23.6 23.6 23.3 23.6
24 23.6 23.6 235 23.5 23.5
25 23.6 23.6 23.6 23.7 23.6
26 23.7 23.5 23.7 24.0 23.5
27 23.5 23.6 23.5 23.9 23.4
28 23.5 23.6 23.6 23.9 23.5
29 23.6 23.5 23.7 24.3 23.6
30 23.6 23.7 23.6 24.3 23.6
31 23.5 23.6 23.7 24.2 23.6
32 23.6 23.5 23.9 244 23.6
33 23.5 23.5 23.7 24.2 235
34 23.5 23.5 23.8 24.3 23.6
35 23.4 23.6 23.4 24.1 23.5
36 23.4 23.6 23.3 23.9 23.5
37 23.3 23.4 23.1 23.8 23.4

—— s o =  — ——— —— — ————— — ———————————— ————————————————

- o o = - - ————— —————_— — ————— - —————— —— - ——————
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Table A5 2% CMC, 3 mm Annulus, 600 RPM

TEMPERATURE VS. RADIUS
10 MINUTE TIME INTERVALS

PERCENTAGE OF GAP WIDTH

99.0 75.0 50.0 25.0 0.0

1 22.6 22.4 22.8 22.4 22.2
2 22.5 22.5 22.6 22.5 22.3
3 22.7 22.5 22.7 22.6 22.3
4 22.8 22.3 22.6 22.6 22.4
5 22.7 22.3 22.7 22.7 225
6 229 22.4 22.6 22.5 22.5
7 229 22.3 22.5 225 22.4
8 22.7 22.5 22.4 22.4 22.4
9 22.7 225 22.5 22.3 22.3
10 22.6 22.6 22.5 22.3 22.5
11 22.6 22.7 22.4 22.4 22.4
12 22.8 22.6 22.6 22.4 22.5
13 227 22.7 225 22.4 22.4
14 225 22.7 22.5 225 22.4
15 22.5 22.7 22.5 22.4 22.5
16 22.4 22.6 22.5 225 22.4
17 22.3 22.6 22.5 22.5 22.3
18 22.4 22.6 22.5 22.6 22.5
19 22.4 22.5 22.4 22.6 22.4
20 22.3 22.5 22.4 22.5 22.3
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Table A.6 Honey, 1 mm Annulus, 240 RPM

TEMPERATURE VS. RADIUS
10 MINUTE TIME INTERVAL

Percentage of gap width

99.0 75.0 50.0 25.0 0.0

1 31.8 32.1 32.0 31.9 31.2
2 31.9 31.8 31.8 31.7 31.2
3 31.8 31.7 31.6 31.6 31.2
4 31.6 31.7 31.5 31.6 31.2
5 31.5 31.7 31.5 31.5 31.2
6 31.5 31.6 31.4 31.4 31.2
T 31.5 31.5 31.4 31.5 31.3
8 31.6 31.5 31.5 21.6 31.4
9 31.5 31.6 315 315 31.4
10 31.4 31.4 31.4 31.4 31.3
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Table A.7 HONEY, 1 mm Annulus, 600 RPM

TEMPERATURE VS. RADIUS
10 MINUTE TIME INTERVALS

PERCENTAGE OF GAP WIDTH

99.0 75.0 50.0 25.0 0.0
c c o o c

1 34.9 35.6 35.3 35.3 35.0
2 3%.2 35.0 34.8 34.9 387
3 34.2 34.9 345 34.2 344
4 34.0 34.7 346 33.8 34.3
5 33.6 34.0 34.2 33.8 34.0
6 33.5 53.8 34.0 33.7 34.0
7 33.4 33.5 33.6 33.5 33.8
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Table A.8 Miracle whip, 3 mm ANNULUS, 240 MPM

TEMPERATURE VS. RADIUS
10 MINUTE TIME INTERVALS

PERCENTAGE OF ANNULUS
99.0 75.0 50.0 25.0 0.0
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Table A9 Miracle ¥hip, 3 nm Aannulus, 600 RPM

TEHPERATURE ¥7S. PADIUS
17 MINUTE TIME INTERVALS

PERCENTAGE OF ANNULUS
99.0 75.0 50.0 25.0 0.0
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Table A.10 Raw Data - 2% CMC, 1 mm Annulus, 240 RPM

FILENAME = 2CMC31.PRN

04-25-1988 c:\jill\dataset.acq
Time TEMP 1 TEMP 2 TEMP 3 TEMP 4 TEMP 5 TEMP 6 TEMP 7 TEMP 8
min. Cc C Cc c (o4 Cc C Cc

1 19.6  19.2 19.6 194 19.2 19.7 19.7 19.6
. . 19.3 19.2 19.6 19.7 19.6
3 196 19.2 196 19.3 19.2 19.7 19.7 195

AVERAGE BEGINNING TEMP = 18.5

TEMPERATURE VS. RADIUS
1 MINUTE TIME INTERVALS
PERCENTAGE OF GAP WIDTH
99.0 75.0 50.0 25.0 0.0 99.0 50.0 0.0

1 19.8 19.3 19.6 19.3 19.2 199 19.7 195

2 20,0 195 19.7 194 193 20 19.8  19.6

3 202 19.6 9.8 19.6 19.4 203 19.9 19.7

¥ 205 198 200 199 195 206 201 19.8

5 208 200 20.3 201 19.7 209 204 199

6 209 203 203 202 19.8 210 20,5 20.0

7 212 205 206 20.3 20.0 213 20.7 20.2

8 215 208 209 205 201 21.6 21.0 203

9 217 210 210 207 203 217 21.1 20.5
10 219 212 212 209 205 220 213  20.7
11 222 215 215 211 20.7 223 215 209
12 224 217 217 213 209 225 21.8 211
13 224 219 218 214 210 226 21.8  21.2
w227 221 220 21.7 212 229 221 21.4
15 23.0 223 222 219 214 231 224 216
16 231 226 223 219 216 23.2 225 21.8
17 234 227 226 222 21.8 23.4 228 220
18 232 227 226 220 21.7 234 227 219
19 227 228 226 222 21.8 23.3 228 221
20 227 228 227 222 22.0 234 229 222
21 22.8 228 227 222 220 233 22.8 223
22 229 227 228 224 221 23.3 23.0 22.4
23 23.0 22,7 228 224 222 233 23.0 225
24 23.0 227 229 225 222 23.4 23.0 225
25 230 228 229 225 222 233 23.0 225
26 23.0 227 229 225 222 233 23.0 226
27 229 228 229 224 223 233 23.0 226
28 230 227 230 226 223 233 23.1 22.6
29 230 228 229 226 223 233 23.1 22.6
30 23.0 228 229 225 223 233 23.0 226
31 23.0 228 23.0 226 224 233 231 22.7
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Table A.10 (cont'd.)
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Table A.11 Raw Data - 2% CMC, 1 mm Annulus, 600 RPM

FILENAME = 2CMC32.PRN
04-26-1988 C:\JILL\DATASET.ACQ

Time TEMP 1 TEMP 2 TEMP 3 TEMP 4 TEMP 5 TEMP 6 TEMP 7 TEMP 8
min. c c c c c c c c

AVERAGE BEGINNING TEMPERATURE = 22.6

TEMPERATURE VS. RADIUS
1 MINUTE TIME INTERVALS

99.0 750 50.0 25.0 0.0 99.0 50.0 0.0
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Table A.12 Paw Data - 2% emc, 1 mm Annulus, 920 FEPM

ROD CLIMBING
FILENAME = 2CMC33.PRN
05-03-1988 o~ Jillvdatacet.anq
AVEPAGE 3EGINNING TEMPERATUPE = 21.5
TEMFERATUTE VS. RADIUS
1 MINUTE TIME INTEPVALS
Time TEMP 1 TEMP 2 TEMP 3 TTMP 4 TEMP 5 TEMP » TEMP T TEMP 8
min. (o C c C C C C C
PERCENTAGE CF GAP WIDTH
99.0 75.0 50.0 25.0 0.0 99.0 50.0 0.0

1 215 225 22.3 22.3 221 222 230
2 6 225 22.4 224 222 22.3 231
3 22.5 22.0 219 23.2
4 217 225 228 224 223 222 222 231
5 225 233 235 232 231 23.0 229 235
6 235 247 247 242 242 234 242 242
7 247 256 259 25.0 249 245 252 247
8 258 265 265 26.0 25.7 254 26,0 25.3
9 268 273 274 267 266 263 269 259
10 27.7 284 282 275 273 27.4 276 264
11 28.7 292 29.0 283 281 28.2 285 27.2
12 295 300 298 289 288 29.2 291 27.8
13 379 334 3710 285 295 29.6 31.4 28.7
4 33.8 295 32.0 33.8
15 339 325 37.6 30.9 301
16 353 321 37.6 30.7 31.2
17 35.7 377 322 272 33.6  34.0
18 39.3 395 335 375
9 413 339 396 384 333 273 363 341

20 40.8 36.7 39.0  35.0 37.7 325
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Table A.13 Raw Data - 2% CMC, 2 mm Annulus, 600 PPM

04-28-1988

Time TEMP 1 TEMP 2 TEMP 3 TEMP 4 TEMP 5 TEMP 6 TEMP T TEMP 3

min. (o} C C o (o4 C C C
1 21.0 21.3 21.0 20.9 20.7 21.6 21.2 21.3
2 21.0 21.3 21.2 20.9 20.7 21.7 21.3 21.2
3 20.9 21.3 211 20.8 20.6 21.6 211 21.2

AVERAGE BEGINNING TEMPERATURE = 211

TEMPERATURE ¥S. RADIUS
1 MINUTE TIME INTERVALS

TIME PERCENTAGE OF GAP WIDTH

minut  92.0 75.0 50.0 25.0 0.0 99.0 50.0 0.0
1 20.9 21.3 21.1 20.8 20.6 21.7 21.2 21.2
2 21.4 21.4 21.1 20.6 20.6 22.1 21.1 21.2
3 21.7 21.6 21.4 21.0 20.7 22.2 21.4 21.3
4 21.9 21.9 21.9 21.1 20.7 22.4 21.7 21.3
5 22.1 22.3 21.8 21.1 20.7 22.7 21.6 21.2
6 22.3 22.6 219 21.2 20.8 23.0 21.6 21.3
7 22.6 22.9 21.9 21.6 21.0 23.0 21.9 21.4
8 22.6 23.2 22.2 21.6 21.0 23.3 22.2 21.4
9 23.0 23.5 23.0 21.7 21.2 23.6 22.8 21.6
10 23.1 23.7 23.3 21.9 21.5 23.8 231 21.8
11 23.5 23.8 23.7 22.4 21.8 241 23.5 22.0
12 23.7 241 24.2 22.8 22.1 243 23.9 22.3
13 23.7 243 24.3 23.0 22.3 245 23.9 22.4
14 23.9 247 24.0 23.1 22.5 247 23.9 22.6
15 24 .1 248 241 23.0 22.5 24.8 23.8 22.7
16 244 25.0 243 23.3 22.7 25.0 241 229
17 24.6 25.2 24.8 23.7 22.8 25.2 245 231
18 24.8 25.6 25.0 23.9 23.2 25.4 247 23.3
19 25.1 25.7 254 24.2 23.4 25.7 251 235
20 25.2 25.8 25.5 24.3 23.6 25.8 25.2 23.7
21 25.7 26.1 25.8 247 23.9 26.2 25.6 24.0
22 25.8 26.3 26.0 24 .9 242 26.4 25.7 24.2
23 26.1 26.4 26.3 25.0 24y 26.7 26.0 244
24 26.4 26.6 26.6 25.0 24.7 27.0 26.3 24.7
25 26.6 26.8 26.8 25.1 249 27.2 26.5 24.8
26 26.9 27.0 26.9 25.3 25.1 27.4 26.7 25.2
27 27.1 27.3 27.2 25.6 25.5 27.7 27.0 25.5
28 27.4 27.4 27.4 25.9 25.5 27.9 27.3 25.6
29 27.5 27.7 27.6 26.0 25.7 28.1 27.4 25.8
30 27.7 27.9 27.9 26.1 25.9 28.3 27.7 26.0
31 28.1 28.1 28.1 26.5 26.1 28.6 27.9 26.3
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Table A.14 Faw Data - 2% CMC, 3 mm Annulus, 630 RPM

05-02-19388 C:.JILL: DATAZET.ACQ
FILENAME = 2CMC12.PRN
Time TEMP 1 TEMP 2 TEMP 3 TEMP 4% TEMP 5 TEMP 6 TEMP T TEWP 3
min. c C C c C C C C
1 21.9 2.0 22.2 21.7 21.6 221 22.1 22.3
2 21.9 22.0 22.1 1.7 21.6 22.1 22.1 22.3
3 22.0 2.0 222 21.7 21.6 221 22.1 22.4
AVERAGE BEGINNING TEMPEPATURE = 22.0

TEMPERATURE 7S. RADINS
17 MINUTE TIME INTERVALS
PEPCENTAGE OF GAP WIDTH
99.0 5.0 50.0 25.0 0.0 23.0 57.0 0.0

1 22.4 22.0 22.0 21.6 21.6 22.5 22.1 22.3
2 22.3 221 22.2 21.5 21.5 22.6 22.0 22.3
z 22.3 2.3 AT 215 215 22.5 22.1 22.2
'} 22.: oo LR 275 DS 225 T oo
5 22 C R 223 ot T 2n.T o Rt T2z
6 22.3 22.4 22.3 1.6 ?1.5 22.6 203 e

7 21.2 22.6 225 21.7 21.6 22.6 22.4 22.4
8 21.6 22.4 22.7 21.8 21.5 22.8 22.5 22.4
9 21.4 22.5 22.7 21.8 21.6 229 22.6 22.6

13 21.3 22.9 22.1 21.7 23.2 22.7 22.6
14 21.9 22.6 23.0 22.1 21.8 23.3 22.8 22.7
15 23.0 22.2 21.9 23.4 22.9 22.7
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Table A.15 Raw Data - Honey, 1 mm Annulus, 240 PPM

05-23-1988 e\ jill.dataset.acq
filename = honey31.wk1

Time TEMP 1 TEMP 2 TEMP 3 TEMP 4 TEMP 5 TEMP 6 TEMP 7 TEMP 8
min. c c c c c c C c

29.9 29.8 29.6 293 . .
2 302 299 299 296 29.3 289 30.0 30.2
29.9 298 295 293

Average beginning temperature = 29.7

Temperature vs, Padius
10 Minute Time Intervals

Percentage of &ap width
Time 99.0 75.0 50.0 25.0 0.0 99.0 50.0 0.0
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Table A.16 Paw Data - Honey, 1 mm Annulus, 600 FPM

05-23-1988 c:\jill\dataset.acq
FILENAME = HONEY32.PRN

PERCENTAGE GF ANNULUS
Time 99.0 75.0 50.0 25.0 0.0 99.0 50.0 0.0

29.6 29.4 29.3 29.2 28.8 29.4 29.8
2 29.1 29.6 29.4 29.2 29.2 28.7 294 29.8
29.6 29.4 29.2 29.2 28.8 29.4 29.8

TEMPERATURE VS. RADIUS
1 MINUTE TIME INTERVALS

PERCENTAGE OF GAP WIDTH
Time  99.0 75.0 500 25.0 0.0 99.0 50.0 0.0
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Table A.17 Raw Data - Miracle ¥hip, 3 mm Annulus, 240 RPM

n7-12-88 C:\Jjill dataset.acq
PERCENTAGE OF ANNULUS

Time 99.0 75.0 50.0 25.0 0.0
min (of (o4 C C C

1 23.9 24.0 24.0 23.8 23.3

2 24.0 241 241 23.9 23.5

3 24.0 241 241 23.8 23.3

4 24.0 24.0 24.0 23.8 23.3
AVERAGE BEGINNING TEMPERATURE = 23.8

TEMPERATURE VS. RADIUS
1T MINUTE TIME INTERVALS

PERCENTAGE OF ANNULUS

TIME 99.0 75.0 50.0 25.0 0.0
min C C o c c

1 241 241 241 23.8 23.3

2 241 241 24.1 23.8 23.3

3 24.3 242 2h.2 23.9 23.4

4 241 241 241 23.8 23.3

5 243 24.3 24.2 23.9 23.4

6 24.3 242 243 23.9 23.4

7 24.2 24.2 241 23.8 23.3

8 24 4 24.3 241 23.9 23.3

9 245 243 24.2 23.9 23.4

10 244 24.2 242 23.9 23.3

11 245 24.3 24.2 23.9 23.4

12 24.6 24.3 24.2 23.9 23.4

13 245 244 24.2 23.9 23.4

14 24.6 244 242 23.9 23.3

15 245 244 24.2 23.9 23.3
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Table A.18 Raw Data - Miracle Whip, 3 mm Annulus, 600 RPM

C:\jill\dataset.acq
FILENAME=MW12.PRN

AVERAGE BEGINNING TEMPERATURE = 23.8

TEMPERATURE VS. RADIUS
1 MINUTE TIME INTERVALS

PERCENTAGE OF ANNULUS
TIME 99.0 75.0 50.0 25.0 0.0

ro

=~

[an}

wn
P ro 1o N
W w w W
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Table B.1 Brookfield Standard - Test 1

—inear +1t

TEST 7O CALIBREATE HEWT :=7C.
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Table B.1

(cont'd.)

Linear ¢t

n
-
*

WL PoIP)r—

PT#

WO -JOyUl 4§ (d o

Y=a

Fobe e e = DT A

WO T N 1o

92

it

+ba

a= - S57E
b=
R Sauare=
Std dewv=

.335E+0099
.458E+6060b
.281E+98080v
.888E+@B00O
.148E+P01
.3932E+001
.618E+0861
.865E+801
.126E+801

RAW D

SFEED
-rad-sec’
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.B399E-1¥01
.886E—-00B1
.A74E-801
.125E-001
.133E-9081
.237E-8061
.283E-901
.328E-0601

1.251E+9

+381
61
3

.378
T.692E+0E1

PP s 4 e = 00N [

ATA

[ FNENTAN N PN |

5

.4S1E+9a1
.S88E+uv@1l
.617E+9081
.118E+@082
.482E+182
. 7B02E+0062
.995E+8082
.381E+08082
.587E+882
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.902E-802
.815E-6682
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Table B.2 Brookfield Standard - Test 2

Fower +11t

Y=az#b
a= T 3Z29E+a89
b= 1 .188E+886

R Sauare= .3495
Std dev= 7 405E-0@1

TEST TO CHALIBRATE NEWT STC.

S-1z2-8¢
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Table B.2

(cont'd.)

Fower {11

Y=aA
2
b

BN b

94

v .329E+PB9
1.188E+uv060

WO J U B GINI re 3

PT#

WO E G-

R Sauare=
Std dev=

“
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4 .456E+000
6.281E+906
S . 888E+066
1.148E+001
1.393E+0061
1.618E+90a1
1.865E+001
2.126E+8081

RAW D

SPEED

(rad-sec:
2.273E-0661
2.899E-9091
3.98B6E-001
4 B74E-801
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Table B.3 Brookfield Standard - Test 3

TEST TO CALIBRATE NEWT =ZTD.
5-12-8¢

SHERR STRESS «(NsM~2>
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Table B.3 (cont'd.)

Linear {fit

Y=a+b¥
a= 3.368E+99B0
b= 1.164E+001
R Sauare= 396
Std dev= 6.712E

"
. 734E+0080
.981E+066
. 388E+0086
.148E+08061
.393E+801
.618E+0601
.865E+@01
.126E+0081

Q4N p oI~
[ IS N Ve s 3 8
NP H s e e DT

RAKW DATA

SPEED
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.125E-9061
.183E-001
.237E-9081
.283E-001
.328E-901
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00 =~J O LA = Gl D=
YWY U H W
(NN ENT ST N

FPower fit

Y=aX~b
a= 1.473E+901
b= 9.324E-0601
R Sauare= 996
S5td Gev= ¢4 .783E

+8061

¥
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.€17E+8081
.118E+802
.482E+@82
.7B2E+0882
.995E+802
.381E+802
.Se7E+862

TORQUE
(n—-m?

.@03E-002
.312E-882
.7B1E-802
.255E-982
.991E-082
.B36E-AB2
.982E~-862
.815E-982

-801
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Table B.4 2% CMC - Test 1

Fower t1t
Y=a¥ b
a= 2. .919%€E+101
b= 4.547E-001

R Sauare= .968
Std dev= 5.178E-801

2% CMC T=25 JMK-T
5-14-8¢&

SHERR STRESS (N/M~23
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Table B.4 (cont'd,) ,
Fower
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Y=ax~b
a= 2.219E+901
b= 4 .547E-0801
R Sauare= .9683
Std dev= S5.178E-@81
X Y
2.165E+00880 3.210E+0061
4 772E+000 5.23%E+001
7 .847E+900 T .VB4E+90B1
9.611E+0606 8.781E+001
1.189E+081 9.696E+1301
1 .491E+001 1.1680E+802
1.732E+801 1.111E+8082
1 .958E+661 1.227E+8062
2.292E+961 1.251E+882
2.401E+0601 1.317E+802
2.989%E+881 1.487E+Q@02
3.785E+0661 1 .578E+082
4 OSBE+98081 1.594E+082
4 _429E+0601 1.718E+682
S.138E+801 1.771E+@082
6.343E+0061 1.917E+6062
7 .669E+001 2.842E+802
8.814E+001 2.142E+0082
1.0613E+0882 2.252E+802
1.385E+8062 2.421E+802
1 .5S85E+082 2.545E+682
RAW DARTA
SPEED TORQUE
(radssec? ‘Nn-m
9 .388E-002 4 8B6E-0083
2.198E-801 7.974E-8683
3.898E-001 1.173E-882
4 B66E-901 1.337E-002
S.11VE-001 1.476E-062
6.166E-06001 1.674E-06082
7.225E-001 1.692E-882
8.269E-0961 1 . 867E-902
9.315E-661 1 .964E-082
1.937E+000 2.885E-0082
1 .246E+08086 2.263E-082
1 .455E+0@G6 2.482E-882
1.665E+006 2.426E-0862
1 . 875SE+68686 2.615E-8082
2.883E+900 2 .596E-002
2.683E+000 2.918E-882
3.131E+066 3.188E-0862
3.619E+08406 3.268E-882
4 _ 147E+000 3.428E-082
S.226E+006 3.686E-802
6 .276E+060 3.874E-8082
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Table B.5 2% CMC - Test 2

2% CMC T=25 JMK-T
5-14-88

SHERR STRESS (NsM~2)
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Table B.6 2% CMC - Test 3

2% CMC T=25 JMK-T
5-14-€8
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Table B.6

(cont'd.)
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X

.283E+B8006
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.27PE+881
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.469E+0801
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Y
.971E+0081

.218E+801

.935E+9081
.v16E+0B01
.933E+@801
.164E+8082
.161E+862
.342E+06862
.487E+902
.452E+@602
.483E+862
.973E+882
.685E+802

.661E+0082

.786E+882

. 762E+002

.832E+802
.855E+802
.9208E+882

.985E+862

.B41E+082
.@96E+802
.157E+882
.287E+082
.228E+882
.276E+802
.297E+2082
.359E+8862
.441E+882
.S89E+0882
.S76E+882
.647E+882
.?O6E+08082



Table B.6

(cont'd.)
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RAW L[ATH

SPEED

(rad/sec?
.800E-0081
.1926E-9061
.889E-001
.B44E-901
.101E-8081
.152E-901
.201E-@991
.248E-991
.383E-0061
.835E+000
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.B73E+B00
.289E+00606
.497E+0Q00
.7O0E+0B0A
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.267E+9080
.TO99E+0866

B PWOHWNOIWWNGICMGCIWEHNMONIMNNFIN P NP N [ - =g

TORQUE
(n—-mJ

.000E-603
.464E-8083
.2088E-882
.32VE-4882
.512E-88z
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.142E-802
.21BE-882
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.922E-8682
.921E-8082
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.283E-082
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.391E-8062
.464E-802
.496E-682
.991E-382
.716E-882
.818E-882
.921E-682
.929E-9062
.118E-802



104

Table B.7 2% CMC - Test 4

Fower +tit

Y=as" b
a= 2.555E+391
b= S .013E-0061
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Table B.7

(cont'd.)
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Power +i1t
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RAW D

SPEED
(rad-/sec’
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.836E+0Q0
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.188E-802
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.786E-8082
.109E-882
.409E-8082
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Table B.8 2% CMC - Test 5
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R Sauare= .912
Std dev= 6.162E-661

2% CMC T=25 JMK-T
5-14-88

SHERR STRESS (N/M~2)>

— N
N 0 ~ 7]
0 (12} (9]
N¥— v
o &Ex
: \&( 5
— X
m - A
wx
o s,
man %( ]
=t .
N §\
r 3
m X\,
D
o X
[ .\,
~ ol X
o
~
"
Ll <
n
7

8617
L



Table B.8 (cont'd.)
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Power +1it

)
-
*

AARCINHOIWD T NLUIM—

bt ot ot et pb pt b

PT

*®

WO~ NS GITY -

Y=an~b
a= 2.233E+9H91
b= 5.158E-601
R Sauare= .312
Std dev= &.162E

(¥
.816E+0080
.274E+0006
.139E+801
.439E+a@81
.B1%E+9081
.435E+00861
.299E+901
.S531E+001
.638E+9@1
.138E+8861
.343E+901
.669E+801
.814E+9061
.813E+802
.305E+802
.985E+00Z

e = O NG S WP Y = D[
PN PN e b s 1 s 4 ps 2 1 0D 1

RAW DATH

SPEED
{rad-sec?
.80BE-8B6Zz
.B66E-9981
.117E-601
.166E-901
.269E-0801
.837E+8080
.246E+660
.455E+008
.87SE+606
.983E+900
.603E+0886
.131E+906
.619E+0086

147E+0P006
.226E+00v
.276E+900

VAR WU == = ORNWN4 O
AW WG NNFIN RO - s =

-@o1

Y

.371E+4091
.781E+0@081
.596E+B01
.188E+0BZ
.227E+B82
.217E+002Z
.487E+BB2
.978E+802
.718E+8B82
.?71E+882
.217E+802
.842E+0082
. 142E+862
.252E+@062
.421E+3062
.545E+802

TORQUE
‘tn—-m)

.808E-803
.337E-BB82
.476E-0862
.674E-002
.B67E-002
.885E-0882
.263E-082
.492E-802
.615E-862
.696E-8082
.218E-0802
. 188E-882
.266E-862
.428E-802
.68B6E-802
.874E-862
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Table B.9 2% CMC - Test 6

SHEARR STRESS CMsM~23

bt )
o ¥+ ] n At
] n 0 -
Ny v
> Sy y
—t 5L
m e
Ly
Q ~
W \.\
al x,
n i \'*.,.
I ~,
m X,
D "y
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0 3
N X
"
D
N
e
P
= i A
V]



Table B.9

(cont'd.)

e
-
*

WO WOITUN L IR

e b

PT#

WNG U f -

10

=g o G = e b e U0 - B

PUN,LOLONANE GO

109

R Sqauare=s
Std dev=

.736E+188
.697E+@00
.B99E+P08
.T45E+0086
.231E+8061
.435E+001
.642E+801
.947E+0061
.433E+901
.71BE+001
.977E+8061
.665E+001
.B28E+8AZ

S.

. 293E+RAa1
.219E-6061

.93
vo3

NN e 0t gt 2 s == L OO =) LAY

RAW DATH

SPEED
rad/zec?
.237E-801
.195E-Q801
.@684E-001
.862E-961
.117E-0601
.175E-0481
.2232E-001
.275E—-9081
.295E-001
.961E+0080
.079E+0080
.127E+0080
.147E+086

kel

NOGIN NI = e 1 s s s 2 00 D

%)
E-601

Y
.635E+901
.7B67E+08081
.4836E+801
.678E+0801
.288E+PB1
.814E+00Zz
.111E+8082
.258E+002
.260E+8682
.956E+882
.778E+802
.843E+802
. 240E+9¥02

TORGUE
Tn-m2
.010E-063
.687E-4983
.139%E-602
. 320E-0082
.482E-0062
.5943E-982
.692E-802
.315E-882
.925E-6882
.368E-162
.TBEE-882
.189E-882
.409E-0802
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Table B.10 2% CMC - Test 7

2% CmMC T=25 JMK-T

S-14-C8

— — [
al — L ~J
T & )] —
[N —
> *\;:k
-t * .
m 3
&
o %
mw % Ke ]
ol P 4
o ¢ %
e o -
m P
D i\
o A
~ ol R 1
Lad 0
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° ..
A A
P
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no
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Table B.10 (cont'd.)

FPower it

Y=ax~b
a= 3.365SE+1H1
b= 4.262E-601
R Sqauare= .2%6
Std dev= 4 39FE-601

Pt# R T
)] 2.331E+900b 3.61VE+9n1
z 4 733E+060 €.218E+001
3 7. 243E+906 7. 2335E+991
4 9. 5606E+000 8.71cE+001
S 1.164E+981 9 .233E+0801
) 1.469E+001 1.164E+@82
v 1.6806E+901 1.161E+882
3 1.8VEE+001 1.342E+602
3 2.270E+901 1.487E+882
10 2.64BE+001 1.452E+002
11 2.733E+001 1.483E+902
12 2.938E+061 1.573E+862
13 3.275E+901 1.685E+862
14 3.469E+001 1.661E+8082
15 3.778E+P81 1.78KE+AB2
16 6 .565E+001 1.742E+002
17 5.523E+801 1.721E+882
18& 4 .328E+9601 1 .762E+002
13 4. 632E+901 1.332E+382
29 S.174E+001 1 .855E+0602
2 S5.540E+801 1.926E+8082
22 6.0841E+001 1 .9835E+082
23 65.584E+901 2.841E+0802
24 7 .843E+801 2.896E+0682
25 7.525E+041 2.157E+982
26 8.568E+0601 2.287E+002
27 8.795E+881 2.228E+802
28 9 . 234E+001 2.276E+882
29 9.5628E+9¥01 2.297E+802
36 9.976eE+6081 2.359E+082
31 1.191E+002 2.441E+RB82
32 1.324E+082 2.589E+882
33 1.433E+0082 2.576E+8082
34 i Se6E+b0OC < .647E+002
39 L. T13E+90: 2.786E+882



Table B.10

(cont'd.)

PT#

ONONBWNS' o0 NT N WP

P e Y

19

ARAUU DL WEHWCINON ORI - s s s b2 1 b s s e 10O N UL B GO -

112

R

SPEELD
(rad-/sec:
.262E-801
.1B36E-8081
.089E-801
.A44E-001
.181E-801
.152E-8961
.201E-001
.248E-901
.383E-681
.835E+180
.140E+060@
.245E+8881
. 346E+08686
.454E+908
.556E+0080@
.660E+9080
. 7T68E+68080
.362%E+968
.971E+008
.078E+928806
.289E+0008
.497E+00@8
. 7TOBE+@806
.321E+960
.127E+00680
. 338E+04e
.935E+000
.7T13E+00686
.924E+0006
.142E+8400
.692E+000a
.221E+08090
. 745E+@B06
.267E+8680
. 799t +@00

CaTE

BAWOLWMGMOGIWGWWNWOHNPONPONNNNONRRFO M [ =g

TORQUE
‘th—m2

.585E-863
.464E-9083
.288E-0602
.327E-0082
.912E-682
.771E-882
.766E-8082
.B842E-982
.142E-0882
.218E-962
.258E-882
.394E-882
.443E-882
.5928E-862
.59€E-0882
.651E-882
.626E-8602
.682E-0882
.788E-682
.824E-882
.922E-862
.B21E-902
.166E-8862
.198E-962
.282ZE-8062
.393%E-982
.391E-@082
.464E-802
.496E-002
.591E-902
.716E-802
.818E-8082
.921E-882
.829E-08062.

118E-0662
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Table B.11 2% CMC - Test 8

SHERR STRESS (N -M~2>

) & T fs) D
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Table B.11 (cont'd.)
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Power {11t

AN

PT#

NewWror

Y=ax b

a= 1 .5S2SE+901
b= 7.€62SE-001
R Sauares=s .249

Std dev= 4 225E-601

X
3.117E+990
4 . 74BE+000
7 .0889E+960
9.453E+000
1.197E+801

RAW DATAH

SPEED
Crad-sec?
1. 411E-0061
2.117E-90O1
3.067E-0O1
4 .08064E-891
5.111E-0061

Wo-Udy

0 pb

Y

.241E+401
. 732E+091
.149E+0061
.420E+601
.445E+801

TORGUE
‘n-=m>

.933E-062
.v25E-1B83
.887E-6@2
.282E-802
.438E-882
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Table B.12 2% CMC - Test 9

2% CMC T=28& C JMk-T

5-13-8€

SHERR STRESS (N/M~2)

— - N
J [ 20 N
— D ‘0 v}
u* O r v
I TN,
oa) é@n
— '-a.:é;x
m : \\;&(
[ -“'\;
TR %
ol N ]
w <
b o x
m Y
D X
) "x
- - "'
. { ;d"'., 1
M X
m =,
D 'Q'l'
n %
- &
—_
© x
-4

Power fit

Y=aX*b
a= 3.134E+801
b= 4 .203E-601
® Sauaras 298
Sty dev=: 4 T23E-601



Table B.12

(cont'd.)

n
-
*

VISR S VR e N s W0 I N R

[

13

b b Pl b b b b b bk et b b bt et bt e DN VS P BB OGN GIGIN O = s 1D =)

116

X

.312E+98068
.86BE+000
. 393E+0680
.191E+001
.418E+8081
.646E+001
.395E+901
.342E+0061
. 353E+0801
.69VE+0801
.438E+901
.151E+601
.484E+0801
.988E+001
.966E+881
.191E+06081
.591E+981
.647E+001
.867E+901
.324E+0861
.629E+801
.885E+061
. 838E+982
.168t+b02
.33VE+882
.438E+08082
.492E+802
.978E+B02
.660E+882
.596E+08Z
.630E+882
.680E+08082
.812E+882
.792E+0@082
.813E+0882
.971E+862
.944E+002
.958E+0882

PFRSNFONPINPIMPIPITI NI FI NI R NI P = 1t bt pos 1=b s =t pob bt pos bt s b s b O WD - (Y ()

Y

.884E+0801
.792E+0061
.982E+981
.148E+6081
.399E+901
.127VE+882
.222E+0802
.211E+08082
.296E+@8082
.396E+8082
.412E+862
.434E+08082
.927VE+B82
.S48E+00Z
.586E+8082
.633E+002
.672E+882
.693E+6802
.762E+802
.96BE+8602
.036E+802
.137E+8062
.218E+802
.314E+802
.374E+802
.434E+8082
.389E+882
.S31E+082
.936E+902
.S51E+802
.S66E+0882
.S79E+002
.998E+49082
.681E+00Z
.633E+802
.648E+0062
.665E+08082
.687E+8082



Table B.12 (cont'd.)

PT#

™
NN SVW0 N L GITD -

[
)]

M) b+ e =
Vo

Mo
RS L

[

Wl
ONOUNBUNPOWVWONUN

W
-

NNNNNOAQAN AT N NG LD WENR s e s e e e 2 D O NN D -

117

FRKW LATA

SPEED
(rad/sec’
.247E-001
.9395E-991
.867E-08061
.112E-9861
.168BE-681
.217E-801
.268E-001
.306E—-301
.835E+06086
.140E+9368
.245E+600
.347E+00Q06
.454E+8086
.S60E+906
.665E+000
.77BE+20989
.871E+0060
.973E+90906
.087E+8006
.684E+0080
.133E+60806
.631E+000
.154E+0600
.v10E+9080
.228BE+0006
.7S6E+900
.281E+00806
. 385E+060980
.489E+0080
.595E+800
.697E+8066
.802E+008686
.901E+006
.187E+0080
.322E+000
.528E+8086
. 728E+060
.931E+0908

ALBDWWNOUWLNWWGCWLWWENNNNNNN N NI P P = e s s e s e B

TORGQUE
(n—-mj»

.694E-003
.834E-8082
.283E-08082
.391E-982
.58YE-06082
.715E-9082
.86BE—-0B2
.344E-B82
.972E-882
.125E-882
.148E-682
.183E-882
.323E-882
.356E-B82
.414E-08062
. 485E-9862
.944E-0602
.976E-882
.681E-682
.892E-8082
.099E-002
.252E-862
.364E-0682
.921E-902
.613E-682
.7B84E-8062
.819E-662
.852E-8082
.860BE-882
.883E-882
.986E-882
.926E-882
.943E-682
. 959E-49082
.088E-8082
.831E-8082
.856E-882
.898E-8082



Table B.13 Honey

dH3IHS 40 3144
8E

-4
~n

(D&3.13

D)
D))

Fower

118

tit

=axk"b
a= 2.987E+0069
b= 9 .726E-0061
R Sauare= .399
Std dewv= 9 42CE-g61



Table B.13

(cont'd.)

o
-

WO U D GIN - W0 -JN U & GIB) e 2

s P pt b et bt gt b s b

FT#

OO~ G A = Gl P

18

119

.391E+P0B06
.624E+000
.942E+800
.256E+000
.13%9E+8061
.394E+091
.575E+0061
.863E+0801
.185E+891
.336E+001
.v93E+941
.235E+0881
.731E+801
.271E+001
. 723E+0061
.635E+601
.ASSE+0061
.183E+061
.B61E+002

= O~NBEDCICITONN = e 2 = O Ty

RAW DATAH

SFEED
(rad-/sec:
.S551E-0061
.196E-081
.198E-b0A1
.B6SE-9AO1
.117E-0061
.170E-901
.229E-0801
.273E-8081
.333E-601
.B36E+0006
.247E+060Q0
.4S6E+13@0
.667E+00BR
.87VE+808
.887E+00G0Q
.6B2E+900
.13SE+06066
.632E+0086
.7T13E+00C

F YRTATSY SO S N X RN Y I AT S T

PRt e e = D~ AU S DGR~

BN et e = D~ JANWUN B P

¥

.264E+0108
.368E+08081
. 248E+8301
.7O9E+601
.364E+901
.385E+601
.9639E+901
.148E+0601
.736E+0081
.249E+601
.411E+901
.971E+0601
.B43E+382
.168E+602
.241E+8082
.942E+8082
.83VE+802
.885E+682
.635E+882

TORGUE
(n-m>

.186E-063
.B83E-8083
.973t-083
.199E-883
.120E-883
.674E-883
.905E-882
.824E-1083
.731E-6063
.912E-363
.128E-8862
.365E-802
.997E-0802
.766E-882
.889E—-a@02
.347E-AB2
.797E-882
.173E-882
.@10E-0882



Table B.14 Miracle Whip

MIRACLE
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Table B.14

(cont'd.)

"

HIo D hH &

LAY O RN N TN SRR R RSN (N I T S
& L RSO TN T AT Y el ol SR KU N T

[ e N N R e ey

[l Y O

SN0 =IOV B Gl = 00D T 0 e G )
P SN I N A N ST R DL AN E Y

21 b b b ot b s pb s b s

121

=J =)D )

Q7E+m@1

.342E+921
.415E+001
. 134E+9121)
.484E+081
. 122E+941
.S0aE+anl
L 27QE+R221
LG21E+@0a1

HE2E+RIL

.3SveEE+aal
.7TBZE+BA1
.B9zZE+u0al
.945E+282
.154E+806Z

RAW DRTA

SPEED

Lrad-secs
.6932E-Baz

.318E-a01
.A37E+190
.244E+80906
.456E+0@0
.665E+08006
.874E+990
.B86E+00E
.697E+13080
.133E+0606
.631E+998

149E+006

T3iceanc

FOEFIFI PO P Jt= 214 (s ba e b g b s s b 1y

PEDNRVE O N OUN AV N Rl e

RSOV EN RN LS IVED FYVE g

L 294RE+wal
.@vag+aez
Ci91E+BA2
.Z4SE+0eZ
L IZSE+RA2
.415E+002
.S1ZE+9B2
.SB6E+BBZ
.SEdE+DR2

.€S2E+08Z
L T21E+@92
L E42E+@RZ
L 3IRE+AB2

o

AE4E+QRZ

RTTE+LRAR2
. Z214F+662
.342E£+A02
L 46SE+AQZ
S40E+RA2
.64TE+0RBZ

TORGQUE
CP—m

4AEE-QE2
E23E-2@2

TEE-RAZ

292E-052
ZERE-AQZ

SeRE-9B2

.€z@E-80z:
.394E-002
.9@37E-@@2
. 993E-9382
.168E-8ez
.371E-982
.SE4E-BB2
.TS2E-9822
.867E-QAZz

ATIE-9A2



APPENDIX C COMPUTER PROGRAM - VELOC
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APPENDIX C COMPUTER PROGRAM - VELOC

PROGRAM VELOC

THIS PROGRA™M CALCULATES C!, THE INTEGRATICN CON
AND THE VELOCITY PROFILE

REAL RI,RO,N1,N2,MU,SIG2,0M,CL,_HS,RHS,CHG, CHECK

REAL RHO,CFP,MULTBP,BP10T
OPEN (1,FILE="A:TROUT’")
P1=3.141593

WRITE(*,*)* Input length of bob, meters’
READ(*,3)L

WRITE(#*,#)*Input Ri, meters’

READ(*,3) R1

WRITE(*,*)’ Input Ro, meters®
READ(#*,2)R0

FCRMAT(F20.5)

WRITE(#,*3* Input N1, dimensizrnlece '
REAC (*,3)N1

WRITE(#,x)* Input N2, dimensionless *
READ(* ,2YN2

WRITE(*,+#)*Input MU, Pa-s"n2 °
READ(»,3)MU

WRITE(¥,*)*Input SIGMA O, Pa °*
READ(*,3)YS1GO

WRITE(*,* * Input density, kg /cu. meters’
READ (*,3)RHO

WRITE(*,*)"Input specific heat, J/kg-de3 C’
READ{(*,2)CP

WRITE(*,*)* Input Omega, RPM’

READ(*,3)0M

OM=0M/60.0%2.0#+P]I

NC=300
LHS=0M
FACT=1.0

IF (SIGO .EQ. 0.0) THEN
Cl1=FACT

ELSE
C1=FACT
C1=S1GO*RO**2.0+FACT

END IF

CHG=C1/8.0

CALL INTEG(NC,RO,RI,C1,N1,N2,MU,S1GO,RHS)
WRITE(*,44)C1,RHS,LHS
WRITE(*,#*)* Input new factor or 1.1 to continue’
READ(*,3)FACT

IF (FACT .EQ. 1.1) THEN

GOTO 10
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ELSE
GOTO 19
END IF

CHECX=ABS ( (LHS-RHS) /LHS)
IF (CHECK .LT. 0.C1) THEN
=600
END IF
IF (CHECK .LT. 0.00001) GOTO SO
IF (LHS .LT. RHS) THEN
GOTO 20
ELSE
GOTO 30
END IF

C1=C1-CHG

CALL INTEG(NC,RO,RI,C1,N1,N2,MU,SIGC,RHS)
WRITE(#,34)C1,RHS,LHS
FORMAT (3X,* C1,RHS,LH5=",3(4X,F12.8)

IF (LKS .LT. RHS) THEN
GOTO 20

ELCE
CHG=CHG/4.C
GOTO 10

END IF

C1=C1+CHG

CALL INTEG(NC,RO,RI1,C1,N1,N2,MU,SIGO,RHS)
WRITE(*,44)C1,RHS,LHS

IF (LHS .GT. RHS) THEN

GOTC 30
ELSE

CHG=CHG/4.0

GOT0 10
END IF

WRITE(*,*)*C1 IS FOUND’
WRITE(*,21)C1
FORMAT(3X,’Cl=",F12.9)

TORG=2.0+PI#*L*(C1
TORGEN=TORG* .2248+3.2808

WRITE(*,47)TORQ, TORGEN

FORMAT(/,3X,* TORQUE=" ,F11.4,2X,’N-m’ ,3X,’0or *,F8.2,2X,’ ft-1b*,/)

Input run time

WRITE (*»,*) *Input run time, minutes’
READ (*,3) TIME
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RINC=(RO-RI1)/20.0

NC=500

COEF=2.0

SUM1=0.0

SUM2=0.0

SUM3=0.0

00O 80 I=1,21

RT=RI+RINC«(I-1)

CALL INTEG(NC,RT,RI,C1,N1,N2,MU,SIGO,VOR)
V=(0M-VOR) *RT

Al1=(0M-SIGO/MU*ALOG(RI/RO))/(1./RI1**2.-1./R0O*%2.)
VBP=A1*(1./RT-RT/RO**2.)+SO/MJ*RT*ALOG(RT/R0O)

MULT=C1/RT/RT*((C1/RT/RT) **N1/MU-SIGO**N1/MU) #*(1./N2)/RHO/CP
D=(0M-SIGO/MU*ALOG(RI/R0O))/(1./R1**2.-1./R0O*»%2.)*2,
MULTBP=D/RT/RT*MU*(D/RT/RT-S1G0O/MU)/RHO/CP
BF10T=MULTBP*TIME*60.0

TIOMIN=MULT*TIME*60.0

IF (I .EQ. 1 .OR. I .EQG. 2!) THEN
CCEF=!.0
END IF

SUMi=SUM1+COEF*»V*RT

SUM3=SUM3+COEF*T10MIN*V*RT

IF (COEF .EQ. 1.0) THEN
COEF=2.0

END IF

COEF=COEF+2.0

IF (COEF .GT. S.0) THEN
COEF=2.0

END IF

(]

WURITE(*,38)RT,V,VBP,TIOMIN,BP10T
FORMAT(2X,*R=",F5.4,2X,’V,VBP=",2(2X,F6.4),3X,*'T: OMS-DT,BP-DT="
+2(2X,F6.2))

W
o

o

WRITE(1,23)RT,T10MIN
22 FORMAT (2(3X,F12.7))
e CONTINUE

C
TM=SUM3/SUM1
WRITE(*,81) TIME,TM .
&1 FORMAT (///,10X,*Mean Temp After *,F4.1, ®* Minutes: ',F4.1)
C
STOP
END
C
C
C
CCCCCCCCCCCCCCC INTEGRATION SUBROUTINE CCccccccecceeceecececececceccece
C
C

SUBROUTINE INTEG (NC,RHI,RLO,C1,N1,N2,MU,SIGO,VOR)
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REAL RHI,RLO,C1,N1,N2,MU,SI1GO,VOR,RINC,C,RR,FR,SUM

RINC=(RHI-RLO)/NC
FR=(C1/RLO/RLO) **N1/MU-(SIGO**N1 /MU
IF (FR .LT. 0.0) THEN
WRITE (*%,*) "No flow, input Cl greater than 1 or’
WRITE (*,*) * less than calculatec C!’
GO TO 30
END IF
SUM=(FR**(1.0/N2))/RL0O
D=4.0

DO 60 I=1,NC
IF (1 .EQ. NC) THEN
D=1.0
END IF
RR=RLO+RINC*]
FR=(C1/RR/RR) **N1/MU-(SIGQ**N1) /MU
IF (FR .LT. 0.0) THEN
WRITE (*,*) *No f'ouw, input C1 greater than 1 cr’
WRITE (%,%x) ° lecs than calculsied C1°
GO TO 30
END IF
SUM=SUM+ (FR** (1.0/N2))/RRx*D
D=D+2.0
IF (D .GT. 4.1) THEN
0=2.0
END IF
CONTINUE

VOR=RINC/3.C*SUM
RETUSN
END
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APPENDIX D COMPUTER PROGRAM - ODTIME

PROGRAM ODTIME

C

C TITLE AND A VECTOR

C
DIMENSION A(SOC)

C

C ELEMENT RELATED VALUES

C
DIMENSION ECM(9),ESM(9) ,EF(3),NS(3)
DIMENSION 1DBC(2),DBC(2,2)

c

C FOR POLAR COORDINATES, RHEOLOGY DATA

C
REAL ANONE,AN2,AMU

C

C GRID RELATED VARIABLES

C
DIMENSION X(30),IB(30),U(30)

C
COMMON/INOUT/IPTL
COMMON/DIMEN/IDNN, IDAV, IDEGV ,
CHARACTER#*64 TITLE

C

Cradnbkhbni

C

C DEFINITION OF THE INPUT VARIABLES

C

(ZZEEEEE R

TITLE - A DESCRIPTIVE STATEMENT OF THE PROBLEM BEING
SOLVED. THE WORD STOP IN THE FIRST FOUR
COLUMNS TERMINATES THE EXECUTION.

INTEGER PARAMETERS
NP - NUMBER OF NODES

ILO - INTEGER THAT CONTROLS THE TYPE OF ELEMENT
1 - LINEAR
2 - QUADRATIC

ICLA - AN INTEGER THAT CONTROLS THE TYFE OF CAPACITANCE

MATRIX

1 - CONSISTENT FORMULATION

2 - LUMPED FORMULATION

3 - AVERAGE OF THE CONSISTENT AND LUMPED
FORMULATIONS

4 - OPTIMUM FORMULATION. THIS OPTION EXISTS
ONLY FOR THE LINEAR ELEMENT

NDBC - NUMBER OF DERIVATIVE BOUNDARY CONDITIONS.
THE VALUE CAN NOT EXCEED TWwO.

IEAN - INTEGER THAT CONTROLS THE TYPE OF SOLUTION
1 - EIGENVALUE AND EIGENVECTOR ANALYSIS
2 - ANALYTICAL SOLUTION OF THE SYSTEM OF

OOOOOOOMNOOOO0O0OO0OOO0O0O0O00O0OO0O0O0O0
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ORDINARY DIFFERENTIAL EQUATICNS

3 - NUMERICAL SOLUTION OF THE SYSTEM CF

ORDINARY DIFFERENTIAL EQUATIOMNS

IPTL - INTEGER THAT CONTROLS THE OUTPUT
OPTIONS O, 1, 2, AND 3 ARE NOT DEFINED

4 - DEBUG 1! - PRINTS THE SUEROUTINEZ NAME WHEN

THE SUBROUTINE IS EXECUTED

5 - DEBUG 2 - PRINTS THE SUBROUTINE NAME AND

ADDITIONAL NUMERICAL INFORMATION
WHEN THE SUBROUTINE IS EXECUTED

EQUATION COEFFICIENTS
DX - THE COEFFICIENT D(X) IN THE DIFFERENTIAL EQUATION

GX - THE COEFFICIENT G(X) IN THE DIFFERENTIAL EQUATION

Q - THE SOURCE TERM IN THE DIFFERENTIAL EQUATION.

DT - THE COEFFICIENT MULTIPLYING THE TIME DERIVATIVE
IN THE DIFFERENTIAL EGUATION

GRID COORDINATE

DATA

INC - INTEGER THAT CONTROLS THE INPUT OF THE NODAL
COORDINATES

0 -
1 -

ELEMENTS HAVE DIFFERENT LENGTHS (VARIABLE GRID)
ELEMENTS HAVE THE SAME LENGTHS (UNIFORM GRID)

X - COORDINATES OF THE NODES

INC =
INC =

O INPUT COORDINATES OF EACH NODE. DATA MUST BE
IN NUMERICAL SEQUENCE STARTING WITH NGODE 1
1 INPUT COORDINATES OF THE FIRST AND LAST NOOES

DERIVATIVE BOUNDARY CONDITIONS DATA

1DBC( ) -

NODE NUMBER FOR THE DERIVATIVE BOUNDARY
CONDITION

bBCC ,1) - M VALUE IN THE DERIVATIVE BOUNDARY CONDITION

DBC( ,2) - S VALUE IN THE DERIVATIVE BOUNDARY CONDITION

INITIAL NODAL VALUES

INVL - INTEGER CONTROLLING THE INPUT OF THE INITIAL VALUES

1 -

u b wWN

INPUT A NODE AT A TIME

INPUT BY GROUPS

ZERO AT THE END POINTS AND A SPECIFIED
VALUE AT ALL THE OTHER POINTS

ZERO AT THE END POINTS AND A LINEAR
VARIATION TO A SPECIFIED VALUE AT THE CENTER
SINE FUNCTION WITH A SPECIFIED AMPLITUDE

AT THE CENTER
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INPUT A NEGATIVE VALUE FOR INVL FOR OFTIONS 3, 4, AND £
WHEN THE COMPLETE GRID IS USED. A POSITIVE VALUE FOR
INVL USES THE SYMMETRY CONDITION AT X=L/2

REFER TO SUBRCUTINE INTVAL FOR SPECIFIC DETAILS FOR
EACH OF THE OPTIONS

IBC ) - THE NODE NUMBERS WHOSE NODAL VALUE REMAINS THE cSAME
FOR ALL VALUES OF TIME. INPUT THE VALUES AS A
STRING OF INTEGER VALUES SEPARATED BY A SPACE OR
COMMA. TERMINATE THE INPUT WITH AN INTEGER LESS
THAN OR EGQUAL TO ZERO.

Icp - THE COORDINATE SYSTEM, EITHER CARTESIAN OR POLAR
1=CARTESIAN, 2=POLAR. USEC IN THE PRLNEL SUBROUTINE
WITH THE LUMPED FORMULATION. ADDAPTED FOR A VISCOUS
HEAT DISSIPATION ANNULAR PROBLEM.
SEITITTR Y

INPUT OF THE PROGRAM DATA

ok ok ok ok ok ok Rk %

INPUT OF TITLE CARD AND CONTROL PAFAMETERS

OOOOOMNOOOO0OO00O0OO0O0O0OOOO0OO0O0O0

IDONN 30
IDAV 500
OPEN(&,FILE="FEM.DAT")
REWIND &
S WRITE(*,+) *ENTER: TITLE’
READ(=*,6) TITLE
6 FORMAT (20A4)
IF(TITLE.NE.’STOP*) GOTO 999
CLOSE(6)
STOP
999 WRITE(#*,*) *ENTER: NP,ILG,ICLA,NDBC,NPS,IEAN,IPTL,ICP’
READ(*,*) NP,ILQ,ICLA,NDBC,NPS,1EAN,IPTL,ICP

CHECK ELEMENT TYPE AND CAPACITANCE MATRIX FORMULATION

OO0

IF(ILG.EQ.1) GOTO9
IFC(ICLA.LE.3) GOTO9
WRITE(6,7) :
7 FORMAT (/10X ,30HTHE OPTIMUM OPTION EXISTS ONLY,
+23H FOR THE LINEAR ELEMENT/15X,20HEXECUTION TERMINATED)
STOP

CALCULATE THE NUMB<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>