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Abstract

Ground tests of solid propellant rocket motors have shown that metal-containing
propellants produce various amounts of slag (primarily aluminum oxide) which is
trapped in the motor case, causing a loss of specific impulse. Although not yet
definitely established, the presence of a liquid pool of slag also may contribute to
nutational instabilities that have been observed with certain spin-stabilized, upper-
stage vehicles. Because of the rocket's axial acceleration—absent in the ground tests—
estimates of in-flight slag mass have been very uncertain. Yet such estimates are
needed to determine the magnitude of the control authority of the systems required
for eliminating the instability. A test rig with an eccentrically mounted
hemispherical bowl was designed and built which incorporates a "follower" force
that properly aligns the thrust vector along the axis of spin. A program that
computes the motion of a point mass in the spinning and precessing bowl was
written. Using various RPMs, friction factors, and initial starting conditions, plots
were generated showing the trace of the point mass around the inside of the fuel
tank. The apparatus will be used extensively during the 1990-1991 academic year
and incorporate future design features such as a variable nutation angle and a film
height measuring instrument. Data obtained on the nutational instability
characteristics will be used to determine order of magnitude estimates of control
authority needed to minimize the sloshing effect.

Introduction

Many rocket motor solid propellants in current use contain a significant amount of
aluminum which, when burned, produces a slag consisting of aluminum oxide and
elemental aluminum. Most of this material is expelled throughout the rocket
motor nozzle and adds to the thrust, but some remains trapped in the motor case.
The melting point of the &-form of Al,Oj5 is about 2050°C, below the temperature of

the combustion gas. The liquid slag, in the form of small droplets, is subject to a
combination of forces that include the drag from the combustion gas, the inertial
force resulting from the axial acceleration of the rocket, and (for spin-stabilized
vehicles) the centrifugal force resulting from the vehicle spin.

The present analysis postulates that, because of the high level of turbulence in the
motor, slag droplets entering the gas stream are ejected, and that trapped slag is
formed primarily by liquid slag flowing along the surfaces toward the point of
minimum potential energy in the accelerating and spinning motor. Also, the
present analysis concludes that slag will accumulate to some degree in all spinning
or accelerating rocket motors with aluminum-contaning propellants and submerged

nozzles.
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A number of spin-stabilized vehicles that use aluminized propellant have shown a
marked tendency for a "coning" instability; i.e., a precession with steadily increasing
nutation angle. These motors have a submerged nozzle geometry, resulting in a
downstream annular pocket which is likely to favor slag retention. It has been
surmised, therefore, that the sloshing motion of a liquid slag pool may be a
contributing cause of the observed flight instability. The effects of liquid slag on the
stability of spinning vehicles is similar to the effects produced by fuel slosh in
spacecraft. Slag retention also requires examination because of its potentially
deleterious effect on specific impulse.

Through installation of witness plates downstream of the nozzle, where some of the

(now solid) slag particles are deposited, estimates of the size distribution and total

" mass of the expelled particles have been made. Ground tests of this type, however,
take no account of the processing of the droplets in the nozzle.

This report consists of a mechanical design that simulates the motion of a spherical
fuel tank in a thrusting spacecraft. A true simulation of the thrust was thought to be
impossible due to the gravitational support forces present in the laboratory.
However, through the means of an eccentrically mounted spacecraft model on the
top of a turntable, the simulation of thrust aligned with the vehicle axis is possible.
The mechanical design was finished during the 1990 winter quarter and the test rig
was built in the spring. The comparison of the initial description (see figure 1) with
the design actually built (see figure 2) shows the evolution of the design concept.
Qualitative analysis will be provided by photographs of fluid profiles at given time
intervals and quantitative analysis by correlation of film thickness from capacitance
measurements between two platinum wires located in the bowl. This sensor will be
designed, built, and incorporated into the test rig slip-ring assembly during the 1990-
1990 academic year. From these data, nutational instability characteristics and order
of magnitude estimates of control authority needed to eliminate the instability will
be determined.

A computer program was written to simulate the shape of a fluid in a spinning and
precessing container with a nutation angle equal to zero. The fluid was assumed to
be in hydrostatic equilibrium. The fluid depth as a function of position along with
the shoreline of the fluid was determined. A more general code was written which
computes the motion of a point mass in a spinning and precessing hemispherical
container. Using various RPMs and friction factors, plots were generated to
compare the motion of the point mass and validate the theoretical model (see

figure 4).
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Figure 1: Appratus Diagram (Not to scale)
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Figure 2: Completed Test Rig
(a) top view showing liquid sloshing in bowl
(b) front view showing dual motor assembly
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Viscous Dissipation: .

The degree of instability of a thrustmg, spin stabilizedrspacecraft' depends strongly on
the amount of internal energy dissipation. The dominant energy dissipation

mechanism is thought to be caused by the sloshing of liquid slag at the bottom of the
solid motor casing which directly influences the body's motion. Oscillatory, and
sometimes violent, motion of the fluid induce corresponding oscillations of the
body. Viscous effects in the fluid also influence the body causing the nutation angle
to change thereby affecting the stability. It is, therefore, important to estimate the

energy losses in the fluid.

Once these energy losses are estimated, one can predict the body motion by reducing
its kinetic energy at the same rate. This approach is known as the "energy sink"”
procedure. Due to the growing nutation angle from energy dissipation, thrust
_ corrections need to be fired to stabilize the craft. This requires more fuel to be
included for stabilization during launch which ultimately increases launch mass.
Having to fire these correcting thrusters at the right time creates yet another
problem in the attitude dynamics and control of the spacecraft. Ideally, nutational
instability characteristics and order of magnitude estimates of control authority
needed to eliminate the instability would allow designers to provide the lightest
control system necessary to minimize this phenomenon.

Scale Model Principles

Many different-models have been developed to test sloshing and its effect on
spacecraft. Most of these models, however, are made to simulate the sloshing of a
spacecraft in which thrust is absent. One of the recent problems is that an instability
evidenced by a growing nutation angle has been observed during the firing of liquid
and solid perigee and apogee motors. A new model to simulate this motion was
needed which properly aligns the "thrust" vector with the model axis.

A simple design of a spacecraft model mounted eccentrically on a turntable can be
used. This rig simulates the thrust as a "follower" force (see figure 3). Previous
models were subjected to gravity forces acting at the center of mass. But the new
model produces a resultant of gravity and inertial forces that remains aligned at all
times with the vehicle axis. Hence, this thrust "follows" the model as is spins and
precesses around on the turntable.
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Because of space and cost constraints, it is necessary to have a model that is not full
scale. It must then be shown that the model behaves in the same way as the
spacecraft. Therefore, it is required for the model to have the same inertia ratio as
the spacecraft:

[k
Ip odel - IP pacecraft

It also follows that the ratio of the precession rate to the spin rate be the same in
both the model and the full scale model. To simulate the dynamics of the sloshing
requires that the Froude numbers of the model and spacecraft be the same:

Froude number = [M [Rt(d(b/ dt)
= g/ oose model T/ M spa cecraft

Solving for (d®/dt)poqer:

(Rt)spacecraft g M
(Rt moder Tcos0o

AP/ dDoga = (AD/dgpacecrart

Using these equations, a good approximation to a thrusting spacecraft can be made
in the laboratory.

Mechanical Design:

A distinct design evolution was experienced in attempting to construct a test rig
which would adequately simulate the conditions present during the burn of a solid
propellant rocket motor. As a preliminary experiment it was primarily designed to
provide a qualitative analysis of fuel and slag sloshing and aid in the development
of future experimentation.

The design problem was to simulate rotation about the rocket's own axis and the
subsequent precession about an associated axis, both of which are effects of spin
stabilization. It was initially agreed that dual rotating shafts were best fitted to
produce the kinematics of the situation, and subsequently the design problem was
limited to developing a system that would drive the two shafts with correct
direction and rates of spin. In order to achieve this effect several proposals were
made, first of which entailed using a set of belts and pulleys driven by a single
electric motor. Succeeding designs included such elements as a planetary gear
system, a set of rubber wheels, or a set of dual motors. In the end, the initial concept
of belts and pulleys was adopted for their availability and ease of use.



The rig is mounted on a half inch thick aluminum table, approximately one meter
square and held up by four nine inch long aluminum legs. The main shaft is
positioned vertically through the middle of the table, housed by a bearing assembly
which is mounted to the under face of the table. This shaft is driven by a belt,
connected to a variable RPM electric motor also mounted from beneath the table.
To the top of the main shaft is mounted a control arm made from an aluminum T
beam. On one side of the control arm is the fuel tank assembly and on the other, an
equal counter weight made of lead plates.

The hemispherical bowl, turned from a Lucite block, is mounted to a second shaft
which rotates within the bearing housing mounted to the control arm. Pésitioned
on the main shaft and on the bottom of the second shaft are two pulleys. The pulley
on the main shaft is secured and remains stationary with respect to the table. The
other pulley is secured to the second shaft and produces the rotation of the bowl
about its own axis. A crossing belt connects the two pulleys, and as the main shaft
rotates at an average rate of forty RPM, the second shaft rotates twice as fast in the
opposite direction. In order to keep an adequate tension in the belt, the bearing
assembly housing the shaft, can shift horizontally by + 0.5 inch. In addition, an idler
is included on the control arm to guide the belt and maintain its tension.

During the next academic year (1990-1991) a sensor will be designed which
determines the film thickness by measuring the capacitance between two platinum
wires. This will hopefully provide a means to quantify the force and momentum
produced by thé rotating liquid in the bowl at various RPMs. In order to incorporate
this instrument, an electric connection to the bowl is needed through a set of slip
rings in the rotating mechanism. Just below the bowl and above the bearing
assembly is mounted the first slip ring. And at the bottom of the main shaft below
the bearing assembly is mounted the second slip ring. To connect the wires from
the control arm to the second ring, a hole is drilled down the center and through the
entire length of the shaft. Through this hole the wires are run to the slip ring.

Computer Simulation:

A theoretical analysis which approximates the fluid in the bowl with a point mass
was developed. The result was a system of two ordinary differential equations
which can be solved numerically by Heun's method for initial value problems. A
code was generated which determines the x, y, and z coordinates of a "marble”
rolling around inside the bowl given a friction factor, initial starting coordinates,
bowl RPM, and nutation angle. The friction factor was varied to simulate the effects
of fluid viscosity and friction of the point mass. The larger the friction value, the
more of a damping effect the marble exhibited. For smaller values, the marble took
longer to stabilize and rose higher in the bowl (see figures). When the actual
experiments begin this fall, the code can be properly validated with better estimates
of the friction factor, RPM, and nutation angles necessary to demonstrate a valid
theoretical model and test rig.
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INTRODUCTION

In theory, the definition of & rigid body does not
permit any energy dissipation. However, it is Known that
all spacecraft and rockets have <some non-rigid entities
including elastic <ctructural deflection and the 1liquid
motion of fuel in its tanks, otherwise kKnown as slosh,
Since Explorer I, it has been Known that these properties
can have a major effect on the motion, that is, there can be
inctabilities that depend !argely on the internal energy
dissipation. In most spinning spacecraft and rockets, the
largest amount of energy dissipation comes from the liguid
slosh.,

b Zdes:gn that

Thi

e
i

~eport consiszts 2f & mech

[0}

simulates the motion of a spherical fuel tank in a thrusting

zpacecratt. & true simulation of *the thrust was thought o
~e 'mpossitole due %o the gravitaicnal support forces cresent

n *“he aborzatoryv. dowewver, *hrougn the Tmeans -t AN
zccantrically mounted spacecratt model on the *op  c=f A
rurntable, it was discovered n reference !, <“hat the

zimulatiocn of thrust aligned with the wehicle &axis wWas

ndeec ososcsible. The mecnanical design := =chedulea to be
=uilt and %ested Zuring the "2 - T T ET Tesu i ToDe
i +*he <mrm of pictures and data collected about the depth

~f water at zertain pointe. The resultes will ~hen be

suali*atively pgresented with conclusions <Zrawn xbout the

l@Imito I+ tme <uei. = CACKIRoURS Con Tng Sesigh and & et
-5 mater zis reedeg for tRe ZSesign nre aciuded.
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Aleo presented in this report is a theory on the
possibility of using a heated tungsten wire to measure the
depth of liquid in the model. By relating the heat loss of
the wire to the depth of fluid inside the cup, it was
thought that an accurate reading of the depth could be
obtained. However, after many calculations it was found
that there were too many uncertainties for the hot wire to
be an accurate device. Nevertheless, these calculations are
valuable and therefore included.

A computer program was written %o simulate %the zhape of
a fluid in a <spinning and precessing container with &
nutation angle =2qual to zero. The fluid was assumed to be
in hydrostatic equilibrium. The fiuid depth as & function
of position along with the shoreline of the +luid were
determined. A proagram that determined the motion -f a point
mass in a <=pinning znd precessing hemispherical zontainer
was =a2lso written. Jsing different conditicons, - SN
4ifferent RPMs and friction factors, plots were generated to

compare the motione of the point mass=.
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Inertial reference +rame
Body—-fixed frame
Precession rate

Spin rate

Nutation angle

Total mass including fuel
Fluid mass
Kinematic wiscosityr
Radius
Centripetal acceleratiocn
Density
Acceleration of gravity
Moment of inertia
Thrust
Reynalds number
Sroude ~umber
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STABILIZATION PRINCIPLES

There are primarily two different stabiiization
techniques currently in use. They are spin stabilization
and three—-axis stabilization, each of which has its
advantages and disadvantages. Since we are concerned with
rockets and thrusting spacecratt, we will be most interested
in spin stabilization.

Spin stabilization is based on the gyroscopic stiffness

produced due to the rotation of the rocket or szpacecratt.

Dual-<pin, which involves *wo types 2f =pinning xnd also
orecessing Sf the rocket is the mozt common stabilizaion

technique as cpposed to single-spin. Since spacecraft and
rockete carry much of their fuel in the form of & liquid,

the motion cof *his fuel due to the =pin <cstabilization and

ui

the presence of thrust ! of great interest, This motion
from 1 XS nominad cositian = what ;s ¥nown as  "liguid

zicehing” .

The Zagrez 2t - TE2T:T %y 4 2R3 zz,Tning ZSCY Z2pends
strongl o In the ameount ¥ ‘nternzl oznergy Zissipation. The
most Jdomirmant energy dissipation mechanism s the tuel

zloshing which ‘nfluences the body’s moticn immedizxtely and

Jirectly. Jzci'atorv, ana sometimes wiclemt, motizn of the

+he rnutation  zangle to  change thereby affecting the
stabilite. ot gz, *heretors, ‘mporftant o =stimate the
srigrZy  ISSes T TTmE -iulI.
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azsumed *c be = +unction

n

The energy dissipation rate
of the many spacecraft parameters as follows,
E=9(6,T T, Mm q.0a.0.¥.0,7,9,4, R)
where,

M = total mass including fuel
m = fluid mass

Kinematic viscosity

radial distance of tank center from spin axis

A
L]

rp = radius of tank

G = radius to free curface
a = centripetal acceleration, r ¢ * ?
etc.

expanding in an infinite series representation,

. . . » . . R R .. . . e ¢ e.‘;
£25 (K 6T IO M™ i ey pou S A7)

]
where eji = exponents, . = 1,2,0..12, i = 1,244..99
deing the non-dimensionalization process using the
"Quckingham Fi Theorem" lsee reference 2J znd writing the
resuit in the origimal form {where terms of Tike s=xponents

»ave teen Hrought *ocgether and the zxponents droppedl,
' g ;3 - s 3 3 y 1 24
E-p7¢ Tleex 5 (a7 p& & ¥ 64 G0 Z.)
0 y
zome =f *thesge *terms can be ‘mnyerted *o zhow *heir more

<amiliar FOrm,

Reynolde number

i

3
GO = Froude rnumber
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Once these =nergy 'osses are estimated, one can then
predict the body motion by reducing ite Kinetic =nergy at
the zame rate. This approach kKnown as the "z=nergy sink"”
procedure is beyond the scope of the class. A more detailed
discussion of it and energy dissipation can be foundg in
reference 2 and reference 4.

One of the results of *his growing nutation angle from
snergy dissipation is that correcting thruste will have to
re fired to restabilize the cratt. This will use uUp more
iyel and =horten the 1life of the craft. Having *to fire

these correcting *hrusts at the =~ight time crezxtes vet

-t
—

Wl
us
a
(l
!
1
1

Swr Al I

"w

another Zroflem ] the  attitu
The simplicity of spin stabilization means *hat ‘tiguid

closhing will =still remain a challenging problem.
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SCALE MODEL PRINCIPLES

Many different modelz have been developed to test
sloshing =and its effect on spacecratt, Most St these
models, however, are made to gsimulate the sloshing of a
spacecraft in which thrust ic absent. One of the recent
problems is that an instability evidenced by a growing
nutation angle has been observed during the <firing of
liquid perigee and apogee rocket motors f{reference 1J.
Therefore, & new model to =imulate the motion had to be
found.

As zeen ‘n reference 1, an intricate model rneed not be
made. Instead, a rather simple design of a spacecratt model
mounted eccentrically on a turntable can be used. This rig
simulates the thrust as a "follower force" (figure 1). AS

opposed to figure 2, where the model is subject *o gravity

reacting forceg acting 2t [ts center Zf mMass, f+igure 2 szhows
the Zesign ihere ~he mode]l viege asccentricallw an EY
turntable., This osroducee = resultant =f 3ravity and
imertial ‘orces thzt remairs aligned at 1! “imes with the
wehicle axis. Hence, *this thrust is of the type reterred to
ag & "follower force.

Secausze o+F =pace =nd cost Ionstrsints, (f 1S mecessary

to have x  model *hat is nct full =scale. It muse*t %then ke

shown that the model —ehaves ‘n the same way s the
zpacecraft., Therefore, it iz required for <he model! %to have
the zame 'nertia ratic as the spacecratt,
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It aleso follows that the ratic of the precession rate to the

)4

spin rate bSe the same in both the model and the full scale
model. To simulate the dynamice of the sloshing requires

that the Froude numbers of the model and spacecratt be the

same ,

Cr = d’:\ (Gl _ P5 (Frlu
(3/(:0560\) (T/M)g"

From this i%t i3 seen that

()py T COB,

Using these equations, a ‘*rue simulation of =2 *thrusting

zspacecreatt Zan hbe made .
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MECHANICAL DESIGN

A distinct design evolution was experienced. in attempting to
construct a test rig. which would adequately simulate the
conditions present during the burn of a liquid propellant rocket
engine. As a preliminary experiment it was primarily designed to
provide a qualitative analysis of fuel sloshing and aid in the
development of future experimentation.

The design problem was to simulate rotation about the rocket's
own axis and the subsequent precession about an associated axis,
both of which are effects of spin stabilation. It was initially
agreed that dual rotating shafts were best fitted to produce the
kinematics of the situation, and subsequently the design problem
was limita) to developing a system that would drive the two
shafts with correct direction and rates of spin. 1In order to
achieve this effect several proposals were made, first of which
entailed using a set of belts and pulleys driven by a single
electric motor. Succeeding designs included such elements as a
planetary gear system, a set of rubber wheels, or a set of dual
motors. In the end, the initial concept of belts and pulleys was
adopted for their availability and ease of use. The details of
test rig's design are the following:

The rig 1is mounted on a half inch thick aluminum table,
approximately one meter square and held up by four nine inch long
aluminum legs. The main shaft is positioned vertically through
the middle of the table, housed by a bearing assembly which is

mounted to the under face of the table. This shaft is driven by

13



a belt, connected to a variable RPM electric motor also mounted
from beneath the table. To the top of the main shaft is mounted a
control arm made from an aluminum T beam. On one side of the
control arm is the fuel tank assembly and on the other, an equal
counter weight made of lead plates.

The hemispherical fuel tank, turned from a lucite block, is
mounted to a second shaft which rotates within the bearing
housing mounted to the control arm. Positioned on the main shaft
and on the bottom of the second shaft are two pulleys. The pulley
on the main shaft is secured and remains stationary with respect
to the table. The other pulley is secured to the second shaft and
produces the rotation of the fuel tank about its own axis. A
crossing belt connects the two pulleys, and as the main shaft
rotates at én average rate of forty RPM, the second shaft rotates
twice as fast in the opposite direction. In order to keep an
adequate tension in the belt, the bearing assembly housing the
shaft, can shift horizontalkiby + or - half an inch. In addition,
an idler is included on the contol arm to guide the belt and
maintain its tension.

If a feasible means of determingthe depth of the fluid could
be produced, an electric conpaction to the fuel tank would be
necessary. For this purpose, incorporated into the design is a
set of slip rings to make possible electric connections to the
rotating mechanisms. Just below the fuel tank and above the
bearing assembly is mounted the first slip ring. And at the
bottom of the main shaft below the bearing assembly is mounted

the second slip ring. To connect the wires from the control arm

ki



to the second ring, a hole is drilled down the center and through

the entire length of the shaft. Through this hole the wires are

run to the slip ring.

The following are detailed drawings of the individual parts.
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Simulation of Fluid Shape

In order to gain insight into the instability of a
spacecraft due to liquid slag, a simple study of a liquid
under simulated static forces should be made. This study can
be made by applying Bernoulli's Equation (1) for both

spherical and Cartesian coordinate systems in 3 dimensions.
-(VeP + Q-g-V-h) = C-a (1)

If applied prorerly a shoreline--the line where the
fluid meets the cup--can be graphed to obtain a top view of
the cup. Moreover a cross-section of the front view may also
be obtained. Due to the difficulty that the actual spacecraft
precession poses with its nutation angle, a simplified study
shall be made using a cup'without a nutation angle.

Before the detailed study of the fluid shape under
static forces is made, it is useful to conduct a qualitative
examination of the fluid shape. Since the cup is spinning
about its own axis, as well as about a point located at a
fixed distance from the cup's center, one can assume that the
fluid's actual shape is the superposition of the shapes
caused by each motion separately. Figure 1 shows a picture of
the posed problem while figures 2,3 and & are purely
qualitative drawings of the fluids shape before any

calculations were done.
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Figure 1.
{
!
]
Fig.2 rotation about Fig.3 rotation about a
the cups center. fixed point.

Summing figures 1 and 2 figure 3 is obtained.

\

i =
€D Worm ﬂ:wm,

Fig.3 superposition of
shapes in Fig. 2 and 3.

Now that a qualitative understanding of the situation
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has been made, a theoretical solution should be constructed
using equation (1) applied to our posed problem of fig. 1.
Applying Bernoulli's equation in the x direction, eqn.

{1} reduces to eqn. (2):

4
-E;_[p + g.g.h] -ga- (2)

where a. 1is

Awx ~ Wcrugyz'x + Was-mz.(r»rm + x) Where: “YTeun < x £ Te=ue

L—————> acceleration due to the cup's

rotation about a fixed point.

> acceleration due to rotation
about the cup's axis.

After integrating and assuming zero gauge pressure

outside of the cup, equation (3) is obtained in the xy-

plane:
Wr: wipD 2 + wﬂ" m 2 wﬂl"' Ty 2 .rﬂ rom
z(x) = *X2 + e ex + z(0) (3)
2°g g

Similarly applying eqn. (1) in the y direction, the

following is obtained (4):

d
_____I:P + gog-h] =pa, (&)
dy \

where a, 1is
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ay = W=up2'y where: “Toup < Y < Youp

Note that there is only acceleration due to the cup's
rotation about its own axis in the yz-plane at the instant
time we apply eqn. (1). Following the same integrating
procedure used to obtain equation (3), equation (5) can

easily be shown:

z(y) = ey2 + z(0) (5)

Combining equations (3) and (5) we get a general three-
dimensional expression for the height of the fluid in
Cartesian and spherical coordinates (6a) & (6b). See appendix

for the definition of spherical coordinates used.

Weum 2 + Warm? Warm 2 ®*Tarm
z{x,y) = ox2 + o _ex +
2+g g
We gy
L — 4 + z(0,0) (6a)
2°g

We- wE 2 + Wanr-m 2

2(R,¢,0) = eRecos(¢)cos(®) + WarmZ2®Tarm|*®
2°g
sRecos(¢)cos(®) + 2z(0,0) {6b)
In the xz-plane (front view, z(x,y=0) ), we obtain a
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parabolic equation. By adjusting the constant z(0,0) one can
determine how high the fluid may be at the middle of the cup
before it would spill out. A quantitative plot was made and
the initial height of the fluid determined to be 0.9lcm using
MathSofts's MathCad program. The following graph, constructed
drawing for the

for the xz-plane, indicates the qualitative

final fluid shape in the xz-plane was indeed correct

To obtain a shoreline of the fluid (xy-plane,top view)
one must combine the equations for the height of the cup
with the equation obtained for the height of the fluid shape

(6b).

The since the cup is a sphere, the equation of the cup

may be described by equation (7a) or (7b).

ORIGINAL PAGE IS
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z2+x2+y2-R2

(7a)

z = J RZ - x2 - y2 (7b)
'Combining equations (7b) and (6b) then letting MathCad

handle the algebra and plotting, we get the following graph

- e,m 2

F Ca

If we examine equation (6a) we see that the form of the

equation for the xy-plane is that of an ellipse displaced

some distance from the origin (8).

ORIGINAL PAGE IS
RAex2 + Bex + Cey?2 =D OF POOR QUAL'TY
or
A'e(x + b)2 + Cey2 = D

(8)
where A,A',B,C,D are constants.

This form of cur equation certainly agrees with the plot

of the shoreline performed on MathCad as one can easily see

by inspection. Thus we may conclude that the plot agrees with

4n



the equation obtained for the fluid sharpe.

One may attempt to dispute the validity of the
equations; however, recall that the problem of the actual fluid
sloshing was not solved but rather a simplification of the
problem. The solution though is still useful in gaining
insight to the degree of fluid sloshing under the simulated

conditions that have been chosen.



COMPUTER SIMULATION OF & POINT MASS

A theoretical! =analysis representing a #fluid by =
displaced mass point has been developed by reference S.
Using thie Knowledge to validate our efforts, it was desired
to track the motion of a point mass in a spinning and
precessing hemispherical container with a nutation angle
equal to zero. This was done in reference 4, (see appendix
8), resulting in the following zoverning esquations:

kA .
%9, = (%) sinscose + (9o -p,) ~VOL (e -2fe 5118) - (igp e

g _ | e - 6
b)‘—t¥ -S-l-_;oi’lael&COSD *‘}15*-09,) "l)% SIne ~log, (w';f-f Z i)"'“‘)jo)e

where = )
A BA({:'_

Using Heun’z method for =nlving ordinary differential
squatione, 28 in reference 4, and noting *hat the quantities

znd 3 are near'!w constant, “he position 3f the roint

W 3
mass a5 & furnctizsn 9fF time was found. & computsr  ZrogQram
wag written -o generzte the data needed “c develop = plot ot

“he moticne {zee appendix ZJ.

Seveprz! nitial conditizns wers uzed © .e. 20, =0, and

4

" =

30 RPM<: znd +riction factors ¥ Z.50, $.75, 1.S0) and plots
b b

founs

w

Jere mage <~aor sach ot the nine congditions., M SR

that no matter what value the +~icticn factar had, *he point

macs flew cut of the cup at =0 =PM. In <act, =arely
differzrnce - moticn was cbserwved 7see Figures 1-31.
However, at 20 FPM, “-e zi;zz -Ff *the +rigticn factor

d-4,

(1]

e < gure

w
o

‘mfllienced *Rme motion in twWo Cistinct Ware,
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At a lower wvalue, the motion rose higher in the cup as
expected. Also as expected because of the greater motion,
the point mass in the case of lower friction factor took
much longer to stabilize and have a smooth motion.

In the case of spinning at 20 RPM, cee figures 7-9,

much less is obvious. Since the spin rate is so low, the
point mass stays much zicser 2 the bottcm of the cup. The
most interesting observation is that again the friction

factor plays a large role in compactness of the motion.

This theoretical analysis, though it is valid, will not
have much of zn influence in the report except that it shows
that a stable motion can be achieved. Applying this to our
problem we <an hope that an equilibrium of the fluid

motion can be tound.
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HOT WIRE

In the process of designing the experimental fluid
sloshing machine, the question of how to measure the
depth of fluid in the sloshing container turned out to
be a very challenging project. Professor Meyer proposed
the use of a heated tungsten wire inside of the fluid
container (cup). The heat loss ©of the wire would in
turn be related to the depth of fluid inside of the cup.
Other proposals, like pressure tabs and simple capillary

tubes, were also considered and thoroughly discused.

Since the hot wire proposal seemed to be the most
promising path, several calculations were done to relate
the heat los¢ o% the tungsten wire to the actual depth
of fluid in the cup.

The hot-wire was intended to be an application of the
Hot-Wire Anemometer commonly used in measuring the speed
of fluids. The hot wire anemometer is basically a
thermal transducer. An electric «current is passed
through a fine filament which is exposed to a cross
flow. (This fine  wire is actually one of the
resistances in a Wheatstone bridge circuit). As the
flow rate varies, the heat transfer from the wire to the
flowing fluid varies (increases with increasing velocity
and decreases with decreasing velocity). This variation

occurs because the electrical resistivity of the wire is

47
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a very strong function of temperature. Hence, when the
wire loses heat (it cools) its electric resistivity goes

down (true for metals).

There are basically two techniques to monitor flow
conditions with the hot wire: constant temperature and
constant current flowing through the wire. When the
current in the wire is kept constant, the changes in its
electrical resistivity unbalance the Wheastone Bridge.
This is recorded as a voltage drop across the bridge.
On the other hand, when the temperature of the wire is
kept constant, then a feed-back control will have to be
part of the Wheatstone bridge. This feed-back control
will sense the increase or decrease of heat transferred
by the wire to its surroundings, and will adjust the
amount of current flowing through the wire in order to

keep the temperature constant.

The problem with the hot wire proposal is not one but
many. For example, it is necessary to determine whether
the wire is 1losing heat through a free convection
process or a forced convection process. Moreover, it is
critical to determine how much heat is lost to the
sloshing fluid, and how much is lost to the surrounding
air. This is important because if the difference
between the heat lost to air and to water is not very

significant then the recorded datum would be misleading.

49
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' AV, aridee
)

Feed Bacx,
Power Sovvce,

Amplitier.

Fig.A Block diagram of a constant temperature
anemometer. The hot wire is the probe
acting as one of the resistors 1in the
Wheatstone Bridge circuit. The feed back
control adjusts the current to keep the
bridge balanced.

Cons tant
Current
Sovrce
7N\
, Shap
Net
M

Fig. B The block diagram of a constant current
anemometer. The probe is one on the
resistors in the Wheatstone Bridge circuit.
The voltage across the bridge is shaped and
amplified before being recorded.
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The following calculations will show that, in view of
all the "forced" assumptions to idealize the process,
the hot wire is not the most reliable method to

determine the depth of fluid in the cup.

<
N4 ‘E} Ty = Wires wall Temp
= 850°¢c
/"WK T, = fuid's Temp.
) N IRIN

= Air Tewmp.

e_

B =35l x1o 3 Yok

ty, = 632 x10 %3/m.sec
P =993 X3 /v’

cp = 4174 T/kq °C

(g = 0639 ¥ /m c

i\

-4
D= .27¢t0 M.

I -

To be +reated as a vertical cy linder, the

. . R *
necessavy condi tion \S,[l],

2
“ ¢ GrPr <10, SO

{0
Pr- 4 3 . _
ar = 9p Tuw-To) U % B-4)
My
- 388,694l
And .
Grpr: 4oz)qo4 /

¥ (g amplies That The qiven Ma‘ieria‘ ?fOperf}/ is
valid for the E1tm Temperature, Te= E{J—‘i
%% Crce Convection HeaTtrongper is Astam ecd .

See AppendirE
idd P
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Now, ffom E'l]/ y
— Vo 5 287 Gr Py) (1-8)
Ny = 0.82% ¢ [H-( .;32)‘%}5/17
Pr,
Ny = AD - 1.38178 (1-¢)
f
Foz 6354 Ve
To 3e+ +he heat Lo s’\‘} o)

h Amgrw-T..)

e

- 6654 V‘/m‘x,C [\.27!!6

5427 x 0 W

mtm—
—

a1 7.33\0.—]'“1 (AT)

wATER —
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Now if the same wire were exposed only to air, the air
could not be assumed stagnant with respect to the wire

since the cup is rotating about a point ten inches away.

(see fig.C)

“arm", R

(})

“o0

wie

-4

{

'

”

| R
J

* o= -

Fig. C Wire rotates about point "o"

Hence, the velocity of the air hitting the vertical wire

is approximately given by the tangential velocity of the

wire:
Vat-—- R'w| (2.A)

However, this velocity indicated by eq. ( ) does not
take into account the fact that the wire 1is also
rotating about its own axis. So, the absolute velocity

of a point on the surface of the wire is the sum of V

given by eq. ( ) and the velocity of the point with
respect to the center of the wire:
Wuf re Wy (28)
So: -
' - rw,s AW (-9
Vonres. = "Wt '

51
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So

Ve: O.ooozv'“/scc_t- .0 6RO M/Sec_,
Vo= 1.0643 "Vsec.
And:
T‘b: 2‘.” }T:%G:%‘OOK
Mf_:: .29196 xio > 8 [ cec.
JDF - J.141s2 — ‘5/m3
Kp= 0.026998 W/moK
P.- 0.705%
R - L - 0.0034
«Q
Re = Vo D?F _
(2-p)
.
- B.1553

From Ref (11, p.292,

Nu = (0.43 +0.50 Ref’s> Pr'”'38 (2-¢)

when | & Re < 1000

o= 346 W/ ek m'
So, from eq (1-D)
- Qo{r: qu )(lO-z W

—_—e—————=

53 .
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to Q when the wire is in air only

The ratio of Q water

air
and water only respectively is:

qu‘\'er = 19.8!

This ratio is very likely to go down when more of the
wire is exposed to air as it would be the case during an

actual experiment. So, C) G@
L = Length o wire H,0 . 0.0025 ™ 0.00 | 0m
Lz:Le"j‘ﬂ“ o{_ wivre i Air | 0.0080 M/ 0.0065m

@ @wa‘l‘cr: q qO

@ air —_—

@ Q water _ 304

Q A

In view of all the assumptions and of the given sample
ratios, this proposal of the hot wire presents too many
uncertainties. For this reason no experimental work was
carried on and the proposal had to be turned down.
However, there is another proposal that is likely to
give more precise results in a simpler manner. This

proposal, given by James Marcolesco (TA), will Dbe

explored further this Spring.
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The swpose of these calculations i= to demonstrate that
the heat loesz of tungsten wire is greater in water than in
aiv and hence the voltage drop iz also greater in water.
However, a very simplified vercsion of calculating the heat
tranefer of the hot-wire probe 1= as followes:

A tunasten wire of length « L = 7.8Smm and diameter, D = .27
idamm i used. There are twoe cases where thise tungsten wire
1s elither exposed toc the &ir o water in the rotating cup
with no nutation angle. Several assumptions are made due to
the complexity of these problemss such as forced convection
heat transfer of wire, the wire iz entirely expocsed to the
air or Eubmerqed in water, the temperature of wire i below
the boiling—pocint of water, and both wire and cup have egual
angular wvelccity (or constant velccity) on the stationary
arm.

The =zample calculations of these twoe cases are as
fallows:

I. To find the veleccity of water in the cup using Navier-—

Stokes egquation. - . cup
ssume that wire and cup au Hwp Jone cylinders '
and ra’rahﬂé at w | wﬁi‘;r walin ag iy1l(o;)([)r[§9iblp (igu'u‘.
= 3R :00THIM | (- Qorpm= £.32 od /s
%fundarj Cendthmg = Vo (R) = wRi

Vo (Re) =R View
doine Novier - Shokes (Mri'é”nm precsu and ‘7‘1’05‘("h‘ S~— UDF )

L%{ s, and at S*eattj Slaii E N
DVe |, YeVe ) _ 7 oh J [v PR '—r'}
9: § (gr+ 7 ) BTN AN o

= Ef——v-‘f " 47)] A
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> Veo(rys Ly &
A{ [e's - - b GRC
w;dm_i .C - @ r=Ri =~ wKi = —=— + Cy — )

Sling 3@ G=2w amd (=0

Thev at r=R , fhe agumd Vllo&r«é D{ wale: 1 The cu.r IS
. \/9 (R): UJQ: Oé% M/S )

1I. Forced convection of wive in air.
- —— € - y -—
et lwire = cC- 25%K , To> law :Ajcc' = 298K
‘ Film %en\Pera'ILw , —1:5 - M - 290K

=

Aiv PchrHu cvaluaked al T{, . v:lS-‘HXzo""Ml/s . Fe= 077035, Kz IZ’.ISNO—%%.I\

9 @Ve:067)ngl

RDD‘ V})D 457)4 anc( E} PY = 3.05 ;02
UeW} LLlL(/\Cl’H (% Bernclerr ,Nrj[a*hcm : o
’ Koe, ‘é_ 5
:\}u . 034 [O-Gl Ero oli/p >/ ( [+ (_2_?_25) )
ﬁ—g . 13l .
- h avzra}zbuai fangfor CO%M = 2,906 X10 Wi K
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much less compared to the heat loss of wire in

b/ £ Vo= 05 mls
Ro - 1669 gud  RepPrz405 93 V02

Ugr'ng Fhue camg correlation :

gy = 8D 01947
T = 5118640 W™K

. % ¢.523 Wall
and = btdxis” Lbft

1s

We can observe that the heat loss of wire 1n the air

the water. It

can therefore be argued that the heat loss in air is guite

negliagible.

need tc examine the effects of heat loes and also

After performing these sample calculaticns. we =ti1ll

the voltaaoe

difference of tungsten wire having & different heiaht

zubmerqed in water.

Let us make =everal assumpticns for this

caze by:

1.

neglecting heat leoces of tungsten wire in the ailr (as

cshown earlier where heat loss in aiy i=s much smaller than

in water).

having the temperature of wire below the boiling-point of
water.

having constant velcoccity {at Vo= T.63m/s).

We have the same conditicns feor wire and water

temperatures, except that the height of wire submerqged in

water iz S.O0mm.

.

This sample calculaticn follows:

Farced convection of wire 1n water.,
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Examining these three casesy we can argue that for
emaller values of tungsten wire height being submerqed 1n
waters we will cbhbtain lower heat transfer coefficients, lower
values of heat loss and thus, lower voltage differences. Sc
based on these "rough” assumptions that as the convection
heat trancsfer coefficient decvreases, SO will the voltaaqe
differences, and we can try to correlate these tco give h =

AT .

kY
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CONCLUSION

Although three-axic stabilization presentz few sloshing
effecte, the ease of spin stabilization means that liquid
sloshing %till remains & problem. Nutational stability
characteristics have generally been established by costly,
ful) scale teects. By use of the "follower +force” method,
resulte will be more easily obtained and Jjust as accurate.
Two different simplified methods for the observation of
liquid <slosh will be used in this design. Pictures will be

taken fo~ qualitative analysis ancd the depth of Ffluid at

various points in the «cup wil! be used for guantitative
analysies. It is hoped that after the model ie built, the
resulte wil! be helpful in gaining an insight into the
problem of liquid sloshing.
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A?Qeﬂt)\ X Q.

“arameters o7 the modeled svstem

1%-cm rc = 15-cm e = 80 rpm

"The equaticn reprezenting the fluids' snhape:”

2 2
1 2 wa o+ e

() 1= |~} |wa ‘ra +

strem | v am + CONST

2

n
ra

—{(re) -

30-cm
T(x) LT ) -
i <
I‘I ) e ‘c
\ ‘_‘-" |
O-cm =
-1 'cm ®oem 1S'cm

76

ma 1= 4O rpm
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Farameters of the modeled sysTem
@ 1= 0,.08 .27 vra = 13cm o o= 1S -cm e 3= 80 vpm ma 1= 40 7rpm
CONST := .91'cm ¢ = Q R = rcC

"The equaticn representing the fluids' shape:

[ 2 2
1 i 2 ma + nc
L{R.#,0) 1= [~ -1&a ra + ‘Rocos{®) cos(®) | R-cos(@) cos()
2 -
2
2 e
+ (R-cos(®) =in(e) ) - — + CONST
£°'g
"The eguation of a spnere:
FiR,#¢,0) 1= R
"Sphererical Coordinates:"”
W (R,P,0) = R cos(@) cos(d)
VIR,2,0) = R cos(@) =1nl(0)
(R,.#,0) 2 Rosin(@)
15 cm I T
l'l' o 4 ':."I
|| g g .'c‘
|' . ||)‘
i
VIL(R P.0) ¢@,0) ,YIF(R,P,D),#,0)
3 j
|"| .\5’ u’i’
|'| S '."" ‘|
A o
15 'cm - T e hind ol —
ORK“NAL PAGE IS 15 em (L{R. @D, P 0) Si(FIR,P.Q)F.0) 15-ecm
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program ball
Crexxxxredxxxxx®x MAIN PROGRAM
C 2696 96 3 9 3 9 I % 3 % 3 % % %

implicit double precision (a-z)

parameter (pi = 3.141592454,negns=4,eps = 1.00-06)

common wr ,wthet,wpsi,wthett,wpsit,gthet,gpsi,athet,apsi

dimension UC10)D
integer n,nsteps,maxit,i,j,npi

open{13,file = “xy.tgp”)
open(20,file = “xyz.out’)
open(1é,file = “input.dat’)
read(lé,*> rpm

read(148,%) ri

read(14,%> r

read(l1é,*) ro

read(14,%) r2

read(ié,*) r3

read{(146,%) nu

read(1sé,%)> u(l)

read(16,%) u(2)

read(1&8,%) u(3)

read(14,%) ud(4)

read(14,%) ta

read(14,*) tb

print ¥, “input maxit and h:
read *, maxit,h

neteps = abs({(tb-tal)/hJ
wl=rpm*2.0%pi./60.0

do 10,n=0,nsteps
t=tb*¥n/nsteps

print®, “n,u(1),u(3: “,n,ull),ud(3d

call Params(wi,r,rd0,rl,r2,r3,U,t>

call Heun{neqns,maxit,h,eps,t,U

the = U{1>
psi = U{3

i (dabs(the).gt.Z2.0*pi) then

N /-

npi = dint{the/ 2.3/ 213
the = the-npi*2.0%p1
endif

if {(dabs{psi’.gt.2.0%pi> then

npi = dint{psi/2.0/pi)
psi = psi-npi*2.0¥%pi
endi+
U¢1y = the
U3 = psi

'AY

L f'P/



x = r#sin(U(1))*cos(U(3))
y = r#sin(U(1))*sin(U(3))
z = r*cos(UC1))

if (MOD(n,S0).eq.0) then
write (15,1000 x,»
write (20,1002 n,t,x,»,2
1goo format (e15.8,2x,e15.8)
1002 format (ié,2x,e10.5,2x,e15.8,2x,e15.8,2x,e¢15.8)
endif
if (UCLY. .gt.<pis/2.02) then
stop
endi f
if (UC1Y. 1t.(-pi/2.033 then
stop
endi+f
10 continue
end

Crxxxxxxxx%¥ THE VECTOR FUNCTION
C 363 % 3 % % 3 % % % %

double precision function f(i,U,t)

implicit double precision (a-z)

common wr ,wthet,wpsi,wthett,wpsit,gthet,gpsi,athet,apsi
integer i,npi

dimension UC10)

print ¥, “func’,Udiy U3

if (i.eq.1> then
f = U2
else if (i.eq.2) then
f = U(4)*UCa)*sin(UC1))*cos(U(1))> + (gthet - athet)/r -

“ nu*(2) - wr*(wthet - 2.0¥J(4)*sin(UC(1))) - wthett
else if (i.eq.3) then
f = U(4)
else if (i.eq.4> then
£ = (-2.0%UC2y*U(4)*%cos(U(1)) + (gpsi — apsi’/r -
A nuld(4)#sin(UC1)) — wr*dwpsi + 2.0%J(2>)
b4 + wthett)/sincU(1d)
endi ¥
end

Cxxrxxxxx%¥ THE FORMULAS FOR THE PARAMETERS
CEEFXREEERR

subroutine Params{wi,r,r0,rl,r2,r3,U,t?

implicit double precicion (a-z)

common wr,wthet,wpsi,wthett,wpsit,gthet,gpsi,athet,apsi
integer npi

dimension UC10)

iﬂs f?fﬁi



print

9
hat

wx
WY
wWZ
wr

mnuannu

N N
£
-~
=
)
-

wpSsi

wxt

wyt

wzt

wthett
A

wpsit

gx

ay

gz

gthet
pA

gpsi

ax

ay

az

athet
7

apsi

end

CREZFREEERR
CEERFEXERERE

¥,y

“param’ ,U(1),U(3)

?.81
atan(wl*wl*r1/g)
wi*sin{U(l))%¥cos(r2%wl*t/r3)
wi*#sin(U(1))*¥sin(r2%wi*t/r3)

-wlx(r2/r3+cos(U(1>)>

wx*sin(U(1))*cos(U(3)) + wy*sin(U(1))#sin(U(3)) +
wz¥cos(U(1))

wx#*cos(U(1))*¥cos(U(3)) + wyx*cos(U(1))*sin(U(3)) -
wz¥sin(U(1))

~wx%#sin(U(3)) + wy¥cos(U(3)>
—wixwl*¥r2/r3%sin(hat)*sin(r2xwi*t/r3)
wi*wl*r2/r3%sinthat) *cos(r2*wl*t/r3)

0.0

wxt*cos(U(1))#cos(U(3)) + wytxcos(U(1)I*sincU(3))

wzt*sin(U(1))

-wxtxsin{U(3)) + wyt¥cos(U(3))
—g#*sin(hat)*cos{(r2*%wli*t/r3)
-g¥sin(hat)*sin(r2*%wl*t/r3)

g¥cos(hat?

gx*¥cos(U(1))*cos(U(3)) + gy*cos(UC1))*sin(U(3)) -

gz¥*sinCU(1))
-gx#sin(U(3))> + gr*cos(U(3))
—wl*¥wl%xr0x*cos(UC1))*cos(r2*%wl*t/r3)
~wl*wl*¥r0%cos(UC1))%sin(r2*%wi*t/r3
~wiX¥wl®*r0%xsin(U(1))

ax*¥cos(UC1))*#cos(U(3)) + ay*cos(U(1))*sin(U(3))
-az¥*sin(UC1))

—ax¥sin(U(3)) + ay*cos(U(3))

SUBROUTINE JACOBN

subroutine Jacobn(J,U,t)

common wr,wthet,wpsi,wthett,wpsit,gthet,gpsi,athet,apsi
dimension J{10,10)

dimension U(10)

implicit double precision (a-z)

integer npi

print

J1,1)
J(1,2

JC1,3)
JC1,4)
J(2,17
J(2,1)
J(2,2)
J(2,3
J(2,4
J2,1)

Ji2,2)

L=

*,

i aunanuaunun

“jaco’, U1 ,UC3)

[ I cun Y e e

U4y #U(4)#(cos(U(1))*cos(U(1))~-sin(UCI))*sin(UC1)))
J(Z2,10+wr#(2%¥U(4)*cos{ulll))

—MU

0

2#UCA)#SIMIUCLY > #COS(UCL ) +2%wr*ein(UC1))

0

J -

1 L

-



J(3,3) = 0

J(3,4) = 1

J(4,1) = -2x*U(2)*U(4)*cos(U(1)>+((gpsi—-apsil/r)

J(4,1) = J(4,1)=-nuxU(4)*sinCUC1))—wr*(wpsi+2¥U(2) ) +wthett
J(4,1) = J(4,1)%cosCU(1))

J(4,1)=sin(UC1) )% (2%UC2)%UC4> ¥sin(U(1))-nu*U(4) ¥cos(U(1))>-J(4,1)

J(4,1) = JC4,1)/¢sinCUC1))*sinCUC1I))
J(4,2) = —2%UC4)*COSCUC1Y)/SINCUCL) )= (2% WR/sin(UC1)))
J(4,3) =0

J(4,4) = (-2xUC2)*COSCUC1))/SINCUCL))>)-NU

RETURN

END

3%
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]

NnnNnann
¥

nNnNnnonan
c

program
implici
integer
common

dimensi

open (1
open (1
open (1
c open ¢
open (1
open (2
C
Casenrsanrans
C
neqns =
g -
pi
pi2
pi?0
rtd

nmnnuu

write(*
print*,
print¥,
write(*
ERrIRtS,
orint®,
wrj te(*
reag*,

: finds the position of a marble placed in the TEACUP

arcolesco
1990
@ Prof. Meyer

utine drives the Heun subroutine

max imum number of iterations

step size

convergence tolerance

number of equations to be csolved in system
function vector

Jacobian matrix of function vector

vector to add to =zolution vector

colution vector to be solved in HEUN
current time at call to HEUN

main

t double precision (a=z)
maxit,negns,nsteps,i,j,n,npi,rad,count,limit
r,nu,gthe,gphi,athe,aphi,w3r,wthe,wphi,wphidt,wthedt
on w10’

S, file = “xy.tgp” , status = “unknown’)
&, file = “x.,out” , status = “unkKnown~’?
7, file = “v.out’ y status = “unknown’:’
18, file = “z.out’ , status = “unkKnown’®
?, file = “uyz.out’ , status = ‘unknown?)
0, file = “input.dat’, status = “old”>
crseitarsrrsnsssrenssesss.s@t control parameters
a
?.80665d0
3.1415%224354d0
2.d0 *® pi
pi / 2.d0
180.d0 ~/ pi
10020
"Enter max iterations:”
, 10015
‘magxit = 1 g explicit Heun method’
‘maxit » 1 is implicit trapezoidal method’
10013
TaX T

39



]

n n

1001
1002

rJ

write(*,1002>

print*, “input convergence tolerance, eps:’
write(*,1001)

read*, eps

write (19,1002

if (maxit.eq.il) write(l?,%) ‘%% Explicit Heun-s Method %*#*-

I$ (maxit.gt.1) write(i19,%) %% Implicit Trapezoidal Method -
write (19,1002)

format (/)
format (//)

continue
count = 0

write(*,1002)

print%®, “input time step, h:’

write(*,1001)

read*, h

write(*,1002)

print®¥, “for plot files, skip how many points?’
write(#,1001)

read*, limit

write(*,1002)

read(20,%*) RPM
read{(20,%*> r1

wl = RPM » 0.10472d0
THETA = datandwl * wl * ri{ / Q)

read(20,*> r

readt20,»> RO
read(20,%> R2
read(20,%> R3

read(20,%) nu

cs ettt e raE e ws v e e r v e vt s E s read in initial conditions
do 2, I = 1,4

read(20,%> yci
continue

read:20,%> ta
read(20,%> tb

ulld
TREGCH)

the
phi

wrlte 12,1000 A, THETA#rtd,wl ,r,r1 RO,R2,R3,ru, the,phi

FOrmat (lx, STep Sife, DN = T,TV.q, el 4.,

CRIGINAL PAGE IS
N OF POOR QUALITY



c

Cossvescennnsance

C
=
C

1x,’THETA = *,$7.4,/ deg’,2x,’wl = ’,§7.4,’ rad/s’,

2x,7r =’ ,§6.4,7 m’,/, rl
2%x,’R0O =/ ,f6.4,7 m’ ,1x,’

=l,46-4’, m,’
R2 =7 ,£6.4,” m’,

2x,’R3 =" ,f6.4,” m’,2x,/,’nu =’ ,f6.4,
2x,’ the(0) =’ ,f6.4,” rad’,2x,’phi(0) =/,f6.4," rad’,//,

3x,’time step’,Sx, time”’

s PX X, 12x, 7y ,14x,727)

tesasssrencersansrseavssssssnssnsssCl) calc nsteps

nsteps = dabs(tb-ta) / h + 1
t = ta - h

do 100, n = 1, nsteps
t=t + h
msin = dsin(the)
mcos = dcos(the)
psin = dsindcphi)
pcos = dcosiphi)
tsin = dsin(THETA)
tcos = dcos(THETA>
resin = dsin{R2 / R3 % wl * t)
rcos = decostRZ ~ R3 * wl * t)
Ww3xX wl * tsin * rcos

w3y
w3z

war
w3the
w3ph i

w3xdt
w3ydt
w3zdt

wthedt
wphidt
g)( -
b
gz

3

i

gthe =
gphi

z0x =

wl * tsin ¥ rsin
- wl *% (R2 / R3 + tcos)

- W3x * psin + W3y ¥ p

- wl *» wl # R2 ~ R3 =
wil *» wl *= R2 7 R3 * ts
0.do

llIllIlll.lllIl!ll--llllla(z) begin time Stepplng

include t = ta
Calculate coeftficients...

wWw3x * mein ¥ pcos + w3y * mein ¥ psin + w3z ¥# MCOS
Ww3x * mCcoe * pcos + w3y ¥ Mcos * psin - w3z * msin

cos

tsin *% rsin
in ¥ rcos

dt*mcos*¥psin — w3zdt*msin

= wi3xdt*mcos*pcos + w3y

= - w3xdt * psin + w3rdt * pcos
0 % tsin ¥ rcos

g % tsin * rsin

* tcos

| o)
X

1

% MCOS * pPCoOs + gy *
X % osin + 9oy *® pCcos

= ol 2 oWl ¥ g ¥ TZos =

w

mces ¥ psin — gz * msin’

IO

w

ORIGINAL PAGE IS
1 OF POOR QUALITY



C
Cassenvvs

c

1101
1102
1108

wl # wi *» r0 » tcos # rsin
wl * wi # rD * tsin

o
o
X
nn
|

a0the = a0x * mcos * pcos + a0y * mcos * psin - a0z * msin
- a0x * psin + a0y * pcos

»
o
A-]
=3

!

» F & ¥ ¥ ¥ S N VRS S @ S TS B S T E SISV Cal] Soiving Subroutine
call heun(negns,maxit,h,eps,t,U)

the = u(l)
phi = u(3)

treessserraresevensnrsvensnsasasnss reduce te Irderi2 pid

i¥ (dabs(the).gt.pi2) then

npi = dint(thes/pi2)
the = the - npi * pi2
endi¥

if (dabs(phi)>.gt.pi2) then
npi = dint{phi/pi2)
phi = phi - npi ¥ pi2
endi+f.

v eresseessanssssssnsvanrrasssesssas find x,y,z coords

x = r ¥ dsin(the)> * dcos(phi)
y = r % dsin(the) * dsin(phi)
z = r ¥ dcos(the)

llllIIIIIIII'IIIIlll'llIllllIlll(ll) pf‘ll’tt C!Ut FE’SU‘tS

IS0t = C Ut T

if {count.gt.limit> then
write(15,1102) x,r

writed<ls,1101) x
writec(i?7,1101) »
write(ig8,1101) =z

write(1?2,1105) n,t,x,r,2
count = 0 P ORIGINAL PAGE IS

endif OF POOR QUALITY

format(lx,elS.2)
format(ix,215.28,2x,e15,.8)
format(d4x,iS,7%,¥6.3,3(2%,el2.3)

Vet sscesserrvaveraensenansnesssrsss Stop if out of teacup

i ¥ {({dabs(thel.gt.pi%0) then
write(*,10005
orint®, marcie flesw cut of fTzacup: THETAR = T theerto,



the
phi

c
~
W
~
il

100 continue

close(13)
close(16)
close(i?>
close(18)
close(1®
close(20)

double precision function fC(i,U,t)

implicit real*8(a-2z)

integer i

common r,nu,gthe,gphi,athe,aphi,war,wthe,wphi,wphidt,wthedt
dimension u(10)

cl = dcos(u(l))
c2 =cl * c!
si = dsincu(ll)
52 = g1 * sl

goto (10,20,30,40), i

10 f = u(2»
return

20 f = u(4) * u(4) # cl * 1 + (gthe — athe) / r = nu * u(2)
. - WwW3r * (wthe - 2.d0 * u(4) * st) - wthedt
return

30 f = u(4d)
return

40 f = (-2.d0 % u¢2) * u(d> % ¢l + (gphi-aphid/r — nu ¥ u(4) ¥ sl
- w3r % (wphi + 2.d0 * u(2)) + wthedt) / sl
return

end ORIGINAL PAGE IS
OF POOR QUALITY

zubroutine Jacobn(J,U,t.
implticit real*8¢a-z)
Zsmmon 7,nu,gthe,gpni,a:he,apni,wSF,wthe,pr!,wpnic:,wthect

92



dimension J¢(10,10),udi0)

cl = dcos(u(id)d
c2 = ¢l * ci
sl = dsin(ud(il>
g2 = sl % si
J(1,1>) = 0.d0
J¢1,2) = 1.d0
J¢1,3) = 0.d0
J(1,4> = 0.d0
J€2,1) = udd) % u(4) * (c2 - <2) + 2.d0 * u(d4) * w3r * cl
J(2,2> = - nu
J¢2,3) = 0.d0
J(2,4) = 2.d0 * u(4) % c1 *% s1 + 2.d0 * w3r * si
J(3,1) = 0.d0
J(3,2) = 0.d0
J¢(3,3> = 0.d0
J(3,4> = 1.d0
J(4,1) = {2.d0 * u(2) * u(4) * si - nu ¥ u(d) * cl) / sl
- ci/s2 * (-2.d0 * u(2) % u(4) * cl + (gphi -~ aphi) / r
- nu # u(4) * 51 — w3r * {(wphi + 2.d0 * u(2))
. + wthedt)
J(4,2) = (-2.d0 * u(4) * c1 - 2.d0 * w3r) / sl
J(4,3) = 0.d0
J(4,4) = (-2.,d0 * u(2) % cl! - nu ¥ sl > / =l
return
end
e o o e e e e e e
c
C HUEN‘s METHOD
c
C
c James Marcolesco
c Fall 198%
c MANE 172C Prof. McDonough
C
C This routine solves Initial Yalue Froblems for ODE s
-
e o e
c
c m = number of final iterations
c maxit = maximum number of iterations
c h = step size
o a,b = time domain
-
C F = <function vector
c J = Jacecbianm matrix -f +function wvector
o du = wyector to add to solution wector
2 U m 3z0lution vector to be zolwed in NEWTON

q ORIGINAL PAGE IS
L’ OF POOR QUALITY



subroutine heun(negns.,maxit,h,eps,t,U
implicit double precision ¢(a-h,j,o0-2)

dimension Jf(10,10),JFF¢(10,10),FF¢10),udi10),u0ld(10),du(10),
ustar(10),g(10)

double precision maxdi+

integer delta,i,j,m,maxit,n,neqns,nsteps

external f,delta
c
Ceuvesnsennsssnssnssssnssscesssssnsvensa(3) begin Newton iterations
c
3 told =t - h

m=0

do 80, m = 1, maxit
if (m.gt.l) goto &

c
Cevsusassnassnanssssonrsssnnnsssssnssasss(d) Evaluate Ustar for use in
o4 Huen’<s method
4 do 20, + = 1, negns

g(i> = f¢i,u,told)

ustar(i) = uCi) + h * g(i)
20 continue

c
Cvssesvessnossnnnsssasssssssnnsernssnssss(5) Calculate inital guess for
c trapezoidal rule from Huen’s

me thod

S do 20, i = !, neqns

uold(id» = ufi)

uid) = uwdiy + 0.5 ¥ h % (g(i) + (i ustar,t?
30 continue

if (maxit.eq.i> return

i n e . s r s r . s ceesreerneld) Load J{4) <or ‘lewton tor
= call Jacobn(Jf, U, t>
C
Croeensncnnsasnaas ce s st rrsessrsnese(?Y Evaluate FF{Um) and J(F?
c
7 do 350, i = 1, negns
FFC¢iY = udid) = 0.5%h=f(ji,u,t) — C(uold(i) + Q.S%h*g(i))
do 40, J = 1, negns
JFFCi,j) = deltadi,j) — 0.5 # h # JfCi,40
40 continue
S0 continue

c .
C i evsnestnsesnsnasesansensrasnasarassesaB) Solve for Ju using Gauss

3 zall GAUSS{negne,JFF,du,FF?

(e N "2 9 s T E T RN N R llllllIlllll]llll(?) Ca]CU]ate max norm D'F dU"\l‘J

h ORIGINAL PAGE IS thg inoremenc ool
OF POOR QUALITY qg



? dumax = 0.d0
do &0, i = 1, negns
if (dabs(du(i)).gt.dumax) dumax = dabs{du(i)>
udi) = udid) — ducid

60 continue
c
Covsennnsnsnnsnssasssessnsssensssssssssl10) Test convergence of Newton
c iterations
c

10 if (dumax.lt.eps) return

80 continue

print*, ‘Newton iterations failed to converge at time step n + 17

return

end
C
Cunveovesonosuansnsssnsansssesassnsssesscdefine Kroniker delta function
c

function deltadi,j)

implicit integerCa-z)

if ¢i.eq.j? delta = |

if (i.ne.j> delta = 0

return

end
o o
c
C GAUS S ELIMINATTIOCON SUBROCUT I NE
c === ==
c
< James Marcolesco
c MANE 1%2C
c Fall 1989 Prof. McDonough
C
e e
c2345487

subroutine gaussi(n,A,X,B’

implicit real*8 {a-h,m,0-2)

dimension AC10,103,X<10>,B¢10>,MC10,10)
o
Cessvsersesforward el imination
o

do 100, K =1, n-1
Cesesssnsesesow pivoting
c

imax K

amax = dabs(&alk,k))?

W



n N

10

40

é0
100

de 10, i =K + 1, n
if (dabs(Ali,k)).gt.amax?> then
amax dabs(ACi K}
imax i
endif
continue

if (imax.egq.K) go to 30
do 20, j = K, n

atemp = A(K,Jj?

AlK,j) = Alimax,j)

A(imax,j) = atemp
continue

btemp = b({k)
b(k> = b(imax>
b(imax) = btemp

do 40, i =K + 1, n
MCi LK) = ACI LK) /7 ACK,K)
BCid) = b(i) = MCi,K) % b(K)

do 40, J = K + 1, n
ACi,J> = ali,j) — MCi,K) * A(K,J?
continue
continue
continue

.+vs..Dack zubstitution (solve stage)’

x(ny = b(n) / Aln,n)

do 200, i = n - 1, 1, -1
xCi) = 0.d0
do 210, g =1 + 1, n
xCid) = (i) + ACIJY # x(J)

continue

xCidy = (b{(i> = xCiY) / ACi,i)
continue

return
end

1



APPENDIX E
Calculation of velocity of sloshing fluid around wire

Assume two concentric cylinders. The inner cylinder is
fixed to the outer one, and both of them are rotating
with the same angular velocity about their common axis
of symmetry. Moreover, assume that the velocity of the
fluid around the inner cylinder is only a function of
the distance r from the center of this cylinder
(wire). For simplicity no flow in the direction of the
axis of symmetry is assumed (this is not a very good
assumption), and the cylinders are very long in their
axial direction. Also, as it will be shown, the main

problem with this analysis is the Boundary Conditions.

JAL



From the Na vier-Stonre's Eq_.:

Vg o Ve _ Ve . LIy,

but Vo 44 a %uwcﬂon on'y of ¥, Ve (r),

So:

az\/e 1 d Ve _Va _

o r? +Y‘ 3 r r% =0

or .

Vg + rVe -Ve =0 (8)

Inﬁam"‘ion of (8) %,‘lvcs:(suké\'i+u+‘\n3)

Ve = ¥*¥ wmbo B)

KO-DYE) Y 2 v XY T - ¥ 2o (0)
or:
¥ (x*~1)=o .. y=1%|

Soj substitution in to Ve oY m %iVCSZ

Vo= C,v + Ca (_\.:) (D)

é]? | | oRl



Now, To evaluate (D), Two Boundary
conditions are needed.

B.c.1: Velr=R)= wR,
B.C. 2: ?

I B.C.2 is taken as Velr=Rz)= wk,
From The concept of “non-slip condition

the f.oHow'mg s obtained,

VQQ: WR, = Cq R. + S—_E :> c.= W= C: '(E.‘)
R.z_ R‘z'

Vo, = WR= ¢, Ry v Ca o (= w- Cs (e)
Subﬁrad‘h\s (E,) from (E), we 3e,T:
R, = R, (E5)

How ever Ej) s wpossible since R, amd
L, weve de f"“ed +o be ol}(:f.efen‘\',
hence , Vo,= WR, 1s _E‘_OTT a Goundavy
Condition.

lob o AL



So, Assum‘mj “H’\a‘\' ‘We outer C-)’lmder
1s now Ffixed,
Ve (r=R:) = 9, and eq- (D) becomes °

w= C ¢t _C_:_;__.
R 77

C,= w- Cz (D-t)
RY

and ,
C,= -C R}
C, = -Cz (D—?.)
R%

Convination oe- eq_. (D-1) X O-2) %\vc:

C':-_u_ﬁk_: omal
2T RS ' )
C,,: - W R‘

Ry ~Rz
Substitution of egs. €) wto Cq-(b)
%’wc:

ARG = T

Eva\ucﬂ‘ins (F) ot o fime when the

wire is gully sbmerqe m Woler %'\va,

10l oAL



So, ,q..:
Ry = 4.6837 ecm.

¥y = .00 em
w = 40rpwm
Vo =

- rA

40RPM o (c.zvxsoqm)z! 0.0(-(4.6837x15%m)

0.0lm 6O sec 2 (Lz.'z 516‘7{4&231 xf-}.‘y’
2

6

Vg = L6I12 X107 m/sec

(Too slow to cause any signigicant fopced
Convection heat ‘\'rcms.fc\' To the W\re_)

102~ oaC
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