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ABSTRACT

The viscous motion of spherical particles is studied using ground experiments. Experiments
are designed to generate controlled motion of a light particle through a non-uniform flow field.
The flow field is generated by a liquid filled, rotating horizontal cylinder. The cylinder is used
to create an artificial microgravity environment which circumvents the effect of gravity. Flow
characteristics are altered by means of the cylinder’s angular velocity and specific fluid/particle
combinations. The configuration of this experiment enables particle motion to be studied for
extended time periods, much like a microgravity environment. Experimental results are used
in conjunction with analytical work to study lift forces induced by the non-uniformity of the
flow.

INTRODUCTION

The study of spherical particle motion has implications in numerous fields of research.
Droplet emission from sprays, particularly those involving fuel combustion or chemical appli-
cation, is a field of ongoing research. Particle motion is relevant in studying the motion of
aerosols, fluid markers, and laboratory grown crystals. Resulting from boiling or cavitation,
bubble motion in liquids can be modelled as spherical particles depending on bubble compo-
sition. Particle motion research also has relevance in numerous other automotive, aerospace,
power generation, and heating/cooling applications.

Unsteady particle motion was first studied separately by Boussinesq [2) and Basset [1], based
upon the initial work of Stokes [7]. From these papers, Oseen [5] derived the equation for the
gravitationally induced motion of a solid spherical particle in a quiescent fluid, known today
as the BBO equation. In 1947, Tchen [8] extended the BBO equation to uniform, unsteady
flow fields and in 1983, Maxey and Riley [4] further extended the equation to non-uniform and
unsteady flows. Although all of these works were derived assuming negligible convective effects
or more specifically, infinitesimal particle Reynolds numbers, many practical applications meet
these requirements.

The majority of the research for low Reynolds number particle motion is currently done
either analytically or numerically. As the Reynolds number approaches unity and beyond, re-
search is usually carried out numerically due to the non-linearity of the governing equations.
Due to the lack of effective experimental methods, experimental data in this field of research
is minimal. Particle motion experiments are hindered primarily hy the effect of gravity. As
a result, a relatively heavy or light particle sustained in a fluid will migrate relative to the
fluid, eventually reaching the boundaries of the fuid container. Therefore, experimental data
is typically measurable only for short periods of time. A true microgravity environment would




eliminate the issue of gravity and produce accurate experimental data for any fluid/particle
density ratio. This project deals with the design, construction, and execution of ground exper-
iments to simulate a microgravity environment. Results will be compared to existing analyt-
ical and numerical solutions. Experimental data will aid in the design of actual microgravity
experiments for future spaceflight missions, particularly fluid physics, biotechnical, and x-ray
crystallography experiments subjected to the oscillatory environment of the International Space
Station. '

METHODOLOGY

Dimensional analysis or “scaling” is used to enable the translation of experimental results
to different applications. Relative to most practical applications, the test particles used for
the experiments will be large, hence the title “scale-up.” This method is analogous to the
model/prototype relationship commonly used in aircraft design. Dimensional analysis shows
the specific parameters that are relevant in order to correctly interpret the experimental data.
Correct replication of the relevant parameters would give results for a scale model that are
indicative of the prototype. These dimensionless parameters were found to be the Reynolds
number, Strouhal number, and fluid/particle density ratio.

To study the transient motion of particles, an experimental setup was designed to subject a
body of fluid to an unsteady environment. Test particles were placed in the unsteady fluid and
their resulting motion was monitored. Two experiments were considered. The first involved the
rectilinear acceleration of a fluid filled, transparent cell. The second experiment utilized a fluid
filled, transparent cylinder which rotated horizontally along its axis. In both experiments, the
particles are placed in the respective fluids and monitored visually with digital photography.
The latter experimental setup was chosen for several reasons. The rotating cylinder was chosen
primarily for its ability to closely simulate microgravity conditions. A radial pressure gradi-
ent exists as a result of cylinder rotation, effectively preventing a light/heavy particle from
rising/sinking due to gravity. As a consequence, a particle less dense than the surrounding
fluid would be driven toward the center of rotation due to the radial pressure gradient, which
increases with eylinder rotation speed. The particle will hover near the axis of cylinder rotation
due to the contribution of buoyancy, pressure, lift, and viscous drag forces. In the case of
the linearly accelerated fluid cell, test particles would be tethered to counteract the effects of
buoyancy.

Aside from the benefits regarding buoyancy forces, the rotating cylinder possesses other
desirable attributes. The non-uniform flow field generated within the cylinder enables the
study of particle lift forces resulting from particle rotation. In addition, low particle Reynolds
numbers can be achieved with relatively low oscillation frequencies, eliminating the need for
high speed digital photography. This experimental setup is similar to the rotating bioreactors
used for tissue growth.

Equipment selection for the experiment started with mechanical components. Two cylinders
(6 and 3.5 inch outside diameter} were constructed with transparent acrylic plastic to accommo-
date the fluids and particles. An aluminum flange and shaft was machined to provide a means
of gripping and rotating the cylinder. The flange was held and rotated by a drill chuck mounted
to a horizontally rotating axle, supported by a pair of ball bearing pillow blocks. Threaded rods
formed the junction between the pillow blocks and the fixed, stainless steel mounting platform.
The cylinder is kept horizontal by means of the threaded rod adjustments. Rotation is provided
by a one-half horsepower, 90 volt DC motor and a 10 amp DC motor controller. Power from
the motor is transferred by means of a belt and pulley system. The teeth on the belt and the
pulleys insured no slippage occurred during cylinder rotation.







