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Abstract

Using frozen hydrogen particles to observe rotating and
quantized flows in liquid helium

Gregory P. Bewley
2006

We present a novel technique for tracing liquid helium flows, and use this
technique to make observations of fluid dynamics in both the normal fluid and the
superfluid phases of liquid helium. To visualize fluid motions, we create a suspension of
frozen hydrogen particles with diameters on the order of one micron. We show
theoretically that the hydrogen particles we generate can be used to make quantitative
measurements of local flow velocities in turbulent liquid helium, and that these particles
are the only ones we know of that are suitable for this purpose. In experimental work, we
use the particles in normal liquid helium to examine the effect of the Coriolis force on the
decay of classical turbulence using the Particle Image Velocimetry technique (PIV). We
observe grid-generated turbulence in a steadily rotating frame and find that the evolution
of the flow depends intimately on boundary conditions because of the production in the
fluid of standing inertial wave modes of the container. Separately, we present what are
very probably the first documented images of the cores of quantized vortices residing in
the superfluid phase of liquid helium. Filaments we observe in the fluid are probably
formed by the particle-trapping action of the quantized vortices. Although others have
speculated how particles in superfluid helium could act as passive tracers of a flow, as
they do in the normal fluid, our images indicate that the presence of particles in the
superfluid may transform the topology of vortex tangles by stabilizing forks in the

vortices.
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an interrogation area size of 24 x 24 pixels in the final pass.
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are for the original configuration, but with flush fitting windows. The
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The transform of the streamwise, or axial, mean flow shown in figure 5.7.
The vertical lines are the locations of inertial wave modes predicted by

Kelvin’s linear, inviscid theory given in section 5.1.4.
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Chapter 1

Introduction

A common objective unites the results presented in this dissertation: to make
quantitative measurements of local flow velocities in liquid helium. Liquid helium is an
interesting test fluid for at least two reasons. First, its viscosity is the smallest of all
fluids, and second, it undergoes a phase transition to a superfluid state as it is cooled to
very low temperatures. As is well known, however, the material properties of liquid
helium present challenges to the realization our objective. In this chapter, we introduce
the motivations for our experiments and the fundamental problems surmounted.

We present a novel technique for tracing liquid helium flows, and use this
technique to make observations of fluid dynamics in both the normal fluid and the
superfluid phases of liquid helium. To visualize fluid motions, we create a suspension of
frozen hydrogen particles with diameters of the order of one micron. Using these
particles, we measure the decay rate of grid-generated turbulence at a higher Reynolds
number than those reported earlier. We also present what are very probably the first
documented images of the cores of quantized vortices residing in the superfluid phase of
liquid helium. Filaments we observe in the fluid are probably formed by the particle-

trapping action of the quantized vortices.



Another uniting theme in this work is system rotation, which we use to observe
the effect of the Coriolis force on the decay of classical turbulence, as well as to establish
an interpretation of the particle-decorated filaments as quantized vortices in the
superfluid phase of liquid helium. In normal liquid helium, we observe grid-generated
turbulence and find that container-sized scales of motion affect the evolution of both
stationary and rotating turbulence, although such large scales are often ignored in
experimental studies. In particular, in a steadily rotating frame of reference we conclude
that the evolution of the flow depends intimately on boundary conditions. These results
preclude experimental verification of general statements about homogeneous rotating

turbulence.

1.1 Scales of turbulent motion

We approach our investigation from the perspective of classical turbulence. The
momentum equation governing the motions of a Newtonian fluid may be written as

du/dt +u -su = -sP + s’u/ Re, (1.1.1)
where u = u(x, t) is the velocity field, which is a function of time, t, and space, x, and P
is the pressure. Combinations of U and L, the velocity and length scales characteristic of
the flow, normalize all variables which results in the appearance in the equation of

Re = UL /v, (1.1.2)
the Reynolds number, where v is the fluid’s kinematic viscosity. Equation (1.1.1) is the
Navier-Stokes equation, which, in conjunction with a statement about the conservation of
mass, s-u = 0, fully specifies the evolution of incompressible fluid motions, subject to

the appropriate initial and boundary conditions.



Turbulence is often viewed as a collection of superimposed unsteady fluid
motions occurring on a wide range of length scales (Frisch 1995). The largest scales are
shaped by the forcing mechanism of turbulence; it is at these scales that kinetic energy is
typically ‘injected’ into fluid motions. The largest scales are thought to evolve as in an
inviscid fluid, and break up into successively smaller scales. The process continues until
the action of viscosity on a motion of a particular scale becomes significant, and energy is
removed from the flow as heat. By assuming that the behavior of the smallest scales are
governed entirely by viscosity and the rate of energy dissipation, € = —dE/dt, of the
flow’s average kinetic energy per unit mass, E, Kolmogorov (1941) arrived at a measure
of the smallest scales of motion:

n=ve”. (1.1.3)
The Reynolds number, in this context, gauges the separation of the large and small scales,
and governs the extent to which different length scale regimes of the flow can be

considered statistically independent. Frisch (1995) gives a more detailed introduction.

1.2 Benefits of helium as a test fluid

1.2.1 Classical hydrodynamics

There is interest in data acquired at high Reynolds numbers, as it is only in this
regime that certain statistics of the flow are expected to exhibit predictable scaling. The
argument for using liquid helium in experimental studies of fluid dynamics centers on its
low kinematic viscosity, which is 40 times lower than that of water at room temperature,
and lower than that of any other known fluid. The properties of liquid helium are

compared to common fluids in figure 1.1. As can be judged from equation (1.1.2),
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helium’s low viscosity enables flows with large Reynolds numbers to be generated on
physical scales more easily realizable in the laboratory. This property, along with others
such as the large thermal expansion coefficient of cold gaseous helium, has led several
research groups to pursue fluid dynamics experiments using helium (Skrbek et al. 1999,

Sreenivasan and Donnelly 2001, Skrbek 2004, Niemela and Sreenivasan 2006).
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Figure 1.1: Viscosity and density for various fluids. All properties are given at
atmospheric pressure. The properties of air are given at room temperature. For liquid

nitrogen and liquid helium, they are given at their boiling points, 77 K and 4.2 K,
respectively.

1.2.2 Quantum hydrodynamics

Liquid helium undergoes a phase transition to a state exhibiting properties
characteristic of a superfluid, as it is cooled below 2.177 K. Using liquid helium, we may
study behavior governed by quantum mechanics exhibited on a macroscopic scale. In
particular, there exist vortices with quantized circulation and a core diameter of the order

of an angstrom, extending in length for many millimeters (Donnelly 1967).



Since the discovery of quantized vortices 50 years ago, scientists have prodded
the coldest phase of liquid helium knowing that it contains distinct and enduring
structures whose geometry they could only imagine. No one has succeeded in visualizing
the three-dimensional shape of quantized vortices. It is a remarkable testament to the
ingenuity of low temperature scientists that so much has been learned about quantum
hydrodynamics without the flow visualizations and velocity measurement techniques that
are routine in classical hydrodynamics.

Quantized vortices are a close approximation to ideal line vortices, and a turbulent
state of vortices has been studied analytically and numerically as such a system (e.g.,
Schwartz 1988). Recently, however, it has been recognized that turbulence in superfluid
helium appears on the large scale very much like classical turbulence, with the same
scalings in frequency spectra and the same energy decay law (Maurer and Tabeling 1998

and Smith et al. 1993).

1.3 Available techniques for velocity measurement

Direct observations of fluid dynamics in liquid helium are scarce because, aside
from the technical difficulty of working at low temperatures, there are only a limited
number of available measurement techniques. Several research groups are adapting
techniques used in common fluids to cryogenic ones. These efforts include the
adaptation of particle image velocimetry (P1V) by White et al. (2002) and Zhang and Van
Sciver (2005), laser Doppler velocimetry (LDV) by Nakano and Murakami (1992), and
hot wires by Castaing et al. (1992). An additional technique called particle tracking is a

promising alternative to PIV, although it has not been implemented in cryogenic fluids
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(see Voth et al. 2002 who used it to measure the accelerations of particles in water).
Adapting each of the tools poses a technical challenge, primarily because the use of
cryogenic fluids requires great improvement in the spatial resolution of the probe.
Following the example of our predecessor (White 2001), we pursue the
development of PIV as a tool for observing the motions of liquid helium. PIV allows
large amounts of data to be gathered quickly and yields direct information about spatial
structure that cannot be attained by other techniques. PIV requires that a suitable passive

tracer particle be found, which would also be useful for LDV or particle tracking.

1.4 The difficulties of observing liquid helium flows

1.4.1 Small length scales

The same property, low viscosity, which makes liquid helium valuable for
generating a high Reynolds number flow also makes the observation of its fluid motions
difficult. Increasing the Reynolds number of a flow without increasing its overall size
forces the small scales to shrink. The statement can be clarified by expanding in (1.1.3)
the dissipation, €. By dimensional arguments, dissipation is proportional to U */L at large
Reynolds numbers, where L is a characteristic measure of the large scales, and is
therefore independent of viscosity (e.g., Sreenivasan 1984). It is then seen that the small
scale given by (1.1.3), and usually referred to as the Kolmogorov scale,

n=v*e”* ~ (VLIU3)", (1.4.1)
shrinks with decreasing viscosity and with increasing U, for fixed L. In order to resolve

all scales of motion, our measurement probe must correspondingly shrink in size. For



conditions typical in our apparatus, flow velocities are about 2 cm/s and the length scale,

L, is about 0.5 cm, so that the Kolmogorov scale, n, is about 10 ym.

1.4.2 Particle suspensions

PIV is typically used to infer the velocity of a fluid from the motion of particles,
in which case we require that the velocity of the particle be close to the local fluid
velocity in the absence of the particle. For making velocity measurements of the more
common fluids, water and air, the choice of tracer particle is most frequently limited by
imaging requirements. The particle must be large enough that it can be imaged with the
available illumination and detection equipment. In cryogenic fluids such as liquid
helium, there are at least three additional complications.

First, the low viscosity of liquid helium demands that we be careful when
considering the fidelity with which the particle follows the fluid motions. In order for a
particle successfully to trace the fluid, the size of the particle must be small, as already
hinted in the previous section. In fact, for solid particles made of readily available
materials, the required particle size approaches the wavelength of visible light (about
0.5 pum). Such small particles are difficult to detect optically, since the light scattered by
a particle diminishes dramatically with its size (Mie scattering).

Second, the low density of liquid helium, which at its boiling point is one eighth
that of water, compounds the problem of small viscosity. This is because almost all solid
materials known to us are significantly denser than liquid helium; many of the materials
commonly considered less dense are porous, and it is difficult to manufacture very small

particles that are porous. A particle made of a dense material will sink. In many cases,
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this settling velocity is higher than it would be in air, despite the lower density of air. We
use hydrogen to make particles because the density of its solid, 0.088 g/cc, is within 50%
of the density of liquid helium.

Finally, we shall see that because liquid helium is non-polar and below the glass
transition temperature of polymers, the usual methods of overcoming the mutual
attraction of particles fail. In water, researchers use surfactants to disperse particles, but
none exist for liquid helium. The particles inevitably form clusters that are too large to
trace the flow accurately. Our small hydrogen particles, however, permit us a window in

time during which aggregation has not progressed to an unacceptable level.

1.5 Summary

The problem of demonstrating the feasibility of PIV in liquid helium lies
primarily in the manufacture of suitable particles. Although our predecessors have made
progress, the need remains to develop a satisfactory tracer particle. We mean this in the
sense that further work is necessary in order that the measurement of particle velocities in
liquid helium can be used to answer basic questions about turbulence dynamics. We
have found a solution by generating small frozen hydrogen particles.

After the description of the experimental apparatus in chapter 2, the rest of the
thesis is divided into four parts. In chapter 3, we establish the need for new tracer
particles and describe our technique for generating them. In chapter 4, we show that
measurements of particle velocities produce results generally consistent with expectations
for decaying grid turbulence. In chapter 5, we introduce rotating flows and the previous

experimental efforts to observe rotating homogeneous turbulence. We use the hydrogen
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particles and PIV to demonstrate the presence of standing inertial waves whose
frequencies are determined by the geometry of the container. Finally, in chapter 6, we
introduce superfluidity and present pictures of thin filaments that we argue are the first-

ever outlines of quantized vortex cores in a three-dimensional and random environment.



Chapter 2

Apparatus and methods

We now describe the apparatus common to all the investigations presented in this
thesis, and offer an introduction to PIV. Our apparatus allows the generation of intense
turbulence and rapid rotation simultaneously. The outside radius of the vessel containing
the fluid is no more than 15 cm, yet we are able to generate flows with Reynolds numbers
approaching the highest ones observed using a grid in an inertial frame. The small size
enables easy mechanical rotation so that the Rossby number (non-dimensional inverse
rotation rate) can be quite small. Much of the data we collect from the flows we generate
is processed using PIV. Other methods and further details specific to particular

experiments are described in their respective chapters.

2.1 The apparatus

The cryostat, grid, and linear motor actuator are largely the same as used by
White et al. (2002), and are described in White’s thesis (2001). We review these
systems, as well as an air bearing, camera, laser and optics installed for the current

investigations.
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Figure 2.1: A picture of the apparatus showing the cryostat that rotates about the
vertical axis on an air bearing, along with the camera and associated electronic
equipment. Also shown are the linear motor that draws a grid through the channel inside
the cryostat, and the optics used to illuminate particles suspended in the fluid. The

cryostat is about one meter tall.
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2.1.1 The cryostat

At the center of the experimental apparatus is a cryostat designed to hold liquid
helium in a cell that can be accessed optically. The liquid helium can be maintained at
pressures from slightly above atmospheric to vacuum and at temperatures from 4.2 K
down to around 1.5 K. The cryostat, whose vertical cross section is shown in figure 2.2,
is modified from a standard Janis product. The Janis cryostat has a 6 L reservoir at its
core, and is jacketed by a 7 L annular reservoir for holding liquid nitrogen. The inner-
most helium reservoir and the liquid nitrogen jacket are not mechanically joined, except
where each is fixed along its upper perimeter to the top plate of the cryostat. The vessels
are suspended in a vacuum of about 107 Torr, in order to minimize heat transfer from the
lab. The vacuum is thought substantially to improve with the introduction of liquid

helium to the cryostat, by the action of cryo-pumping (O’Hanlon 2003).

2.1.2 The cooling protocol

In order to perform an experiment, the vacuum jacket is first evacuated for up to a
week using a mechanical vane-type pump and a turbo pump in series. Concurrently, the
helium reservoir of the cryostat is evacuated using a separate pump, and refilled with
helium gas. The process of evacuating and flushing the central reservoir is repeated
several times to ensure that foreign gases will not condense and obscure the optical
windows upon cooling of the cryostat. Subsequently, the nitrogen jacket is filled with
liquid nitrogen from a storage Dewar. The helium reservoir cools for 24 hours through
the vacuum space separating it from the liquid nitrogen jacket, and is supplied with
helium gas to replenish the contracting gas. Using liquid nitrogen in this way to cool the

12



cryostat conserves liquid helium, which is much more expensive. Pumping of the
cryostat’s vacuum jacket may continue until the cryostat is cooled with liquid helium,
then the insulating vacuum space must be sealed. Finally, liquid helium is introduced
into the central reservoir from a storage Dewar. The process of cooling the cryostat to
liquid helium temperature expends about 20 L of liquid. An additional 10 L are
consumed each day to replenish the reservoir. The cryostat may also be used with liquid
nitrogen at its core. In this case, liquid nitrogen is poured directly into the central

reservoir, instead of liquid helium, all other steps being performed in the same manner.
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Figure 2.2: The drawing shows the interior of the cryostat. At the core is the 5cm
square channel through which we draw a grid. The main helium reservoir above it, as
well as the annular liquid nitrogen jacket and outer wall of the cryostat each have circular

horizontal cross sections. Between each concentric vessel is a common vacuum space.
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2.1.3 The channel

To the bottom of the helium reservoir is fixed a custom sample cell that was
designed by Joe Vinen and Joe Niemela and built by Steve Predko at the University of
Oregon for studying grid-generated turbulence. As shown in figure 2.2, the cryostat is
fitted at its core with a 25 cm long channel with a 5cm by 5 cm square cross section.
This channel communicates with the main liquid reservoir through a 1.5 mm tube, which
allows it to remain full of liquid, as long as the reservoir liquid level is high enough.
Windows on each face, 10 cm from the bottom of the channel, have an optical aperture of
2.5 cm. To generate turbulence, a grid is drawn along the length of the channel by means
of a long stem exiting to the lab. Two additional long tubes, parallel to the one

containing the grid stem, provide access to the experimental chamber.

Figure 2.3: An illustration of the grid shows its mesh spacing, M, and the grid stem by
which it is pulled through the channel.

2.1.4 The grid
The grid we used for the bulk of our experiments is made of bars with square

cross section. The grid is of biplane construction with orthogonal sets of bars lying on
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top of each other in two layers. The spacing between the centerlines of bars, M, is
7.15 mm. The width of the bars is such that the solidity of the grid, or the ratio of area
occluded by the grid to the total cross sectional area of the channel, is 0.37. This ratio
was chosen to be similar to the solidity of grids used in historical experiments. The
distance from the centerline of the first bar from each edge is one half of the mesh

spacing, ¥2M.

2.1.5 The linear motor

We actuate grid motion with a linear motor built by Trilogy Systems that is driven
by a programmable computer manufactured by Parker Automation. The linear motor is
capable of large accelerations and velocities of several meters per second. We typically
initiate the grid motion using an acceleration of 4 g, followed by a period at a constant
velocity up to 2 m/s, and ending in a 4 g deceleration. In this way, the grid moves at a
constant velocity for about 80% of its 10 to 15 cm trajectory along the channel. The grid
moves above the window by the same distance that it was initially below the window.

The linear motor controller is also responsible for the timing of the experiment.
This typically includes actuating an agitation of the particle suspension or stirring of the
fluid, followed by a period of time to allow the flow to relax, executing the grid motion
described above, and sending a signal to the camera controller to record the decay of

turbulent motions.

2.1.6 Air bearing

The cryostat and camera are mounted on an air bearing manufactured by Pneumo
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Precision, Inc. Using 200 to 350 kPa (gauge) of air pressure, the equipment is suspended
and confined to rotate about an axis fixed to within microns with very little friction or
vibration. The cryostat rotates freely about its symmetry axis along with other equipment
including a camera. Rotation rates of up to 2 Hz are achieved by limiting the voltage
applied to a 24 VDC motor. All of the rotating equipment is electronically self-

contained, and operates without a tether to the lab, without slip rings.

2.1.7 Camera

We use a Phantom v5.0 camera with 1 GB of onboard memory and a square, one
megapixel CMOS sensor. Pixels are 16 ym across, and we use a 105 mm Nikon macro
lens with a magnification of one. The camera observes an area of dimension 1.6 x1.6 cm,
representing about one third of the width of the channel, and more than twice the grid’s
mesh spacing.

The camera collects and stores 1012 image frames at up to 1000 frames per
second. The camera can also be slaved to an external trigger, with time between triggers
varying from 1 ms to 50 ms. Using a single board computer and a program that triggers
the camera, we are able to choose arbitrarily the time between each movie frame and the
next, and vary this inter-frame time continuously over the course of an individual movie.
In this way, we can tailor the inter-frame time to the instantaneous time dynamics of the
flow. This, in turn, optimizes the quality of the resultant PIV data, and maximizes the
total length of time a limited number of frames will span. In the rotating frame, the
signal for the computer to start triggering the camera is delivered by a phototransistor

aimed at a ring of infrared light emitting diodes (LEDs) fixed in the lab frame. The LEDs
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are illuminated according to a signal provided by the programmable linear motor
controller described in section 2.1.5; the linear motor controls the timing of the

experiment.

2.1.8 Laser and optics

An argon ion laser illuminates suspended particles. The laser can deliver up to
6 W of polychromatic light, with two dominant wavelengths in the blue and green colors.
The illuminating volume of light is shaped by lenses that expand the 2 mm beam in the
vertical direction and focusing it in the horizontal direction, forming a thin sheet with
almost constant intensity across its height of 1.5 cm. The camera is aimed at the thinnest
portion of the sheet. The beam from an argon ion laser, such as the one we are using, is
nearly Gaussian in profile and can be focused tightly. According to Gaussian optics, the
width of the waist of a focused beam is

do = 2Af / tw, (2.1.1)
for A, the wavelength of the light, f, the focal length of the optics, and w, the radius of the
input beam. For our laser and optics, d, = 100 uym, though we expect imperfections in
the beam and lenses to yield a slightly larger width in practice.

In order to provide illumination that is stationary in the rotating frame, we transfer
the beam to optics on the rotating table by passing it vertically along the axis of rotation,
as depicted in figure 2.4. A mirror on the rotating table collects the beam, and the sheet
is formed in the rotating frame. The beam is carefully aligned with the axis of rotation
using two pinholes in the rotating frame, until we observe by eye that the beam does not

wander when the table is rotated. In practice, the alignment can be accomplished to
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within about 100 um. Because the reflectivity of mirrors depends on the angle of its
surface relative to the polarization of the reflected light, we circularly polarize the laser
beam with a quarter-wave plate. This ensures that the beam intensity remains constant as

the apparatus rotates.

Figure 2.4: The line traces the path of the laser beam, and the circles represent mirrors.
All fixtures below the air bearing are fixed to a table; everything above the air bearing
rotates together, including the beam when it is carefully aligned with the axis of rotation.

2.2 Particle image velocimetry

2.2.1 Brief description

Particle image velocimetry (PIV) is a technique for extracting the velocities of
particle ensembles from images of particles captured at successive times; see Raffel et al.
(1998). Typically, velocity vectors are computed for each of a set of small sub-regions of
a larger image. The method is widely used, because of the relative simplicity of its
implementation and the analysis of the resultant data.

In our realization, separate images of particles in a fixed volume are made at
successive times. As illustrated in figure 2.5, the images are broken into smaller square

regions, which we call interrogation areas. Two interrogation areas at a particular
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location in space, from images taken at successive times, are compared to find how the
particles have moved in the time between the acquisitions of each image. In this way,
PIV yields a velocity vector, u(x,y) = u(x,y)éx + v(Xx,y)éy, for a series of points located at

some value of x in the horizontal direction, &y, and y in the vertical direction, &,.
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Figure 2.5: Examples of two images taken at successive times are shown at the top left.
Small regions are taken from the images, called interrogation areas. The cross-
correlation of the interrogation areas is computed, shown in the top right. The location of
the peak gives the relative offset, Ax, of the particles between the two interrogation areas.
A vector is assigned to the center of the interrogation area, whose magnitude and
direction are given by Ax/At. This calculation is repeated for a chosen set of pairs of

interrogation areas in the two images.

The comparison of two interrogation areas is done by cross correlation. That is,
one interrogation area is shifted with respect to the other, in the plane, and the correlation

coefficient is computed. The correlation coefficient is computed for all possible relative
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shifts of the interrogation areas. In practice, this operation is done in Fourier space,
where it can be done more efficiently. The assumption is that for a large enough
collection of particles, the maximum correlation will occur when the interrogation area is
shifted by the opposite of the mean particle displacement in the area, —Ax. This
maximum presents itself as a peak in the cross-correlation plane. A further refinement of
the peak’s location can be made by fitting the peak with some model function, and using
the peak of the model function. The velocity assigned to the center of the interrogation
area is Ax/At, where At is the time between the two images. Velocity vectors are found

for every interrogation area pair in the pair of images.

2.2.2 PIV data processing

Several special characteristics of our implementation are noted here. We have
employed additional refinements to the basic PIV algorithm. These include multiplying
adjacent correlation planes, and writing our code to exploit the multithreading capability
of a 128 processor computer.

The multiplication of correlation planes adjacent in space enhances signal to noise
by accentuating the peak we seek relative to spurious correlations. The displacement of
particles in adjacent interrogation areas is highly correlated, because the interrogation
areas are much smaller than the energetic scales of turbulent motion, whereas the
spurious correlations between mismatched particles are random. We use the position of
the peak in the product plane to localize our search for a peak in the correlation planes of
the individual interrogation areas. The peak location, and Ax, are then computed from

these individual (un-multiplied) correlation planes, as in normal PI1V.
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A multi-pass algorithm is used, where successive passes shift one of the pair of
interrogation areas by the expected particle displacement, predicted by the previous pass.
This minimizes the number of unpaired particle images that appear in the interrogation
areas, and strengthens the correlation peak. Successive passes are made at higher
resolutions, with the first pass’s interrogation area being a 96 pixel square, the subsequent
one having 48 pixels on a side, and the last, 24 pixels, for example.

Because of the large number of images we produce with the high speed camera,
we require that data processing be done at high speed. A typical day of data collection
results in 20 to 30 GB of image data. We wrote a flexible multithreaded PIV algorithm
that runs on an in-house 128 processor SGI/Cray supercomputer. The code was written
using OpenMP in the C programming language, and distributes the task of performing
correlations among the processors. The code performs multi-pass PIV with several error
checking schemes and a noise filter at a rate of about 5 image pairs per second on 24
processors, or about 3.5 min/GB. This compares with 12 hrs/GB on a desktop PC. This
speedup is also crucial for improving data quality, since we can adjust the conditions of

the experiment using the quick quantitative feedback of the PIV analysis.

2.2.3 Limitation of the PIV technique at high Reynolds numbers

The effective probe size, or resolution, inherent in PIV is better stated as the
interrogation area size, rather than the particle size. We have suggested that the particle
itself should be smaller than all fluid length scales in order to be able to trace it
accurately, an idea that is discussed in detail in chapter 3. In order for our PIV

measurement to be a faithful representation of the fluid motion, we may also require that
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the volume of fluid and particles used to construct each vector be smaller than the
smallest length scales in the flow, the Kolmogorov scale, n, see (1.4.1). We do not meet
this condition in the present measurements, but we can obtain useful data as we shall
illustrate subsequently. In addition to the constraints on the particles discussed in
chapter 3, we require that the particle volume fraction be low enough that it does not
affect the fluid’s physical properties. However, we must introduce enough particles that
the PIV algorithm finds a sufficient number in each small patch of an image to assess
their displacement. A typically accepted upper bound for the volume fraction of particles
is 10™. In order to resolve n by using an interrogation area with linear dimension n/5,
we must find five particles therein, and the particles’ maximum diameter can easily be
found to be limited at about 20 nm. Such a particle is difficult to detect optically, since it
scatters very little light. For this reason, PIV may in principle not be the appropriate
technique for making accurate measurements of highly turbulent flows in liquid helium.
However, the particles we introduce in chapter 3, while not small enough to allow
resolution of the Kolmogorov scale, are useful for other techniques, such as individual

particle tracking.
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Chapter 3

Particle selection

Here we discuss the selection of particles suitable for turbulence measurements in
liquid helium. We outline a method for judging a particle in terms of its ability
accurately to trace a fluid flow. According to these conditions, we survey and evaluate
commercial particles and previous work to establish that we must develop a new particle
that is satisfactory for use as a tracer in liquid helium. Although a parallel effort at
Florida State University (Zhang et al. 2004) has recently produced a similar review, we
answer several important questions in more detail including particle characterization and
behavior in a cryogenic fluid. In addition to specific guidelines useful for future
researchers, we offer what we believe is the first practical solution to the problem of
quantitatively tracing the motion of liquid helium using particles. In order to do so, we

develop a method to generate a mist of solid hydrogen particles.

3.1 Tracer particle fidelity

3.1.1 A method to evaluate a particle as a fluid tracer
The dynamics of a particle in an unsteady flow and its evaluation as a faithful

fluid flow tracer have been studied extensively (e.g., Mei 1996). As has been suggested
23



before (White 2001), we consider the fidelity with which a particle follows the fluid flow
to be measured by two parameters, the Stokes number and the Froude number. These
follow from an approximation to the equation of motion of the particle, whose full form
is proposed by Maxey and Riley (1983).

Consider that a particle’s inertia is balanced by the sum of the buoyancy force and
the drag proportional to the velocity difference between the particle and the fluid. This
simple description yields the following equation for the change in momentum of a
particle, with velocities and time normalized to characteristic scales of the flow, uq,iq and
Triiig respectively:

Tparticle / Tiuid OV/Ot = Usettie / Usiuia — (U — V). (3.1.1)
For the velocity difference between fluid and particle, u — v, this equation may be written
as

u-v=Fr- Stov/ot,

with St = Tparticle / Triuid, (3.1.2)

and Fr = Usettte / Usiuids
where St is the Stokes number, measuring the importance of the particle inertia, and Fr is
the Froude number, measuring the importance of the particle settling velocity. We infer
from the above relation that the fractional error in measurement of the fluid velocity,
u — v, is roughly the value of the Stokes or Froude number, whichever is larger.

We can evaluate the Stokes and Froude numbers for candidate particles by using
the particle response time and settling velocity,

Tparticle = 0 *Pparticte/ 181, (3.1.3)

and Usere = d >Apg / 18, (3.1.4)
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where d is the particle diameter, pparicie IS the particle density, p is the fluid’s dynamic
viscosity, Ap is the difference in density between the particle and the fluid, and g is the
acceleration of gravity. These expressions follow directly from the equations of motion
using Stokes’ formula for drag (Batchelor 1967) and the particle density times its volume
for its inertia. For the rotating experiments in this thesis, centrifugal acceleration due to
rotation is at most 6 % of the gravitational acceleration, and we neglect it. We choose the
fluid time and velocity scales to be the Kolmogorov scales in the flow

Thia = (V/E)”, (3.1.5)

and Ugig = (VE)”, (3.1.6)
which measure the finest scales of flow (Frisch 1995). If a particle is able to respond to
these motions, it will also trace the range of motions present in a turbulent flow.

Although including additional terms in the particle equation of motion, (3.1.1),
given by Maxey and Riley (1983) will result in additional parameters, we suggest that
minimizing the Stokes and Froude numbers alone will minimize all contributions to
deviations of the particle motion from the fluid motion. For example, inclusion of the
‘added mass’ term results in an additional parameter that is equal to %St when the
particle density and fluid density are comparable.

Let us note in addition that the above results are derived for a spherical particle.
A particle with a more complex geometry is likely to perform better than predicted by our
model, in the sense that it will behave more like a fluid particle due to its increased drag.
Finally, evaluating a particle according to the parameters St and Fr is cumbersome,
because in an evolving flow, they are functions of both time and the initial conditions.

We propose an alternative below.
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3.1.2 Suggested alternate formulation

We survey and study particle candidates in section 3.4 and would like our
conclusions to be useful in a more general setting than our own application. With this
goal in mind, we recast the Stokes and Froude numbers in terms of the Reynolds number,
Re =ul/v. We then find bounds in the Reynolds number for which a particular particle
can be considered to represent a fluid parcel. Here, we take u as the root-mean-square
(RMS) velocity of the flow, and | as the integral of the normalized longitudinal two-point
velocity correlation function, or the integral length scale.

Consider that for a particular combination of the particle, the fluid, and the flow,
there are some Stnax and Frya, above which deviation of the motion of a particle from
the motion of the fluid is too large, in a sense that we will propose in section 3.2. Using
Kolmogorov’s relation for homogeneous and isotropic turbulence, €  u /I, we regroup
the definitions of St and Fr, and find that

18 Stmax > (/1) (Pparticte /Privia) Re ¥, (3.1.7)

and 18 Froay > (d %gl V?) (Ap/pric) Re ™. (3.1.8)
We have chosen, in our introduction of Re, to remove the explicit appearance of the
characteristic velocity, u, since it changes rapidly with time in the flows we present in
chapters 4 and 5, though other choices are possible. In our flows, and in many other
flows of interest, the Reynolds number and the integral length scale do not change
quickly, making our result easier to generalize. Regardless of these considerations, we
write our expressions equivalently in terms of limits on the Reynolds number:

Remac > = 18 Stmax (1/d )* (Privia /Pparticte) (3.1.9)

Remin>* = (18 Frma) "+ (d 2gl V) (Ap/Piiia)- (3.1.10)
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The minimum Reynolds number reflects the fact that turbulent intensity is required to
keep the particle’s settling velocity from dominating its motion. The maximum Reynolds
number is due to the inertia of the particle resisting the large accelerations of an intensely
turbulent flow. Note that a neutrally buoyant particle can be used at arbitrarily low
Reynolds numbers, and in this case Remax is the appropriate parameter.

In order for there to be a range of Reynolds numbers for which the particle is

useful according to these criteria, the ratio

2 8/3
B = Re... _  P; v

Remin - p;/3Ap4/3 94/3d4

(3.1.11)

must be larger than one. The ratio, B, does not depend on the integral scale, and is
therefore independent of the flow. The ratio depends only on the physical properties of
the fluid and particle, and is particularly sensitive to the particle size.

For clarity, we presented the argument above using a Reynolds number based on
the large scales of the flow, but there are other Reynolds numbers more often employed
in the literature. The most useful Reynolds number for comparison to a wide variety of
theoretical and experimental efforts is based on the Taylor scale, A,

Re) = Au/v. (3.1.12)
An intuitive way to understand Re, is through the relation Rej = (15 Re)* (Frisch 1995).
This is the Reynolds number we will use for comparison in the following sections.
Finally, we remind the reader that these results are strictly valid only for high Reynolds
number homogeneous and isotropic turbulence, and in the limit of vanishing particle

Reynolds number.
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3.2 Large Froude and Stokes effects

3.2.1 Vibrated particles

In the case of a regularly oscillating velocity field, one might readily anticipate
that a large Stokes number (or, particle inertia) will yield a measurement that is out of
phase with the fluid velocity, but with the right frequency components. Indeed, if we
replace the nondimensional fluid velocity, u, in equation (3.1.1) by a simple oscillation
with frequency w, normalized by the Kolmogorov time scale, we find that the harmonic
part of the solution for v, the particle velocity, has the same frequency. In addition, the
particle velocity exhibits a phase that is different from that of the imposed fluid velocity
by tan"}(Stw). The importance of this result will become evident in chapter 5, in our
discussion of rotating flows, where in some cases we observe the regular oscillation of

particles with Stokes numbers of order one.

3.2.2 Measurement of large scale flow properties

In liquid helium, almost any choice of particle will yield Stokes and Froude
numbers near unity in easily obtainable flow conditions. As shown in section 3.1, a given
particle type places restrictions on the experimental parameter space we can explore with
acceptable error in measurement. In order to find the limits in Stokes and Froude
numbers for which measurement error is tolerable, we consider the case where the Stokes
number, or the Froude number, is not infinitesimal. Several research groups have studied
these limits, both directly and indirectly. We now provide a brief review of the literature
while keeping in mind accurate measurement of the basic large-scale flow characteristics,

the fluid’s Kinetic energy and integral length scale.
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Wells and Stock (1983) vary the settling velocity, and thus Froude number, by
applying an electric field to charged particles in a wind tunnel. The Stokes number is
varied by using two different particle sizes. They find no change in the decay of
turbulent Kinetic energy behind a grid for St=0.023, when compared with hot wire
measurements. However, for St = 3.0, the kinetic energy of particles is about 30%
smaller than that of the fluid, and they observe a possible change in the slope of the
energy decay. In addition, Wells and Stock (1983) find that a large Froude number tends
to increase the rate of de-correlation of velocities in space and time. We estimate from
their results that as Fr approaches one, the integral time scale measured by the particles is
about 25% smaller than that of the flow. Finally, they find that the Stokes number has
only a small effect on correlations, and the Froude number has only a small effect on the
energy decay law.

Mei et al. (1990) analyze particles in isotropic turbulence, and confirm Wells and
Stock’s (1983) finding that particle inertia has only a small effect on velocity correlation
functions. They also observe that a large settling velocity, and thus large Fr, sharply
reduces the integral length scale. We estimate from their charts that the integral length is
15% smaller at Fr = 1, and 40% smaller at Fr = 2, when measured using tracer particles.

Reeks (1977) defines an inverse Stokes number, although the scales used for
normalization are unfamiliar from the standpoint of usual turbulence phenomenology. If
we take Reeks' measure of particle inertia to be equivalent to our own, one should require
that the Stokes number be less than 0.35 to measure within 10% of the fluid kinetic

energy, and less than 0.25 to be within 5%.
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Voth et al. (2002) describe using particles with diameters comparable to the
dissipation scale. The range of particle sizes reported correspond to Stokes numbers
ranging from 0.13 to about 40. They find no change in the acceleration variance up to
approximately St =0.4. They also have some evidence, based on varying fluid density,
which suggests substantial settling velocity effects for Froude numbers as small as 0.1.
Because these data correspond only to the largest Stokes number particles (St = 40), it is
difficult to draw a strong conclusion.

The collection of results suggests that using particles with Stokes and Froude
numbers in the range 0.3 to 0.5 result in measurements that are within 5to 10% of the
fluid kinetic energy and integral length scale. The evaluation of the large scale quantities
is apparently robust, forgiving of large deviations of the particle’s motion from the fluid’s
motion. However, for negligible errors in velocity measurements due to particle
dynamics, we target values that are an order of magnitude smaller. We use

Stmax, Frmax = 0.05. (3.2.1)
This, in turn, imposes constraints on our observable Reynolds numbers, as discussed in

section 3.1.2.

3.3 Particle clumping

An additional problem complicating the use of particles as tracers in liquid helium
is that particles stick to each other, and there are no readily available devices to counter
this tendency. In water, a surfactant will stabilize a suspension, but this technique is
inapplicable in cryogenic fluids. Here, we discuss the mechanism for particle

aggregation and ways to mitigate the process. Particles attract each other through the van
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der Waals force. In addition, particles in a turbulent flow may be both brought into
contact and shorn apart by motions of the fluid. We consider the balance of these
interactions, and find that since the attractive van der Waals force is stronger than any

other, particles aggregate into ever-larger clusters at a predictable rate.
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Figure 3.1: The van der Waals potential as a function of sphere separation is the dashed
line. We use Hamaker’s constant for polystyrene, A =8 x 10%°J, but the Hamaker
constant for most materials is of the same order. An exception is liquid helium, and since
Hamaker’s constant for liquid helium is much smaller (Paalanen and lye 1985), we do
not need to account for it as the intervening fluid (Heimenz and Rajagoplan 1997).

3.3.1 Comparison of forces

First, we consider the consequence of two particles coming close to each other, or
colliding. The force that draws particles together is the same as the one that binds each
particle’s constituent molecules together to form a solid. These intermolecular forces

include ionic interactions, hydrogen bonds, dipole-dipole interactions, and London
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dispersion forces. These are sometimes known collectively as van der Waals forces.
Once particles are in contact, the force binding two particles overwhelms both the
thermal energy of the particles, and separation due to fluid shear.

The attractive potential between two spheres with center to center separation r and

with radius a is

-A 2a’ 2a’ r?-4a®
o= o4l 1 +in r2 ' (3:3.1)

and is a function of Hamaker’s constant, A (Vold and Vold 1983). Thermal energy is
measured by Er = kgT, where kg is Boltzmann’s constant, and T is the temperature. At
4.2 K, the thermal energy is

Er=ksT=6x 102 (3.3.2)
It is evident from figure 3.1 that for separations less than 2 diameters, it is unlikely that
thermal fluctuations will separate particles under the influence of the van der Waals
potential.

We estimate the turbulent contribution to particle dispersion by considering the
effect of a shear flow on a pair of particles in contact. Note that at distances smaller than
the Kolmogorov dissipation scale, velocity gradients are linear. For particle separations
much smaller than the dissipation scale, the difference in fluid velocities across a distance
r are approximated by

Au = (r/n) Usuia = r (V) =r (v/1?) Re*?, (3.3.3)
where n is the dissipation scale defined in (1.3.1), unuig is the velocity scale defined in
(3.1.6), and we have rewritten the expression in terms of a Reynolds number as in

section 3.1.2. We propose that an upper bound on the force the fluid can exert to separate
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particles is the drag force given by Stokes for a sphere in a uniform flow (Batchelor
1967) with velocity Au. We take the velocity difference to be that between the centers of
two touching particles, such that r = 2a. In this case, the drag force is

Fs = 12na® (u¥/pl?) Re ¥?, (3.3.4)
where p and p are the dynamic viscosity and density of the fluid. The largest Reynolds
number we can reach in our apparatus is about 10,000, giving a force of about 20 pN
between 2 um particles in liquid helium.

The attractive force is calculated from the gradient of the potential given in
(3.3.2). For small sphere surface separations, the expression for the force reduces to

Fo = sUp = Aa/12s?, (3.3.5)
where s=r—-2a and 0 < s << a. Since the preceeding expression diverges for small s,
we are faced with the problem of choosing a reasonable value for the separation of
contacting particles. If the particles were perfect spheres, the separation would be on the
order of the dimension of its constituent molecules. In fact, remarkably uniform
polystyrene spheres are commercially available from Bang’s Laboratories or Polymer
Microspheres. Assume that some surface roughness separates the particles, and that this
roughness is of the order of one percent of the particle diameter. This distance is 20 nm
for a 0.8 um sphere. Figure 3.2 depicts the ratio of the attractive force to the drag force
for several values of the surface roughness. It is apparent that the binding force is
unlikely to be overcome by turbulent shear for particles with diameters less than 5 pm,

even for larger values of the surface roughness.
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Figure 3.2: The ratio of the attractive van der Waals force to the fluid shear induced
separation force for polystyrene spheres in a turbulent flow at Re) = 400. The ratio is
given as a function of the sphere’s radius for several surface separations. The surface
separation is expressed as a fraction of the sphere radius, imagining that some surface
roughness keeps the spheres further apart than if they were perfect spheres. For particles
smaller than a few microns, the van der Waals force is much larger than our estimated

upper bound for the separation force.

3.3.2 Rate of coagulation

We show in the previous section that particles brought together are unlikely to
separate. Here, we estimate how often the combination of particles happens. Fluid shear
is a mechanism for breaking up particle aggregates, but the same mechanism causes
particles to collide, and the two processes may reach equilibrium. Vold and Vold (1983)
give Smoluchowski’s differential equation controlling the process of shear coagulation,
assuming that combined particles are inseparable:

dN/dt = —(16/3)No a*(du/dz)N. (3.3.6)
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N is the total number of particles per unit volume, with initial value No, and du/dz is the
shear rate that we estimate in (3.3.3). The solution to this equation is an exponential
decay, with the time for the particle number to halve being given by

Ty, = (m1%10g(2)) / (4DVRe *?), (3.3.7)
where @ is the volume fraction of particles relative to the fluid, and is 3N /(4mta®).

For typical conditions after the fluid is agitated with a grid, the time constant
given by (3.3.7) is about 1 min. This result indicates that if particles of the desired initial
size were somehow dispersed, there is a useful period of time during which we may use
them as fluid tracers. Notice, however, that Ty, is inversely proportional to the particle
volume fraction. Consider that the particles must be injected into the sample volume of
fluid as a concentrated solution, and that this injection process is necessarily turbulent.
At the time of injection and in the vicinity of the injector, the volume fraction of particles
is larger than in the fully dispersed solution, perhaps by many orders of magnitude. If the
initial volume fraction is roughly 0.1, and we show in section 3.7.1 that this is a typical
value, Ty, is reduced to a small fraction of a second. This leaves us very little time to
disperse the particles in the full volume before they have irreversibly clumped into

effectively larger particles.

3.3.3 Suspension stabilization

There are two methods at our disposal for keeping particles from coalescing. The
first is to coat the particles with long chain molecules, a method known as steric
stabilization. This can be accomplished by manufacturing particles with a surface

coating of a certain polymer, or by adding a surfactant that finds its way to the particle-
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solvent interface. A surfactant is typically used in aqueous solutions. The second
method is to charge the particles, and rely on electrostatic repulsion. In order to do this,
one can permanently coat the surface of the particles with polar groups, or force the
particles to accumulate free ions on their surfaces. We briefly discuss each of these
methods.

The effectiveness of the solutions exploiting polymers depends on the flexibility
of the polymer molecules (Vold and Vold 1983). In cryogenic fluids, this mechanism is
excluded, because the temperature of a cryogenic fluid is below the glass transition
temperature of all polymers. One can, however, strive to minimize the attraction by
coating the particle with a layer of a fluorinated polymer. Fluorinated compounds are
highly non-reactive and the coating would alleviate the tendency to aggregate for the
same reason that makes Teflon useful. There would, however, still be a net attractive
force between particles.

The dissociation of an ion that allows the formation of a polar group in a solution
requires a polar solvent, such as water. Liquid nitrogen and liquid helium, the fluids of
interest to us here, are non-polar. Therefore, this solution is inapplicable. The other
technique of adding an electrostatic charge to particles in solution has been implemented
successfully (Huber and Wirth 2003). Experimentalists mixing spherical polymer
particles using what is essentially a blender in liquid nitrogen found that the particles
collected a net charge. The result is potentially useful for dispersing solid tracer particles
in cryogenic fluids, though long-range inter-particle forces may complicate the analysis

of particle motion relative to the fluid.
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3.3.4 Methods for dispersing particles

We have sought methods for temporarily dispersing aggregated particles in
cryogenic fluids. The methods include ultrasound induced cavitation and fluid shearing,
which we realized in various ways in our cryostat. Ultrasonic cleaning baths use the first
technique to remove debris from items immersed in water, and we found it effective at
dispersing aqueous suspensions. We attached the ultrasound transducer from such a
cleaning bath to the channel inside our cryostat, but observed no effect on suspensions in
liquid nitrogen. We tried exploiting the second mechanism by vigorously agitating the
grid, as well as constructing various kinds of high-speed mixers and propellers. Again,
we observed no effect on the size of particle aggregates. It is possible that either method
could work with a more concerted engineering effort. We suggest that further attempts
concentrate on pressurizing the fluid, in order to bring it temporarily away from its

boiling point, as a first step in implementing either technique.

3.4 Evaluation of available seeding techniques

A careful review of products and previous work is required, since a quick review
of the literature might lead the reader to conclude that particles that meet our
specifications are readily available. For example, hollow glass particles are referred to as
being in the 1 to 5 ym diameter range (White et al. 2002, or Donnelly et al. 2002), and
velocity measurements of micron-sized solid polymer particles are suggested as being of
the individual particles rather than the velocities of particle aggregates (Zhang and Van
Sciver 2005, or Zhang et al. 2004). We shall see that these particles would indeed make

suitable tracers but cannot be made to work well for technical reasons.
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3.4.1 Commercially available particles — hollow glass spheres

Hollow shells made of glass are manufactured by at least two companies, PQCorp
and 3M. The companies specify that a sample of particles include hollow glass spheres
in a wide range of sizes, from around 10 pm to several hundred microns, and with a range
of densities close to that of liquid helium, typically 0.14 to 0.19 g/cc (e.g., Potters 2006).
The opportunity presented to the experimentalist stems from the possible existence of
suitably small particles at one end of the size distribution. They are not revealed in data
supplied by the manufacturers. According to our analysis, we require a particle smaller
than 5 pm in diameter, and with a density of less than 0.14 g/cc. Although the
companies’ ability to make small particles with an almost perfect density match to helium
is remarkable, we find that even the smallest particles are too large to trace a turbulent
flow in liquid helium with the desirable level of fidelity. We show a suspension of these

spheres in liquid helium in figure 3.3.

Figure 3.3: An image of a suspension of hollow glass spheres in liquid helium.
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A good example of the use of hollow glass particles as a tracer particle in liquid
helium is provided by my predecessor’s admirable work. White (2001) refined a
technique for segregating small glass particles that resulted in the first PIV data taken in
liquid helium. At a first glance through a microscope, one can see particles that range in
size from 1 to 30 um. Previous studies have used this observation as evidence that there
exist small, hollow spheres. However, a simple test reveals that even the smallest hollow
particles are close to 10 ym across. We introduce particles at the bottom of a graduated
cylinder filled with methanol, and collect what rises to the surface after different periods
of time from the time of injection. The smallest particles that float range in diameter
from 9 to 16 uym, and are mixed with a particles up to 35 um. At the bottom of the
methanol column lie the smaller particles, between 1 and 15 pym in diameter. These
particles are either solid glass or incomplete shells. As revealed in figure 3.4, the
difference from the required size specification, though only a factor of two, is crucial
since both the Stokes and Froude numbers depend on the square of the particle size.

The great advantage of the hollow glass spheres is that they are apparently
immune to the clumping problems that plague solid particles. This may be because the
attractive force between solid particles depends on the integral of the attractive forces
between all the molecules in each particle. However, for the hollow sphere at small
separation distances, we find that the problem reduces to the attraction between only
those parts of the thin shells that are closest to each other. This allows for the possibility
that a small hollow particle may in the future be manufactured that would be an accurate

tracer of liquid helium flows.
39



10

- - - Stokes
—— Froude

[N
o
T

Froude, Stokes
|

2

107 1 2 3
10 10° UM 10

Figure 3.4: The chart shows the Stokes and Froude numbers as they evolve in a
turbulent flow generated by a grid with 7.2 mm mesh spacing, M, drawn at U = 2.0 m/s in
liquid helium. The parameters are calculated for a 9 um hollow glass sphere. The
horizontal line is the maximum value for either parameter determined in section 3.2, and
that either one parameter or the other is larger at any moment indicates that the particle

does not trace fluid motions accurately.

3.4.2 Commercially available particles — solid beads

Several manufacturers produce solid spherical particles that are available in a
wide range of tightly controlled sizes, from nanometers to millimeters. Experimentalists
seeking tracers for water often use particles of this type. Particle densities range from
just over that of water, 1.06 g/cc for polystyrene micro-spheres, to several g/cc for solid
glass micro-spheres. In a turbulent liquid helium flow, a solid particle with such a
relatively large density needs to be considerably smaller than a hollow one in order not to
sink. For typical turbulent flow conditions, we seek a solid particle that is smaller than
1 um. Zhang and Van Sciver (2005) used such polystyrene particles to observe thermally
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driven flows in liquid helium. We have also tried making velocity measurements using
particles of this type, made from a variety of materials.

We find that the problem with using solid particles is that they are found in a
cryogenic fluid only as tightly bound clusters. We have tried several techniques for
injecting and agitating them, as well as using particles made of different materials.
Nonetheless, the particle images appear with a wide range of intensities typical of a
polydisperse distribution (see figure 3.5, left), rather than the uniform appearance of
monodisperse particles suspended in water (see figure 3.5, right), for example. As
suggested in our brief discussion of the physics of clumping in section 3.3, the particles

probably encounter and bind to each other during injection, when they are necessarily

highly concentrated. Once they bind together, it is difficult to separate them.

Figure 3.5: On the I are clumps of 2 u polystyrene particles in Iiuid eIium. On

the right are identical particles in water, using a surfactant to disperse them.

The Stokes and Froude numbers for a clump of particles will be larger than those

for an individual particle. We estimate based on the intensity of light scattered by the
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particle clusters that the aggregates are roughly at least 3 particle diameters across.

However, we emphasize that such a technique for measuring particle size cannot be relied

on, except to say that the particle clumps must be larger than individual particles. As

suggested in figure 3.6, a three particle diameter clump is unsuitable for making

guantitative measurements of flow velocities.
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Figure 3.6: The chart shows the Stokes and Froude numbers as they evolve in a

turbulent flow generated by a grid with 7.2 mm mesh spacing, M, drawn at U = 2.0 m/s in

liquid helium. The parameters are calculated for a clump of polystyrene particles with a

characteristic diameter of 2.4 um. The horizontal line is the maximum value for either

parameter determined in section 3.2, and that either one parameter or both is larger at any

moment indicates that the particle clump does not trace fluid motions accurately.

In closing, we note that Zhang and Van Sciver (2005) report measuring the

settling velocity of 0.8 um polystyrene particles in liquid helium as 6 mm/s. However,

the settling velocity of individual 0.8 um polystyrene spheres is predicted to be about
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