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Table 1. Constants in the exchange factor

correlation
Specular Diffuse
a, 0.5711 0.5756
as 1.4704 1.5353
a; 0.8237 0.8011
a, 0.2079 0.1843

& = 0.35 (specular surfaces) and from 0.94 to 0.97 for
g = 0.85 (diffuse surfaces). In practical packed beds, the
porosity ranges between 0.3 and 0.6 with a value of 0.4
for randomly arranged, loosely packed monosized spheres.
Therefore, the sensitivity of the radiant conductivity with
respect to the porosity (as compared to other parameters) is
not expected to be very significant.
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1. INTRODUCTION

THE EXPERIMENTAL study of liquid metal flows is required to
better understand the physics of convective fluid flow and
heat transfer in materials science applications. Improvement
of the quality of electronic. solids through control of the
convective melt environment requires a thorough grasp of
both buoyant and thermocapillary flow mechanisms in low
Prandtl number fluids. A large number of convective studies
towards this application have been made using high Prandtl
number transparent fluids. However, due to the large differ-
ence in Prandtl number between transparent fluids and liquid
metals, the driving mechanisms for convective flow have a
different character. This was presented by, among others,
Carpenter and Homsy [1], who showed large differences in
surface tension gradients for high Prandtl number fluids vs
low Prandtl number fluids. Knowledge of these low Prandtl
number flow mechanisms will foster an improved under-
standing of materials solidification issues.

Because liquid metals are opaque, their study requires the
use of unconventional flow analysis techniques. Historically,
this has been limited to probing with thermocouples and
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observations of surface motion [2-4]. Also, highly intrusive
electromagnetic techniques were used [5]. A new, non-invas-
ive method of liquid metal flow visualization has recently
been developed. The system described here uses real time
radioscopy and has been employed with much success to
visualize the melting and solidification interfaces [6-8]. The
method has now been improved to permil’ coarse vis-
ualization of the density fields in liquid gallium. Analysis
of the density fields can yield information conCerning_the
character of the convective flow field as well as the nature of
the heat transfer taking place. Real time visualization of the
thermal fields is complementary to thermocouple probing
because it allows visualization of the entire flow field. In
addition, this method is non-intrusive and can be utilized for
the visualization of multiple liquid layers where thermo-
couple techniques would interfere with the interface
behavior.

To assess the heat transfer characteristics in a liquid metal
it is desirable to have knowledge of the thermal fields within
the fluid, especially during convective or unsteady flow. Cre-
ating isothermal patterns from convective fluids using the
method of holographic interferometry [9] has proven to be
useful for determining the character of convective flow. Not
only is the temperature field clearly diagrammed, but also
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NOMENCLATURE

AR aspect ratio, height/length (1/p)  linear absorption coefficient

d material thickness [cm] [cm?* g™

b intensity p fluid density [g cm™?].

T temperature [K].

Greek symbols Subscripts
A difference A hot side
A temperature dependence of density B cold side
[gem™* K] 0 incident.

the direction and magnitude of the flow, as well as flow Iy e —p ) )
oscillations. These types of whole field observations are not K =¢ o @

casily made using temperature probing techniques.

The work by Campbell and Koster [8] showed that the
3% density difference between solid and liquid gallium could
be clearly visualized, especially with the appropriate image
processing techniques. When a fluid is differentially heated,
the density of the fluid varies as a function of temperature.
Since X-ray absorption is a function of material density, it
was proposed that the difference in absorption from the hot
and cold liquids could provide sufficient variation in intensity
levels to be detected by the radioscopic image processing
system. The governing equation for X-ray absorption in a
particular material is given by :

I= 10 ef(u//))pd’ (1)

where 7 is the resultant intensity, /, the initial intensity, (1/p)
the linear absorption coefficient, p the fluid density and ¢
the material thickness in the direction of the penetrating
radiation [10]. Given a differentially heated rectangular cav-
ity (Fig. 1) with the hot side associated with the subscript A
and the cold side associated with the subscript B, and recall-
ing that the cavity thickness and linear absorption coefficient
are constant on both sides, the ratio of intensities from the
cold side to the hot side becomes

Incident Intensity, I,

AZ

Hot Side

/1,

AT
l“d-»/

The temperature dependence (—0p/0T) of a material is given
by the variable — A, which for gallium is given as 0.56 x 10 ~*
gem ™ K7' [11]. A is assumed constant in the considered
temperature range. Substituting this parameter in place of
the density terms and accounting for the temperature differ-
ence, AT, equation (2) yields:

1y

— o~ (WP —AAD 3)
Iy

The percent density difference which must be detected for
visualization of constant density fields in liquid gallium with
an applied temperature difference of 8°C is calculated to be
about Ap = 0.2%. The equations above also implicate that
this method is an integrating density measurement, similar
to interferometric techniques, which precludes the vis-
ualization of three-dimensional effects.

EXPERIMENTAL SET-UP

The-experimental facility consists of an X-ray system and
an imaging system. The X-ray system is a standard NDT

dpldL
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N
—

Exit Intensity, I,

Exit Intensity, I,
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16, 1. Diagram illustrating variable absorption through a differentially heated cavity.
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facility manufactured by Ball Industrial Systems. It includes
a 160 kV tungsten X-ray source which has a spot size of 0.4
mm x 0.4 mm. The X-rays are imaged on a Csl fluoroscopic
screen and subsequently recorded via a CCD camera. The
image is then transferred to a Hamamatsu DVS-3000 real
time image processor. The processor is capable of back-
ground subtraction, time integration, and contrast and
brightness adjustments. In addition, it has an image capture
card which allows selected images to be transferred, via a
GPIB connection, to a personal computer for additional
image processing, such as enhancement and false coloring.

The test apparatus used for these experiments is the same
as that used by Campbell and Koster [8] and will only be
briefly described here. The gallium is contained in a plexiglas
test cell with 1.25-cm-thick walls to provide adequate insu-
lation. Heating of the side walls is accomplished via molyb-
denum-coated copper thermodes which exchange heat
with the fluid from two recirculating thermostats. Tem-
perature measurements are made using type K ther-
mocouples inserted through the test cell lid. The amount of
scattered radiation is limited through the use of a radiation
precollimator, lead test cell masks and an X-ray criss-&o’ss
focal grid with 103 lines/inch.

Isothermalization of the gallium was done at around 50 C
for a minimum of 3 h. Typical final temperature variations
were £0.2°C at the isothermal condition. After the back-
ground image was captured, the thermostats were ramped to
achieve a high temperature gradient. Establishing a tem-
perature gradient in the liquid gallium larger than about 8 C
proved to be difficult due to heat loss in the system and the
large thermal conductivity of the gallium.

RESULTS

The density fields visualized using this method are shown
in Fig. 2. The image has been processed and color-coded
using PhotoPaint™ software. The red region represents the
hot liquid. The gallium was allowed to partially solidify
to help read the image by indicating the direction of the
temperature gradient. In addition, the shape of the solid—
liquid interface verifies the direction of the convective flow
and gives some indication of its intensity [8]. Three zones of
varying temperature are discernible. The indication from this
figure is that regions of different temperature fluid can be
visualized in a liquid metal flow using radioscopic methods.
These flow patterns can be compared to the numerical works
of Kuo [12] and of Viswanath [13]. The experimental work
of Stewart [3] using T/C probes also shows similar convective
patterns. The Grashof number of the experiment was deter-
mined to be 4.3 x 10°.

The radioscopic image (Fig. 2) discloses the current lim-
iting resolution of this visualization technique. It is believed
that the resolution is a composite problem arising from both
the X-ray source size and the sensitivity and quantum physics
of the fluoroscopic screen. This quantum mottle comes from
the transformation process of X-rays into visible light in the
Csl screen. Because the intensity variations are so small
between the light transmitted through the hot and cold fluid.
the differences which are discerned fall within the scintillation
noise level of the Csl screen. In other words, the light
response of the screen to variations in X-ray intensity is
not presently adequate to differentiate the varying incident
intensities with high clarity. The other source of noise and
mottle comes from the target of the X-ray source. The shape
of the Gaussian X-radiation emission distribution of the
source target may also be a contributor [14]. In addition, a
small degree of image unsharpness is created when the X-ray
target has a finite size. The smaller the target size, the lower
the degree of unsharpness [15]. Other parameters which can
affect the image clarity, such as the distance from the liquid
layer to the imaging screen and the distance from the liquid
layer to the X-ray source, have been optimized to within the
physical limits of the facility.
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CONCLUSION

Visualization of density fields in liquid gallium has been
successfully demonstrated. However, due to the large degree
of quantum mottle present in the image, no more than three
regions of similar density fluid were able to be discerned.
This resolution provides a general indication of the behavior
of the convective fluid, but is as yet insufficient for providing
valuable quantitative data. It is believed, however, that, with
further hardware improvements and the proper post-pro-
cessing and image enhancement techniques, the images can
be smoothed out to provide valuable real time visualization
of convective flow patterns in liquid metals.
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