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ABSTRACT
A previous application of the advanced diagnostic method,

Molecular Tagging Velocimetry (MTV), showed promise with
respect to providing an improved understanding of velocity
fields in the complex thermo-solutal flows associated with
solidification in the presence of significant buoyancy. The
present study extends the earlier results (Wirtz et. al, 1998) in
an ammonium-water alloy analog by demonstrating the
capability of quantifying two components of the instantaneous
velocity vectors of such flows. The model alloy was
directionally-solidified by chilling from below. Velocity vectors
were measured near the solidification front at early phases
(~3minutes) of the solidification when fine structures exist.
Well-defined convective flow patterns were documented with
velocities on the order of 1 mm/s measured for both velocity
components. Velocity vectors within and around a plume were
also measured further away from the solidification front later in
the solidification process (~100 minutes). The optical grid used
for tagging must be refined to provide adequate spatial
resolution within the plumes. The capabilities and limitations of
the MTV method in its present realization are described. The
results demonstrate that the MTV method is a powerful tool that
can be expected to provide valuable data related to complex
thermo-solutal flows associated with solidification in the
presence of significant buoyancy.

INTRODUCTION
The use of uni-directional solidification in the solidification

of alloys provides increased resistance to creep rupture and
thermal fatigue in the final solidified ingot. The convective
mechanisms caused by solutal and thermal forces during the
solidification of a binary alloy under off-eutectic conditions can

produce imperfections in the form of solute-rich channels.
(Worster, 1992)

Past experimental, analytical and numerical studies have
established that the convective phenomena present can best be
described in terms of complex dynamic fields. Most
experimental methods applied to date have been poorly suited
to accurately measure these phenomena (Chen et. al., 1991;
Hellawell et. al., 1993; Magirl et. al., 1993; Prescott et.al.,
1996; Wang et.al., 1996). In this study, we apply a non-intrusive
technique for velocity measurement called Molecular Tagging
Velocimetry (MTV) as a means of measuring the details of such
flows accurately.

MTV has been applied successfully at Michigan State
University to the characterization of a variety of flows including
the flow field measurement within an internal combustion
engine, the wake of an unsteady airfoil and vortex flows and it
is now being used for small-scale applications in the
solidification of an alloy analog  (Koochesfahani, 1999).
Molecular tagging approaches can offer attractive advantages
for velocimetry compared to particle-based techniques (e.g.
PIV), since issues such as the tracking of the flow and the
intrusion caused by the seed particles are eliminated. This
technique also provides whole field, "instantaneous" maps of
velocity vectors over a plane, which is important in advancing
our understanding of the convective phenomena present during
uni-directional solidification.

A previous implementation of MTV to thermo-solutal flows
associated with solidification in the presence of significant
buoyancy used a single line tagging approach that yielded one-
component velocity measurements of the plume (Wirtz et. al.,
1998) This paper will extend the previous work and detail the
use of a two-component measurement.
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One purpose of applying MTV to such flows is to measure
the velocity fields in and around solute-rich channels near the
solidification front. These measurements, coupled with
numerical modeling, should provide an improved quantitative
understanding of the permeability characteristics of the mushy
region during uni-directional solidification.

This paper details the experimental setup and
implementation of the MTV technique with preliminary results
from two component velocity measurements of regions near the
mushy zone and within the plume. Visualization of the
solidification process was also performed to illustrate the
phenomena.

2    EXPERIMENTAL SETUP
A test section of 1/4" quartz glass measuring 52 x 89 x

100mm was placed over a stainless steel base plate. A cooling
chamber below the stainless steel plate is used to cool the base
plate to a temperature of -14oC. The solidification system
utilized is similar to the one described in Magirl and Incropera
(1993) and is shown in Figure 1.

Figure 1. Schematic of test section

The shrinkage compensator fitted into the lid of the test
section allowed additional fluid to be supplied during the
experiment to compensate for solidification shrinkage. The
coolant used consists of a 50% mix of water and automotive
anti-freeze which was refrigerated by an external cooling bath
(Neslab RTE-140) and pumped through insulated tubing into
the cooling box. The cooling provided to the test section would
then initiate the crystallization process.

Plumes were observed to develop in a random manner and
it was found that ~ 11 chimneys would form within the test
section every time the experiment was performed. To better
predict the location of these chimneys, 11 nucleators were
embedded in a regular fashion in the base stainless steel plate to

induce a finite disturbance to the formation of the mush. The
location of these nucleators are as shown in Figure 2.

Figure 2. Schematic of nucleator position

Nucleators measuring 1.59 x 1.59 x 3.19mm in size were
embedded into the stainless steel plate to induce the formation
of channels associated with the rejection of buoyant fluid from
the mushy zone. By fixing the arrangement of the channels in a
regular manner by the use of nucleators, the formation of
plumes is predictable - facilitating optical data acquisition for
velocity measurements using MTV.

The binary alloy used in the experiment was a
hypereutectic (26%) ammonium chloride which is a popular
alloy analog used by many researchers. (Liu et. al (1998),
Beckermann et. al. (1996), Chen et. al. (1991), Incropera et. al.
(1993))

In setting up the optics for measurements with MTV,
various cylindrical lenses and mirrors were used to obtain
multiple lines of the laser beam similar to the one shown in
Figure 1.

3 VISUAL OBSERVATION OF CONVECTIVE FLOW
Referring to the equilibrium diagram in Figure 3, the liquid

states within the mushy zone during the solidification process
would be described by the liquidus line between the
temperature corresponding to the hyper-eutectic initial
concentration and the eutectic concentration/temperature.
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Figure 3. Equilibrium diagram of aqueous ammonium
chloride (NH4Cl)

As the ammonium chloride solution crystallizes, the height
of the mushy zone increases, which reduces the weight
percentage of the solute. The height of the mushy zone with
respect to time is provided in Figure 4.
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Figure 4. Plot of Height of Mushy Zone with respect to
time

During the early stages of cooling (< 30mins), small-scale
convection plumes (fingers) form and contribute to the
formation of the mush. These fingers are generated due to the
presence of thermal and density gradients. An optical imaging
method was devised to capture the details present during this
stage of cooling. A visualization of this phenomenon is
provided in Figure 5. One of the focal points of this study is to
measure the velocity within these plumes.

Figure 5. Initial flow field at 6 min into the
solidification process (add scale for all images)

At much later times (> 50min) , chimney-like structures
begin to form, which provides an outlet from the mush for
rejecting lighter fluid into the surroundings. Visualization of
these structures is provided in Figure 6(a). Notice the double
diffusive layers on the left edge of the image. An enlarged view
of the second plume from the left is shown in Figure 6(b).

             
(a)        (b)

Figure 6. (a) Image of plumes at 2 hours into the
solidification process (b) Enlarged view of plume

Other phenomena observed during the solidification
process include plume buckling that usually occurs at the top of
the test section, helical plume motion and thermally driven
wisps. It is our goal to measure the whole-field velocity above
the mushy zone and within the plume. The velocity fields
obtained can provide more accurate boundary conditions for
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estimation of the permeability of the mushy zone through
numerical analysis. 

4 MOLECULAR TAGGING VELOCIMETRY
In implementing the MTV technique, the flowing medium

is premixed with molecules that can be transformed into long-
lifetime tracers upon excitation by photons of an excimer laser
(308nm). The tracer used in this study is a phosphorescent
supramolecule tracer, 1-BrNp•Gβ-CD•ROH (Gendrich et. al.
1997) with a lifetime of τ ≈ 3.7ms.

Typically, a pulsed laser is used to "tag" small regions of
interest. The tagged regions are imaged at two successive times
within the lifetime of the tracer. The measured displacement
vector provides the estimate of the velocity vector.

A grid pattern with spatial gradients in two preferably
orthogonal directions is used to unambiguously measure two
components of the velocity in a plane. To create the grid
pattern, the pulsing beam of an excimer laser is manipulated by
cylindrical optics to increase its aspect ratio. The thinner laser
beam is then split using a 50:50 beam splitter, and then each of
the resultant thin laser sheets passes through a beam blocker to
generate a laser grid pattern. The two sets of lines would then
intersect to create the grid pattern. The beam blocker is simply a
metallic plate with a series of thin slots cut into it to allow
portions of the incident beam to pass.

Two images are taken successively within the lifetime of
the tracer to obtain an undelayed and delayed image. By
correlating the two images, displacement of the intersecting
feature (tagged regions) of the grid would then be translated to
whole field velocity vectors (see Figure 7). The details of the
correlation and its performance are described in Gendrich and
Koochesfahani (1996). This method allows non-intrusive whole
field measurements of the area above the mushy zone.

In imaging the grid pattern, an intensified camera is utilized
due to the long delay between the time the laser fires and the
time the second image is acquired. The typical delay used
between the delayed and undelayed images is 53ms.

The MTV technique involves mixing a tracer into the
ammonium chloride solution. Therefore the presence of the
tracer could potentially affect the solidification by changing the
crystallization process, the thermal behavior or the flow
behavior. The typical concentration of the ammonium chloride
solution is 26% by weight, whereas the highest concentration of
the three components of the MTV triplex is less by at least three
orders of magnitude (in molar concentration). Due to the small
concentrations of the tracer used, it is expected that the physical
properties do not change significantly, so that the thermal and
flow behavior of both systems with and without the tracer
would be equal. To confirm this, experiments with and without
using the tracer were performed. A comparison between the
experiments did not indicate any change in behavior including
the temperature range in which crystallization commenced or
the development of the mushy zone. Thus, the solidification and

convective behavior were not noticeably influenced by the
presence of the tracer molecules.

5 MTV VELOCITY MEASUREMENTS
As the mushy zone forms, there is a region roughly 10mm

above the mush where discrete ammonium chloride crystals are
developing (see Figure 5). This typically occurs during the
initial stage of solidification (4-20mins). The scattering from
these crystals interferes with the propagation of the laser beams
and also increases the amount of light scattered, which results in
a decrease in the signal to noise ratio of the image. Thus all
measurements made here were at least 10mm above the
solidification front to ensure that the images had enough signal
to noise ratio for correlation. (Gendrich et. al., 1997)

Since the fingers present in the early stages of solidification
are very small (about 130µm in diameter), the MTV grid was
made to be very fine (line width ~ 160µm) so as to measure the
flow field more accurately. The spatial resolution of the velocity
measurement is 700µm in this instance. An image of the MTV
grid taken in this region is given in Figure 7. The delayed image
in Figure 7 (c) is delayed by 53ms with respect to Figure 7 (b).

(a)

      
(b)                              (c)

Figure 7. (a) Visualization of the flow field at 3
minutes; (b) Initial undelayed MTV tagging pattern; (c)

Corresponding delayed image

The images in Figure 7 were then correlated to calculate
the whole field velocity, which is illustrated in Figure 8.
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Figure 8. Instantaneous velocity vectors computed
from Figure 8(b) and (c), at 3 min into the

solidification process. (x and y axes are in mm)

Note that in this early stage, a well-defined convective flow
have already formed and that the velocity components in both
the x and y directions are comparable.

The next area of interest is the velocity field within the
plume. Two methods were utilized in measuring the velocities
within the plume. Below the location where the plumes take on
a helical motion, the fluid is seen to be rising vertically as in
Figure 6. In the previous work by Wirtz et. al. (1998), it was
assumed that the velocity vector was in the vertical direction
only and single line tagging was used.

A sample of multi-line MTV tagging is shown in Figure 9
where the tagged regions are shown after displacement over a
period of 60 ms. The image illustrates a region of about 6.5mm
x 12mm around a single plume approximately 2 hours after the
start of the solidification process. The spatial resolution is about
33 µm/pixel and the width of the first tagged line (i.e. full width
at half maximum) above the plume is about 230 µm. These
MTV results are an improvement in the spatial measurement
resolution compared to those performed by Wirtz et. al (1998)
as the spatial resolution and data density of the MTV
measurements has been increased by a factor of two.

The advantage of multi-line tagging is that the
instantaneous spatial evolution of the plume can be discerned.
The quantitative instantaneous velocity profiles are extracted
from the first and fifth tagged lines above the chimney in Figure
9 and its resulting velocity profile in Figure 10.

Figure 9. Image of single line tagging near chimney
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Figure 10. Velocity profile of single line tagging

In Figure 10, X corresponds to the vertical height of the single
tagged lines from the chimney while Y denotes the transverse
coordinate in reference to an arbitrarily selected location.

Once the plume reaches a certain height (typically
~11.5mm from the chimney) the plume takes on a helical
motion. The helical motion results in the flow field moving in
and out of the MTV grid plane. The two components of velocity
in a plume can only be made when the plume bisects the MTV
grid. An image showing the displacement of the grid in the
presence of a plume is shown in Figure 11.

Tagged
lines

Chimney
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(b)

(c)
Figure 11. (a) Flow visualization at 98 minutes.

(b) Displaced tagged grid lines at 98 minutes ( ~51mm
from base plate) - Solidification front ~ 32mm from

base plate (Image Width ~13mm, height ~10mm)
(c) Instantaneous velocity vectors computed from

Figure 11 (b)

The peak velocities are measured to be about 2-3mm/s,
which is comparable with the range of speeds measured using
the single line technique in Figure 9. However, these peak
velocities are lower than previously reported by other
investigators which reports a velocity of ~8-9 mm/s (Liu et. al.
1999). The discrepancy could be due to the tagging pattern in
Figure 11 (b) not being coincident with the area of maximum
velocity within the plume. If the center of the plume is out of
the plane of illumination due to the helical motion, the area of
maximum velocity may not be in the tagging plane.

The grid shown above has a distance between laser lines of
~ 1mm with thickness of ~ 300µm which is thicker than the one
used for the flow field near the mushy zone. Higher resolution
grid measurements are in progress.

CONCLUSION
This study has demonstrated the use of the MTV technique

in measurements of small-scale flows. The advantage of this
approach compared to other velocity measurement techniques
like particle-based method is that this technique uses a
molecular scale probe which produces a minimal effect on the
very sensitive flow field within the bulk fluid.

Thus far, we have illustrated the use of MTV in obtaining
measurements in one and two components of the velocity field.
A 3-component measurement of the flow field to account for
out-of-plane motion would require stereoscopic MTV. A
stereoscopic implementation of MTV is discussed in Bohl et. al.
(2001).   

The present delay time used is in the range of 53-60ms. At
longer delay times, the signal to noise ratio is insufficient to
obtain a correlation of the tagged regions. However, it is
determined that the current delay time is capable of measuring
instantaneous speeds of as low as 0.01mm/s. The spatial
resolution as shown in Figure 11(a) for measurements above the
chimney is ~725µm while for measurements above the mushy
region, a spatial resolution of ~700µm is currently achievable.
This is not sufficient to resolve the velocity fields within the
plumes. However, a marriage of the single line correlation and
the two component grid measurements can be made to improve
the spatial resolution. The velocity fields obtained at the
intersections can be interpolated to estimate the direction of the
velocity components in between. The previous single line
tagging method assumed that the direction of the plume is only
in the vertical direction. This combination would result in a
higher spatial resolution of the velocity field measurements. The
results show that the MTV technique can be applied to the
measurement of velocity fields in small-scale flows.
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