Visualization of Marang
Convection in
Simulated Weld Pools Containing
a Surface-Active Agent
Marangoni convection is reversed to go inward along the pool surface and
downward toward the pool bottom, and deeper laser beam welds are produced
when the agent is present
BY C. LIMMANEEVICHITR AND S. KOU

ABSTRACT. The theory that a surface-active agent can cause weld pool
Marangoni convection to reverse itselfto go inward along the pool surface and
downward toward the pool bottom and
result in deeper weld penetration - - was
proposed by Heiple and Roper in 1982
and studied worldwide since then. To actually observe such a flow pattern, a simulated transparent weld pool of NaNO3
(10 mm in diameter) was heated with a
defocused CO2 laser beam to induce
Marangoni convection, and C2HsCOOK
was used as a surface-active agent to
cause flow reversal. A laser light-cut
technique was used to reveal convection
in the pool. With pure NaNO3, convection was outward along the free surface
and downward along the pool wall.
However, when C2HsCOOK was present
(e.g., at 0.5 and 1 mole-%), convection
slowed down. When more C2HsCOOK
was present (e.g., at 1.5 and 2 mole-%),
convection was reversed to go inward
along the pool surface and downward
along the pool axis. Since this is in the
opposite direction of gravity-induced
buoyancy convection, Marangoni convection clearly dominated in the pools.
In stationary laser beam welding, NaNO3
containing 1 mole-% C2HsCOOK
showed deeper weld pools and inward
surface flow, while pure NaNO3 showed
shallower weld pools and outward surface flow. This is consistent with the reversal of Marangoni convection caused
by C2HsCOOK observed in the flow visualization.
C. LIMMANEEVlCHITR andS. KOU are Graduate Student and Professor, respectively, in the
Department of Materials Science and Engineering, University of Wisconsin, Madison,
Wisconsin.
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Introduction
Marangoni convection, also called
surface-tension-driven convection or
thermocapillary convection, can have a
dramatic effect on the penetration depth
of the resultant weld. This was described
in the well-known work by Heiple and
Roper (Ref. 1).
Marangoni convection in a weld pool
is illustrated in Fig. 1. The top view of the
weld pool in Fig. 1A shows convection is
outward along the pool surface. The front
view of the pool in Fig. 1B shows the outward surface flow turns around at the
pool edge, and the return flow below the
pool surface is downward and inward.
The presence of the heat source near
the center of the weld pool induces a
negative temperature gradient along the
pool surface, that is o~T/o3s<0, where T is
temperature and s is the outward distance
along the pool surface. In the absence of
a surface-active agent, the surface tension Y decreases with increasing temperature, that is, c~y/o3T<0 (Ref. 2).
As shown in Fig. 1B, a positive surface-tension gradient o~y/~s is present
alongthe pool surface. Consequently, the
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liquid is pulled along the pool surface
from the center (where temperature is
high and the surface tension is low) to the
edge (where temperature is low and the
surface tension is high). Mathematically,
o~/o~s= o~T/o~sx o~/~T. In other words, the
surface-tension gradient o~/o~s(>0) is induced both by the temperature gradient
along the pool surface o~T/o~s(<0) and the
temperature dependence of the surface
tension o~y/o~T(<0).
The presence of a very small amount
of a surface-active agent can make the
weld pool much deeper (Ref. 1). The surface-active agent of a liquid, e.g., S in
liquid steel, is a material that can significantly reduce the surface tension of the
liquid and even change its temperature
dependence. It has been shown by thermodynamics (Ref. 3) and by experimental data (Refs. 4, 5) that in the presence of
such an agent, the surface tension can, in
fact, increase with increasing temperature, that is, o~/~T > 0. This makes the surface-tension gradient along the pool surface negative, that is, c37/o~s <0. As
illustrated in Fig. 1C, the liquid is pulled
along the pool surface from the edge
(where temperature and the surface tension are both low) to the center (where
temperature and the surface tension are
both high). With the direction of flow reversed to favor convective heat transfer
from the heat source to the pool bottom,
a much deeper pool can be produced, as
shown in Fig. 1D. General information
about Marangoni convection in the weld
pool is available elsewhere (Refs. 6, 7).
Marangoni convection cannot be
studied in arc welding because of the interference by the electromagnetic force
in the weld pool and by the aerodynamic
drag force of the arc. To avoid this problem, the arc can be substituted with a
laser beam defocused to the size of the
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Fig. I - - Marangoni convection in weld pools. A - - Top view, convection outward; B - - front view, outward convection turns and
flow below surface is downward and in ward; C - - liquid pulled from
pool edge to center; D - - flow reversed to the pool bottom.

arc. As in arc welding, melting is through
heating from the top surface (the socalled conduction mode), and no vapor
hole is produced in the weld pool by the
laser beam (the so-called keyholing
mode). The Marangoni convection induced by such a defocused laser beam
should be similar to that induced by a
welding arc.
Flow visualization in a weld pool is
limited to the pool surface because the
molten metal is opaque. In fact, even at
the pool surface such observation can
still be difficult because of the brightness
of the arc. Ishizaki, et al. (Ref. 8), observed Marangoni convection in a slice
of molten paraffin heated by a soldering
iron in contact with its top surface. Since
paraffin is often a mixture of several organic compounds, its physical properties
are not defined. Furthermore, it is not
known if a surface-active agent is available for paraffin.
Recently, the authors have conducted
physical simulation of weld-pool
Marangoni convection by using a transparent pool of NaNO3 and heating it with
a defocused laser beam (Ref. 9). The
physical properties of NaNO3 are well
documented, as will be shown later. The
Marangoni number Ma for the simulated
weld pool of NaNO3 was close to those
for steel and aluminum weld pools (Refs.
10-14). According to the similarity law of
hydrodynamics, similarity in Marangoni
convection between two fluid systems
can be expected if the Marangoni numbers are close to each other (Ref. 15).
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Fig. 2 - - A transparent system for flow visualization of Marangoni convection in a simulated weld pool.

In
the
present
investigation,
Marangoni convection in weld pools is
simulated again using NaNO3 but with
C2HsCOOK as a surface-active agent.
The objectives are 1) to observe reversed
Marangoni convection caused by a surface-active agent, and 2) to study the effect of the surface-active agent on the
weld shape. Since the focus is on the observation of flow reversal and its effect on
the weld shape, no attempt was made to
measure the temperature and composition distributions along the pool surface
and determine the Marangoni numbers.

Experimental Procedures
Materials
Sodium nitrate, NaNO~, is a low-melting-point oxide and its physical properties are shown in Table 1 (Refs. 16-21 ). It
has a transmission range of 0.35 to 3 I~m
and is, therefore, opaque to the CO2 laser
(10.6 ~m) just like a weld pool is opaque
to the heat source. Potassium propionate,
C2HsCOOK, decomposes at 330°C (Refs.
10, 16). The purity levels were above
99.99 and 99% for NaNO:~ and
C2HsCOOK, respectively.

Flow Visualization
The apparatus for flow visualization,
shown in Fig. 2, is identical to the one
used previously for flow visualization in
pure NaNO3 (Ref. 9). It consisted of a
Pyrex glass tube (10 mm ID) holding an

essentially hemispherical pool of NaNO3
and a square Pyrex glass beaker (40 x 40
mm inside) holding a NaNO 3 melt.
A defocused CO2 laser beam shone at
the center of the pool surface to induce
Marangoni convection. The characteristics of the CO2 laser have been described
(Ref. 9). The beam power was measured
with a power meter having a 0.1-W resolution. The beam diameter was measured with a micrometer-mounted device developed recently (Ref. 9).
The NaNO~ melt in the square beaker
served to correct the optical distortion
caused by the lens effect of the pool and
to keep the pool from freezing and becoming opaque. The refractive index of
NaNO3 (1.46) is practically identical to
that of Pyrex glass (1.47). A thermocoupie was placed in the glass beaker near
the bottom and hooked up to a temperature controller set at 330°C. In the absence of a CO2 laser beam, this gave a
temperature of 323.4°C at the bottom of
the outer surface of the glass tube.
The amount of NaNO3 in the glass
tube was 630 mg. The tube was placed in
the glass beaker to melt the NaNO3 in the
glass tube. A small amount of
C2HsCOOK, ranging from 2.5 to 10 mg,
was added to the NaNO3 pool at the pool
temperature below 320°C. An electronic
balance with 0.1 -mg resolution was used
for weighing. After the addition, the glass
tube was removed from the beaker and
shaken for two seconds before it was put
back to the beaker. After checking alignment, the CO2 laser was shone on the
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pool surface and flow visualization was
started. All photographs were taken
within 20 to 40 s.
A laser light-cut technique was used
for flow visualization. The laser light
sheet was produced with the help of a 20mW He-Ne laser and optical lenses. It cut
through the meridian plane of the pool to
illuminate to the tracer particles in the
melt and reveal the flow pattern. Aluminum particles 5 lum in diameter were
used as a tracer. The density of aluminum
(2.7 g cm-~) is greater than that of the
NaNO~ melt (1.9 g cm-~). From Stokes'
law (Ref. 7), however, the settling velocity is much slower than Marangoni convection in view of the small particle diameter. In fact, aluminum particles are
often used for flow visualization in water
(Ref. 22), which is even lighter than
NaNO~. A certain amount of aluminum
particles gradually settled to the pool bottom over extended periods of time. Photographs of the flow patterns were taken
with Kodak Technical Pan films and an
exposure time of 0.625 s. The reflex mirror of the camera was locked to reduce
vibration.
Similar photographs were taken with
a much shorter exposure time of 0.05 s
with high-speed Kodak T-MAX P3200
films. The negatives were developed and
scanned into the computer with a highresolution scanner (maximum resolution
3200 dpi). The lengths of the velocity
vectors were determined by using the x
and y coordinates in the Info Palette displays in Adobe Photoshop 5.5 (Ref. 23).
From the lengths of the flow lines and the
exposure time, the velocity vectors in the
pool were determined. The velocity vec-
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tors were interpolated using the inversedistance interpolation function in Tecplot
(Ref. 24) on a 27 x 28 grid that fits the free
surface, wall and centerline of the pool.
Laser Beam Welding

Blocks of NaNO~ were prepared for
welding by melting and casting. The top
and bottom surfaces were ground flat and
cleaned before welding. The dimensions
of the samples were 10 x 10 x 2 cm.
Stationary welds were made with a
defocused CO2 laser beam. The welding
time was up to three minutes. The melt
was then decanted from the pool instantaneously. Since the melt solidifies
slowly, there was enough time for decanting.
The shape of the emptied pool was determined by using a digital x-y stage with
a resolution of 0.01 mm and a fine-tip
dial indicator with a resolution of 0.025
mm. The depth of the pool was measured
every 0.25 mm along the diameter, in
two directions perpendicular to each
other.
Results a nd Discussion
Flow Pattern

Figure 3 shows the flow patterns induced by a CO_, laser beam of 2.1 W
power and 5.9 mm diameter. The melt
wets the glass tube and forms a meniscus
that makes the pool surface concave,
though the pool surface can often be
concave in conduction-mode laser
beam welding for other reasons (Refs.
14, 25, 26).

The arrows above the pool surface indicate the directions of flow along the
pool surface. A dark shadow is present
below the left-hand edge of the pool surface because this part of the pool surface
reflects the laser light sheet coming from
the right. The front half of the concave
free surface faces the camera and acts as
a mirror to show the illuminated meridian plane to the camera. This produces a
bright image above the entire pool surface. The arrows are shown inside the
range of this image.
Figure 3A shows the flow pattern in a
pool of pure NaNO~. Fluid flow is steady,
axisymmetric and unicellular, somewhat
similar to the shape of a doughnut. In the
meridian plane of the pool, however, the
flow pattern appears as a clockwise cell
on the right and a counterclockwise cell
on the left. In other words, the melt at the
center of the pool surface flows outward
along the pool surface, turns downward
at the pool edge to fall along the pool
wall, and then returns to the center of the
pool surface. The flow lines are most
closely spaced near the pool surface and
become more widely separated below
the pool surface and in the interior. This
is consistent with the fact the surface flow
is much faster than the return flow. There
is little flow in the area near the bottom
of the pool. The centers of the cells are
close to the pool edge. These characteristics of Marangoni convection are confirmed by the videotape movie recorded
during flow visualization (Ref. 27).
Figure 3B shows the flow pattern for a
NaNO~ pool containing 0.521 mole-% of
C,H~COOK (25 mg). Convection is still
outward along the pool surface and

downward along the pool wall. However,
as compared to the case of pure NaNO3,
convection is significantly slower. This is
evident from the fact the flow lines are
shorter than those in Fig. 3A.
As shown in Fig. 3C, when the
C2HsCOOK concentration is increased to
1.042 mole-% (50 mg), convection is reversed - - the surface flow is now inward
toward the center of the pool surface.
Convection is weak, as indicated by the
short flow lines. The flow pattern is not
steady but changes slowly with time.
However, the direction of convection remains unchanged, that is, always inward
along the pool surface.
Figure 3D shows the case in which the
C2HsCOOK concentration is further increased to 1.563 mole-% (75 mg). As
shown in Fig. 3D, the inward surface flow
becomes faster. The downward flow
along the pool axis penetrates deeper,
about halfway to the pool bottom.
The case of the highest C2HsCOOK
concentration of 2.084 mole-% (100 rag)
is shown in Fig. 3E. As compared to the
previous case in Fig. 3D, convection is
stronger, the liquid penetrates closer to
the pool bottom and the flow lines are
longer. This convection is in the opposite
direction of gravity-induced buoyancy
convection,
and
this
indicates
Marangoni convection dominates in the
pool.
Higher CzHsCOOK concentrations
than 2.084 mole-% were also attempted,
but there was a tendency for a film to
form on the pool surface and for bubbles
to form suddenly.
The flow patterns shown in Figs. 3C
through 3E all change slowly with time.
The flow cells move slowly without a
clear frequency or amplitude. This is why
some flow lines in Fig. 3E appear to cross
each other. Within the 0.625-s exposure
time, the flow pattern has changed
slightly. The flow pattern in Fig. 3A for
pure NaNO3 is stable, as already mentioned. It is not suggested, however, that
Marangoni convection with a strong outward surface flow is always stable. In
fact, Marangoni convection in pure
NaNO3 becomes oscillatory when the
laser power is increased beyond a certain
point.
According to Table 1, C2HsCOOK reduces the surface tension of NaNO3 significantly, the concentration dependence
of the surface tension being -22 dyne/
(cm mole-%). Above 330°C, C.,HsCOOK
decomposes as follows (Refs. 15, 21):
2C2H5COOK --> CH3COOK
+C2H5CHO $ +C + KOH

(1)

where C2HsCHO (propionaldehyde,

Table

1 - - Physical Properties

of

Melt (Refs. 16-21)

NaNO~

Properties

NaNO,

Melting point, T,,,°C
Decomposition temperature, T,, °C
Autoignition point, T,, °C
Heat of Fusion, AH, J/g
Temperature coefficient of surface tension,
o~3'c3T, dyne/(cm °C)
Surface tension, y, dyne/cm
Dynamic viscosity, p., g/(cm s)
Density, p, g/cm,
Specific heat, C,,, J/(g °C)
Thermal conductivity, k, W/(cm °C)
Thermal expansion coefficient, [~,°C ~
Thermal diffusivity, o~= k/(p C,,), cm:/s
Prandtl number, Pr = C,,la/k
Refractive index, n
Emissivity, c
Transmission range, X, cm
Concentration dependence of surface tension
for C,H,COOK, dyne/(cm mole-%)
Concentration dependence of surface tension
for CH,COOK, dyne/(cm mole-%)

306.8
380
538
182

-0.056
119.96at T,,,
0.0302 at T,,,
1.904at T.,

1.71 at T,,,
5.65 x 10-3 at T..
6.6x 10 4
1.74x 10-3 at T,,,
9.12 atT.,
1.46
0.3
0.35 x 10-4- 3 x 10-4
-22
-4
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boiling point 49°C), just escapes as a gas.
Unlike
C,HsCOOK,
CH~COOK does not reduce
the surface tension of NaNO~
much and can, therefore, be
neglected for simplicity of discussion. The concentration
dependence of the surface
tension for CH~COOK, -4
dyne/(cm mole-%), is less
than one-fifth of that for
C2HsCOOK,-22 dyne/(cm
mole-%) (Table 1). C and
KOH are not known to have a
significant effect on the surface tension of NaNO~.
The way C2HsCOOK can
cause Marangoni convection
in a laser-heated pool of
NaNO~ to be reversed is illustrated in Fig. 4. C2HsCOOK in
the pool decomposes upon
heating by the laser beam.
This makes the C,HsCOOK
concentration lower at the
center of the pool surface and
higher at the pool edge. Since
CzHsCOOK reduces the surface tension of NaNO3 significantly, the surface tension
can be higher at the center of
the pool surface and lower at
the pool edge. Consequently,
Marangoni convection can be
reversed to go inward along
the pool surface and downward along the pool axis.
However, it should be cautioned that composition and
temperature gradients are present along the pool surface at
the same time and they can
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Fig. 4 - - Reversed Marangoni convection in a NaNO~ pool
containing C,HsCOOK, which decomposes upon heating
by the laser beam.
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have opposite effects on Marangoni convection. The surface tension of NaNO3
decreases with increasing temperature
because oq)'//)T <0 (Table 1). Consequently, the temperature gradients are in
favor of a lower surface tension at the
center of the pool surface and a higher
surface tension at the pool edge, that is,
an outward surface flow. This is just the
opposite of the c o m p o s i t i o n gradients
along the pool surface. If the effect of
composition gradients prevails over that
of the temperature gradients, convection
w i l l be inward along the pool surface and
vice versa.
Let s be the distance along the pool
surface from the center of the pool surface, 7 the surface tension, C the concentration of the surface-active agent,
and T temperature. Since 7 is a function
of both C and T, the variation of the surface tension along the pool surface is as
follows:
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Fig. 6 - - Velocity vectors measured in pools
o f the following: A - - NAN03; B - - N a N O 3
containing 2.084 mole-% C2HsCOOK.
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Fig. 8 - - 5hapes o f stationary welds in solid NaNO~ containing 1.042
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- - 16.5 W a n d 1.5 m m diameter. Welding time: 3 rain.
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Fig. 9 - - 5hapes o f stationary laser welds in solid N a N O 3 containing
1.042 mole-% C2HsCOOK after at a welding time of." A - - 1 rain; B - 2 rain; C - - 3 rain. Beam power: 16.5 W; beam diameter: 1.5 ram.

For NaNO3, the surface tension decreases
both with increasing temperature and increasing C2HsCOOK concentration, that
is, o~,/olT< 0 and o~'/o3C< O. When moving outward along the pool surface, temperature decreases but the C2HsCOOK
concentration increases, that is, dT/ds < 0
but dC/ds > 0. As such, the first term on
the RHS of Equation 2 is positive but the
second term is negative, and the sum of
the two can either be positive or negative.
If the surface tension varies along the pool
surface more with temperature than with
composition, the sum is positive and the
surface flow is outward - - Fig. 3A, B. On
the other hand, if the surface tension
varies along the pool surface more with
composition than with temperature, the
sum is negative and the surface flow is inward - - Fig. 3C - E.
The effect of C2HsCOOK is summarized in Fig. 5. When the levels of
C2HsCOOK concentration and heat
source power are such that the surface
tension decreases outward along the
pool surface, Marangoni convection is
reversed. Convection becomes inward
along the pool surface and downward
along the pool axis, and the centers of
cells move away from near the pool edge
toward the pool axis.

Velocity Fields
The right-hand side of Fig. 6 shows the
short flow lines obtained by photographing with the short exposure time of 0.05
s. The left-hand side shows the velocity
vectors measured from the flow lines.
The flow lines are longer and have a
greater tendency to overlap at the pool
surface than in the interior, and their
lengths are thus more difficult to measure.
The velocity vectors shown in Fig. 6A
for pure NaNO3 are outward near the
pool surface and inward in the interior
while those shown in Fig. 6B for NaNO3
with 2.084 mole-% C2HsCOOK are opposite in direction. On the average, the
velocity vectors are longer in NaNO3
than in NaNO3 with 2.084 mole-%
C2HsCOOK. This is consistent with the
observation of stronger convection in the
former and weaker convection in the latter during flow visualization. The flow is
weaker in the latter because composition
and temperature gradients along the pool
surface act in the opposite directions.
The velocity vectors in Fig. 6 are interpolated and shown in Fig. 7, along
with the corresponding flow patterns
photographed with the exposure time of
0.625 s. Unlike the velocity vectors in
Fig. 6, these velocity fields cover the
whole pool. From Fig. 7A, the maximum
velocity for pure NaNO3 is 16.9 mmls,

outward and pointing along the pool surface. It is located at a radius of 2.76 mm
along the free surface. From Fig. 7B, the
maximum velocity for NaNO3 with
2.084 mole-% C2HsCOOK is 10.7 mm/s,
inward and pointing along the pool surface. It is also located at a radius of 2.76
mm along the free surface. In general, the
velocities at the pool surface are not as
accurate as those below it because of
fewer available flow lines at the pool surface - - Fig. 6.

Pool Shapes
Figure 8 shows stationary laser welds
made in solid blocks of NaNO3 and
NaNO3 with 1.04 mole-% C2HsCOOK.
The laser powers are 12.4 and 16.5 W,
the beam diameters are 5.9 and 1.5 mm,
and the welding time is 3 min. The solid
squares represent the welds in NaNO3
blocks containing
1.04 mole-%
C2HsCOOK that are made in the present
study. The open circles indicate the welds
in pure NaNO3 blocks that were made in
a previous study (Ref. 28). As shown in
Fig. 8, the presence of C2HsCOOK in
NaNO3 increases the weld depth at the
pool axis and decreases the average weld
width.
The laser powers of 12.4 and 16.5 W
for welding are much higher than the
laser power of 2.1 W for inducing
Marangoni convection in the 10-mm
pool. This is because in welding the laser
beam has to be powerful enough to heat
and melt the solid material to form a weld
pool. As such, decomposition of
C2HsCOOK at the center of the pool surface and hence the composition gradients along the pool surface are expected
to be more significant than those in the
10-mm-diameter pool. At the same time,
however, temperature gradients along
the pool surface also become more significant.
Since solid NaNO3 is opaque, the
flow pattern in the weld pool cannot be
observed by the light-cut technique.
However, the surface bubbles produced
by the decomposition of C2HsCOOK can
still show the direction of the surface
flow. They move inward along the weld
pool surface before bursting near the
center of the pool surface, and this indicates the surface flow is inward. As already shown by flow visualization, when
the surface flow is inward, the flow, and
hence convective heat transfer along the
pool axis, are downward toward the pool
bottom. This explains why the
depth/width ratios in the welds containing 1.04 mole-% C2HsCOOK are higher
than those in the welds of pure NaNO3.
The flat and convex bottoms of the
pure NaNO3 welds have been explained

previously (Ref. 28). In short, outward
surface flow dominates heat transfer in
the pool and the pool bottom is, therefore, flat. As the beam diameter is reduced from 5.9 to 1.5 mm, however, the
power density, and hence the temperature at the center of the pool surface, increase significantly. The increased surface-tension gradients along the pool
surface make the outward surface flow
strong enough to turn downward at the
pool edge and carry heat downward.
Consequently, the pool is deeper near the
pool edge than at the pool axis, that is,
the pool bottom becomes convex. In the
weld pools of NaNO3 containing 1.04
mole-% C2HsCOOK, however, the outward surface flow no longer exists, and
the pool bottom is no longer convex.
As C2HsCOOK decomposes with
time, its concentration in the weld pool
decreases. It is possible that beyond a
certain point of time the pool depth actually begins to decrease because of little
C2HsCOOK left in the pool. In other
words, strong outward surface flow takes
over and the pool bottom starts to turn
convex just like in a pure NaNO3 pool.
Figures 9A, B and C show the weld pool
shapes in NaNO~ containing 1.042
mole-% C2HsCOOK after a welding time
of 1,2 and 3 min, respectively. As shown,
the pool depth continues to increase
within the 3 min period of time. This suggests that the 3 rain welding time for the
welds shown previously in Fig. 8 is appropriate.

Conclusions
Reversed Marangoni convection,
caused by the presence of a surfaceactive agent to go inward along the pool
surface and downward toward the pool
bottom, can be observed in a simulated
weld pool of NaNO3 containing
C2HsCOOK as a surface-active agent and
heated from above by a defocused CO2
laser beam. Flow visualization can be
achieved by using a laser light-cut technique to reveal convection in the pool.
With pure NaNO3, convection is outward along the free surface and downward along the pool wall. However,
when C2HsCOOK is added, convection
slows down. With further addition of
C2HsCOOK, convection can be reversed
to become inward along the pool surface
and downward along the pool axis. Since
this is in the opposite direction of gravityinduced
buoyancy
convection,
Marangoni convection clearly dominates
in the pool. In each pool, the laser light
sheet intersects the doughnut-shaped
flow cell twice and "two" counterrotating
cells appear in the meridian plane of the
pool. The centers of the cells are near the
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pool edge in the case of pure NaNO3 but
move toward the pool axis as the
C2HsCOOK content is increased. Stationary laser welding shows the pool is
deeper in NaNO~ containing about 1
mole-% C2HsCOOK than in pure
NaNO3. This is consistent with reversal of
Marangoni convection by C2HsCOOK
observed in f l o w visualization. The
downward flow along the pool axis carries heat from the laser beam to the pool
bottom and makes it deeper.
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