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A B S T R A C T :  The experiments of drop Maxangoni migration have been performed 
by the drop shift facility of short period of 4.5 s, and the drop accelerates gradually 
to an asymptotic velocity during the free fall. The unsteady and axisymmetric model 
is developed to study the drop migration for the case of moderate Reynolds number 
Re -- O(1), and the results axe compared with the experimental ones in the present 
paper. Both numerical and experimental results show that the migration velocity 
for moderate Reynolds number is several times smaller than that given by the linear 
YGB theory. 
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1 I N T R O D U C T I O N  

Drop Marangoni migration driven by a temperature gradient is a typical subject in 
the fluid mechanics and also in the microgravity science. Because the rate of change of the 
surface tension with temperature  is negative, the particles in the interface move to the colder 
direction and so the uneven gradient of pressure makes the drop move from colder regions 
toward hotter  regions. A linear analysis was suggested at first as the YGB model[q. Then, 
the results were extended to include the weak non-linear terms by the analytical method[2,3], 
and the complete non-linear process in a theoretical model can be obtained only by the 
method of numerical simulation [4~6]. Most of these studies deal with the steady process of 
the drop migration, and the acceleration process should be studied by the unsteady model. 

The drop Marangoni migration process in ground-based experiments is usually coupled 
with the drop buoyant migration, and the pure Marangoni migration process can only be 
performed in the microgravity environment. The space experimental results of the drop 
Marangoni migration agree with the YGB model in cases of small drops of (11 • 1.5)#m 
in diameter [7], however, the migration velocities of the microgravity sounding rocket experi- 
ments for the larger drops of 0.69~2.38 mm in diameter are smaller than those given by the 
YGB model Is]. 
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The drop Marangoni migration has been studied for the cases of middle and large 
Reynolds number in both experimental and numerical simulations. The numerical simula- 
tion of unsteady and two-dimensional model has been performed to study the non-linear 
feature of the drop Marangoni migration, and the vortex separations in the wake of a drop 
are obtained [91. The drop migration experiment was performed by adopting immiscible 
vegetable oil and the 5 cst silicon oil as the experimental matrix liquid and drop liquid, re- 
spectively. The silicon oil drops of several millimeters in diameter are ejected into a tank of 
the vegetable oil with a vertical temperature gradient of several 10 ~ Both the ground- 
based experiments [i~ and the microgravity experiments of the drop shaft [11't2] give a smaller 
migration velocity in comparison with that of the YGB model. The drop shaft facility of 
the Japanese Microgravity Laboratory provides a microgravity period of only 4.5 s, so there 
raises a question whether the short period is enough for the drop acceleration. Therefore, 
a numerical simulation is desired to describe the drop acceleration process and to compare 
the numerical results with those of the drop shaft experiments. 

In the present paper, the numerical simulation of the unsteady and 3-dimensional 
axisynunetric model is used to describe the acceleration process of a drop in immiscible 
matrix liquid with a temperature gradient for the case of middle Reynolds number Re = 

O(1). The numerical results agree with the experiments in general, and both the numerical 
and the experimental results give an asymptotic migration velocity, both of which are several 
times smaller than the one of the YGB model in case of small Reynolds number Re << 1. 

2 M O D E L  OF N U M E R I C A L  S I M U L A T I O N  

A spherical drop is surrounded by the matrix liquid in a cylindrical container, and the 
symmetric axis of the container is taken as the z-axis in a cylindrical coordinate system as 
shown in Fig.1. The conservation equations of the incompressible fluid for the unsteady and 
3-dimensional axisymmetric model may be written as follows 

Ou u Ow 
o-7 + -r + 7z = 0 (2.i) 
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where (u,0, w) is the velocity vector, p,p and T are, respectively, the density, pressure and 
temperature, g and ~ are, respectively, the kinetic viscosity and thermal diffusion coefficient, 
t is the time, and (fr, 0, fz) is the vector of the body force. 
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Fig.1 The schematic diagram of the axisymmetric model for drop Marangoni migration. A 
cylindrical coordinate system fixed at the position of the drop center of the initial 
time, the cylindrical radius r0, upper cold boundary and lower hot boundary are, 
respectively, 14, 10 and 28 times of the drop radius in the calculation 

The initial conditions may be given as 

u(0, r, z) ---- 0 

and the boundary conditions 

u(t,  ro, z) = 0 

~(t, o, z) = o 

ou(t ,  r, zo) /Oz = o 

w(t ,  r, Zl) = 0 

where z = Zl,Z = Zo, and r 

w(0,r ,z )  = 0  

may be given as 

Ow(t, r0, z ) /Or  = 0 

Ow(t, o, z ) /Or  = o 

~(t , , , ,  zo) = o 

T( t , r ,  zo) = T o  

T(0, r, z) = T o  + A ( z  - Zo) (2.5) 

T(t ,  r0, z) = To + A ( z  - zo) 

OT(t, O, z ) /Or  = 0 

Ou(t, r, z l ) /Oz  = 0 

T( t , r ,  z l )  = To + A ( z  - zo) 

(2.6) 

-- ro are, respectively, the upper colder boundary, the lower 
hotter  boundary and the side wall boundary of a cylindrical container, and A is the constant 
temperature  gradient. The drop is located at origin (r, z) = (0, 0) at the beginning, and 
then moves toward the lower and hotter  boundary along the symmetric axis r -- 0. 

The front-tracking method of the numerical simulation as discussed in [4, 9] is used in 
the present paper, and the essential is as follows: 

(1) Tracking the surface of the drop; 
(2) Determining the density p and the transport  coefficients u, ~ and cp across smoothly 

through the surface in a mesh and keeping the conservation relationship as 

and 

8 = 80 + (81  --  8 0 ) ~ ( r , z )  

0 outside drop 

6 (x, z) = V1/Vo near interface 
1 inside drop 

where s denotes either p, u, ~, %; So and sl are values, respectively, outside and inside of the 
interface in a mesh; V0 and V1 are, respectively, the volume of the grid and the drop; 
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(3) Expressing the gradient of interface tension as a body force (Jr, 0, fz)  in the meshes 

where the interface appears; 

(4) Solving Eqs.(2.2)~(2.4) by the implicit finite differential method, and neglecting 
the pressure variation; 

(5) Solving the pressure variation 6p by the Poisson equation, and then modifying 
pressure p and velocity (u, 0, w) to satisfy Eq.(2.1); 

(6) Repeating procedure (1) t o  (5) until completing the calculation. 

All quantities are non-dimensional in the numerical simulation. The radius of drop 
is taken as 1, and the container boundaries are taken as Zl = 10, z0 --- -28  and r0 = 14 
in the calculations. The scale of computational grid is 1/16. The mediums used in the 
calculation are the same as those in the experiments, that  is, a drop of 5 cst silicon oil 
and the mother liquid of vegetable oil, and the physical properties of these mediums are 
given elsewhere [n'12]. A temperature gradient of 32.0 ~  is applied vertically toward 
the lower hotter plane z = z0. A Reynolds number is defined as Re = v*R/v ,  where typical 
velocity v* = ]da/dTIlOT/OzlR/pv,  and a is the interface tension. The experimental data 
of drop radii R = 2.59,3.26 and 3.77mm [n,12] are adopted, respectively, in the numerical 
calculations. 

3 R E S U L T S  OF N U M E R I C A L  S I M U L A T I O N  

The drop center is located at (r, z) = (0, 0) at the beginning, and then the drop 
accelerates toward the lower hotter plane along the symmetric axis r = 0 in the axisymmetric 
model. The migration velocity will increase from zero at the beginning to an asymptotic 
velocity wa(mm/s),  which corresponds to the migration velocity of the steady model. The 
asymptotic velocities for different Reynolds numbers are shown by the light curves in Fig.2. 
These distributions may be fitted by the following relationship 

Wa = (0.967 4 Re + 0.123 2)mm/s (3.1) 

where the heavy lines in Fig.2 give the distributions of (3.1) for different Reynolds numbers. 
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Fig,2 The distribution of asymptotic velocities. Comparison of the relation- 
ship (3.1) (heavy curve) and the calculation results (light curve) 
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The results of numerical simulations for the cases of different Reynolds numbers are 
reorganized by the non-dimensional migration velocity w(t, O, z) /w,  and the non-dimensional 

t ime ~- = t / t* ,  where the typical t ime t* -- R/v*. The numerical simulation of all acceleration 

curves are nearly overlapped as shown by the light curves in Fig.2. These distributions may 
be fitted by the following relationship 

w(t, 0, z)/wa -- 1 - exp[- (0 .1544 - 0.123 8 Re -t- O.04798Re2)(t/t*)] (3.2) 

where the heavy lines in Fig.3 give the distributions of (3.2) for different Reynolds numbers. 
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Fig.3 Acceleration processes of drop Marangoni migration. The results of 
relationship (3.2) (heavy curves) and the results of calculations (light 
curves) in cases of Re = 1.858 2, 1.389 5, 0.877 0 

The velocity and tempera ture  distributions near the drop region at the t ime t -- 

1.45, 5.017, 7.165 and 10.22 s during the acceleration period are shown, respectively, in Figs.4 

and 5. The velocity distributions in Fig.4 are given in a static frame of reference system, 
where the far field of velocity is zero. The thermocapil lary flow is driven by the gradient of 

interface tension and the internal cell flow and the outside round flow are shown clearly in the 

static frame of reference system. The far field of tempera ture  gradient is nearly uniform, but  

Fig.4 The evolution of velocity distributions. The velocity fields near the drop at different 
times t -- 1.450, 5.017, 7.165 and 10.220 s for Re = 1.858 2 in a reference system where 
the velocity is zero in the region far from the drop 
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Fig.5 The evolution of temperature distributions. The ios-thermal counters of temperature 
distributions near the drop at different sequence t = 1.450, 5.017, 7.165 and 10.220s 
for Re = 1.858 2, and the temperature difference between, the counters is 0.012 5 A ( z l -  
zo)R. R is the drop radius 

the temperature distributions near the drop change significantly due to the drop migration 
as shown in Fig.5. The typical t ime t* is 0.365 s, and then, the acceleration period from zero 
velocity to an asymptotic velocity is nearly 10s. This means that ,  the experimental period 
of 4.5 s by using the drop shaft facility of the experiments is a bit; shorter than the required 
one. The migration velocity given by the asymptotic velocity of the present paper should 
be larger than that  ,given by the drop shaft experiments because of the limited microgravity 
period of the experimental facility. 

The relations between migration velocities and Reynolds numbers are given for the 
case of an applied temperature  gradient 32.0 ~ The results of the asymptotic drop 
velocity both  from the numerical simulations of the present paper and the experiments [11'12] 

are compared with the linear YGB model as given in Fig.6.  The results show that  the 
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Comparison of the drop Marangoni migration velocities. The migration 
velocity distributions depending on the drop radii in case of an applied 
temperature difference A = 32.0 ~ for asymptotic velocity of ex- 
perimental results, numerical simulation results of the present paper 
and YGB linear theory 
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migration velocities of numerical simulation are a bit larger than those of experiments. 
However, both results agree with each other in general, but are smaller by nearly one order 
of magnitude than those of the linear YGB model. 

4 D I S C U S S I O N S  

An unsteady and axisymmetric model of numerical simulation in the microgravity en- 
vironment is given to study the acceleration process of the drop Marangoni migration for the 
case of large Reynolds number. The calculated results are compared with the experiments, 
which were performed by using the drop shaft facility in the Japan Microgravity Labora- 
tory. The theoretical results are a bit larger than, but agree in general with the experimental 
ones. The differences between theoretical and experimental results may be explained by the 
limited microgravity period of the facility and the complexity of the experimental conditions 
due to the transition from the earth's gravity to the microgravity condition. The relation- 
ship between the migration velocity and Reynolds number is obtained in a non-dimensional 
general form. 

For comparison with the experiments, the non-linear effects of both hydrodynamics and 
thermodynamics are considered by the numerical simulation in the present paper, and the 
Reynolds number of the drop Marangoni migration is in the range of R e  = O(10). The drop 
migration velocity increases with the increasing of the Reynolds number as shown in Fig.2, 
and the non-dimensional migration velocity depending on the time is similar in the calculated 
Reynolds range as shown in Fig.3. However the dimensional migration velocities depending 
on the time are different for different Reynolds number, and the larger the Reynolds number, 
the larger the migration velocity during the evolutionary process. 

The numerical results show that the typical acceleration period is nearly 10 s in the 
Reynolds number range of R e  = 1.0 ~ 10.0. Therefore, the experimental period of drop 
tower or drop shaft facility is a bit shorter than the requirement, but the results are still 
informative enough for the most part of the drop acceleration process in the parameter 
range. The drop tower facility is a useful tool in studying the drop Marangoni migration, 
especially for that with Reynolds number smaller than 1.0 in order of magnitude. 

The acceleration process of the drop Marangoni migration for the case of large Reynolds 
number is studied in the present paper. The conclusion confirmed by the experiments is 
that the migration velocity for the case of large Reynolds number is nearly one order of 
magnitude smaller than that of the linear theory. It is expected that the drop or bubble 
migration may often appear in the microgravity environment. There have been limited 
studies on this subject until now, and more attentions should be paid to both experimental 
and theoretical researches. 
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