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Abstract-The effects of the Coriohs force on a flow field, and on temperature increase during transient 
hot-wire heating, were studied by three-dimensional and time-dependent calculation as compared to the 
experimental result. We have found that the Coriolis force drastically changes the flow field as well as the 
heat transfer tendencies of mercury on a centrifuge. The origin of these changes is that the Coriolis force 
reduces the component of velocity parallel to the effective gravity, and increases the radial and azimuthal 
components normal to the direction of the effective gravity on the centrifuge. The order of the effect of the 

Coriolis force depends on the configuration and the characteristic length of the specimen. 

I. INTRODUCTION 

THE UTILIZATION of a centrifuge is the only way to 
achieve high gravity conditions on earth. Two forces, 
Coriolis and centrifugal forces, play dominant roles 
when fluid is rotated. This is shown in equation (1) 

where u, a, F, P, p, t, p, and g are the velocity vector, 
rotational vector, body force, pressure, density, time, 
viscosity and gravitational acceleration, respectively. 

In equation (l), the third term on the left hand side 
is the centrifugal force and acts as an artificial gravity. 
High gravity condition can be achieved by increasing 
the rotational velocity. Additionally, the effect of the 
Coriohs force (the second term on the left hand side) 
becomes large as the rotation rate increases. This effect 
becomes especially dominant for fluid flow for molten 
metals and semiconductors which have a low Prandtl 
number and large flow velocity. 

Growth of a semiconductor crystal on a centrifuge 
has been attempted in order to improve crystal qual- 
ity. Miiller et al. reported that impurity striation in 
grown semiconductor crystals disappeared in the ver- 
tical Bridgman system [1] and in horizontal zone melt- 
ing [2] on a centrifuge. Rodot et al. grew Pb,,,&,,,Te 
crystals by using the vertical Bridgman method on a 
centrifuge [3]. They reported that the effects of con- 
vection on segregation disappeared at a special 
rotation rate (Ns). Except for this rotation rate, at 
higher or lower rotation rate than N,, crystal quality 

was deteriorated by convective flow. Numerical and 
experimental studies have been performed to explain 
this stabilization effect. The stabilization effect in cen- 
trifuge is attributed to various reasons; i.e. (i) coinci- 
dence of isothermal plane and isocentrifugal plane [4], 
(ii) existence of centrifugal force gradient [5], and (iii) 
stabilization effect of the Coriolis force [6,7]. 

The above mentioned crystal growth experiments 
have mainly utilized a temperature gradient parallel 
to the direction of the effective gravitational force. 
This means that it is difficult to separate the effect 
of the Coriolis force from the other effects on flow 
stabilization in experimental and numerical studies. 
Therefore, employment of a line heat source set par- 
allel to the effective gravitational acceleration in a 
centrifuge is one of the simplest way to see the effect 
of the Coriolis force on heat transfer. Through the 
transient hot-wire heating experiment, it was found 
that temperature increase is dependent on the con- 
figuration of the measurement cell [S]. 

The purpose of the present study is to clarify the 
effects of Coriolis forces on fluid flow in the transient 
hot-wire cell in a centrifuge by changing the spatial 
configurations of the fluids. 

2. EXPERIMENT 

In this section, the results of transient wire-heating 
experiment in the centrifuge are briefly reviewed as a 
motivation of the present numerical study. As we have 
reported elsewhere, the transient hot wire technique 
was applied on the centrifuge of the Tsukuba Space 
center of NASDA (National Space Development 
Agency of Japan) [S]. The thermal conductivity 
measurement facility, TCMF [9], was put on the cen- 
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NOhIlENCLATURE 

a centrifugal force t time 

C,, heat capacity u velocity. 

F body force 

F, Coriolis force 

g gravitational acceleration Greek symbols 

&I effective gravitational acceleration 0 angle 

L arm length of centrifuge i. thermal conductivity 

N, critical rotation rate Ii viscosity 

P pressure density 

r position vector ; rotational vector. 

trifuge. The set angle of the fluid container was 

adjusted using a wedge, so that the direction of the 
effective force, which is the sum of normal gravity and 
centrifugal force, was parallel to the hot wire as shown 
in Fig. 1. Figure 2 shows the arrangement of the equip- 
ment used in the hot wire experiment. A carbon cru- 
cible was filled with mercury and the alumina sub- 
strate on which the wire was fabricated by printing. 
Constant heat flux was supplied to the specimen by 
the electric current passing through the wire. Conse- 
quently, the temperature of the wire increased. The 

FIG. 1. Schematic diagram of the centrifuge and the hot wire 
equipment. (g : gravitational force ; a : centrifugal force : g,, 

effective force.) 

subsirate 

FIG. 2. Sketches of the 

(a> 

-Hg liquid 
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average temperature of the wire was measured by 
detecting the change in electrical resistivity as reported 
in previous work [9]. Figure 3 shows the three con- 
figurations, A, B, and C, used in the experiment. Dur- 
ing the experiment the temperature of the center 
region near the hot wire was always higher than other 

regions. Because of this, the fluid was moved up along 
the hot wire by the resulting force of the gravitational 
and centrifugal forces. Therefore, the direction of the 
Coriolis force near this region was constant in ref- 

erence to rotation direction, as shown by F, in Fig. 3. 
However, the relative direction of the force is different 
depending on configuration of the specimen. In con- 

figuration A, this force pushes the melt to the sub- 
strate, which is opposite to the direction of the force 
in configuration C. In configuration B the force is 
parallel to the surface of the substrate. 

Figure 4 shows the experimentally obtained tem- 

perature increases for configurations A, B, and C, 
which have the same centrifugal acceleration (59) and 
the same heat flux (3.15 W cm ‘). Line X shows the 

temperature increase obtained from the experiment in 
which the equipment was put horizontal to the ground 
and the hot wire was on top of the mercury. The 
convection was suppressed in this case. The tendencies 

f 
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Hot wire 

(h) 

hot wire experimental specimen (a) and the position of the hot wire on the 
substrate (b). 
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A B c 

FIG. 3. Configurations of the substrate and the fluid regions of the ~~uiprne~t shown from the edge of the 
centrifuge. The direction of the Coriolis force near the hot wire is also shown by F,. (0: Mow direction.) 
A: Substrate is in front of the me&. B: Substrate and melt are parallel. C : Melt is in front of the substrate. 

of the temperature increase change as the con- 
figuration changes. The deviation from line X rep- 
resents e~an~ment of the convective heat transfer. 
It is shown from the experiment that in the first stage 
the order of the deviation is A < B < C. Figure 5 
shows the change of the apparent thermal con- 
ductivities calculated from the ex~~rnenta~ results 
for configurations A, 3, and C using the equation 
derived by Takegoshi et af. [IO]. The effect of con- 
vective contribution to heat transfer is included in this 
apparent thermal conductivity. Actually> because the 
values of the thermal conductivity of the mercury and 
the alumina substrate are nearly constant during the 
experiment, the excess value directly represents the 
contribution of convective heat transfer. 

The values of the apparent thermal conductivities 
were also different fram one another. This suggests 
that the velocity fields for configurations A, B, and C 
were not the same. The order of the convection effect 
is proportional to the ma~itude of the effective con- 

Time f see f 
EIG. 4. Temperature increase curve obtained from exper- 
iment: the rotational acceieration is Sg and heat input is 

3.15 W cm-‘. 

1 
10’ 

rm?(sec) 

FIG. 5. Apparent thermal ~onduc~yity obtained from the 
results of Fig. 4. 

ducti~ty. En the ftrst stage, the order becomes 
A < B c C. Because the other conditions were the 
same, these differences should be due to the different 
effects of the Coriolis force. The other experimental 
results for different effective gravity or different input 
power showed the same trends as the above result. A 
more detailed description of the experimental results 
is presented in another paper [I 11. 

3. NUWIERICAL SlMUL44TlON 

3.1 Governing equations and numeric& schemes 
In order to explain the above mentioned exper- 

imental results, a numerical study was carried out. It 
was assumed that the viscosity and conducti~ty of the 
fluid was c#~stant and the density varied iinearly with 
temperature. The five variables (three components of 
the velocity, temperature and pressure) were caf- 
culated by simultaneously solving the equations 
shown below, 
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FIG. 6. (a) Domain for the calculation of type I. (b) Domain for the calculatton of type II 

au 
pz +pu.Vu = -vP+/lv~u+pg,,-2p~xu, (2) 

vu=o, 

PC, ($+u.vTj = I”VT, 

(3) 

(4) 

where T, C,, p, and i, are temperature, heat capacity, 
viscosity and thermal conductivity, respectively. Pres- 
sure is calculated from the continuity equation (equa- 
tion (3)) by using the SIMPLER algorithm [12]. 

A control volume method was used to discretize the 
equations. The grids for the velocities and for the other 
scalar variables such as temperature and pressure were 
staggered to prevent a checkerboard pressure field 
[12]. Calculation was carried out on the super com- 
puter SX-3 of NEC Corporation. 

was calculated for the full cylinder including the alu- 

mina substrate (type I calculation) or for the melt 
region only (type II calculation). All of the boundaries 
were treated as non-slip walls for the momentum 
equations and assumed to have a constant tem- 

perature for the energy equation of the type I calcu- 
lation. The substrate wall was assumed to be adiabatic 
and the other boundaries were assumed to have a 
constant temperature for the energy equation of the 
type II calculation. Constant heat input was supplied 
along the center line, i.e. hot wire. The initial tem- 

perature was set to be the same as the boundary tem- 
perature and the initial velocities were set at 0. The 
thermophysical properties are listed in Table 1. 

3.2. Calculation domain and boundary conditions 
The direction of the measurement cell axis in the 

present calculation was assumed to be parallel to the 
rotational plane. Based on this assumption, the direc- 
tion of the rotational vector (a) and the hot wire in 
the cell were orthogonal. The calculated domain was 
simplified, as shown in Fig. 6. Half of the cylinder was 
assumed to be filled with alumina substrate and the 
other half with mercury, although an entire cylinder 
was filled with mercury in the upper region of the 
experimental equipment as shown in Fig. 2(a). Time(sec) 

Momentum equations were solved in the half cyl- FIG. 7. Temperature Increase curve obtained from cal- 

inder (only in the melt) : however, an energy equation culation of type I of the same effective gravity (5q). 

Table 1. The thermophysical properties of mercury and alumina used in this calculatton 

Property 
___._-._..._- ~~.. 

Density (kg m -‘) 
Thermal conductivity (J mm’ s ’ . Km ‘) 
Heat capacity (J kg-’ *K -‘) 
Viscosity (kg m-‘.s-‘) 
Volumetric expansion coefficient (Km ‘) 

Hg Al,O, 

13534 391 
8.34 24 
138.8 800 

0.00 I56 
1.82 x 1om4 
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THE RESULTS OF THE CALCULATION temperature increase shows a straight line like line X. 
It is certain that the deviation from this line is due to 

4.1. Type I c~~c~l~tion the e~an~ement of heat transfer by the convection. 
Figure 7 shows the calculated tendency of tem- When the effect of the Coriolis force is ignored, and 

perature increase along the hot wire. These values only centrifugal force is taken into account, the tem- 
were the average value of the control volumes in which perature increase is presented as curve N. This curve 
heat was supplied. The effective gravity was set at Sg also differs from the results of A, B, and C, in which 
and the heat input was 3.15 W cm-‘, which are the the Coriolis force is considered. The order of mag- 
same as the expe~mental conditions in Fig. 4. Con- nitude of the deviation from line X is A < B < C, 
figurations A, B, and C are the same as the exper- which is the same as the experimental one. 
imental ones. When convection in the melt is ignored, Figure 8(a) shows velocity profiles on three planes 
i.e. only the heat conduction problem is solved, the for configuration A, 10 s after heating was started. The 

(a) 

(b) 

FIG. 8. Velocity profiles of selected planes and the direction of the Corioiis force of configuration A. 
(a) Bird’s eye view ; (b) top view of the middle plane of (a) ; (c) the directions of the velocity, rotational 

vector, and the Coriolis force just near the hot wire. 



velocities lzear the center are large and the velocities of downward near the outer wall. However, rhe pro& 
other regions are very small. Figure S(b) shows the of the radial or ~m~tha1 velocities are quite differcut. 
top view of the velocity field on the middle plane of These differences are caused by the Corioiis force. 
Fig. 8(a). The fluid moves to the hot wire in the region Figures 8(c) and Y(c) show the direction of the Cori- 
of tl = 90” on the r-0 plane and goes out to the outer olis force for con~~urations A and C. In con~gn~ati~~~ 
wall near the substrate surface. Figure 9 shows the A, force acts towiird the subs&are wafl near the hot 
velocity profiles of the same planes in the case of wire and pushes the melt to the substrate wall. The 
configuration C. The radial and azimuthal velocities flow driven by this force is not well developed because 
are larger than those ofA. The directions of the radial of the substrate waif. On the other hand, in con- 
velocities near the hot wire are the opposite of con- f~guratjon C the direction of the Coriolis force is the 
figuration A. fn each con~~~~tion, the flow is moving opposite and pulls the melt inward near the hot wire. 
upward near the center, ix. hot wire, and moving The velocity c~~n~~onent of this direction becomes 

FIG. 9. Velocity profiles of selected planes and the direction of the Coriolis force uf c~nfi~urati~~ C. ta) 
Bird’s eye view ; fb) top view of tke middle plane of (a) ; (cf the directions of the velocity, rotational vector, 

and the Coriolis force just near the kor wire. 
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large because there is no obstacie in front of the force. the flow field caused by the force may be the main 
However, the velocity component of the axial direc- reason for the difference in temperature increase as 
tion is decreased. shown in Fig. 4 (experimental results) and Fig. 7 (cal- 

Figures 10(a) and (b) show the velocity field for culation results). Because heat transfer from the hot 
configuration B. The direction of the Coriolis force is wire depends directly on the velocities near it, it is 
parallel to the substrate plane as shown in Fig. 10(c). necessary to analyze the velocities of the grids located 
The velocity field for configuration B is quite different just near the centerline. 
from that for A and C. The fluid Rows out near the Figure 11 shows the change of the average value of 
region of B = 0” and the velocities in this direction are the axial velocity along the hot wire. The heat input 
larger than those for configuration A. and effective gravity are the same as the values in Fig. 

Figures 8-10 show that the effect of the Coriolis 7. The Coriolis force decreases the axial velocities and 
force depends on the configuration. The difference of the values for configurations B and C are smaller than 

(a) 

FIG. 10. Velocity profiles of selected planes and the direction of the Coriok force of co~~g~ation 3. (a} 
Bird’s eye view ; (b) top view of the middle pfane of (a) ; (c) the directions of the velocity, rotational vector, 

and the Coriolis force just near the hot wire. 
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FIG. I I. Change of the average value of the axial velocities 
along the hot wire of type I. 

those for A. Figure 12 shows the change of the average 
value of the radial velocity along the hot wire. If the 
Coriolis force is ignored (case N), the value of this 
velocity component is very small. This component is 
produced by the Coriolis force and the order of the 
value of the component becomes A < C < 13. Because 
the hot wire was very thin and long (width = 0.1 mm, 
length = 7 cm), most of its heat transfer to the melt 
occurred in the radial directions. Therefore, the 
amount of heat transfer by convection also depends 
on the radial component of the velocity. However. the 
order of the value of radial velocity is different from 
the order of the value of the effective conductivity of 
the experiment for configurations B and C. 

4.2. Type II calculation 
The effective gravity and the boundary conditions, 

except at the substrate surface, are the same as in the 
type I calculation. The substrate surface was treated 
as an adiabatic wall during this calculation. Figures 
13-15 show the change of the average values of tem- 
perature, axial velocity, and radial velocity along the 
hot wire, respectively. The temperature increase of the 
results from the type II calculation differ in three ways 
from those for the type I calculation. Additionally, 

FIG. 12. Change of the average value of the radial velocities 
along the hot wire of type I. 

l%U 100 
Time(sec) 

FIG. 13. Temperature increase curve obtained from cal- 
culation of type II of the same effective gravity (5,q). 
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FIG. 14. Change of the average value of the axial velocities 
along the hot wire of type II. 
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FIG. 15. Change of the average value of the radial velocities 
along the hot wire of type II. 

the order of the amount of the deviation changes to 
A < C < B. On the other hand, the order of the aver- 
age velocities for the type I and type Ii calculations 
are nearly the same. The profiles of the velocities were 
similar to those for the same configurations in the type 
I calculation. The order of the temperature deviation 
and the magnitude of the radial velocity were the same 
values for type II calculation. The heat transfer near 



Heat transfer due to wire heating on centrifuge 1781 

the hot wire was determined by the convection and 
conduction of the melt because the substrate surface 
was assumed to be an adiabatic wall in the type II 
calculation. Therefore, it is possible to say regardless 
of boundary conditions that the order of the effect 
of the Coriolis force on the radial heat transfer is 
A<C<B. 

4.3. Effects of Coriolis force on heat transfer 

The experiment and the calculation showed that the 
effect of the Coriolis force is large. The Coriolis force 
promotes heat transfer by increasing the velocities of 
the normal directions of the effective gravity in the hot 
wire experimental system, and decreases the velocity 
component of the direction of the effective gravity. 
These effects also depend on the configuration. The 
value of the radial velocity was largest for con- 
figuration B and the axial velocity for configurations 
A, respectively. This means that, with regard to axial 
directions, the heat transfer is largest for configuration 
A. 

The order of the temperature deviation of type II 
calculation, i.e. the value of the apparent thermal con- 
ductivity, is different from those of the experiment 
and the type I calculation. This is caused by the heat 
transfer between the substrate and the melt. Because 
the conductivity of the substrate (alumina) is nearly 
three times larger than the melt (see Table l), the 
temperature of the substrate is higher than the melt 
near the interface and heat flows from the former 
to the latter. This heat transfer is produced by the 
convective heat transfer and the strong convection of 
the radial directions of configuration B moves heat to 
the hot wire region. Because of this, the temperature 
checked by the hot wire for configuration B is higher 
than that for configuration C. 

There are two factors which possibly determine the 
effect of the Coriolis force. The first is the direction of 
the specimen. The difference in configurations A and 
C is that the relative direction of the Coriolis force is 
opposite. The effect of the Coriolis force is larger in 
configuration C than in configuration A. The second 
is the characteristic length along the direction of the 
Coriolis force. The sizes of the specimen are same. 
However, the characteristic length along the direction 
of the Coriolis force for B is longer than for A and C. 
Because of this, the effect of the Coriolis force for 
configuration B is larger than the others. 

5. CONCLUSION 

The effect of the Coriolis force in the centrifuge is 
large and depends on the configurations. This force 

increases the velocity components normal to the 
effective gravity direction and reduces the velocity 
component parallel to this direction. The amount of 
the heat transfer is also changed by this change of 
convection. The magnitude of the effect of the Coriolis 
force depends on the conf&.uation of the specimen 
and the characteristic length of the specimen. The 
contribution of the substrate to the heat transfer in 
the hot wire system is also so large that the order of 
the radial heat transfer of each configurations is able 
to be changed depending on the conductivities of the 
substrates. 
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