
2710 Technical Notes 

REFERENCES 

1. Li, B. Q., g-jitter induced free convection in a transverse 
magnetic field. International Journal of Heat and Mass 
Transfer, 1996, 39(14), 2853-2860. 

2. Bejan, A., Heat Transfer, Chap. 7. John Wiley and Sons, 
New York, NY, 1992. 

3. Lehoczky, S., Szofran, F. R. and Gillies, D. C., Growth 
of solid solution single crystals. Second United States 
Microgravity Payload, Six Month Sciences Report, 
NASA MSC, 1994. 

4. Antar, B. N. and Nuotio-Antar, V. S., Fundamentals of 
Low Gravity Fluid Dynamics and Heat Transfer. CRC 
Press, Boca Raton, FL, 1993. 

Pergamon 

5. Nelson, E. S., An examination of anticipated g-jitter on 
space station and its effects on materials processes. NASA 
TM 103 775, 1991. 

6. Aung, W., Fully developed laminar convection between 
vertical plates heated asymmetrically. International Jour- 
nal of Heat and Mass Transfer, 1972, 15, 577-l 580. 

7. Aung, W. and Worku, G., Theory of fully developed, 
combined convection including flow reversal. Journal of 
Heat Tramfer, 1986,108,485488. 

8. Panton, R. L., Incompressible Flow. Chap. 11. John Wiley 
and Sons, New York, NY, 1984. 

9. Jackson, J. D., Classical Electrodynamics. Chap. 10. John 
Wiley and Sons, New York, NY, 1976. 

hr. J. Hear A4ar.~ Transfer. Vol. 41, No. 17, pp. 2710-2713, 1998 
c> 1998 Elsevier Science Ltd 

Prmted in Great Britain. All rights reserved 
0017-9310198 $19.00+0.00 

PI1 : SOO17-9310(97)00329-3 

Experimental study on the relation between thermophoresis 
of aerosol particles 

AKIRA TODA,1_ HISATAKA OHNISHI, RITSU DOBASHI and 
TOSHISUKE HIRANO 

and size 

Department of Chemical System Engineering, Faculty of Engineering, The University of Tokyo, 
7-3-l Hongo, Bunkyo-ku, Tokyo 113, Japan 

and 

TAKASHI SAKURAYA 
Japan Space Utilization Promotion Center, 3-30-16 Nishiwaseda, Shinjuku-ku, Tokyo 169, Japan 

(Received 9 May 1997 and infinalform 24 October 1997) 

1. INTRODUCTION 

In a field with temperature gradient, it is known that mass- 
transfer is also induced by the temperature gradient. When 
a small particle is suspended in such a field, it will be driven 
to move toward a colder region. This phenomenon is known 
as thermophoresis. The study on thermophoresis, which was 
started at the beginning of this century, has been performed 
actively by many researchers because of its practical import- 
ance [14] and theoretical interest [5-81. 

In order to elucidate the thermophoretic effect, the basic 
data are indispensable. However, the measurement of the 
thermophoretic effect is not so easy. Small particles may be 
easily moved by various kinds of effects. Distinguishing only 
the thermophoretic effect from other effects quantitatively 
needs a rather complicated process which is likely to cause 
errors. Therefore, in order to get reliable data, it is desirable 
to perform careful experiments in simple fields where other 
effects are negligible. 

In normal gravity, however, we can hardly eliminate the 
effects of gravity and natural convection. The gravitational 
effect changes with the diameter and/or density of the par- 
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titles and prevents us from simplifying the experiment. 
Especially, the gravitational effect on large and heavy par- 
ticles exceeds the relatively small thermophoretic effect and 
makes the accurate measurement difficult. 

The effect of natural convection is a more serious problem 
in the measurement. The effects of natural convection and 
thermophoresis are induced simultaneously by the same tem- 
perature gradient, and determining them separately and 
quantitatively by the experiments is quite difficult. It has 
been the main issue of the experimental studies how the effect 
of natural convection should be estimated. Because of the 
reason described above, accumulation of data in the past has 
been not enough to verify various theoretical results or to 
predict accurately the behavior of particles. 

We successfully avoided these difficulties by establishing 
an experimental method utilizing microgravity environment, 
where the effects of gravity and natural convection became 
negligible [9]. It was found that our experimental method 
and microgravity environment gave us ideal fields for the 
measurement. The experimental fields were found to be 
quasi-steady with monotonous temperature gradient, and 
the movement of individual particles induced only by the 
thermophoretic effect could be observed. By performing 
experiments in microgravity, we are now able to determine 
the temperature gradient and the corresponding particle vel- 
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NOMENCLATURE 

D partiC!e diameter [pm] Greek symbols 
R radius [m] thermal diffusivity [m’ SV’] 
VT temperature [K mm-‘] : distance [m] 
K?l Knudlren number [ -1 /I the mean free path [m] 
u, particle velocity induced by the V kinematic viscosity [m’ s-‘I. 

thermophoretic effect in microgravity 
[mm s-‘1. 

ocity induced by the thermophoretic effect without the dis- 
turbance due to gravitation on particles and natural convec- 
tion. 

Thermophoresis is thought to be an inherent phenomenon 
of the interaction between particles and gaseous molecules. 
Therefore, it is presumed that the effect depends on the 
Knudsen number (xn), which means how the size of particles 
is close to the mean ITree path of molecules. The Kn for a gas- 
particle system is a function of radius R of the particle and 
the mean free path i of surrounding gas and is defined as 
Kn = A/R. The part;.cles in various practical systems have a 
spread in the size. Therefore, in order to design systems in 
which the effect is adequately estimated and the behavior of 
particles is well conirolled, it is indispensable to understand 
the relation between the diameter of particles and the ther- 
mophoretic effect. In this study the velocities induced by 
the thermophoretic effect were measured in microgravity 
changing the diameter of the particles from 1 to 30 pm, and 
the dependence of the thermophoretic effect on the diameter 
was examined. 

2. EXPERIMENTS 

2.1. Experimental method 
The method of the experiments was the same as described in 
Ref. [9]. Its general reliability was also discussed in detail in 
the same paper. The microgravity environment was realized 
by using the drop tower facility of JAMIC (Japan Mic- 
rogravity Center). This facility provides a microgravity level 
of IO-’ 9 and duration of 10 s. The measurement field with 
temperature gradient was established between two metal 
plates installed horizontally. The upper plate was heated and 
the lower was left to be the room temperature. The plates 
were separated at first and the upper plate was heated to the 
predetermined temperature under normal gravity condition. 
Then it was forced 1:o approach the cold plate quickly after 
the microgravity environment was established. The distance 
between the hot and cold plates during the measurement was 
set to be 2 mm. The gas in the field was air of atmospheric 
pressure. 

The time duration needed for the temperature distribution 
between the plates to become steady and that for the initial 
movement of the gas to decrease to be negligible are approxi- 
mately equal to 6’/r and @/v, respectively. By setting the 
experimental field to be 6 = 2 x lo-’ m, the time duration 
for reaching a steady condition is evaluated less than 0.1 
s, which is negligible compared to the experimental time 
duration. 

The temperature distribution of the experimental field 
between the plates was measured by using a Mach-Zehnder 
interferometer and two sets of thermocouples. The locations 
of interference fringes were recorded every l/30 s by a CCD 
camera. The outpu1.s of the thermocouples were processed 
by a computer every l/40 s. To evaluate the temperature 
distribution accurately, the interferometer was adjusted so 
that fringes coincided with isotherms. 

The particles were mixed with air flow and introduced to 

the experimental field between the two plates. They were 
illuminated by a He-Ne laser beam, and Mie scattering light 
from the individual particles was also recorded by the CCD 
camera. The particle velocity was determined exactly by a 
slope of the time-location relation obtained from the series 
of the recorded images. 

The test section was very narrow. In order to measure the 
locations accurately, it was magnified by 1.2 on the CCD 
surface by a convex lens. Owing to this magnification, the 
reading error became less than 10 pm. The experiments were 
performed confirming that the temperature fields were quasi- 
steady with monotonous gradient and the particles moved 
with constant speed in the direction opposite to the tem- 
perature gradient [9]. 

2.2 The particles used in the experiments 
The particles used in the experiments were of SiO, and 

PMMA, which are provided by Liquid Gas Co. Ltd and 
Sekisui Plastics Co. Ltd, respectively. The diameter examined 
was 1.0, 2.7, 10, and 30 pm for the Si02 particles, and 5.0, 
12, and 30 pm for the PMMA particles. The two materials 
are different in thermal conductivity. The values are 1.4 and 
0.15 W m-’ Km’, respectively when the temperature is 300 
K. In order to prevent agglutination, dried air was used and 
the tank in which the particles were stored was vibrated when 
they were mixed with air flow. The particles are spherical 
and almost uniform in size. 

3. RESULTS AND DISCUSSIONS 

The results of particle velocity measurements are shown 
in Table 1. In the table, the material and diameter of the 
particles which could be known beforehand, and the 
measured temperature gradient are presented also. In order 
to make the effect of diameter clear, the velocities cor- 
responding to the temperature gradient of 40 K mm-’ are 
compared. In the case when the data obtained at that tem- 
perature gradient were not available, the values were evalu- 
ated by interpolation on the basis of the data obtained at 
other temperature gradients close to 40 K mm-’ and pre- 
sented in the table. 

Figures 1 and 2 show the relations between the diameter 
and velocity of the SiO, and PMMA particles, respectively. 
The solid lines express the present results. The amount of the 
scattering in measured values is also shown by the error bars. 
These results indicate that the size distribution of the used 
particles, which causes the scattering in the results, is narrow 
especially for SiOZ particles enough to discuss the relation 
between diameter of particles and thermophoretic effect. 

From these figures it is found that the particle velocity 
induced by the temperature gradient tends to become large 
as the particle diameter becomes small. It should be noted 
that smaller particles, on which the effect of inertia, gravity, 
etc., appear not so conspicuously, receive more remarkably 
the thermophoretic effect than larger ones. 

Those results are compared with the predictions obtained 
from the Brock equation [5, lo], which is usually quoted in 
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Table 1. The measured temperature gradient and thermophoretic effect 

Material 

SiO, 
SiO, 

SiO, 
SiO, 
PMMA 

PMMA 

PMMA 

Particles 
Diameter 

(& 

1.0 
2.7 

10 
30 
5.0 

12 

30 

Temperature Particle velocity measured 
gradient in the experiments 

VT ur 
(K mm-‘) (mm s-‘) 

40.0 1.68 
22.0 0.58 
80.0 3.00 
40.0* 1.03 
40.0 0.69 
40.0 0.53 
31.4 0.55 
49.5 1.14 
40.0* 0.80 
31.4 0.40 
42.0 0.73 
40.0* 0.66 
31.4 0.35 
49.5 0.78 
40.0* 0.53 

*These values are obtained by interpolation using above two data. 

Particle diameter, D, pm 

Fig. 1. The relation between the diameter and velocity of the 
SiO, particles (VT= 40 K mm-‘). Solid line: measured in 
the present study. Dotted line : predicted based on the Brock 

equation [S, IO]. 

the study of thermophoresis. The particle velocities predicted 
by the Brock equation are expressed with the dotted lines in 
the same figures. For SiOz particles, as was pointed out in 
our previous paper [9], the measured particle velocities under 
the thermophoretic effect were two or three times larger than 
the predicted ones. 

As for the relation between the velocity and diameter, 
which is of the main concern of this paper, there are differ- 
ences between the present results and predicted ones, 
although the tendencies seem to be similar. When the diam- 
eter changes from 30 pm to 5 pm, for an example, the increase 
in velocity is 0.23 mm s-’ in the present results and 0.10 mm 
s-’ in the predicted ones. In this case the difference is about 
twice, and the difference between them becomes larger as the 
particle becomes smaller. 

As for PMMA particles that are of lower thermal con- 
ductivity, the measured and predicted velocities are close 

Particle diameter, D, pm 
Fig. 2. The relation between the diameter and velocity of the 
PMMA particles (VT = 40 K mm-‘). Solid line: measured 
in the present study. Dotted line: predicted based on the 

Brock equation [5, IO]. 

compared to those of the SiOz particles. However, the depen- 
dence of the particle velocity on diameter is quite different. 
Considering the same example as described above, i.e. when 
the diameter changes from 30 pm to 5 pm, the increase in 
velocity is 0.27 mm s-’ in the present results and 0.06 mm 
s-’ in the predicted ones. The difference is more than four 
times and serious compared to the case for SiO, particles. 
According to the Brock equation, the dependence becomes 
small as the thermal conductivity of the particles reduces. 
This is quite different from the results presented in Figs 1 
and 2. Our present results indicate that the particle velocity 
induced by the thermophoretic effect changes more sen- 
sitively with the diameter than ever thought especially for 
particles of small diameter and/or low thermal conductivity. 
The results obtained through this study would give us a 
good reason for restarting theoretical studies on thermo- 
phoresis. 
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4. CONCLUSIONS 

The relation between the diameter of particles and ther- 
mophoretic effect was examined accurately by getting rid 
of the particle move:ment induced by the effects of natural 
convection and gravity. The particle velocities induced by 
the thermophoretic effect were measured changing the diam- 
eter of particles from 1 to 30 pm. 

2. Wu, C. K. and Greif, R., Thermophoretic deposition 
including an application to the outside vapor deposition 
process, International Journal of Heat and Mass Transfer, 
1996,39, 1429-1438. 

It is found that in the extent of experimental conditions in 
this study the thermophoretic effect depends on the particle 
diameter. The particle velocity becomes large as the particle 
diameter becomes small. It should be noted that smaller 
particles, on which 1 he effect of inertia, gravity, etc. appear 
not so conspicuously, receive more remarkably the ther- 
mophoretic effect than larger ones. Comparing the measured 
and predicted particle velocities induced by the ther- 
mophoretic effect, it is indicated that the particle velocity 
changes more sensitively with the diameter than ever thought 
especially for particles of small diameter and/or low thermal 
conductivity. 
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