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1. INTRODUCTION 

Oscillating natural convection driven by g-jitter forces associ- 
ated with microgravity and the magnetic field effect on the 
convection were discussed in an earlier paper [l]. In that 
paper, the mass flowrate is zero only for the case where the 
dimensionless temperature rr = - 1. This restriction can be 
eliminated by adding a pressure gradient so that the mass 
flowrate across the channel is zero for any arbitrary rr. For 
a g-jitter driven flow in a cavity that bears direct relevance 
to crystal growth in apace, the net mass flowrate in the system 
is zero. This system may be better modeled by considering 
flows in a long parallel plate channel with a pressure gradient, 
and this pressure gradient in reality comes from the end 
effects of the long parallel plate channel [2]. In some ground- 
based experiments intended for a fundamental under- 
standing of magnetic field effects on g-jitter driven flows, an 
oscillating pressure gradient is applied in a channel to induce 
a flow, along with a transverse magnetic field [3-51. This short 
technical note complements the earlier paper and discusses a 
general case of mixed convection driven by a combination 
of g-jitter and an oscillating pressure gradient under the 
influence of an apphed magnetic field. Analyses of this type 
find applications in space fluid system design and interpreting 
the experimental measurements in microgravity flow and 
heat transfer systems [3-51. 

2. ANALYSIS 

Figure 1 shows the mixed convection problem under con- 
sideration. An electrically conducting fluid is at temperature 
r0 and flows as a result of temperature and pressure gradients 
in between two parallel plates, infinitely long in both the x 
and z directions but at different temperatures. We consider 
here a fully developed, steady flow and thus the transverse 
velocity vanishes. Further we assume that the g-jitter field 
under consideration is spatially constant and otherwise varies 
with time harmonic:ally and the flow at the entrance also 
oscillates because of an applied pressure gradient. The time 
varying gravity field will generate an oscillatory free con- 
vection velocity field.. This is combined with the forced oscil- 
lating flow driven by a pressure gradient. If a transverse DC 
magnetic field is imposed as shown in Fig. 1, this oscillatory 
flow will be damped. The basic mathematical equations for 
this magnetically-aff%ted fluid flow may be written below 
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(1) 

For a time harmonic g-jitter component with a frequency 
w, g(t) = g, 8”’ and a similar oscillating pressure gradient, 
the flow field and the induced electric field should have a 
similar time varying behavior, provided that Re, is small [l]. 
Hence, equation (1) can be re-written in a non- 
dimensionalized form, 

where /I = dm is a complex number. 
For a fully developed channel flow, a linear temperature 

profile is attained [l, 5, 61, 

0 =(l-r,)Y+r,. . (3) 

With equation (3) substituted into equation (2) and inte- 
grating with the no-slip boundary conditions, 

U=O at Y=O and Y=l 

one has the solution for the velocity distribution across the 
channel, 

TI 
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Fig. 1. Schematic representation of 
convection problems and coordinate 

calculations. 
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NOMENCLATURE 

BO applied magnetic field 
E, E. nondimensionalized and dimensional 

electric field, E = E:/E, 
& electric field scale, E. = B,u,, 
g(t) g-jitter or residual gravity field 
go magnitude ofg-jitter 
Gr Grashof number, Gr = g,,,8(T2- T,JL3/v2 
Ha Hartmann number, Ha = LB,& 
I total current 
j pure imaginary number.j = J-1 
L width of the channel 
P pressure 
P nondimensionalized pressure 
rr nondimensionalized wall temperature 

parameter, rr = (T, - T,)/(T,- To) 
Re Reynolds number, Re = u,L/v 
Re,, magnetic Reynolds number, Re, = uoLa,u 
t time 
T, T,. T,, To temperature, temperatures of wall I, 

wall 2 and fluid 
u velocity 
al? velocity scale 
u nondimensionalized velocity, a complex 

quantity 

I u amplitude of velocity, j (iI = d= 
1 unit vector in the x-direction 
B unit vector in the y-direction 
J’ y-coordinate 
Y nondimensionalized J: coordinate, y/L. 

Greek symbols 
system parameter, /I = Ha* +jfl 

;r thermal expansion 
?/” Hartmann layer thickness 

0 nondimensionalized temperature, 
e=(T-T,)I(T,-T”) 

P magnetic permeability 
v kinematic viscosity 
P density 
IJ electrical conductivity 
z nondimensionalized time, r = t/r, 
To time scale, z0 = L2/v 

applied frequency 
Z nondimensionalized frequency, R = wL’/v. 

Subscripts 
T temperature 
x, 4’ x and J components of a vector field. 

&’ dP Gr sinh(PY) 
HaZE+_-- ___ 

B’ [( dX Re ) sinhp 

-Ha’,!-g+g(r,+(l-r,)Y) 

This can be easily verified by letting p + 0 and making use 
of the asymptotic relation sinhb = fi+ip’ +O(p’). 

For an oscillating mixed convection in the absence of an 
applied magnetic field, equations (4) and (6) are combined 
and then simplified by letting Ha -+ 0, with the result, 

sinh(p( 1 - Y)) 

1 sinhp (4) 

The pressure gradient is determined 
flow satisfies the following condition, 

C’ 
U(Y)dY= 1 

0 

Thus, one has 

by requiring that the 

(5) 

+ 
(in) 3’2 sinh jQ J- sinh(&Y) 

2coshfi-fisinha-2 sinh & 

+ 
I-r,Gr (jfi)‘:* sinh @ 

2 Re+2cosh&%fisinh&%2 

ap l+r,Gr -= -Ha’Ef--- 
/I’ sinh p 

ax 2 Re+2coshp-j?sinhD-2. (6) 

For a system requiring the zero mass flow rate, the right 
hand of equation (5) should be zero and thus one can show 
that aP/aX = - Ha2Ef (1 +r,)/2. 

With the known velocity distribution, other relevant 
electromagnetic quantities such as induced electric field and 
total current in the channel can be calculated [l]. 

3. LIMITED BEHAVIOR 

Some simple analyses may be readily carried out using the 
above equations. For a non-oscillating mixed convection 
under terrestrial condition without an applied magnetic field, 
a case that has been studied extensively in the literature [6, 
71, the velocity profile given by equations (4) and (6) reduces 
to a familiar form [7], 

U=~(l-ry) -T+q-; -6Y*+6Y. (7) 
( j 

X 
sinh(fi(1 - Y)) 

sinh ,,@ 

(jQ)“’ sinh fi 

-2cosh&-fisinhfi-2 1 (8) 

If the oscillation frequency is very large or R >> 1, the above 
equation becomes 

At the limit of Q --t cc, we have 

hIi U = 1 -e-py-e-~(‘-n, (10) 
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From the above equation it is clear that a thin Stokes layer 
develops near the walls for high frequency oscillating flows, 
and the thickness of the layer is given by 6 = (2/n)“‘. This 
behavior has been observed in a flow induced by an oscil- 
lating solid boundary [8]. Similar results have also been 
obtained for oscillating free convection [ 11. 

In the case of oscillating forced convection without an 
applied magnetic field and a temperature gradient, equation 
(8) may be further simplified as 

u_J7’ u-r, $2 smh JR + sinh(fi( 1 - Y) - sinh fi) 

2cosh(@)-Gsinhfi-2 

(11) 
This is in contrast with the case where a magnetic field is 
present, 

Ii = &sinh(P y) - sinh(/I( I’- 1)) - sinh /I) 

2cosh/3-fisinhfi-2 (12) 

The case for an oscillating mixed convective flow with 
a very large applied magnetic field may be obtained from 
equations (4) and (6) by letting B >> 1. The result takes the 
same form as equatitsn (8) but with /I substituted for ,,$. 
At the limit of fl-+ a:, one has 

Clearly a thin Hartmann layer arises near the vertical walls. 
The thickness of the layer is given by 

6, == JX. (13) 

Thus, for magnetohydrodynamic oscillating mixed con- 

vective flows, the Hartmann layer near the walls depends on 
both the applied magnetic field and the oscillating frequency. 
The layer is thinner than either the Stokes layer for oscillating 
flows or the Hartmann layer for non-oscillating flows. The 
same conclusion has been obtained for natural convection 
driven by a g-jitter component of single frequency [l]. For a 
non-oscillating flow or Q = 0, 6, defines the classical Hart- 
mann layer thickness as discussed in the literature [9]. 

4. DISCUSSION 

Figure 2 compares the oscillating mixed convection dis- 
tributions across the width of the channel with and without 
an applied magnetic field over an oscillation period. In plot- 
ting the results, the conducting wall condition is applied. 
This will be true for all other results presented below. Non- 
conducting wall conditions can be studied following the same 
procedure as discussed in [l]. The quantity plotted along the 
vertical axis is Imag( Up) = Real(U) sin(&) + Imag( U) 
cos(Qr), which represents the measurable value for a driving 
force g = Imag(g, @) = g, sin(wr) and uo(t) = a0 sin(ot). It 
is noticed that at around Rt = x and Rr = 2s the velocity 
profile also oscillates along the width of the channel but for 
the other times the velocity profile is approximately para- 
bolic, as expected for symmetrically heated walls and for 
forced convection in a channel. 

The velocity distribution in the channel for flows as a 
function of oscillating frequency is illustrated in Fig. 3. 
Clearly. the magnitude of the velocity decreases as the fre- 
quency increases. This is true even with an applied magnetic 
field, as long as the Hartmann number is small in comparison 
with the oscillation frequency. As the frequency goes higher 
or is predominantly bigger than the applied magnetic field, 
the flow resembles an oscillating Stokes flow in the vicinity 

Ha=0 

R= 10 

0.0 0.2 0.4 0.6 0.8 1.0 

Y 
Fig. 2. Velocity profile of oscillating mixed convection in the vertical channel. 
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0.0 0.2 0.4 0.6 0.8 1.0 

Y 
Fig. 3. Dependency of velocity distribution on oscillating frequency in the presence of an applied magnetic 

field. 

of the solid walls [8]. As shown in the analyses above, this 
layer has an approximate thickness of 6 =(2/R)“‘, over 
which the flow velocity changes drastically and reaches a 
constant value. 

The effect of an applied magnetic field on oscillating mixed 
convection is depicted in Fig. 4. It is seen that an increase in 
the applied magnetic field will help to reduce the fluid flow 
level. However, as the field strength increases, a thin Hart- 
mann layer starts to develop near the solid walls. As shown 
above, the Hartmann layer for an oscillating flow depends on 
both the applied magnetic field and the oscillating frequency. 
This is the same for a g-jitter driven oscillating free con- 
vection with an applied field [l]. Comparison of Figs. 3 and 
4 also indicates the difference between the effect of high 
frequency and that of a large magnetic field on the flow. 
There exists a hump near the wall that overshoots the asymp- 
totic value for a high frequency convective flow (see Fig. 3), 
while such a hump does not show up with a high magnetic 
field (see Fig. 4). This difference is explained by the fact that 
for a high frequency flow the velocity change near the walls 
is determined by e-“+‘)YJTiTi, while the magnetic damping 
occurs bye-““‘. It is remarked here that the frequency effect 
on an oscillating flow resembles closely the decaying behavior 
of a high frequency electromagnetic wave within a highly 
conducting surface [9]. 

The streamwise velocity profile with a moderate magnetic 
strength (Ha = 5) is calculated using equations (4) and (6) 
and is plotted in Fig. 5 for rT. = 0,0.3 and 0.6. Note that the 
velocity profile for rT = 1 is the same as for Gr/Re = 0 [see 
equation (4)]. As seen from the figure, the velocity profile is 
skewed with an increase in Gr/Re. This is similar to the results 
reported by Aung and Worku [7]. However, in comparison 
with their results (see Fig. 1 in [6]), the presence of a magnetic 

field reduces the magnitude of the streamwise velocity, as 
expected. Also, the point at which the flow at the cold wall 
(Y = 0) reverses it direction becomes smaller with an applied 
field. For example, at Gr/Re = 500 and rr = 0.3, the flow 
reversal starts at Y = 0.5 without a magnetic field [7], 
whereas with a Hartmann number of five, the flow reversal 
point is at Y = 0.3 (see Fig. 5). 

It is noteworthy that in the last two figures, the velocity 
profile plotted is for Rr = a/2, which corresponds to Imag- 
(UP) = Real(U). For a different Rr value, the asymptotic 
velocity can be different from one and its value is determined 
by Imag(Up) = sin&. This is different from the magnetic 
damping of non-oscillating mixed convection. 

5. CONCLUSIONS 

Theoretical analyses of oscillating mixed convection have 
been presented for parallel-plate channels. As for the non- 
oscillating flow case, flow reversal occurs as well for oscil- 
lating flows. The application of a magnetic field helps to 
reduce the flow velocity level and also moves the flow reversal 
point closer to the cold wall. Analyses show that a Stokes 
layer exists near the solid walls for oscillating flows. Also, a 
thin Hartmann layer exists near the solid boundaries for 
oscillating mixed convection in the presence of an applied 
magnetic field. The thickness of the layer depends on both 
the applied magnetic field and the oscillating frequency, as 
for the case of oscillating free convection. 
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Fig. 4. Magnetic damping effect on oscillating mixed convection in the vertical channel. 
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Fig. 5. Velocity distribution as a function of Gr/Re and rT in the presence of a magnetic field. 
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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- 


