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Abstract—The effect of a sinusoidal gravity modulation on natural convection of fluids with constant
property, in vertical slots of aspect ratio of 20 and 15, is studied numerically by a finite difference
method. The gravity modulation is characterized by the nondimensional amplitude R, and nondimensional
frequency w; We find a low frequency g-modulation has a strong effect on the fluid flow but little effect on
the heat transfer rate. The flow of air usually enters a periodic state after two cycles of g-modulation, much
faster than that of large Prandtl number fluids. The response is generally in the synchronous mode, except
at w; = 10 and R, = 1 for air where it appears to be subharmonic. For a multicellular primary flow of air,
g-modulation at o; = 25 and R, = 1 changes the multicellular primary flow to a unicellular one, dem-
onstrating significant stabilizing effect. For high Prandtl number fluids, a flow pattern, consisting of
horizontal secondary cells, preceded the onset of the commonly observed vertical secondary cells. At low
modulation frequencies, stability of convection is enhanced as demonstrated by the increase in the critical
Grashof number, by approximately 154% at R, = 1.6 and w; = 40. The temperature remains unchanged
within the cycle of the modulation, totally different from the case of air, and gives a critical gradient
approximately 0.56 at the center. Copyright © 1996 Elsevier Science Ltd.

1. INTRODUCTION

A laboratory in an orbiting spacecraft provides a
unique micro-gravity environment for exper-
imentation in fundamental studies in many fields of
science, particularly in fluid physics and crystal
growth. In such a micro-gravity environment, buoy-
ancy-induced convection is expected to be minimized
or to be absent, conditions favorable to the devel-
opment of advanced materials. However, random
fluctuations of the gravity field, both in magnitude
and direction, experienced in the space laboratory
(known as g-jitter) significantly influence the natural
convection ; for details, see a recent comprehensive
review by Nelson [1].

For the Rayleigh-Bénard problem, Gresho and
Sani [2] and Gershuni et al. [3] studied the effect of
sinusoidal gravity modulation by linear stability
theory. They found the system may be stabilized by
gravity modulation, much in the same manner as an
inverted pendulum may be stabilized by vertical oscil-
lation. The instabilities may be in the synchronous or
subharmonic modes. Biringen and Danabasoglu [4]
studied the problem in a finite cavity by means of
numerical integration of the two-dimensional, time-
dependent Navier—Stokes equations. Their results are
in good agreement with those of Gresho and Sani.
Biringen and Peltier [5] extended the numerical
methods to study the three-dimensional problem with
sinusoidal or random gravity modulation. Clever et
al. [6] performed a nonlinear analysis of the problem
and found that finite-amplitude synchronous con-

vection can be unstable to subharmonic modes. An
experimental investigation was performed recently by
Ishikawa and Kamei [7], who confirmed the theor-
etical prediction of possible enhancement of stability
by gravity modulation.

Saunders et al. [8] studied the related problem of
the effect of g-modulation on the stability of a double-
diffusive layer. They found resonant instability with
frequencies that are the multiples of the onset fre-
quencies of the double-diffusive layer in the absence
of modulation. Terrones and Chen [9] studied the
added effect of cross-diffusion in such a system. They
found bifurcating neutral curves with double minima,
corresponding to the quasi-periodic mode and the
subharmonic mode, respectively. As a consequence,
at the critical Rayleigh number, there are two incom-
mensurate critical wavenumbers at two incom-
mensurate onset frequencies.

The effect of g-modulation on the convection in a
square cavity by lateral heating was investigated by
Ramachandran [10] using a finite-difference numeri-
cal simulation scheme. He found multicellular con-
vection patterns that significantly affect the heat trans-
fer characteristics. More recently, this problem was
studied by Farooq and Homsy [11] using the method
of perturbation expansion up to the second order.
The expansion parameter ¢ is the amplitude of the g-
modulation and it is assumed small, with the zeroth-
order equation being the nonlinear Boussinesq equa-
tion in the absence of modulation. It was found that
the streaming flow induced by the modulation, which
was responsible for the multicellular flow pattern,
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Ra  Rayleigh number, gBATL?farv

R, dimensionless amplitude of the gravity
modulation, g,/g,

S dimensionless vertical temperature
gradient at the center, 06/dy

t dimensionless time

T temperature

x,y  dimensionless Cartesian coordinates

U characteristic velocity, gBATL?/v
u,v  dimenionless velocity components.

Greek symbols
o thermal diffusivity

NOMENCLATURE
A aspect ratio, H/L B coefficient of volumetric expansion
9o terrestrial gravity AT  temperature difference
g amplitude of the gravity modulation 0 dimensionless temperature
Gr  Grashof number, gBATL /v v kinematic viscosity
H height of the slot p density
J Jacobian derivative, T phase angle of the gravity modulation,
J(w ) = 0 /0ydw/dx — Oyr/dxdw/dy wqt
L width of the slot ¢ phase angle difference
Nu  Nusselt number v stream function
Pr Prandtl number, v/o w vorticity

Wy dimensionless frequency of the gravity
modulation, L*Q/v

Q frequency of the gravity modulation

V2 del operator = 8*/0x>+ 3/ A%6)".

Subscripts
c cold wall or critical value
h hot wall
L local value
max maximum value.

became appreciable when the Rayleigh number was
large, thus affecting the heat transfer.

The effect of g-modulation on the stability of con-
vection generated by lateral heat across a narrow,
infinitely long slot was studied by Baxi et al. [12]. This
is an attractive problem for stability analysis since the
basic flow is known in closed form. By use of the
Galerkin method, Baxi er al. reduced the linear stab-
ility problem to a system of simultaneous ordinary
differential equations with periodic coefficients. The
solution of the system was obtained by applying the
Floquet theory. They found that, for a given fre-
quency of oscillation, the stability is enhanced when
the amplitude is small, but it is reduced at high ampli-
tudes. Gershuni and Zhukhovitskii {13] studied the
problem of g-modulation without a mean and with an
arbitrary direction of the acceleration. They found
that the system is most unstable when the direction
of acceleration is perpendicular to the temperature
gradient. Stability is enhanced as the direction of
acceleration is tipped towards that of the temperature
gradient, and the system becomes stable when the
two directions coincide. Sharifulin [14] considered the
problem of Baxi e al., but limited the high modulation
frequencies by considering the stability of averaged
field equations. He found that, at sufficiently high
frequency, the flow is unstable at any arbitrarily small
mean values of g. In all these studies, no detailed
parametric studies were made for small frequencies
because of the large increase in computation time.
However, it is the small-frequency gravity modu-

lations that are found to influence most significantly
the Rayleigh-Bénard convection and to have a larger
effect on dopant concentration in the Bridgman-—
Stockbarger crystallization process [15]. Conse-
quently, we undertake such a study in the present
paper.

Under constant gravity, the natural convection in a
vertical slot generated by a lateral temperature differ-
ence has been extensively studied analytically, exper-
imentally and numerically in the past decades, see
reviews by Bergholz [16], Lee and Korpela [17] and
Le Quére [18]. In detailed experimental studies, Elder
[19] found the flow was in the conduction regime with
a unicellular flow pattern at low Rayleigh numbers.
When Ra exceeded a critical value, Ra,, the unicellular
convection became multicellular with secondary cells
aligned in the vertical direction. In numerical studies,
Lauriat and Desrayaud [20] found the critical Grashof
number Gr, = 8900 for air in a vertical slot with aspect
ratio 4 = 15, Jin and Chen [21] obtained Gr, = 700
720 at Pr = 720. Some of more recent reports on this
problem are available in experiments by Chen and
Wu {22] and Wakitani [23], and in numerical simu-
lations by Daniels and Wang [24] and Jin and Chen
[21]. Therefore one objective of this study is to make
comparison between flows under constant gravity and
under gravity modulation.

In this paper, a numerical simulation is carried out
by solving the full non-linear equations to study in
detail the effect of gravity modulation on natural con-
vection of air and high Prandtl number fluids in ver-
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tical slots with 4 = 20 for the former and 15 for the
latter. The A = 20 was chosen because of our earlier
steady g calculations [21] and 4 = 15 was chosen
because of the apparatus for the planned experiments.
We find the multicellular primary flow in the slot is
significantly influenced by gravity modulation,
especially at small frequencies.

The governing equations describing the flow and a
numerical method are presented in Section 2. Exten-
sive tests of the code developed based on the above
method are followed in Section 3. In Section 4,
detailed resuits are provided for air, including : effects
of the frequency and amplitude of the gravity modu-
lation on the multicellular primary flow, the increase
of the critical Grashof number and the heat transfer
result and for high Prandtl number fiuids, including
the flow development and the effect of primary flow.
Finally some conclusions are presented in Section 5.

2. GOVERNING EQUATIONS AND NUMERICAL
METHOD

Consider a vertical slot of height H and width L,
with two horizontal impermeable, rigid adiabatic
walls subject to a vertical sinusoidal gravity modu-
lation g,cos(Q¢). The left and right walls are main-
tained at uniform constant temperatures, 7y, and 7,
(< T,), respectively. The temperature difference is
assumed to be small enough so that the Boussinesq
approximation holds when a Newtonian fluid of den-
sity p, with constant kinematic viscosity v and thermal
diffusivity «, is contained in the cavity.

Assume the flow generated by the lateral tem-
perature difference is two-dimensional. The governing
equations can be nondimensionalized by : scaling the
vertical coordinate by H, the horizontal coordinate by
L, time by L?/v, temperature by AT = T,—T., velocity
by U = gBATL?/v, and pressure by pU?. By intro-
ducing the stream-function 1 and the vorticity @
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we obtain the noncimensional governing equations:

ow Gr ) o6
Frini 7]((0, V) +Vio+ (1+ R, cos(wit)) ox
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Vi = —o Q)
00 Gr 1,
i -—7.1(0, )+ PrV 0. ®)

The boundary conditions are
x=0 Yy=0aq/0x=0 08=1 6)
Yy=0)0x=0 6=0 )

x=1
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y=0 y=0yjdy=0 080/dy=0 (®)
y=1 y=ay/dy=0 086/3y=0. ©)

The effect of the gravity modulation is clearly reflected
in the buoyancy terms of equation (3).

A finite difference method is used to solve the above
governing equations. We adopt the schemes by Lee
and Korpela [17] to discretize equations (3) and (5),
that is, the explicit scheme of Arakawa [25] for the
nonlinear terms, the DuFort—Frankel [26] scheme for
the diffusive terms (the time step should thus satisfy
the Courant condition) and the central difference sch-
eme for the time derivatives. The Poisson equation (4)
is solved by the alternating direction implicit (ADI)
method [27], aided with the prediction method [28]
and block correction technique (BCT) [29]. The
boundary vorticity is determined by Thom’s rule [27].

3. ACCURACY ASSESSMENT

The code based on the above algorithm is fully
tested. In the following, we present testing cases with
constant gravity and with gravity modulation, and
compare our results with known results:

(1) The test case with constant gravity. The natural
convection of air in vertical slots is calculated. A
detailed comparison at aspect ratio 4 = 16 and 20 can
be found in Jin and Chen [21]. The following is a brief
summary. For 4 = 16, we compared our results with
those of the two-cell solution at Ra = 24000
(Gr = 33803) calculated by Le Quére [18] using the
Tau—Chebyshev algorithm. A grid convergence study
showed that grids of 33 x 129 gave satisfactory results,
within 3% of the results of Le Quéré even for the
most sensitive quantity, the vorticity in the slot. The
streamline showed a two-cell secondary flow pattern
with a wavenumber of approximately 1.60 [21]. The
flow pattern and the wavenumber agree very well with
Le Quéré, who obtained a wavenumber of 1.59. For
A =20, we obtained the critical Grashof number
Gr. = 8800-8900, which was in excellent agreement
with that predicted by Lauriat and Desrayaud [20],
who obtained Gr. = 8900.

(2) The test case with sinusoidal gravity modu-
lation. We calculate the natural convection of water
in a square cavity at Ra = 1.88 x 10* under gravity
modulation with R, = 10 and Q = 0.01 Hz. The flow
patterns, obtained with grids 33 x 33, in one cycle of
the modulation are show in Fig. 1. These multicellular
flow patterns are in good agreement with those
obtained by Ramachandran [10] with grids 31 x 31.
Compared with the case of constant gravity, the heat
transfer rate is improved by 39.39%, which agrees
almost exactly with Ramachandran, who obtained an
improvement of 39.32% in the heat transfer rate.

4. RESULTS AND DISCUSSION

The natural convection of air and higher Prandtl
number fluids in a vertical slot under gravity modu-
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Fig. 1. Flow patterns of water at Ra = 1.88x 10%, 4 =1,
Q=001 Hz and R, =10 with Ay =7x107°. Solid and
dotted lines denote iy < 0, and ¢ > 0, respectively: (a)t = 0;
(b) n/2; (c) n; (d) 3n/2.

lation is studied in detail. We chose A4 = 20 for air
and 4 = 15 for large Prandtl number fluids, so as
to compare the present study with cases of constant
gravity. We note here that the results in this study are
obtained based on grids of 33 x 129.

4.1. Air in a vertical slot with A = 20

First, the flow at Gr = 10000 with constant gravity
is determined, which appears multicellular because the
Grashof number is slightly larger than the critical
value, Gr, = 8800-8900. The six weak secondary cells
have an average wavelength of 2.28L (Fig. 2(a)). The
isotherm shows slightly convective motion, cor-
responding to the weak secondary cells (Fig. 2(b)).
Based on this multicellular primary flow, we study the
effects of the frequency and amplitude of the gravity
modulation on the flow. Furthermore, based on the
periodic primary flow at parameter set of w; = 25 and
R, = 1, we determine the critical Grashof number.

4.1.1. Effect of frequency. We keep Gr = 10000 and
nondimensional amplitude R,=1. The non-
dimensional frequency w; of the gravity modulation
varies from 10 to 800, corresponding to a physical
frequency range Q = 0.25-20 Hz for a slot with width
1 cm. When adding the gravity modulation, we find
the flow enters the periodic state quite quickly : only
two cycles of modulation are usually required.

The temperature response at periodic state in three
cycles of gravity modulation at we = 10 is shown in
Fig. 3. In this figure PA, PB and PC are sampling
points located at the nondimensional coordinate
points (0.25, 0.50), (0.25, 0.75) and (0.50, 0.75),
respectively. Figure 3 reveals that the temperature
response at w; = 10 requires two cycles of modulation
to repeat itself completely. This indicates that the
response is in the subharmonic mode. The flow pat-
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Fig. 2. Flow pattern of air and isotherms at Gr = 10000
and 4 =20 with constant gravity: (a) flow pattern with
Ay = 40 x 107°; (b) isotherm.

terns in two cycles of periodic state are shown in Fig.
4. We note here that the increase of streamfunction is
Ay = 4x107° only at the phase angle t = n and 3n;
it is smaller than Ay =40x107° at other phase
angles, in order to visualize the flow pattern. We also
note that the phase angle 7 is expressed in a relative
value for simplicity, instead of the exact value in the
modulated gravity. As can be seen, the flow is very
strong at T = 0—n/2 and very weak at t = n—3n/2 of
the modulation. It can be unicellular at T = 0 and 37/2,
or multicellular with six secondary cells at t = n/2 and
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Fig. 3. Temperature response at sampling points PA, PB, PC
at Gr = 10000, ;= 10and R, = 1.

7, indicating that multicellular primary flow can be
stabilized or become stronger under the gravity modu-
lation. The flow patterns in the second cycle are simi-
lar. However, thers are seven secondary cells when
the flow appears multicellular. The wavelengths are
approximately 2.2ZL, the same as the primary flow,
in the first cycle and they decrease slightly to 1.83L
in the second cycle. This variation in flow patterns
confirms the subharmonic response of temperatures as
shown in Fig. 3. The corresponding isotherms clearly
exhibit straight lines at T = 0 and 37/2 and convective
motion (similar to Fig. 2(b)) at T = n/2, in accordance
with the dominant unicellular or multicellular flows
in the slot.

The effect of gravity modulation at w; = 25 is shown
in Fig. 5. The flow shows unicellular patterns only in
a whole cycle of the modulation and is weakest at
1 = n. The isotherms are shown in Fig. 5(b). They are
straight lines within the cycle, in conformity with the
unicellular flow patterns. This indicates that the mul-
ticellular primary flow is stabilized notably by the
gravity modulation with ;= 25 and R, = .

The flow at higher frequency modulation is mainly
multicellular with a wavelength close to the primary
flow, which need not be repeated here for the sake of
brevity. Therefore, it is low frequency modulation that
shows a notable effect on the multicellular primary
flow.

4.1.2. Effect of amplitude. Keeping the non-
dimensional frequency w; = 25 and Gr = 10000, we
change the amplitude of the modulation from
R, = 0.5, to 1.5. The flow at R, = 0.5 is mainly mul-
ticellular with a constant wavelength 2.18L. The iso-
therms show convective motion. The flow patterns
at R, = 1.5 are shown in Fig. 6(a); they are mainly
multicellular with a wavelength 2.67L. Therefore, the
wavelength is slightly increased with an increase of
the amplitude of the gravity modulation. The mul-
ticellular flow is very strong at © = 7/2, and very weak
at =7 and 3m/2. It is counterrotating at 1 ==
because of the negative value of the gravity, but has
the same wavelength. The isotherms are shown in Fig.
6(b). They show straight lines at t = 0, and strong
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convective motion at t = n/2. The effect of the coun-
terrotating flow on the isotherms is clearly shown at
the ends of the slot, at T = = and 37/2. Comparing the
flow pattern and isotherm at ¢t = 37m/2, we can see
the response of the temperature is delayed, the
temperature still exhibits the influence of the
counterrotating flow.

Therefore, for a specific frequency of the modu-
lation, e.g. w¢ = 25, there is an amplitude range, e.g.
close to R, = 1, with which the multicellular primary
flow can be notably stabilized by the gravity modu-
lation. The large amplitude modulation will make the
multicellular flow remarkably stronger. This con-
clusion is qualitatively in agreement with that by Baxi
et al. [12] in their linear stability analysis. They found
that the critical Grashof number decreases with larger
amplitude modulation. However, a small amplitude
modulation does not demonstrate a significant sta-
bilizing effect on the multicellular primary flow.

4.1.3. Critical Grashof number at w;=25 and
R, = 1. Since the gravity modulation at w, = 25 and
R, =1 significantly stabilizes the multicellular pri-
mary flow, as shown in the above sections, we chose
this case to determine the critical Grashof number.
We begin the calculation from an initially motionless
state. Calculations at higher Grashof numbers are
started from the result of lower Grashof numbers with
gravity modulation. Therefore the primary flow is per-
iodic and unicellular.

The flow usually enters the periodic state after only
two cycles of modulation. The periodic flow is uni-
cellular in the entire cycle. The flow patterns and iso-
therms at Gr = 10000 are the same as in Fig. 5, which
implies the flow type of the primary flow, periodically
unicellular primary flow or stably multicellular pri-
mary flow, has little effect on the final state for thermal
convection of air with Pr = 0.71. This result is com-
pletely different from the cases of large Prandtl num-
ber fluids, as presented in Section 4.2.

When the Crashof number increases to 12000 from
10000, multicellular flow patterns are found at
t=7/2 and 7, as shown in Fig. 7(a). The cor-
responding isotherms are given in Fig. 7(b). They
show straight lines or convective motion, in accord-
ance with the flow patterns. Therefore the critical Gra-
shof number for the periodic primary flow increases
to Gr. = 10000-12 000, which is about 23.6% higher
than that with constant gravity.

The horizontal velocity and temperature profiles at
Gr = 10000 and 12 000, just before and after the onset
of the instability, are shown in Figs 8-9. At
Gr = 10000, the horizontal velocity shows wave-like
variation in whole cycle. Such wavy variation is
notable at the nondimensional heights about y = 1/5
and 4/5. This implies that the instability will not occur
around the central zone as observed in cases with
constant gravity. A smaller increase of the stream
function does visualize some small, weak secondary
cells, which is in accordance with the negative and
positive values of the horizontal velocity at heights
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Fig. 4 Flow patterns with Ay = 40x 10™° except at time ¢t =z and 37 (with Ay = 4x107° only) at
Gr=10000, oz = 10and R, = 1.

around y = 1/4 and 3/4. The temperature profiles
show large variation in the upper and lower center
regions, as shown in Fig. 8(b) at Gr = 10000, within
the cycle of the modulation. It is clear from Fig. 8 that
the temperature gradient at the center varies during
the cycle of the modulation. Wavy variation of the
temperature is located around the heights y = 1/4 and
3/4, in agreement with the variation of the horizontal
velocity. After the onset of the secondary cells at
Gr = 1200 large wave-like variations of the horizontal
velocity and temperature are developed, as shown in
Fig. 9. The regular waviness of the velocity in the
center region is similar to cases of constant gravity.

The large waviness is in accordance with the visible
secondary cells in the slot, as shown in Fig. 7(a). The
variation of the velocity in the end regions is close to
the case of Gr = 10000. The wavelike variation of
the temperature is also similar to cases with constant
gravity and varies during the cycle of the modulation.
The temperature increases inside the secondary cells
and decreases between the cells along the height. Its
largest modulation at T = 7, corresponding to the dot-
ted line C in Fig. 9(b), agrees with the weak secondary
cells as shown in Fig. 7(a), because the weak sec-
ondary flow cannot mix the fluid thoroughly to
weaken the temperature gradient.
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Fig. 5. Flow patterns and isotherms at Gr = 10000, o;= 25 and R, =1: (a) flow patterns with
Ay = 40 x 107%; (b) isotherms.

4.1.4. Heat transfer results. The local heat transfer
rate along any vertical plane in the cavity is given by

00
Nu, = ~— + PrGrub. (10)

ox

It shows large variation at the end regions during the
cycle. It also shows smaller wave-like variations at
heights around y = 1/4 and 3/4, before the onset of

the secondary cells, in accordance with the horizontal
velocity and temperature variations as shown in Fig.

8. With development of the secondary cells, the local
heat transfer rate shows notably wavy variation. The
maximum value of the wavy Nusselt number is located
in the lower part of the secondary cell, while the mini-
mum value is in the top of the secondary cell. They
are in agreement with the variation of isotherms as
shown in Fig. 7(b).

The average heat transfer rate, Nu, at the hot wall
is calculated by Simpson’s rule. It varies with time, and
usually appears periodic after one cycle of modulation
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Fig. 6. Flow patterns and isotherms at Gr = 10000, w; =25 and R, =1.5: (a) flow patterns with
Ay = 40 x 10~ >—dotted lines denote ¥ > 0; (b) isotherms.

only. Its amplitude decreases with increase of the fre-
quency and increases with the amplitude of the gravity
modulation. The peak values of Nu, are postponed
compared with the peaks of the gravity. The phase
angle differences, ¢, or ¢,, between the maximum or
minimum values of Ny, and the gravity, increase with
the frequency of the modulation, as show in Fig. 10
for the multicellular primary flow at Gr = 10000 and
R, = 1. The variation of Nu, is unsymmetric within
the cycle, and the unsymmetric degree (¢;) phase angle

difference between the maximum and minimum Nu,
is shown in Fig. 10. It has a maximum value at
w; = 50, and approaches zero when the frequency w;
is larger than 400.

The heat transfer rate, Nu, in one or two cycles of
the gravity modulation is an average value of Nu,. We
find that although the gravity modulation has a strong
effect on the flow patterns, it shows little effect on the
average heat transfer rate Nu. For Gr = 10000 with
multicellular primary flow, the variation of the aver-
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Fig. 7. Flow patterns and isotherms at Gr = 12000, «; =25 and R,=1: (a) flow patterns with
Ay = 40 x 10~%; (b) isotherms.

age heat transfer rate Nu is less than 2% compared
with the case of constant gravity.

4.2. Fluids of large Prandt! number in a vertical slot of
A=15

Based on linear stability analysis, Baxi et al. [12]
found that large Prandtl number fluids have the poten-
tial to improve greatly the critical Grashof number,
compared with small Prandtl number fluids, e.g. air.
We focus our interest in determining the critical Gra-

shof number for the onset of the convective instability.
We find that before the onset of the typical mul-
ticellular flow, as in the case with constant gravity, the
flow shows a different flow pattern, secondary cells
aligned in the horizontal direction. Moreover, the
effect of the initial flow condition on the final flow
pattern is studied.

4.2.1. Flow development at Pr = 720, R, = 0.9 and
w; = 30. We start the calculation from an initially
motionless state. Calculations at higher Grashof num-
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Fig. 8. Typical variations of the horizontal velocity, and

temperature along the vertical central line at Gr = 10000 in

one cycle of the gravity modulation. Lines A, B, C, and D

are at t = 0, n/2, =, and 3%/2: (a) horizontal velocity; (b)
temperature.

ber are started from the results at lower Grashof
number, namely periodic flow. The Prandtl number
Pr = 720 corresponds to a 90% glycerin—water solu-
tion [30], the nondimensional frequency w; = 30 cor-
responding to Q = 1.5 Hz for a slot with width
1.5 cm. We note that initially different results at a
lower Grashof number, e.g. results at t = 0, n/2, © or
37/2 within the cycle of the modulation, finally give
the same results. We find that the flow usually requires
more than 30 cycles of the modulation to appear
periodic.

The flow shows the boundary layer regime at a
small Grashof number, Gr = 100. The typical flow
patterns within one cycle of the modulation are show
at Fig. 11(a) Gr = 400. The flow is unicellular, and
strong in the first-half cycle and weak in the second-
half cycle. Moreover, the streamline at the end of the
central core shows concave feature towards the center
at 7 = 3n/2. The corresponding isotherms are almost
the same within the cycle (Fig. 11(b)), and indicate
the typical boundary layer feature as in the case of
constant gravity. As the Grashof number increases,
the concavity of the central streamline becomes more
salient. Finally, two parallel layers completely sep-
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Fig. 9. Typical variations of the horizontal velocity, and

temperature along the vertical central line at Gr = 12000 in

one cycle of the gravity modulation. Lines A, B, C, and D

are at T =0, n/2, n, and 3n/2: (a) horizontal velocity ; (b)
temperature.

Phase angle difference

o1} e RS J
N .

10 100 1000

Fig. 10. Phase differences. -—¢,, between maximum Nu, and
gravity ; 2—¢,, between minimum N, and gravity ; 3—a;,
unsymmetry of response of Nu,.

arated are formed, as shown in Fig. 12 at Gr = 600
and 7 = 37/2. These secondary cells aligned in the
horizontal direction are termed horizontal secondary
cells. Such a flow pattern emerges periodically and
exists briefly within the cycle of the gravity modu-
lation. The streamline at the center at t =0 also
appears concave. The flow within the cycle is mainly
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Fig. 11. Flow patterns and isotherms at Gr = 400, Pr = 720, &; = 30 and R, = 0.9: (a) flow patterns with
Ay = 8x107%; (b) isotherms.

unicellular. The isotherms are similar to Fig. 11(b).
The increase of the Grashof number makes the hori-
zontal cellular flow stronger, as shown in Fig. 13 at
Gr = 1200. At 7 == 0, the flow shows two horizontal
secondary cells almost totally separated. This indi-
cates that the horizontal cellular flow not only
becomes stronger, but also remains for a longer time
within the cycle with an increase of the Grashof
number. However, the isotherms do not show sig-
nificant change with the increase of the Grashof
number. As the Grashof number is further increased
Gr = 1400, typical secondary cells aligned in the ver-
tical direction and therefore called vertical secondary
cells, similar to the cases without gravity modulation,
are found, as shown in Fig. 14, while the horizontal
cells now disappear. The flow is multicellular in the
whole cycle, and strong in the first-half cycle and weak

in the second. If a smaller increase of the stream
function is used to visualize the flow pattern, we
find the flow keeps seven secondary cells and has sev-
eral tertiary cells as shown at 1 = 0 of Fig. 14(a). The
isotherms are almost unchanged during the cycle, and
show strong convective motion, as presented in
Fig. 14(b).

Therefore, the critical Grashof number is improved
from Gr, = 700-720 for the constant gravity case to
Gré, = 1200-1400 by the gravity modulation, an
approximate increase of 83%. Here the suffix ‘g’
denotes the gravity modulation, and ‘v’ denotes cells
aligned in the vertical direction. Such a notable
increase in the critical Grashof number is in accord-
ance with the linear stability analysis. Moreover, we
find horizontal secondary cells are formed at Grg,400—
600, and remain until the onset of the typical vertical
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Fig. 12. Flow patterns with Ay = 5.5x 107° at Gr = 600,
Pr =720, wy=30and R, = 0.9.

secondary cells at Grg,. Such a flow pattern is not
observed for the air, as presented in the Section 4.1,
but this is not exceptional in this case. In our extensive
studies, we find similar horizontal cells, for instance, at
Pr=125and 4 = 15, aswellas Pr = 188 and 4 = 20.

The typical profiles of horizontal velocity along the
vertical central line are show in Fig. 15(a) at
Gr = 1200. They vary within the cycle of the modu-
lation, and show waviness, particularly at non-
dimensional heights y = 1/3 and 2/3, where the insta-
bility is developed first, instead of at the center. When
the vertical secondary cells are developed, the profiles
show large modulation. The temperature profiles are
shown in Fig. 15(b) at Gr = 1200 and 1400. We note
that the temperature profiles at t = 0, /2, = and 3x/2
at the specific Grashof number are located exactly on
the same line. After the onset of the secondary cellular
flow, the temperature shows step variation along the
height, but still keeps unchanged within the whole
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/2 s 3n/2

Fig. 13. Flow patterns with Ay = 3.5x 107° at Gr = 1200,
Pr =720, w;= 30 and R, = 0.9.

=0

cycle of the modulation. This feature of the tem-
perature profile implies that the temperature gradient
at the center keeps a constant during the cycle and is
approximately 0.56 just before the onset of the sec-
ondary cells. We note that the temperature gradient
is calculated based on the temperatures at the heights
of y = 0.25 and 0.75. This feature is totally different
from that in the case of air, in which the temperature
profile varies within the cycle of the modulation.

At the mid-height of the slot, the vertical velocity
shows negative and positive values at the central
region at t = 0 and 3x/2, in accordance with the two
horizontal secondary cells shown in Fig. 13. However,
the value of the velocity in the center is very small
throughout the whole cycle, indicating that the flow
is very weak in the central zone of the slot. The tem-
perature profile at the mid-height is also unchanged
during the cycle. At smaller Grashof numbers, the
temperature shows a reversal gradient in the central
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Fig. 14. Flow patterns and isotherms at Gr = 1400, Pr = 720, w; = 30 and R, = 0.9: (a) flow patterns with
Ay = 4.4x107%; (b) isotherms.

core. At higher Grashof numbers, e.g. Gr = 1400, the
reversal temperature gradient disappears, and the
temperature remains constant at approximately 0.51
in the core region. Such a temperature profile is similar
to the case with constant gravity. Combining the iso-
therms shown in Figs. 11(b) and 14(b), it is clear that
the temperature field in the slot is almost unchanged
during the cycle of the modulation. This feature
should be attributed to the effect of a large Prandtl
number.

Because the temperature distribution is unchanged
within the cycle of the modulation, the local heat
transfer rate, Nup. along the hot wall does not vary
during the cycle, in complete contrast for the case of
air. The average heat transfer rate Nu within the cycles
is almost the same as that in cases of constant gravity.
Therefore the heat transfer rate is very insensitive to

the gravity modulation, in the parameter range of the
present study.

4.2.2. Effect of the primary flow. In the calculations
above, we start the calculations from the results of
low Grashof number under gravity modulation. The
primary flow is therefore periodic and unicellular flow.
We find that the type of primary flow has a strong
effect on the final flow patterns of large Prandtl num-
ber fluids, while it has little effect on the flow of air.

We calculate the case of Gr = 600 and 800 with
gravity modulation, based on the result of the same
Grashof number without gravity modulation. The pri-
mary flow is thus unicellular in the former case and
multicellular in the latter because Gr, = 700-720 for
cases with constant gravity. When acted upon with
gravity modulation, the flow appears periodic, and
finally shows two vertical cells at Gr = 600, as shown
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Fig. 15. Typical variations of the horizontal velocity, and
temperature along the vertical central line in one cycle of the
gravity modulation. Lines A, B, C, and D are at t =0,
n/2, n and 3n/2: (a) horizontal velocity at Gr = 1200; (b)
temperature at Gr = 1200 and 1400.

in Fig. 12. For Gr = 800, the flow remains multicel-
lular, although it is strengthened or weakened within
the cycle of the modulation (Fig. 16(a)). These flow
patterns are totally different from those obtained from
a periodically unicellular primary flow, which are very
close to Fig. 12. The isotherms are also completely
different, and show strong convective motion (Fig.
16(b)).

4.2.3. Flow development at other parameter set. The
flow development at other parameters of amplitude
and frequency of the modulation is studied at
Pr = 720. The horizontal secondary cells are always
found before the onset of the typical secondary cells.
For R, =0.1, w;=10 and R, = 1.6, w;= 40, cor-
responding to physical frequencies of approximately
0.5 and 2.0 Hz, respectively; we obtained Gr,
= 1000-1200 and 1700-1900, respectively. The more
notable increase of the critical Grashof number at
R, = 1.6 and w¢ = 40 should be attributed to a little
large amplitude and still small frequency. The critical
temperature gradient S at the center is found to be

Y.Y.JINand C. F. CHEN

0.55 and 0.57, respectively, for R, = 0.1, w; = 10 and
R, = 1.6, w; = 40.

The flow development at Pr = 125 with R, = 0.9,
w; = 160 is similar. The increase of the critical Gra-
shof number is very small. The critical temperature
gradient S is approximately 0.55, very close to the
values presented above. Therefore, for a slot of
A = 15, the critical temperature gradient has almost
a constant value of 0.56 on average. This value is
slightly higher than that obtained in cases without
gravity modulation, namely S = 0.49 presented by Jin
and Chen [21].

5. CONCLUSIONS

The effect of the gravity modulation on the natural
convection of air and large Prandtl number fluids
in a vertical slot with an aspect ratio of 20 and 15,
respectively, is studied numerically. We find that the
flow enters the periodic state usually after two cycles
of modulation for air, while it commonly requires
more than 30 cycles to be periodic for large Prandtl
number fluids. The response is generally in the
synchronous mode, however, it appears to be sub-
harmonic at w; = 10 and R, = 1 for air. For a periodic
primary flow, we find that the typical convective insta-
bility is prone to occur at the nondimensional heights
about y = 1/4-1/3 and 2/3-3/4, instead of around the
center as observed in the case of constant gravity.
Within the cycle of the gravity modulation, the tem-
perature profile of air is changed significantly.
However, the temperature profile of the large Prandtl
number fluid is unchanged. We find that the critical
temperature gradient at the center has a constant
value, approximately 0.56 for 4 = 15, slightly higher
than the value obtained in cases without gravity
modulation. Although the gravity modulation has a
significant effect on the flow patterns in the slot, it
shows little effect on the heat transfer rate.

For a multicellular primary flow of air in a slot
of 4 =20, a higher frequency modulation does not
appear to stabilize the flow. However, a lower fre-
quency modulation exhibits remarkably stabilizing
effect. A large amplitude modulation can make the
multicellular flow more vigorous, qualitatively in
agreement with the linear stability analysis by Baxi et
al. [12], while a small amplitude modulation does not
show significant stabilizing effect on the flow. The
critical Grashof number at parameters w; = 25 and
R, =1, with which the gravity modulation notably
stabilizes the multicellular primary flow, is found to
the Gr&8 = 10000-12000, about 23.6% higher than
that with constant gravity.

For the periodically unicellular primary flow of
large Prandtl number fluids in a slot of 4 =15, a
new flow pattern is revealed, which consists of two
secondary cells aligned in the horizontal direction.
This flow pattern develops and emerges periodically
during the modulation, and then disappears at the
onset of the typical secondary cellular flow consisting
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Fig. 16, Flow patterns and isotherms at Gr = 800, Pr = 720, w; = 30 and R, = 0.9 obtained from the
multicellular primary flow : (a) flow patterns with Ay = 5x 10~%; (b) isotherms.

of cells in the vertical direction. The onset of the sec-
ondary flow may be greatly delayed by gravity modu-
lation, depending on the combined effects of the
amplitude and frequency of the modulation. It is usu-
ally the low frequency that significantly increases the
critical Grashof number. For a specific frequency,
there seems to be a range of amplitude, in which the
stabilizing effect of the gravity modulation is most
notable. For R, = 0.9, w; = 30 and R, = 1.6, w; = 40,
we obtained the critical Grashof number Grg, = 1200—
1400 and 1700-1900, with an increase of approxi-
mately 83% and 154%, respectively, compared with
the result of constant gravity. Further extensive stud-

ies on the combined effects of the amplitude and the
frequency of the modulation are obviously necessary.
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