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Rayleigh-Benard convection with an inclined upper boundary
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We report experiments on thermally driven convection of a high-Prandtl-number fluid with an inclined upper
boundary. For an inclined angle greater than the critical value, we observed a few new convection patterns, in
which laterally migrating convection cells and plumes appear simultaneously and a large-scale flow is induced
from the inclined upper boundary. The plumes induced from the inclined upper boundary activate the tem-
perature fluctuations, resulting in the formation of a large-scale horizontal heat transfer with a lateral scale
larger than that of each convection cell. The critical angle for the onset of the lateral migration of the cells is
determined by comparing the two length scales: the height difference in one convection cell imposed by the
inclined upper boundary and the thickness of the viscous boundary layer.
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I. INTRODUCTION exists in the interiors of the Earth, planets, and stars and is an
important engineering problem. In the present study, we con-
Rayleigh-Beard convection(RBC), where a horizontal ducted experiments to investigate how the inclined upper
fluid layer is heated from below, is universally found in na- boundary of the convection layer affects the RBC.
ture and has been the focus of much reseft¢t. However,
most studies of RBC, in experiments and theories, have Il. EXPERIMENTAL SETTINGS
adopted ideal conditions such as a homogeneous boundary
condition and a uniform height of the convection layer. In
natural situations, such idealized cases are rare. Recently, We conducted thermal convection experiments with an
there have been several studies devoted to understandingclined upper boundary and observed the temperature fields
how inhomogeneity affects convection. For example, wherusing a thermotropic liquid crystal powder, which changes
both the upper and lower boundaries were inclined, severahe reflective color within the prescribed temperature range.
new types of instabilities and convection patterns were found'he experimental apparatus used in this work is shown in
to exist[3—5]. The rough boundaries modify the plume gen-Fig. 1. The fluid tank in these experiments is rectangular in
eration[6], enhance heat transfgr,8], and modify the sta- shape(500 mm in length and 50 mm in widthWe adopted
tistics of temperature fluctuatiof8]. It has also been shown this narrow width to obtain a clear temperature field. The
that an inclined bottom boundary enhances heat transfer iniaclined angle is varied by independently changing the
laminar natural convectiofil0]. These studies show that ex- height of both sides of the lid. The side walls are made of
ternally forced boundary conditions critically control the acrylic plates with a thickness of 15 mm. The upper and
convection, in stark contrast with studies conducted undefower boundaries are made of aluminum and copper plates
idealized conditions. Such interactions between externallyith a thickness of 3 mm and 2 mm, respectively. The tank is
forced boundary conditions and convection have importanfilled with glycerol solution, which is heated from below and
clues for understanding the dynamics of RBC. cooled from above. The temperature of the upper and lower
The problem of how the convecting pattern is determinecbhoundaries is controlled by circulating water at a precision of
and how the heat transfer is modified when the Rayleigh<0.1°C. Three small movable thermistor prolf82 mm in
number varies in a single convecting layer is an importantength and 0.35 mm in diamejeare placed inside the cell in
issue. A simple case suitable for studying such a problem is
that of an RBC in which the upper boundary is inclined. We . Moving thermistor &
used a high-Prandtl-number fluid because the convective e cuiating watgr'“"""“m plate stepping motor
states change when the Rayleigh number is varied over the (cold)
wide range used in our experimeitsl—13. When the up- ‘

A. Experimental apparatus

per boundary is inclined, the Rayleigh number varies later- |y . Local
ally. As a result, different convecting patterns adjacent to height
each other interact to produce a new pattern. This also Thermotropic =
strongly modifies the heat transfer. Such a situation actually Q O liquid crystals s
© 0 0 oOoAC O O Xenon lamp
50 (mm)
500 (mm) X
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Bunkyo-ku, Tokyo 113-0032, Japan. FIG. 1. A sketch of the experimental apparatus.
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order to measure the vertical temperature profile of the conThis indicates that the thickness of the local thermal bound-
vecting fluid. The probes are mounted on a stepping motor sary layer is independent of the local height of the convecting
that the local temperature of the fluid can be measured aslayer.

function of the distance away from the upper and lower

boundary with an accuracy of 0.01 mm. Each movable ther- 2. Flow velocity

mistor is calibrated with an accuracy of 0.01°C. The scaling laws to estimate the flow velocity under the
The Rayleigh number is varied by changing the localieyeled upper boundary depend on the convection regimes.
height of the convection laygB<I1(x) <140 mni, the tem-  \ye estimate the flow velocity in two regimes based on the
perature difference between the upper and lower boundariggyeled cases: the regime when convection cells are observed
(4<AT<19°C), and the concentration of glycefak., ki- (Ra<10P) and the regime when plumes are dominant’(10
nematic viscosity, 10 °<»<5x10"* m?/s). The maxi-  <Rac3x 10P).
mum inclined angle is 14 °. The viscosity of glycerol is only  \yhen the convection pattern shows convection cells, the
weakly temperature dependent, and its variation is less than@nvecting velocity is estimated following the simple bound-
factor of 5 in a single experiment. The Prandtl numbergyy |ayer analysis of a finite-amplitude convection with an
(240<Pr= v/ k<4200) is also varied by the concentration of aspect ratio of 1. The convecting velocityx) is written as
glycerol, wherex is the thermal diffusivity.

K
1(x)
Before describing the experimental results, we show som I .
scalings that predict the characteristics of the convection un%ubstltutlng Eq(2) for Eq. (5) yields
der the inclined upper boundary. We derived some scalings
based on the scalings for the leveled upper boundary cases. u(x)~ ﬁRag’al(x). (6)

In our experimental situation, under the inclined upper |§
boundary, the Rayleigh number varies laterally because of
the thickness variation(x). The direction ofx is denoted in ~ This equation indicates that the convecting velocity is a func-

Fig. 1. We define the local Rayleigh number as tion of I(x). Since the time scale for the overturn,, is of
the order of 4(x)/u(x),

u(x)~ —Ra(x)?*. ©)

B. An estimate of several scales of flow

agATI(x)3
Ra(x)=— —— D 712kt Rg, 23, @)
which shows that the time scale of the overturn does not
[(x)]3 depend on the local height of the convection layer.
=Ra .| 2 When the convection is dominated by plumes, the con-

vecting velocity depends on the velocity of the plumes. Be-
cause of the large Prandtl number, the velocity of the plumes

wherea is the thermal expansion coefficiegtjs the gravi- o1 pe estimated by the Stokes velocity.

tational acceleration, Ra 10° is the critical Rayleigh num-
ber[14,1], andl. is the thickness of the convection layer at gaATﬁtzh
Ra(x)~Ra.. This equation shows that Ra) is only a Ust™ T3, (8)
function of [(x) in a single experiment.
To calculate the Stokes velocity, we use the thickness of the
1. The thickness of the thermal boundary layer thermal boundary layer as the radius of the plume head. Us-

The thickness of the thermal boundary lay&y,, is esti- "9 Egs.(2) and(4) yields
mated as follows. The thickness of the thermal boundary «
layer has been determined experimentally in the case with a v(X)g* gRac- (9
leveled upper boundary as c

This equation indicates that the convecting velocity is inde-
[(x) [(x) pendent ofl (x).

072N 2y(Ra00/Ral” @

3. Heat flux

. . In order to compare the local heat flux at different sites in
where Nu is the Nusselt number ands an experimentally a single experiment, we introduce a new paramefer

determined constant. Since convection in the experiments iS
not in the regime of fully developed turbulence ane~Rr, it JRa(x)] KAT/Sy,
follows that 1<y<2 and g~1/3 [2,15. Substituting 8 T ~KATIL
~1/3 and Eq.(2) for Eq. (3) yields [Ra] ¢

(10

whereKk is the thermal conductivity and is the heat flux.
Sin(X) el . (4) Here, we assume that the heat flow is determined Qh{xRa
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which implies that the lateral heat transfer is ignored. For>10°). We note that, for the case with an inclined upper

Ra(x)>Ra., using Eqs(4) and(10), q,, becomes boundary, two convection patterns, i.e., convection cells and
plumes, appear simultaneously.

G~ '_c~1 (11) Figure 3a) shows snapshots of the temperature field of

L P convection when the local Rayleigh numbers are higher than

in the case of Fig. 2. Here, the inclined angle is 10° and
which shows thaty, is independent of the thickness of the 4 106 < Ra(x)<4x10'. A large-scale flow of convection
convection layer. patterns is observed, although the local Rayleigh numbers
are Rax)<4x10’, much lower than the Rayleigh number
ll. RESULTS at which a large-scale flow is observed under the leveled
upper boundary (Ra3x1(®). The large-scale mean flow
consists of cold plumes sliding down the slope and hot

Experiments were carried out at %0Ra(x)<3X1C0°.  plumes being swept in the opposite direction by the counter-
When the upper boundary is leveled, four regimes are obfgw.

served: 18<Ra<1(?, two-dimensional steady convection Figure 3b) clearly shows the site of the swept hot
cells; 16<Ra<10’, a time-dependent convection; t0Ra  plumes. The blue lines from the left to the right indicate the
<10%, a plume-dominant convection; and<a(®<Ra, a |oci of swept hot plumes, which stop at the right end of the
large-scale flow. The convection pattern does not show threqank. Yellow spots at the left end of the tank are the accumu-
dimensional convection cells for Ral0® because the width |ation of cold plumes sliding down the slope. The blue lines
of the adopted convection tank is much smaller than itsare nearly parallel to each other. This indicates that the mi-
length. Otherwise, the convection pattern is consistent witlyrating velocity does not depend on the local height.
those of previous studige.g.,[12,13)). Figure 4 summarizes the series of pattern observations
Figure 2a) shows snapshots of the temperature field ofand shows the regime for migrating convection cells. This
convection when the inclined angle is 12°. The time-figure shows thata) there is a critical angle, above which the
dependent feature of convection patterns is observed, atonvection cells migrate toward the thinner region aby
though the local Rayleigh numbers are in the range df 10this critical angle is a function of Réx). The region where
<Rg(x)<10° within which the convection pattern is classi- oscillations are observed is in the vicinity of the regime
fied into a regime of steady convection cells when the uppeboundary.
boundary is leveled. Convecting cells migrate from the
thicker region toward the thinner region, as shown by the B. Temperature measurements

green arrows. The migrating velocity at thinner regions is _ o
higher than that at thicker regions. Because of this lateral Pattern observations show that the inclined upper bound-

variation of the migrating velocity, the convection cells ad- "y causes the convection cells and plumes to migrate hori-

just as follows. In the thick region, each cell elongates laterZontally. Furthermore, plumes are observed a(gaai 1¢°,

ally and eventually separates into two cells, whereas, in th@nd & large-scale flow is observed aj®p<4x10". These

thin region, the cells coalesce. When the convection cellfocal Rayleigh numbers are smaller than those under leveled

separate and coalesce, three-dimensional plumes are O;E,c_)undarles.. These results suggest that Fhe inclined upper

served, as indicated by red and yellow circles. Cold plumefoundary increases the effective Rayleigh number. The

migrate from the thicker region toward the thinner region,Properties of the temperature fluctuation and its frequency

whereas hot plumes migrate in the opposite direction. spectru_m, h|stograms., and tlme derivative have been k_nown
Figure 2b) shows the time-evolution of the migrating ve- © prowde important information of the thermal and kine-

locity: the variation of the migrating velocity of the cells can Matic energy state of the convectide.g., [1,16,17). Ac-

be clearly seen. The deep blue and deep yellow regions sho@Prdingly, we studied these properties under the inclined

the sites of the upwellings and downwellings, respectivelyUPPer boundary.

The convection cells at thicker regiorisght) migrate to-

ward the thinner regiorileft). The steepness of the slope

angle of the yellow and blue regions indicates the migrating We describe the characteristics of the temperature fluctua-

velocity. The migrating velocity for the thinner region is tions under the leveled upper boundary at a high Prandtl

faster than that for the thicker region. However, the slopenumber before describing the characteristics of those under

angle at the thinnest region is zero, which means that there the inclined upper boundary.

no migration there. Between the regions of migration and Figure 5a) shows the temperature-time series data. Dot-

absence of migration, the convection cells show oscillationted and solid lines show the cases of-Re0® and 4x 107,

This is related to the plumes observed when the convectiorespectively. The convection pattern at<RE0® under the

cells separate and coalesce. leveled upper boundary shows steady convection cells. A
Under a case with a leveled upper boundary, convectiomhermistor probe inserted in the convection layer does not

cells are observed at a lower Rayleigh number <RE&°). detect the temperature fluctuations because of the steadiness

The convection cells stay at the same sites and never migraté the convection cells, as shown by the dotted line. On the

systematically in the lateral direction. On the other handpther hand, at a high Rayleigh number, the solid line shows

plumes are observed under a higher Rayleigh number (Riarge fluctuations, which are related to the passing hot and

A. Pattern observation

1. Leveled upper boundary
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FIG. 2. (Color (a) A time-series of snapshots
of the temperature field. Red/yellow areas corre-
spond to low-temperature regioidownwelling
sites in convection cellsand blue ones to high-
temperature regiongupwellings. White arrows
indicate the upwelling and downwelling sites.
Numbers shown in the left indicate the time
elapsed after achieving thermal equilibrium.
White lines are thermistor probes. Green arrows
indicate the site of a downwelling. The yellow
circle indicates the coalescence of convection
cells. The red circle indicates the separation of
convection cells. The blue arrow indicates a pair
of laterally elongated convection cells. Experi-
mental conditions are f6cRa(x)<10® and 23
<I(x)<110 mm, and the inclined angle is 12°.
The horizontal width of each snapshot is 0.5 m.
O, +, and X in the bottom snapshot show the
sites of thermistor probegh) Temperature profile
at the bottom traced through tinféme increases
toward the bottom for (a). The time span and
horizontal width are the same as (@). The red
line shows the site of the downwelling indicated
by the green arrows ifg).
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FIG. 3. (Colon (a) Same as Fig. 2, but for410P<Rg(x)<
4% 107, 104<I(x)<140 mm, and an inclined angle of 10°. Green
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cold plumeq18]. These characteristics can also be identified
from the histogram of the temperature variatidtig. 5(c)].

The solid line indicates wider distributions than those of the
dotted line. The solid line shows a symmetrical distribution,
which means that the probability of the occurrence of the
passing hot and cold plumes is the same. The deviation of the
mean temperature from 0.5 at the middle height is caused by
the temperature dependence of the glycerol viscosige
Appendix.

The dotted line in Fig. &) shows the frequency power
spectrum of(a). The power decreases linearly with the fre-
quency,w. The spectra at Ra10® and the thermal diffusion
show similar profiles and suggest that they are controlled by
thermal diffusion alone and not by convective velocity. On
the other hand, when the Rayleigh number is larger than that
of the time-dependent regime, the magnitude of the power at
lower frequency is increased, and the slope of the frequency
power spectrum becomes steeper. The solid line shows the
power spectra at Ra4x 10’, where the convection pattern
is plume dominant. It is known that in the fully developed
thermal convection, the exponent becomes* [16,19.
However, our measurements show that the frequency range
that shows this exponent law is very narrow, indicating that
the convection is not fully developed turbulence.

Figure 5d) shows the histogram of the time derivative of
the temperature. The width of the histogram shows the pass-
ing velocity of the plumes and upwellings/downwellings
compared with the diffusive time scale of the thermal bound-
ary layer. When convection cells are observed, the horizontal
migration of cells is negligible or very slow, if at all ob-
served. The narrow width of the dotted line indicates the
negligible/slow migration of the convection cells. When
plumes are dominant, the width of the histogram indicates
the velocity of the plumes. Since plumes are caused by ther-
mal buoyancy in our experiments, temperature fluctuations
show asymmetry: a rapid initial increaggecreasein tem-
perature, followed by a more gradual decre@serease as
shown in Fig. %a) [17]. Thus, hot(cold) plumes skew the
histogram toward the positivenegative. The symmetry of
the histogram indicates the symmetric passing of the hot and
cold plumes.

2. Temperature fluctuations caused by migrating convection cells

Figure Ga) shows the temperature-time series data. The
experimental conditions are>510°<Rg(x)<3x10° and
13<I(x)<115 mm, and the inclined angle is 14°, i.e., the
experimental conditions are nearly identical to those in Fig.
2, and the observed convection pattern is similar to that in
Fig. 2. Solid, dashed, and dotted lines show the temperature
variation at the sites of R@&)~9x10%6x10°, and
2% 10°, respectively. The temperature variation is character-
ized by the large amplitude than that in the case under the
leveled upper boundary at Ra.0° [Fig. 5a)]. The mean
temperature in the thinnest region is lower than that in other
regions.

A large fluctuation and the skewed mean temperature are

and red arrows indicate the site of a cold and hot plume, respeclso evident from the histograffrig. 6(c)]. The width of the
tively. (b) Temperature profile at the bottom traced through time fortemperature distributions of Fig(& is much larger than that

(a). The time span is 7 min.

under the leveled cad€ig. 5(c)]. The temperature distribu-
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FIG. 4. The regime diagram of convection patterns. Each seg- T 3T /ot

ment shows the range of a single experiment. Thick lines indicate F|G. 6. Same as Fig. 5, but for the case under the inclined upper
the ranges of Réx), where the migration of convection cells is poundary. Experimental conditions arex30°<Ra(x)<3x 1P
observed, and thin lines indicate those where the convection patteghd 13<1(x)<115 mm, and the inclined angle is 14°. Solid,
resembles the leveled case. Dotted lines between the right and leftashed, and dotted lines show the temperature variation at the site
pointed triangles indicate the ranges where the oscillations wergf Rg(x)~9x 10%, 6x10°, and 2<10° from the thinner region,
observed. Dashed lines indicate the calculated critical angle by Egespectively. The horizontal locations of probes are shown in Fig. 2.
(15 with a~0.5, 1, and~1.5 from the thinner line.

tions for the thicker regioridotted and dashed lineshow a
symmetric distribution with respect to their mean, while
those for the thinner region exhibit an asymmetric distribu-
tion with respect to their mean. The mean temperature of the
thinner region is lower than that of the thicker region, and
the presence of positive spikes of temperature variation
causes a positive skewness of distribution. This is the conse-
quence of cold downwellings being pinned at the thin region
with the occasional passing of the hot plumes.

Figure d) shows the distribution of the time derivative
of the temperature. There are three peaks: the main distribu-
tion at the center and small lumps at either side. The main
distribution and the lumps might be related to the migration
of convection cells and plumes, respectively. The width of
the main distribution is larger than that under the leveled
upper boundary, which is less than0.1 [Fig. 5d)]. This
suggests that the width of the histogram is related with the
migrating velocity of the convection cells originating from
the inclined upper boundary. Here, the width of the main
distribution is larger for thinner regionésolid line). The

o3 YT o7 g 5 Ia_rge width of the main distribution is related V\_/ith the rapid
T 3T/8Y migrating velocity and steep temperature gradient caused by
_ ) , the small convection cells. This is consistent with the visual
FIG. 5. (a) Time series of the temperature variatibhunder the observatior[Fig. 2(b)], which shows a faster migrating ve-

leveled upper boundary, which is measured at the middle height an%city for the thinner region, and shows the smaller convec-
the center of the convection cell and is normalized by the temperat-ion cells because of its height

ture difference between the upper and lower boundarids, ( The power spectrum under the inclined upper boundary

—T))/AT, whereT, is the temperature at the upper boundary. Dot- L
ted and solid lines show the case of-RE® and 4x 107, respec- also shows distinctive features. For example, the power spec-

tively. (b) Power spectrum fota). The frequencyw is normalized UM under an inclined upper boundary withx80°

by the thermal diffusive time of the thermal boundary layi%/x. < Ra(x)<3x10° [Fig. 8(b)] differs from that under the flat
(c) Measured temperature histogradras a function off’ for (a). N boundary with Ra- 10° [Fig. 5(b), dotted lind and resembles
is scaled by the total numbed) Histogram of the time derivative that with Ra-4X 10’ [Fig. 5(b), solid linel. Here, the Ray-
of the temperaturel, as a function ofST'/ét’ for (a). The time  leigh number of the dotted line in Fig(9 is in the range of
scalest’ is normalized by the thermal diffusive time of the thermal the local Rayleigh number of Fig(l§). We can interpret this
boundary layerpz/«. similarity to arise from the presence of horizontally migrat-

10 20 30
Time (min)
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0.6 01f 0.8
" 0.2r 0.7
0.5
0.3f 0.6
0.4 L
0 5 10 15 20 107" 10° 10" 10° So 0.4 S\o 0.5
Time (min) ® = =
— 05 = 04
o 0.6f 0.3
F 0.7r 0.2
E
= 10_3 0.8 0.1
0.9 0
_5 [}
10
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0
2 s
Tt FIG. 8. Vertical temperature profiles ¢) upper andb) lower
FIG. 7. Same as Fig. 6, but for X10P<Rg(x)< boundaries for the case ofdl(P<Rg(x)<4x1C°. Locations of
4x10°, 104<I(x)<140 mm, and an inclined angle of 10°. The probes are shown in the bottom snapshot of Fig. 20Baalues at
Ra(x) at each site of the probe is8L(°, 10/, and 3x 10’ fromthe  each site are 2:810%, 1.1x10°, and 3.2<10° from the thinner
thinner site. region. Heights are normalized by the thickness at’Ba-Ra. .
The bold line is the reference temperature profile for the leveled

ing convection cells and plumes under the inclined uppefase- Thex line twists in(a) are caused by a lateral passing of a
boundary. cold plume.

larger than the highest local Rayleigh number of the inclined
case.
Figure da) shows the temperature-time series data for
Fig. 3. The local Rayleigh numbers of each site are
8x10°, 10/, and 3x 10’ from the thinner site. Although the We measured the vertical temperature profile at three sites
smallest local Rayleigh number of Fig.[Ra(x)~4x10°]  to calculate the heat flux. Figure 8 shows the vertical tem-
and the highest local Rayleigh number of Fig. 680°) are  perature profiles in a convecting fluid. It shows that the tem-
similar, the time scale of the temperature fluctuation of Figperature gradient increasgecreasgswhere the convection
7(a) is much less than that for Fig(#®. Furthermore, the layer is thick(thin) for the upper boundary and vice versa for
time scale of the temperature fluctuation of Figa)7is less  the lower boundary. This diagram shows that the thickness
than that for Fig. 6), where Ra-4x 10’ corresponds to the Variation of the convecting layer enhances the lateral varia-
highest local Rayleigh number of Fig. 7. This characteristiction of the heat flux.
can also be identified from Fig.(h). The magnitude of the
power at high frequency is larger than that of Figd)@&nd IV. DISCUSSION
5(b). The differences of the power spectra among the three
sites of the probes are negligible in spite of the different local
Rayleigh number. We showed that the inclined upper boundary modulated
The histogram of the temperature variatigfig. 7(c)] of ~ the convection pattern and its vigor. Figure 4 shows that
the thinner region, shown by the solid line, has a lower meathere is a critical angle that controls the convective regimes
value and a positive skewness of distribution. We interpregnd that an oscillation occurs around this critical angle. We
this distribution to be the result of the accumulation of coldestimate the critical angle as follows.
plumes with the occasional interference of rising hot plumes. We introduce an assumption in which the critical angle
In contrast, the histogram of the temperature variation in th@eeded for the lateral migration of the convection cells is
thick region, shown by a dotted line, has a higher mearfletermined by comparing the two length scalég, and
value. This can be interpreted to be the result of the accumus, /cos@), as shown in Fig. 9. Herej, is the height differ-
lation of warm plumes in this region. ence in one convection cell caused by the inclined upper
The time derivative of the temperature exhibits a similarboundary,é,, is the thickness of the viscous boundary layer,
tendency. In the thin regiofsolid line in Fig. 7d)], the dis- and ¢ is the inclined angle of the upper boundary. The
tribution shows an asymmetry that has a larger deviation foshaded area will be cooled from above5jf is smaller than
positive values than that for negative valupssitive skew-  §,/cos(), a viscous force suppresses the instability in the
ness. shaded area. However, &, is larger thand, /cos@), the
We find that the characteristics of the temperature fluctuashaded area becomes unstable to negative buoyancy. In other
tions in the regime of the new convection pattern are similawords, the convection cells are deformed by the inclined
to those of the leveled upper boundary at a Rayleigh numbearpper boundary up to the length sca@lgwithout the migra-

3. Temperature fluctuations caused by migrating plumes

C. Temperature profile

A. A model for the critical angle
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tion. When the deformation of the convection cell exceeds o . . : :
L i 0.1 0.2 0.3 0.4 05
the length scale,, the cell cannot maintain its location or Location (m)
shape and initiates the migration.
Thus, the critical angle is estimated from FIG. 10. The velocity of the horizontal migrations of convection
cells. X shows the migrating velocity of convection cells. Dashed
o, lines show the calculated velocity by E{.6) with a~0.5, 1, and
On~ cog6,)’ (12) 1.5 from the thinner line.
where 6, is the critical angle for the migration of convection ~ This scaling also indicates that the critical angle asymp-
cells. 8y, is expressed by totically approaches 0 as R®) increases. What kind of con-
vection pattern would be observed when the critical angle is
op~alytan(6), (13)  close to 0? There is a clue in Fig. 3 for us to infer the pattern.

h i< th i of th . Il dnds th The observed convection pattern of Fig. 3 resembles the
wherealis the aspect ratio of the convection cell dpas the 1,50 scale flow. In our experiments, the large-scale flow is

h_eight of the shorter side of the cgll. The thickness of theobserved at Ra3x 1C% under the leveled upper boundary
viscous boundary layer can be estimated to be of the sa

Mse. The critical angle at R8x 1 is less than 1°. It is
eprobable that the large-scale flow appears when the critical

order of the thickness of the thermal boundary laygr at angle is close to 0 as the Rayleigh number increases.

these Rayleigh numbef®0]. In a strict sense, there is a
difference between the thicknesses of the thermal and vis-
cous boundary layers, especially in the fully developed tur-
bulence[20,21]. We use the thickness of the thermal bound- Next, we show that the length scafig can also explain
ary layer as an order estimate of the thickness of the viscoukie migrating velocity of the convection cells. In our model,
boundary layer. The thickness of the thermal boundary layethe time scale for the instability is determined by the thermal
is written by Eq.(3). Thus, the thickness of the viscous diffusion time of thed,,. This suggests that the migrating
boundary layer is expressed by velocity of the convection cells is related to the thermal dif-
fusion velocity «x/8,. We compared the thermal diffusion

B. Migrating velocity

5 s N£| Ra |'° (14 velocity with the migrating velocity of the convection cells
v Tt 2 1 Ra(x) based on the case of Fig. 2. The dashed lines in Fig. 10 show
the thermal diffusion velocity of
Substituting Eqs(13) and(14) into Eqg. (12), we obtain the
critical angle as Um~ Kkl 6y . (16)
1] Ry ™ Here, we computed three casesasfl.5 (thick line), 1 (me-
Oc~sin ™ > Ra(x)| |- (19 gium line, and 0.5(thin line). Figure 10 shows that the

general trend and its magnitude estimated from this relation

In Fig. 4, we draw three curves of calculated critical agree well with the measurements. We show the estimation
angles using Eq(15) for a=1.5 (thick line), 1 (medium of the circulating velocity of convecting cells in E¢6),
line), and 0.5(thin line). The experiments do not show the which increases as a function of the local height of the con-
uniform aspect ratio of convection cells, since the inclinedvecting layer. We note that this dependence is inverse to that
upper boundary elongates the convection cells because of tlué the migration velocity.
separation and coalescence. The observed maximum and When plumes are mainly observed, the migrating velocity
minimum of the aspect ratio of the convection cells are is described by a different scaling. FigurgB8shows that the
~1.5 and 0.5, respectively. Figure 4 shows that the calcumigrating velocity of the plumes does not depend on their
lated critical angle is consistent with the experiments. site. We estimated the convecting velocity under the case of
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(a) Upper boundary

ALY

056 ] .
oal | PN Heat flux

10 10~ FIG. 12. A schematic diagram of the convection pattern show-
ing how the heat flux is modified by the inclined upper boundary.
The leftward migration of the cells is indicated by the arrows.
2r . : . .
with Rg, at regions of different thicknesses. We measured
-] the temperature profiles for each experiment and calculated

the heat flux from their gradient. When R& smaller than
Ra., Fig. 11 indicateg),~1. However, when Raexceeds

. . . . , ] Ra., Fig. 11 shows that the lateral variation @f increases
107 107" 10° 10’ 102 10° 10 10®°  with Ra,. This shows that the heat flux at the upper bound-
ary becomes largégsmalle) at the site where the convection
layer is thick(thin), and vice versa at the lower boundary.

FIG. 11. A lateral variation of the normalized heat flux, Ep), T -
at the upper and lower boundaries as a function of a modified Ray--rhe inclined upper boundary generates a lateral variation of

leigh number, Ra, Eq. (17). When the Ra exceeds Ra- 10%, the the heat flu_x with a wavelength greater than the width of
migration of convection cells occurs. When the upper boundary ifaCh cell. F_Igur_e 11 also shows that the regime of Iarge-s_cale
leveled, we estimatg,~1. O, +, and X show the measurements eterogenelty in .the heat qux_corresponds to the regl_me
atx/cos(@)=106, 246, and 367 mm, respectively, at the midwidth Ofwhere th? migration of convection cells occurs. We can in-
the tank. Measurements from the same experiment are connected ByfPret this result to be a consequence of the lateral transfer

a solid line. A positive gradient for the upper boundary indicatesO! heat and momentum by the plumes, as observed in Fig. 2.
that the heat flux becomes larg@malle) at the site where the \We note that the region where maximum heat enters at the

convection layer is thickthin), and vice versa for the lower bound- lower boundary is the region where minimum heat comes out

ary. These measurements were made akfRg(x)<10'. from the upper boundary. The amplitude of the heat flux
heterogeneity increases with the local Rayleigh number

Fig. 3 following Eq.(9), which isv~1.4x10 3 m/s and is and 6.

not a function of the local height. On the other hand, the

measured migrating velocities of the plumes are in the range

of 0.4x10 3-1.5x10 3 m/s, showing approximate agree- V. CONCLUSIONS

ment. This suggests that the velocity of the horizontal migra- \ve have carried out a systematic study of convection un-

tions of plumes depends on the convecting velocity under thgler the inclined upper boundary. The convection pattern,

region where plumes dominate. temperature fluctuation, and heat transfer are measured with

locity depends on whether the convection cells appear in the:Rg <3x 108,

S08f I§
0.6
0.4}

convection pattern. The results are schematically shown in Fig. 12. From vi-
sual observation, we found a few new convection patterns: at
C. Horizontal heat transfer a low Rayleigh number, the simultaneous appearance of mi-

In Fig. 8, we showed that the heat transfer is also mod;drating convection cells and plumes; at a high Rayleigh num-
fied by the inclined upper boundary. We verify the regime inP€r. @ large-scale flow originating from the inclined upper
which the horizontal heat transfer becomes significant as folPoundary. The temperature fluctuations in the regime of the
lows. new convection pattern are similar to those of the leveled

We introduce the modified Rayleigh number,Ravhich ~ UPPEr boundary at a Rayleigh number larger than the highest

indicates that the migration of the convection cells appeardoc@! Rayleigh number of the inclined case. The vertical
Arranging Eq.(15) for Ra, yields an alternative form of the measurements of the temperature pro_ﬁle show that there is a
criterion for the migration of convection cells resulting from horizontal heat flux anomaly. The horizontal length scale of

the tilted upper boundary, the heat flux anomaly exceeds the horizontal scale of each
convection cell. This result suggests that the migrating con-
Ra.<[2asin(#)]* Ra(x). (17)  vection cells and plumes transfer the heat horizontally. As a

result, the horizontal variation of the vertical heat flux is

This relation shows that if Ra=[2a sin(#)]°Ra(x) exceeds modified, forming a maximum at the thinnest region in the
Ra., the migration of the convection cells occurs. lower boundary and a maximum at the thickest region in the
We now discuss howg, is modified when the upper upper boundary. There is a critical angle that causes the lat-
boundary is inclined. Figure 11 summarizes hgywchanges eral migration of the convection cells. We proposed a model
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that explains the critical angle and the time scale of the miwhere suffixt andb mean the top and bottom boundaries,
gration of cells. respectively. The local Rayleigh number of the upper and
lower boundaries should be critical,
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APPENDIX A: MEAN TEMPERATURE From Egs.(Al) and (A2),

The viscosity of glycerol used in our experiments has a
temperature dependence, and this causes an asymmetry in AT, | Y4
the vertical temperature profile. We can estimate the asym- ﬁ:(_> (A3)

b\ 7b

metry of the temperature profile by a simple scaling. The
heat flux should be the same between the upper and lower

boundaries, In our experiments, the maximum viscosity variation in a
AT. AT single experiment has a factor of 2.5, which cauddg
t b . . .
—_— =, (A1) ~0.56. Our experimental measurements are consistent with
Sth, O, this estimation.
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