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introduction

Natural convection in inclined rectangular enclosures has
been studied exiensively in recenl years owing to its ap-
plication 1o solar collectors. In most of the these in-
vestigations, the lower surface has been assumed Lo be at an
essentially uniform temperature. However, in real solar
collectors the cooling coil or jacket and the edges of the en-
closure may produce a significant nonuniformity of tem-
perature on the lower plate.

The eflect of nonuniformities in the surlace temperature of
enclosures has received only limited attention. The most
relevant work is that of Chao et al. [I], who investigated
theoretically the effect of sawtooth variations in the tem-
perature of the lower surface of | x | x 2 box inclined about
the longer dimension at Ra = 6000 and Pr = 10. All of the
variations in surface temperature which were studied
produced a stronger circulation and a higher overall Nusselt
number than did a uniform temperature. A higher angle of
inclination was required for (ransition from (wao roll cells with
axes in the shorter horizontal dimension to a single circulation
with its axis in the longer diniension. Otherwise, the pattern of
circulation was unchanged.

Other. work on nonuniform surface lemperatures is
illustrated by the following examples. Chu and Churchiil [2]
studied, both theoretically and experimentally, the effect of
the size and location of an isothermal, horizontal strip in an
otherwise insulated vertical surface of a rectangular channel.
Hanzawa et al. [3]) computed the velocity and iemperature
fields for laminar flow through a channel with a | (o 1.2
height-to-width ratio, heated isothermally on the central haif
of the base with the balance of the walls at a lower uniform
temperature, They predicted, and confirmed experimentally,
two symmetrical roll cells superimposed on the forced flow,
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Laminar Natural Convection in an
Inclined Rectangular Box With the
Lower Surface Half-Heated and
Half-Insulated

The pattern of circulation and the rate of heat iransfer were determined cx-
perimentally and also by three-dimensionai, finite-difference calculations for un
inclined 2 x | x | reciangular enclosire with a | x [ seginent of the lower 2 x /
surfuce at a uniform temperature, the other | x 1 segment and four side walls
insulated, and the upper surface at a lower uniform temperature. As contrasecd
with an enclosure heated and cooled on the horizontal surfaces, a fluid motion
occurs and the rate af heat iransfer exceeds that for pure conduction for all 1em-
peraiure differences and orientaiions. The effects of elevation of the heated and
insulated segments were investigated, us well as aof inclination abowt the fonger
dimension. Despite differences in the Prandil und Rayleigh numbers, the viserved
and predicted patterns of circulation are in good agreement, and the measuredd and
predicied rates of fieat are in gualitative agregment.

Boehm and Kamvab (4] computed laminar free convection o
wsothermal heating of alternaie, equally wide sirips of o lares
horizontal plate facing upward 1 an unconfined 1luick; the
intermediate strips were insulated or at a lower uniform
temperature. The Nusselt number for large Ra (with both
dimensionless groups based on the average surface tem-
perature and the total area) was found to be higher than for a
completely isothermal surface. Torrance and coworkers (S,
6], Greenspan and Schuliz {7], and others have studied the
effect of a hot spot in the lower surface of an enclosure, as a
simulation of a fire, None of these latter six investigations are
directly relevant 1o natural convection in the enclosed air
space of a solar collector, or 1o the work reported herein,
owing to the fundamentally different boundary conditions.

In this study, the effect of insulating half of the lower
surface was investigated as an exaggerated and presumably
bounding case of the nonuniformity due to the individual
cooling coils or passages ol solar  collectors.  Three-
dimensional, finite dilference calculations were utilized 1o
predict the pattern of circulation and the related rates of hewt
transfer. Photographs ¢! particle paths were used to test the
reliability of the computations in predicting the pattern of
flow.

Three modes ol inclination of the heated surtface trom the
horizontal were investigated, as illustrated in Fig. |, In (@) the
shorter horizontal dimension is inclined about the longer
dimension as an axis, in (&) the insulated end is elevated with
the opposite shorter horizontal edge in the same plane as an
axis, and in (¢) the heated end is elevated with the
corresponding opposite shorter edge as an axis. [t may be
noted in advance that cases (&) and (¢} would not be expected
to be identical or even symmetrical.

A2 x 1 x ) enclosure was chosen for the caleulations singe
greater aspect ratios would exceed the cupability of our
current computational facilites Tor such tvolved three-
dimensional behavior. The resulis, although quantitatively
applicacle only for solar collectors with rectangular honey-
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Fig. 1 Sghamaile drawing of diiferent inclinatlons of a 2 x 1 x 1
rectangular enclosure with a hail-Insulated and hall-heated lower
surface: (&} incllnation of the shorter dimensian; (b) alevation of the
insulated end; (c) slevation of the heated end

combs, nevertheless provide qualitative information on the
effect of nonuniform heating on enclosures of large aspect
ratig,

Large Prandtl number fluids were used in the experimental
work because of difficulties in photographing the patterns of
circulation and measuring the rate of heat transfer accurately
in air. Extensive experimental work by dozens of investigators
isee, Churchill [8]) on natural convection in enclosures has
failed to reveal a significant dependence of the Nusselt
number on the Prandtl number for a Prandtl number greater

than Q.7 and a Nxed Rayleigh number. In prior experimental
work for rectangular enclosures, Ozoe et al. [9) found the
angles of in¢lination for the minimum and maximum in the
Musselt number to be independent of the Prandtl number.
Hence, our calculations were limited to a single Prandil
number, and the experimental fluids were chosen (o optimize
the experimental precision.

- The necessity of a reasonable temperawure difference
between the heated and cooled plates established a minimum
Rayleigh number of about 8000 for the measurements of heat
transfer. A Rayleigh number of 25,000 proved necessary for
the streakline photography. On the other hand, the maximum
Rayleigh number which was feasible computationally was
10,000 for inclinations about the longer dimension as an axis,
and 6000 for inclinations about the shorter dimension as an
axis. These discrepancies in the range of the Rayleigh number
preclude quantitative comparisons of the experimental and
computation results. Fortunately, the above cited work ol
Ozoe et al, [9] also indicates that the qualitative dependence of
the flow pattern and the Nusselt number on the Rayleigh
number does not change significantly over this range.

Theoretical Model and Calculations

The calculations were for one | x | segment of the lower
surface of the 2 x 1 x | enclosure at a uniform, dimen-
sioniess temperature U of +0.5. The other I x | segment, as
well as the four side walls, were postulated to be perfectly
insulated. The upper surface was at a lower, uniform,
dimensionless temperature of —0.5.

The three-dimensional equations for the conservation of
mass, energy, and momenwum, as simplified by the well-
known Boussinesq approximations, were postulated to
describe the behavior. This model, its finite difference ap-
proximation, and the method of solution were essentially the
same as that used by Ozoe et al. [10), and hence will only be
outlined in this paper. The introduction of the vector
potential and the vorticity permits replacement of the con-
tinuity equation and the three equations for the conservation
of momentum with three equations for the conservation of
vorticity. These equations were then solved in transient form
together with the encrgy equation. The components of the
vector potential were calculated from the definition of the
vorticity, and the components of the velocity from the
definition of the vector potential. A false transient term was
added to the elliptic equation relating the vector potential and
vorticity in order to obtain a parabolic form. The unknown
vorticities at the wall were computed from the velocity
gradients. For the numerical calculations, the derivatives in
space were approximated by ceniral differences. This scheme
is not conservative, but, as previously demonstrated by Chu
and Churchill (1), the resulting heat fluxes through all planes
extrapolate to the same value for zero grid size. The three-
dimensional, alternating-direction implicit method developed

Nomenclature
A = area of upper, cooled surface, T = temperature, K
m? U = dimensionless temperature =
g = acceleration due to gravity, (T—-172T, - 1/2T )/ ] i -
m/s? (=T a = thermal c!iffu51v11y..n1'/s
# = grid size as fraction of A x = distance in long dimension, m g = "01“’_“9“"‘? coefficient of ex-
H = height of enclosure, m X = dimensionless distance in long pansion with temperature, K-
& = thermal conductivity, W/m+K dimension = x/H v = kinematic viscosity, m=/s
Nu = Nusselt number = gH/kA y = distance short horizontal 0= ;mg!c of inclination of heated
(,-T,) ' dimension, m surface, rad
Pr = Prandtl number = v/ ¥ = dimensionless distance in short . .
g = heat flux, W dimension = y/H Subseripls
Q = dimensionless heat {lux = ¢/q, 7z = distance from cooled plate, m ¢ = by conduction
Ra = Rayleigh number = gf(T,— Z = dimensionless distance from I = on heated surface

7)) H /v
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cooled plate

= /M on vooled surface
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by Brian [12] was used. The matrices were solved iteratively al
cach time step as required for convergence. The steps in time
oroceeded until the steady state was closely approached.

The problem considered herein required the following two
modifications: () the condition dU/8Z = ( was substituted
for U = 0.5 over the insulated portion of the lower surface,
and (i) as illustrated in Fig. 2, the finite difference ap-
proximation for the second derivative of U in the Z-direction
along the border between the insulated and isothermal
segments of the lower surface, was written as

(a=u) _I[U,—2U3+U, U3—2U3-+U,]

Z=0.9

8zt T2 (A7)} (AZ)?
_0.5Uy - 15Uy + U, )
B (a2)?

That is, one half of the element was taken to be isothermal at
the temperature of the heated segment (U3 = 0.5), while the
other half was adiabatic and thus had a surface lemperature
equal to that of the adjacent grid point in the fluid, U,. This
formulation was found by Chu and Churchill [11] to produce
a more rapid convergence to the exact solution as the grid size
was reduced, than the use of a single unknown {5 al the edge
ol the insulation.

The finite difference computations were carried out on the
IBM 360/175 computer of the Department of Physics of the
University of Pennsylvania for Pr = 10, Rayieigh numbers of
4000, 6000, and 10,000, and a comgplete series of inclinations
from O to = rad. This value was arbitrarily chosen for Pr
since, as previously noted, the behavior is known to be un-
changed for larger values and oaly slightly for lower values
down to 0,7, These values were chosen for Ra 1o be above the
conductive regime but within the computationally stable
regime for a feasible time step. Two grid sizes were used so
that the computed heat MNuxes could be exirapolated 10 zero
grid size using the Richardson-Gaunt method [13], which has
been validated for natural convection by Chucchill et al. [14].
These two grid sizes were uniform and equal to 0.1 and 0.2 of
the shorter dimension of the enclosure. Since the truncation
error of the finite difference formulation was second-order
throughout, the mean heat fux for zero grid size was
calculated from

Gu=0={(4G1=0,y —Fr=02)/3 (2)

The indicated errors for A = 0.1 and A = 0.2 were ap-
proximately 3 and 13 percent, respectively, as compared Lo the
results obtained by extrapolation to zero grid size,

The resuiting heat fluxes for zero grid size were converted
to the dimensionless form, Q = g/¢., by dividing by the heat
flux for pure conduction with the same boundary conditions.
The Nusselr number Nu = gH/KAAT is herein arbitrarily
based on the area of the cooled surlace, and hence is less than

0.

The value of the Nusselt number for pure conduction with
the same boundary conditions was found from (inite dif-
ference calculations to be

- 4 _
Nu, = kAAT*O'Gg (3)
It follows from equation (3) that
__9f _
Nu= kAM_-O.GQQ (4)

Streaklines were computed from the calculated velocity
field for a grid size of 0.1, and the results were displaved
isometrically and dynamically on a cathode ray ube, as
described by Yamamoto et al. (15]), Photographs were taken
of static displays. The inaccuracy due 1o the use of the
calculations with i1 = 0.1 for the generation of these displays
is sufficiently small so as to produce the qualitatively correct
behavior, which is of principal interest,
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Fig. 2 Flnite-difterance approximation ol the boundary condilion at
the intersection of the heated and adiabatic segments of the [awer
surface )

Poroliel Plates

Ra

Fig.3 Computed dimensignless heat lluxina 2 x 1 = 1 rectanguiar
gnclosure with a hali-healed |ower surface as compared with
ispthermal, inlinite, parallel platas

The computed steady-siate results were lound 10 be in-
dependent of the initial conditions. Flence the steady swate for
the previous case was usually utilized to save computing time,

Theoretical Results
Heat Transfer Rates.

No Inclination (Heating From Below). The computed,
dimensionless, mean heat flux for the half-heated and hall-
insulated lower surface of the 2 x 1 x| enclosure is com-
pared in Fig. 3 with that for infinite parallel plates with
isothermal upper and lower surfaces. [n the Jater idealized
case, heal transfer is by pure conduction (Q=1) below a
Rayleigh number of 1708, For the half-insuiated surface the
isctherms are nol horizontal even for pure conduction.
Hence, natural convection oceurs for all temperature dir-
ferences, O—1 only as Ra—0, and a critical Rayvlcigh number
does naot exist. [t follows that @ for the hall-insulated lower
surface exceeds @ for infinite isothermal plates as Ra—0. A
crossover would also oceur, but at a higher Ra, fora2 x | x
i enclosure with isothermal horizonial surfaces. If the results
were plotted in terms of Nu (based on the cooled arca) instead
of Q, a crossover would not occur, since in this form the
doubled area for heating with an isothermal surface over-
comes the finite convection with half-heating, even for Ra —10.

Inctination of the Shorter Horizontal Dimensicn About the
Longer Dimmension as an Axis. The mean Nusselt number
for the cooled surface is plotted in Fig. 4 for a complete ranee
of inclinations of the half-insulated surface from the
herizontal and for Rayleigh numbers of 4000, 6000, and
10,000. Nu is seen 1o go through a minimum at about 2+7/180
to $7/180 rad and a maximum at about 437/180 rad, and
then to decrease to a value slightly above 0.7 at 7 rad,
corresponding to heating from above. Because of the un-
symmetrical healing, some convection o¢curs even in the
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Fig. 4 Predicted mean Nusselt number for inclinatlon of the shorter
horizontal dimension (about the longer horizontal dimension as an
axis) of a2 x 1 x 1 rectangular enclosure with a hall-heated lower
surtace

latter limit. The mimimum is attributed to the transition from
one mode of circulation to another, as described below.

For a uniform temperature on the lower surface, the mean
Nusselt number, as computed by Ozoe et al. [16], varies
similarly with the angle of inclination but is approximately
one-third higher.

Elevation of the Unheared End of the Enclosure About the
Shorter Horizontal Dimension as an Axis, The behavior for
this case, as illustrated in Fig. 5, is qualitatively similar 1o that
for inclination about the longer dimensions as an axis.
However, the minimum occurs at about 5x/180 rad and the
maximum at about 60=/180 rad. The latter value is in ciose
agreement with the prediction of 63.47/180 rad by Churchill
and Ozoe [17]. Again, the mimimum is associated with a
transition in the mode of circulation, as described below.

Elevarion of the Heated End About the Shorter Horizontal
Dimension as an Axis. As illustrated in Fig. 6, a mimimum
does not occur f{or this case. This result is consistent with the
absence of a transition in the mode of circulation, as discussed
below, The maximum occurs at the somewhat lower angle of
about 50x/180 rad.

Streaklines.

Photographs were taken of static displays of the computed
streaklines for Ra = 6000 and various inclinations on the
cathode ray tube of the Vector General 3404 Graphic Display
Unit of the Computer Graphics Laboratory of the School of
Engineering and Applied Science of the University of Penn-
sylvania. Dynamic displays of the streaklines were used to
determine the direction and speed of circulation.

Elevation of the Shorter Horizontal Dimension About the
Longer Dimension as an Axis. Perspective views of the
streaklines as photographed from the cathode ray tube are
shown in Fig. 7 for inclination about the longer dimension as
an axis (as in Fig. 4). Different viewing angles (not to be
confused with the angle of elevation of the enclosure) were
used to better elucidate the fluid motion. The heated segment
isat Z=1 (bottomj)and 0= X< 1. The Y-axis s inclined.

For no inclination, as shown in Fig. 7(«) and somewhat
better in Fig. 8(«), the motion consists of two symmetrical
roll-cells with a 2 X | cross section. These roil-cells have a
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Fig. 5§ Predicted mean Nusselt number {or elevation of the unhealed
end {aboul the shorter horlzontal dimenslens as an axis)ola2 x 1 x 1
raclanguiar enclosure with a hall-heated lewer surface
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Fig. & Pradicted mean Nusse!l number at Ra=6000 lor elavation of
ihe hesled end (about the shorter horizontal dimension as an axis) of a
2 x 1 x 1rectengular enclosure with a hali-heated lewer surfaco

common axis and could be considered to be a single gross roll-
cell except that they do not interchange fluid. Their axes are
paraliel to the shorter dimension (Y-axis) and displaced
somewhat from the midplane (X = !) toward the heated end.
From the dynamic display, the motion was observed to be
upward at the heated end of the enclosure, along the upper,
cooled surface (Z = 0), downward at the insulated end, and
back along the insulated segment (X' > 1) of the lower (Z=1)
surface.

As the enclosure is inclined about the longer dimension, the
two roll-cells become increasingly oblique, distorted, and
dissimiiar, as illustrated in Figs. 7(8), (¢), (&) for 2#/180,
67/180 and 10x/180 rad, respectively. They retain a common
but highly curved axis. For an inclination greater than
107/180 rad, the plane of separation between the two roll-
cells crosses the diagonal plane between the vertical edges of
the enclosure, and a gradual transition occurs. Following the
transition, the roll-cells are relocated in the left and right
hands of the enclosure, as illustrated in Figs. 7(¢) and (/) for
607180 and 90=/180 rad, respectively. The portion of the
common axis associated with the left hand roll-cell s now
nearly parallel 1o the longer dimensions of the enclosure, but
that of the right-hand roll-cell is somewhat oblique.

Transactions of the ASME



Fig. 7 Paerspactive view of computad streaklines at Ra =6000 for in
clination of the shorter horizontal dimension (about the longer
dimension as an axisjof a 2 x 1 x 1 rectangular enclosure with a hall.
heated lower surface (heated surface is at Z=1, X<1; angle 4 is be-

Iwean the horizontal plane and the X-Y-plane)

PERNITE e

i

s

Flg. 8 Perspective, top and lront views of compuled streakiines at
Ra = 6000 for elevation of the unheated endof 82 » 1 x 1 rectanguiar
enclosure with a hall-heated lower surface

This behavior contrasts with that described by Qzoe et al.
[16] fora2 x 1 x | box with a uniferm surface temperature.
In the latter case, the stabie motion for a horizontal orien-
tation consists of four roll-cells with 1 X 1 cross sections, and
again with axes parallel to the shorter horizontal dimension.
These cells are symmetrical with respect to the two vertical
midplanes of the enclosures but the direction of circulation of
the pair of cells at each end is up along the | X | end walls
and down along the midplane, or the reverse, depending on
the initial conditions. Upon inclination about the longer
dimension, the four roll-cells retain their integrity, and their
symmetry with respect to the 1 X | verticai midplane, but
become increasingly distorted and unsymmetrical with respect
to the 2 = 1 vertical midplane. At an inclination of about
27/180 rad the plane of separation of the two roll-cells at
cither end of the enclosure crosses the diagona! plane of that
half of the enclosure and a wransition of each pair of roll-cells
10 a single roll-cell with its axis exactly parallel to the longer
dimension occurs. The two consolidated roll-cells have a
common axis parallel 1o the longer dimension of the en-
closure, and, as contrasied with the half-heated case, are
perfectly symmetrical with respect 1o the wvertical 1 x 1
midplane of the enclosure.

Journal of Heat Transfer

Elevation of the Unheated End Abour the Shorter
Horizontal Dimensien as an Axis. Photographs for the
cathode ray tube of perspective, top and [ront views arc
shown in Fig. 8 for several elevations of the unheated end ol
the enclosure (as in Fig. 5). For this type of elevation, sym-
metry is maintained with respect to the vertical 2 x | mid-
plane. For very small inclinations the two roll-cells of Figs.
7(z) and 8(ag) persist although their common rale of cir-
culation decreases. At an inclination of less than 3#/180 rad
two new, small roll-cells are generated at the heated end.
These new roll-cells circulate up along the inclined heated
surface in correspondence (o the buoyant force. Due to the
elevation of the unheated end, the circulation of the original
roll-cells is in opposition to the buoyant force, Initially, this
reverse circulation is maintained by induction from the new
roll-cells, but as the inclination is further increased, the new
roll-cells grow in size and strengith at the expense of the
criginal ones, and the latter eventually vanish, resulting in, as
indicated in Fig. 8(«) and (e), a circulation simiiar 1o that for
no inclination, but in the opposite direction. The minimum in
the rate of heat transfer, as shown in Fig. 5, appears 1o
correspond to the appearance of the two new roli-cells.

For a uniferm temperature on the lower surface, whichever
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pair of roll-cells is circulatung in correspondence to the
buovant force grows al the expense ol ihe other pair, the
secend pair disappearing at an inclination of about 10=/180
rad (see again, Ozoe et al. [16]). '

Elevation of the Heated End Aboui the Shorter Horizoniai
Dimension as an Axis. When the heated end ol the enclosure
is elevated, the strength of the circulation incrcases and then
decreases, but the mode does not change [rom that of Figs.,
7(a) and 8{(a), since the direction of circuiation of the long
roll-cells for no inclination is already in correspondence with
the buoyant force for an inclined enclosure, The behavior for
a uniform temperature on the lower surflace is independent of
the elevated end and hence is as described in the previous
paragraph.

Photography of Flow Patterns
Apparatus.

Photographs of experimental flow patterns were taken al
Okayama University in an enclosure with internal dimensions
of 31 x 31 x 62 mm. The upper plate and half of the lower
plate were of 10-mm thick copper, resulting in a negligible
variation in temperature. The four side walls and the insulated
half of the lower plate were plexiglass, also 10-mm thick. The
upper plate was cooled by circulating water from a 301 = 0.1
K bath through a jacket. The lower copper plate was heated
similarly by circulating water from a constant {but higher}
temperature bath, but the heating was changed to electric
resistance during the flow visvalization experiments. The
entire apparatus was covered with glass-fiber insulation
(except when taking photographs) and the room was main-
tained at the temperature of the cooling water to minimize
heat exchange with the surroundings. The temperature dif-
ference between the upper and lower copper plates was
measured with embedded copper-constantan thermocouples.

Two small holes for tracer injection were drilled at the
middle height at 15.5 mm from the ends of the enclosure.
Vinyl tubes were inserted into these holes and a syringe was
used to inject the tracer.

Conditions.

The working fluid was glycerol. The Rayleigh number was
established at approximately 25,000 (with a plate-temperature
difference of ~4 K) for each inclination, since this was the
lowest value for which it was possible to obtain good
photographs without anomalous dispersion of the tracer
particles. On the other hand, finite difference calculations
were not feasible for such a high Rayleigh number, owing to
an inordinate restriction on the time steps. As noted above,
prior results for a uniform temperature on the lower surface
indicate that this difference in Rayleigh number would not be
expected to change the circulation pattern even though the
rates of circulation and heat transfer differ considerably. The
difference in Prandtl number would be expected to change the
rivte of ¢irculation but not the patiern.

Ten hours or more were allowed (or (he enclosure to reach
hydrodynamic and thermal equilibrium. A variation of less
than 0.1 xV, equivalent to 0.0024K, in the thermocouple
readings over the copper plates was used as a further criterion
of the attainment ol a steady state. (In all cases a unique and
nonoscillatory state was observed.) Thereafter, 0.5 ml of a
dense dispersion of aluminum particles in glycerol was in-
jected into the enclosure through each of the two holes at a
depth of 3 mm. Forty to ninety minutes later, the insulation
was removed (o permit photographing the traces of these
particles. Photographs were taken from both the long and the
short sides with #/2 rad illumination of the whole surface
from a projector lamp. ASA 400 black and white film was
used with a Nikon f2 Photomic camera having an 3.5 Micro
Nikkor lens, at a setting of 11 and an exposure time of 15 s,
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Photographic Results

Elevation of Unheated End About the Shorter Dimension
as an Axis. Photographs of the aluminum particles for
elevation of the right (unheated) end are shown in Fig. Y.
These side and [ront views reveal a circulation pattern in
qualilative agreement with the computed streaklines of Fiz. §,
despite the higher Rayleigh number. A minor discrepancy is
the failure of the new, reversely circulating roll-cells to appear
experimentally until the inclination exceeded 57/180 rad.

Elevation of Shorter Horizontal Dimenslon About the
Longer Dimension as an Axis. Similar photographs for
elevation of the shorter dimension are shown in Fig., 10.
Again, the results are consistent with the computed streaklines
of Fig. 7 for similar conditions.

Experimental Heat Flux Measurements

Apparatus and Operation. The same enclosure and
operating conditions were used for the heat flux
measurements as for the photographs of particle paths, except
that the maintenance of the same surface temperature at
different clevations was found to be easier when hot cir-
culating water was used for heating, rather than electricity.
The heat flux was measured by placing a heat-flux meter pad
over the heated segment, The surface-temperature was
measured by a single thermocouple integral with and at the
center of the pad. The temperature variation over the heated
and cooled copper surfaces was completely negligible owing
to their 10-mm thickness, but the surface temperature of the
pad was slightly lower. Silicone oil with Pr = 3200 was used
as the working fluid. Runs were carried out al Ra = 7790 and

Flg.8 Photographs of aluminum particles in glycerol at Ra = 25,000 in
a 62 = 31 x 31-mm rectangular snclosure with elavation of the
unheated end cf the half-heated lower surface

Transactlons of the ASME
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Flg. 10 Photographs of aluminum particles In gylcerol at Ra = 25,000
In 2 62 x 31 x 31-mm rectangular enclosure with inclination of the
shorter dimension of the half-heated lowsr surfaca

13,300. The silicone oil was chosen because of the relatively
small variation in its viscesity with temperature. As noted
above, the choice of Rayleigh numbers extending upward
from the computed range followed lrom the necessity of a
reasonable temperature difference between the plates. Even
then, the small temperature differences of [-2 K precluded the
establishment of precise, prechosen values of the Rayleigh
number.

Results, The experimentally determined MNussell numbers
for elevation of the unheated end about the shorter horizontal
dimension as an axis are compared with the computed values
in Fig. 11, The predicted maximum at about 45+/180 rad and
minimum at about 2 to 57/180 rad are both observed. Good
qualitative agreement can also be observed between the
predictions for Ra = 6000 and Pr = 10, and the meas-
urements for Ra = 7790 and 13,300 and Pr = 3130-3170 for
elevations greater than =/6 rad. The experimental Nusselt
numbers for lesser inclinations lall far below the predicted
values.

Figure 12 is a similar comparison for elevation of the
heated end about the shorter horizontal dimension as an axis.
In this case, the measurements confirm the predictions
qualitatively, with a maximum at about 45%/180 rad and no
minimum, but are much lower at all angles.

Journal of Heat Transfer
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Fig. 11 Comparison of experimental and predicted maan Nussel
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Flg. 12 Comparison of exparimental and pradicted mean Nussel!
numbers for elevation of the healed and of the hall-haated lower sur
laceofa 2 x 1 x 1ractangular enclosure

The foregoing discrepanices are presumed to be due 1o heal
flow along and through the plexiglass secticn of the lower
plate, For zlevation of the heated end, this unaccounted heat
flow generates a pair of secondary roll-cells with reverse
circulation, thereby impeding the pair of primary roll-cells
and decreasing the overall rate of convection between the
uninsulated half of the high-temperature surface and the
cooled surface. As noted previously, the theoretical
caiculations Tor perfect insulation do not produce a pair of
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secondary roll-cells for elevation of the heated end.

In the case of elevation of the unheated end, heatr flow
through the plexiglass apparently 1ends to impede the motion
of the original roll-cells above the insutation (as shown on the
right-hand side of Fig. 8(J), (¢}, and (&), and on the right-
hand side of the front view in Fig. 9(¢), (), and {&)), thereby
decreasing the overall rate of convection. After the coriginal
roll-cells vanish, at elevations above 35=/180 rad, the effect
of the heat flow through the plexiglass is apparently less
improtant.

Conclusions

Insutating a portion of the heated surface of an inclined
rectangular enclosure produces significant changes in the
mode of circulation and rate of heat transfer relative to a
completely isothermal surface. These changes may be of
practical importance in solar collectors and in space heating.

The asymmetry due to insulating half of the heated surface
results in circulatdon for all temperature differences and
orientations. Thus, there is no critical Rayleigh number for
heating from below, and the rate of heat transfer always
exceeds that for pure conduction with the same boundary
conditions. Some circulation and a rate of heat transfer ex-

ceeding that for pure conduction with the same boundary

conditions also occur for heating from above. However, the
absoiute rate of heat transfer with a uniform temperature on
the lower plate still exceeds that for half-heating at all in-
clinations and for all of the Rayleigh numbers which were
investigated, primarily because the heated (lower) area is twice
as big,

If the Nusselt number were based on the heated area rather
than on the cooled area, it would exceed that for surfaces with
uniform temperatures for all conditions. This result is in
accord with the conclusion reached by Chao et al. [1] that
surface temperature variations produce higher heat transfer
rates than do uniform temperatures.

The number of roll cells appears to be associated with the
area of heating rather than with the total area. Thus, one pair
of roll-cells occurred for heating of half of the lower surface
as compared to two pairs of roll-cells for uniform heating.

Photographs of particle paths were in good agreement with
computed streaklines despite differences in the Rayleigh and
Prandtl numbers, thus providing confidence in the computed
rates of heat transfer.

Streaklines were found to be invaluable in interpreting the
behavier. For example, the variation of the mean Nussell
number with the type and degree of inclination can be ex-
plained directly in terms of the changes in strength and mode
of the circulation pattern. Specifically, the minimum in the
Nusselt number is observed te occur in conjunction with the
changs in the mode of circulation for elevation of the shorter
dimension or the insulated end of the enclosure, whereas no
minimum and no change of mode occur for clevation of the
heated end at angles greater than 307/180 rad about the
shorter horizontal dimension as an axis. For lesser elevations
of the heated end and for eievations of the unheated end the

The experimentally measured heat fluxes are in qualitative
agreement with the computed values for elevation of the
heated end at angles greater than 30wx/180 rad about the
shorter harizontal dimension as an axis. For lesser elevations
of the heated end and for elevations of the unheated end the
expertmental values follow the same trends as the predictions
but fall significantly lower for the same Ra. This discrepancy
is atributed to finite conduction along and through the
plexiglass plate comprising the insulated half of the initially
lower plate, resulting in a small counter-circulation.

The theoretical results of this investigation and of Chao et
al. [1], as well as the above experimental discrepancies, in-

432 / Vol. 105, AUGUST 1983

dicate that unintentional and undecumented deviations from
iwthurma[iw and/or perfect insulation may produce
significant and anomalous effects. This failure to simulawe (he
nomunal boundary conditions is undoubtedly responsible in
large part for the well-known scatter and discrepancics in
experimental measurements of patural convection in en-
closures. (Such effects should not be confused with the
significant error involved in most experimental deter-
minations of the heat tlux within the fluid.)
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