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Abstract-The effect of interplate spacing on natural convection in an open-ended vertical channel bounded 
by an isothermal and an unheated wall was studied both experimentally and computationally. The investigation 
encompassed the full range of operating conditions of the channel, i.e. from the limit of the fully-developed 
channel flow to the limit of the single vertical plate. Overall, a W-fold variation in the spacing between the 
channel walls was investigated, and the vertical plate was empioyed in order to achieve the limit of infinite 
spacing. The experiments were performed in water (Pr g 5) with the aforementioned parametric variation of 
the interplate spacing and for an order ofmagnitude range of the wall-to-ambient temperature difference. The 
numerical solutions were carried out for the experimentally investigated operating conditions and took 
account of both natural convection in the channel and conduction in the wall. It was found that the tlat plate 
heat transfer does not form an upper bound for the channel heat transfer. The channel heat transfer is 
particularly sensitive to changes in interplate spacing for narrow channels and at small temperature 
differences. The results for all operating conditions were brought tightly together in terms of the groups Nu, 
and (S/H)Ras, and a highly accurate correlation encompassing eight decades of (S/H)Ru, was developed. 

Excellent agreement between the experimental results and the computational predictions was obtained. 

INTRODUCTION 

NAT~RAI. convection is an attractive heat transfer 
mechanism because of its reliability, simplicity, and 
cost effectiveness. In particular, natural convection in 
vertical channels formed by parallel plates is 
encountered in many applications ranging from the 
cooling of electronic equipment to the heating of 
buildings via Trombe walls [l, 21. 

The present paper sets forth an experimental and 
computational study ofthe heat transfer characteristics 
of natural convection in an open-ended vertical 
channel, bounded by an isothermally heated wall and 
by an unheated wall. The research program was 
conducted to provide a definitive assessment of the 
response of the thermal characteristics ofthe channel to 
interplate spacing. To this end, experiments encompas- 
sing a 50-fold variation of the interplate spacing were 
carried out. This set of interplate spacings, together 
with an order of magnitude variation of the wall-to- 
ambient temperature difference, enabled, for the first 
time, the investigation of the full range of operating 
monitions of the one-sided heated channel. This range 
extends from the fully-developed channel flow regime 
to the boundary-layer regime for the single vertical 
plate. Supplementary experiments were also performed 
for the single vertical plate in order to actually achieve 
the limit of infinite interplate spacing. The experiments 
were carried out in water at a nominal Prandtl number 
equal to 5. 

The role of the interplate spacing was hi~light~ in a 
presentation in which the heat transfer parameters 

(Nusselt and Rayleigh numbers) were based on the 
channel height. Su~equen~y, the experimental results 
were rephrased in terms of the more conventional 
spacing-based parameters, and a correlation was 
sought which spanned from the fully-developed 
channel flow regime to the boundary-layer regime for 
the flat plate. 

The conjugate problem consisting of natural 
convection in the channel and conduction in the 
unheated wall was solved numeri~ly with the primary 
objective of verifying that the experimentally de- 
termined heat transfer data were not affected by heat 
conduction in the unheated wall. The numerical results 
covering the full range of the o~rating ~nditions of the 
experiments were compared with the measured data. 

A literature survey revealed only four publications 
related to natural convection in vertical, open-ended 
channels bounded by an isothermal and an unheated 
wall [3-&j. The first of these is a design-oriented study 
in which correlating expressions were developed for 
natural convection in vertical channels for several 
thermal boundary conditions. The procedure utilized 
in developing these correlations [fl requires expres- 
sions for the Nusselt numbers for the limits of very small 
and very large interplate spacings and experimental 
data in the intermediate range of spacings. For the 
thermal boundary conditions of interest here, the latter 
ingredient (i.e. the data) was not available for the 
correlation developed in [3]. In particular, the very 
limited data attributed to [4] (but taken from [6]) 
displayed considerable scatter. The absence of 
adequate data made it neozsary in [3] to borrow the 
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NOMENCLATURE 

surface area of the heated wall 
thickness of the unheated wail, 
Fig. 2(b) 
coefficient in equation (24) with m = $ 
dimensionless heat flux distribution, 
equation (16) 
dimensionless temperature distribution, 
equation (21) 
acceleration of gravity 
spacing-based Grashof number, 

gB(T,- TX/v” 
channel height, Fig. 1 
average heat transfer coefficient, 
equation (2) 
thermal conductivity of water 
thermal conductivity of the unheated 
wall 
height-based Nusselt number, equation 

(1) 
spacing-based Nusselt number, equation 

(1) 
dimensionless pressure difference, 
equation (10) 
pressure in channel 
pressure in ambient 
pressure difference, (p - p,) 
Prandtl number 
rate of heat transfer at heated wall 

R% 

Ra, 

S 
7 

KV 

T, 
T b.e 

4 v 

I/, v 

UO 

X,Y 
x. Y 
W 

height-based Rayleigh number, equation 

(3) 
spacing-based Rayleigh number, 
equation (4) 
interwall spacing, Fig. 1 
temperature 
temperature of heated wall 
ambient temperature 
bulk temperature at the channel exit 
velocity components 
dimensionless velocity components, 
equation (9) 
dimensionless inlet velocity 
coordinates, Fig. 2(a) 
dimensionless coordinates, equation (8) 
channel width, Fig. 1. 

Greek symbols 

B coefficient of thermal expansion 
6 thermal boundary-layer thickness 
(1 dimensionless temperature, equation 

(10) 

: 
transverse coordinate, Fig. 2(b) 
dimensionless transverse coordinate, 
A = AJSGr, 

)! kinematic viscosity 

P fluid density in the channel 

Pa fluid density in the ambient. 

exponent of the correlation from the two-sided heated 
case. In [S], the main focus was to study pockets of 
recirculating flow, and heat transfer data were collected 
only over a small range of interplate spacings. 

EXPERIMENTAL APPARATUS AND 

PROCEDURE 

Test section 
The test section utilized in the present research was 

designed with the objective ofmodeling the geometrical 
configuration and the thermal boundary conditions 
described earlier, i.e. a vertical channel of adjustable 
interwall spacing bounded by one principal wall which 
is heated and isothermal, and a second principal wall 
which is unheated. Further, the designed test section 
should allow the investigation of the vertical flat plate 
which, as will be demonstrated later, serves as a limiting 
case. 

A pictorial view of the test section is presented in Fig. 
1. Its thermally active component was a 0.635~cm-thick 
copper plate with a height H of 14.52 cm and a width W 
of 9.67 cm. This plate was electrically heated by three 
independently controlled heating circuits. Teflon- 
coated chrome1 wires (0.00127-cm diameter) were used 

as the heating elements and were placed in 20 equally- 
spaced horizontal grooves machined on the back 
surface of the plate. Since the experiments were to be 
conducted using water as the working fluid, a water- 
resistant cement was used to fill the grooves and, 
thereby, to fix the heating wires. Additionally, two coats 
of waterproof epoxy paint were applied over the entire 
rear surface of the plate. 

In order to obtain the desired uniform temperature 
boundary condition at the front surface of the plate, 
heat was delivered at the rear surface in a nonuniform 
fashion. The nonuniform heating is reflected in the fact 
that the lowermost heating circuit encompassed the 
first four grooves, the middle circuit the nqt six 
grooves, and the uppermost circuit the top 10 grooves. 

Power was supplied to the heating circuits by a 
regulated A.C. source. The voltage drop across each 
heater was carefully adjusted to enable the achievement 
of uniform wall temperature. This adjustment process 
was guided by the readings of eight 0.0254~cm chromel- 
constantan thermocouples installed through the back 
face of the plate with their junctions located 0.05 cm from 
the front surface of the plate. The thermocouple wire 
had been precalibrated to 1 pV. Voltage readings were 
obtained from a digital voltmeter with an accuracy of 



Vertical-channel natural convection 1849 

HEATED WALL 

FIG. 1. Pictorial view of the experimental apparatus. 

1 pV. The success of the described nonuniform heating 
layout was attested by the fact that local deviations 
from the mean plate temperature (i.e. the average of the 
readings of the eight thermocouples) were always less 
than 1% of the wall-to-ambient temperature difference. 

Backside heat losses were controlled by affixing 
a 3.2~cm-thick block of closed-pore, water-resistant 
polystyrene to the rear surface of the plate. The upper 
and lower edges of the plate were machined in such a 
way as to allow the polystyrene insulation to cover 
them. As a result, the front surface was the only part of 
the plate to directly contact the water. 

The C-shaped frame labeled cassette in Fig. 1 was a 
plexiglass structure in which the copper plate and its 
back-face insulation were housed. As can be noted in 
the figure, the vertical edges of the C were relieved to 
enable the cassette to mate with the 0.635cm-thick 
plexiglass side walls. Screws were used to bind the 
mated surfaces together. Attachments were affixed 
along the upper and lower edges of the side walls to 
provide symmetric geometries at both the inlet and the 
exit of the channel. 

The other principal wall of the test section, the 
unheated wall, was made of plexiglass with the same 
dimensions as the copper plate. Since plexiglass is only 
a moderately good insulator, a 3.57~cm-thick block of 
polystyrene was affixed to the back of the plexiglass 
plate to minimize heat losses. 

The interplate spacing S was varied by sliding the 
unheated wall (i.e. the plexiglass wall with the back 
insulation) horizontally between the side walls. To set a 
preselected spacing S, precisely machined spacers were 
placed between the two principal walls, and the walls 
weregently pressed together while the two tie bolts were 
tightened. The spacers were then carefully removed and 
the spacing verified by a dial-gage-equipped caliper 
which could resolve 0.0025 cm and better. For the 
vertical flat plate experiments, the unheated wall and 

the tie bolts were removed and narrower side walls 
(2.5 cm in the S direction) put in place. 

A plexiglass frame was used to support the test 
section portrayed in Fig. 1. This frame (not shown in the 
figure) was designed in such a way as not to obstruct the 
fluid flow in the vicinity of the channel openings. 

Fluid environment 
A system of two water-filled chambers, one within the 

other, was employed as the test environment for the 
experiments. This particular configuration was chosen 
with the objective ofproviding a quiescent ambient, free 
of extraneously-induced fluid motions for the test 
section. The heat transfer experiments proper were 
conducted in the inner chamber. The outer chamber 
provided thermal control. 

The chambers were plexiglass tanks with respective 
dimensions of 73.1 x 43.2 x 45.3 cm and 101.6 x 66.0 x 
48.3 cm (length x width x height). The smaller tank, 
the test chamber, was placed inside the larger tank, 
resting on three 2.5~cm-high brass bars, so that a water- 
filled gap existed between the floors of the two tanks. 
Both the test chamber and the space between the inner 
and outer tanks (the intertank space) were filled with 
distilled water. A temperature controller and water 
circulating unit was installed in the intertank space, 
providing a highly agitated bath at a preselected 
temperature that surrounded the test chamber. The 
outer tank was externally insulated with 2.5~cm-thick 
Styrofoam sheets to further decouple the two-tank 
system from possible laboratory temperature fluctua- 
tions. Heat and water losses due to evaporation were 
avoided by covering the two tanks with a sheet of 
Styrofoam made impermeable to water by the 
application of several layers of latex paint. The test 
section, mounted on its supporting frame, was situated 
in the test chamber. Three adjusting bolts were 
provided in the supporting frame so that precise 
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vertical alignment of the plates could be achieved. The 
exit of the channel was situated 12.7 cm below the water 
surface and its inlet at 12.7 cm above the test chamber 
floor. 

Three 0.0254-cm chromel-constantan thermo- 
couples were situated in the test chamber, 30 cm away 
from the test section. They were mounted on a plexi- 
glass supporting rod and deployed vertically at, respec- 
tively, 7.6, 17, and 24 cm above the floor of the test 
chamber. The thermocouples were used to sense the 
temperature of the water in the test chamber and to 
indicate the existence of undesirable temperature 
stratification within the tank. In all the experiments 
performed, the maximum deviation from uniformity 
among the three thermocouples was less than 0.5% 
of the wall-to-ambient temperature difference. 

As will be explained in the description of the 
experimental procedure, a knowledge of the tempera- 
ture ofthe water in the test chamber and in the intertank 
space was necessary to identify the conditions 
appropriate for the initiation of a data run. To this end, 
a O.l”C ASTM-certified thermometer was installed in 
each tank. 

Experimental procedure 
The first step in the experimental procedure for a 

data run was to set the desired interplate spacing S, as 
just described. The next step was to verify with the aid of 
the thermometers that the temperatures of the water in 
the test chamber and in the intertank space were equal. 
This equality guaranteed the absence of extraneous, 
buoyancy-induced fluid motions in the test chamber. If 
equality did not exist, an overnight waiting period was 
sufficient to attain the temperature matching. 

Next, the voltage settings of the three heating circuits 
were dialled in. Experience gained from previous runs 
furnished the relationships among the voltage settings 
that would yield uniform wall temperature at the 
heating surface. Power to the heaters was then switched 
off without, however, altering the voltage settings. The 
water in the test chamber was manually stirred to 
eliminate temperature nonuniformities, as sensed by 
the readings of the three thermocouples. An hour 
waiting period was allowed after the stirring process to 
guarantee that motions generated by the stirring 
operation were no longer present in the test chamber. 

Power was then applied to the heating circuits, and 
the attainment of steady state was monitored by the 
readings of selected plate thermocouples. At steady 
state, the readings of the wall and fluid temperatures, 
voltages, and currents were recorded. Then, a new set of 
voltages for the next run was dialled in and the power 
switched off. The stirring of the water in the test 
chamber was repeated, and a new data run could be 
conducted after another hour waiting period. The mass 
of water in the test chamber was such that several data 
runs could be performed in sequence without altering 
the temperature equality between the water in the two 
tanks. 

Data reduction 
The Nusselt and Rayleigh numbers to be presented in 

the Results section of this paper were calculated from 
the experimental datausing the procedure that will now 
be described. 

Nusselt numbers, either based on the interplate 
spacing S or on the plate height H, were calculated by 

where 

Nu, = hS/k, Nun = hH/k (ii 

h = Q/A(Tw - T,.). (2) 

In equation (2), Q is the rate of convective heat transfer 
to the fluid, and A represents the surface area of the 
heated plate. Based on a one-dimensional heat 
conduction model, heat losses through the back of the 
plate were found to be negligible. Therefore, Q was 
calculated from the electric power input without any 
corrections. 

The wall temperature T, was obtained by averaging 
the readings of the eight plate thermocouples while 7’, , 
the fluid environment temperature, was computed as 
the average of the readings of the three thermocouples 
located in the test chamber. Wall-to-ambient 
temperature differences ranging from 1 to 10°C were 
employed during the experiments. 

Nusselt number results will be presented as a 
function of two dimensionless groups, Ra, and 
(S/H)Ra,, where 

Ra, = [g/3( T, - T,)H3,b’] Pr (3) 

Ra, = [g&T, - T,)S3/vz] Pr. (4) 

The thermophysical properties in Nu and Ra were 
evaluated at the film temperature @Y, + T,). 

NUMERICAL ANALYSIS 

Numerical solutions were performed to verify that 
the experimentally determined Nusselt numbers were 
not affected by conduction in the unheated wall, 
thereby establishing the generality of the results. The 
analysis was based on a model consisting of conjugate 
convection heat transfer in the channel and conduction 
heat transfer in the unheated wall. In this regard, note 
that the term unheated is meant to indicate the absence 
of direct heating from an external source. However, the 
so-called unheated wall may exchange heat with the 
fluid passing through the channel. 

To facilitate the analysis, the problem was divided 
into two regions as indicated in Figs. 2(a) and(b), which 
portray, respectively, the convection and the conduc- 
tion domains. The convection domain [Fig. 2(a)] is 
characterized by a vertical channel of height H and 
width S, bounded on one side by an isothermal wall 
(temperature r,) and on the other side by a wall whose 
streamwise temperature and heat flux distributions 
remain to be determined. The conduction domain [Fig. 
2(b)] encompasses the unheated wall whose thickness is 
b. Aside from the boundary which interfaces with the 
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FIG. 2. Convection and conduction domains for numerical 
solution. 

flow, all the boundaries of the conduction domain are 
locally adiabatic. The arrows in the figure indicate the 
expected directions of heat flow into, through, and out 
of the unheated wall. 

The temperature and heat flux distributions at the 
interface of the convection and conduction domains are 
not known a priori. Rather, they are determined as part 
of the solution of the conjugate problem. An overview 
of the numerical procedure utilized in the solution will 
now be given. 

The convection problem 
The two-dimensional conservation equations gover- 

ning natural convection in the channel are well 
documented in the literature and need not be derived 
here [8]. For the coordinates shown in Fig. 2(a), the 
dimensionless version of these equations can be written 
as : 

au/ax+av/ar= 0 (5) 
u(au/ax)+v(au/ay) = -dPpx+e+a2ujaY2 

(6) 
u(aejax) + v(ae/aq = (ipr)a%/auz (7) 

where 
X = (x/S)/Gr,, Y = y/S (8) 

U = (uS/v)Gr,, v = us/v (9) 

P = p’(x) (S2/pv2)/Gr~, 0 = (T-TJ(T,-T,). (10) 

In the dimensionless expression for the pressure, 
equation (lo), the quantity p’(x) is equal to p(x) - p,(x), 
which is the imbalance between the pressures within the 
channel and in the ambient at a given axial location x. 
The dimensionless channel height is HfSGr,. 

Equations (5)-(7) are to be solved subject to the 
following hydrodynamic boundary conditions : 

U = V = 0 at Y = 0 and Y = 1 (11) 

u = u,, V = 0, P = -(1/2)Ug at X = 0 (12) 

P = 0 at X = HfSGr,. (13) 

The thermal boundary conditions are : 

e=o nt x=0 (14) 

84 at Y=O (15) 

ae/ar= F(x) at Y= 1 (16) 

where F(X) is a dimensionless heat flux distribution 
obtained from the solution of the conduction domain. 

For fixed values of the dimensionless height of the 
channel and of the Prandtl number, there exists only 
one value of the dimensionless inlet velocity U, which 
yields P = 0 at the exit of the channel. In the numerical 
calculation procedure utilized in the present work, this 
value of U, was obtained iteratively as will be described 
later. 

Once a numerical solution of the governing 
equations for the channel was obtained, the average 
Nusselt number for the heated wall was evaluated from 

Nu, = hS/k, h = (Q/HW)/(T,- T,,) (17) 

where Q is the rate ofheat transfer from x = 0 to x = H 
at the heated wall. 

The conduction problem 
The conduction problem in the unheated wall is 

governed by the two-dimensional Laplace equation, 
which, in dimensionless form, reads 

a2ejax2+a2e/afi2 = 0 (18) 
where A = IJSGr,. The boundary conditions for 
equation (18) are : 

#/aA = 0 at A = (b/S)Gr, = (b/H)(H/S)Gr, (19) 

&I/ax = 0 at X = 0 and X = (H/S)Gr, (20) 

8 = G(X) at A = 0. (21) 

The temperature distribution G(X) at the surface of the 
unheated wall will be obtained from the convection 
solution. 

Convectionfconduction matching 
The solution of the conjugate problem involved a 

three-level iteration process, which included a 
succession ofvisits with the convection and conduction 
problems (i.e. the outer iteration) plus iterative 
solutions for both the conduction and convection 
problems (i.e. the inner iterations). The two problems 
were linked through the boundary conditions (16) and 
(21) at the interface Y = 1, A = 0. The outer iteration 
was initiated by solving the convection problem 
described by equations (5)-(7) and (1 l)-( 16) assuming 
F(X) = 0 (i.e. locally adiabatic wall). The Patankar- 
Spalding finite-difference method was used for this task. 
This scheme is a marching procedure which requires 
that velocity and temperature be given at X = 0. Since 
the dimensionless height of the channel was fixed, the 
inlet velocity U,, at X = 0 had to be adjusted until the 
condition P = 0 at the exit of the channel was fulfilled. 
This was accomplished iteratively utilizing a Newton- 
Raphson procedure, thereby constituting one of the 
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aforementioned inner iterations. Once the solution of 
the convection problem corresponding to F(X) = 0 
was obtained, the temperature distribution at the 
unheated wall (Y = 1) was recorded and used as the 
G(X) boundary condition for the conduction problem, 
equation (21). 

A finite-difference method was used to iteratively 
solve the conduction problem represented by equation 
(18) with boundary conditions (19)-(21). The heat flux 
distribution at A = 0 determined from the conduction 
solution was recorded and transmitted to the 
convection problem to be used as the F(X) for the next 

cycle of the outer iteration. Since the heat flux must be 
continuous across the interface of the conduction and 
convection domains, F(X) was obtained from 

F(X) = (k,/k) (l/Gr,) (WiiA),, = o (22) 

where (#/aA), = e is from the conduction solution. 
The process of transmitting the interfacial F(X) and 

G(X) distributions between the convection and 
conduction domains was repeated until the Nusselt 
number for the heated wall converged to five significant 

figures. Typically, convergence was achieved with four 
iterations in the outer loop. 

Based on grid dependence tests, the desired 
numerical accuracy was obtained by utilizing 150 x 52 
and 48 x 22 grid points (streamwise x cross stream 

directions) respectively, in the convection and 
conduction domains. Due to the difference in the 
number of streamwise grid points in the two problems, 
linear interpolation procedures were employed to 
transfer the F(X) and G(X) distributions between the 
two domains. 

EXPERIMENTAL RESULTS 

The response of the experimentally determined 
channel heat transfer characteristics to variations ofthe 
interplate spacing and of the Rayleigh number will now 
be explored. The investigated range of the interplate 
spacing was chosen to span between the two limits of 
fully-developed channel flow and the single flat plate. 
To this end, 10 interplate spacings. ranging from 1 to 
50”,, of the channel height, were employed. 
Additionally, to provide results for the limiting case of 

infinite interwall spacing, experiments were performed 
for the vertical flat plate. For each interplate spacing 

and for the vertical flat plate, the Rayleigh number was 
varied by an order of magnitude by varying the 

temperature difference between the heated wall and the 
fluid environment. Experiments were conducted in 
water at aconstant Prandtl number ofapproximately 5. 

The traditional form for presenting heat transfer 

results for natural convection in channels is to utilize 
the Nusselt number Nu, and the dimensionless group 
(S/H) Ra,, both of which are based on the interplate 
spacing as suggested by theory [S]. This presentation 
yields excellent correlation of the data as will shortly be 
demonstrated. This format, however, obscures the role 
of the interplate spacing. Here, with a view to 

highlighting the effect of the interplate spacing, the 
presentation format of Fig. 3 was employed. 

In this figure, the Nusselt number Nu, was plotted 
against the Rayleigh number Ra,, both of which are 
based on the plate height H, which was a constant 
(= 14.52 cm) for all of the experiments. For a given 
plate height, Nun and Ra, can be interpreted as, respec- 
tively, the dimensionless heat transfer rate and 

Ra,.,X IO-* 

FIG. 3. Experimental height-based Nusselt vs Rayleigh number results for selected S/H in the range 0.01 l-s 
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the dimensionless plate-to-ambient temperature dif- 
ference. The dimensionless interplate spacing S/H 
parameterizes the data as indicated in the legend. To 
avoid overlap which would create confusion, only 
selected values ofS/H were plotted in Fig. 3 (all the data 
will be presented shortly). Solid lines were used to 
interconnect the data for the various S/H < co, except 
when they would be too overlapping. In addition, a 
dashed line based on a least-squares fit was passed 
through the flat plate data (S/H = co). The equation of 
the fitted line is 

Nu, = 0.619Rak14. (23) 

It can be noted from the figure that, contrary to the 
heretofore accepted view [3], the flat plate results do 
not form the upper bound for the heat transfer rates for 
the channel. Indeed, there are interplate spacings which 
produce Nusselt numbers approximately 5% higher 
than those for the flat plate. 

From Fig. 3, a clear picture of the influence of S/H on 
the heat transfer characteristics of vertical channels 
emerges. For a given Rayleigh number, there is a range 
of low S/H where the Nusselt number is highly sensitive 
to variations of the interplate spacing. At higher S/H, 
however, the Nusselt number is nearly independent of 
the spacing. For example, for the lower Rayleigh 
numbers of Fig. 3, Nu, is very responsive to interplate 
spacing for S/H c 0.022 (a 3*-fold variation of Nu, for 
S/H between 0.011 and 0.022 at Ra, = lo*). On the 
other hand, for S/H between 0.032 and cc, Nu, varies by 
only about 5%. At the high Rayleigh number end of the 
data, the sensitivity of Nu, to spacing is significantly 
diminished. 

These findings can be rationalized by considering the 
relative magnitudes of the thermal boundary-layer 
thickness 6 and the interplate spacing S. In particular, 
there is heightened sensitivity of Nu, to S/H when the 
thermal boundary layer spawned by the heated plate 
spans the interplate spacing, while insensitivity prevails 
when the thermal boundary-layer thickness is smaller 
than the spacing. This rationalization is supported by 
the calculation of the thermal boundary-layer 
thickness on a flat plate. At Ra, = lOs, such a 
calculation yields 6/H = 0.0275 (equation (7.20) of [9]) 
which, according to Fig. 3, serves admirably as the 
threshold of significant sensitivity of Nu, to SfH. 

The results for S/H > 0.032, which had to be omitted 
from Fig. 3 due to overlap, are presented in Fig. 4. 
Overlap is avoided in Fig. 4 by employing individual 
graphs for each case. In each graph, Nu, is plotted as a 
function of Ra,. The solid lines passing through each 
set of data are representations of least-squares-based 
expressions of the form 

Nu, = CRag. (24) 

It can be seen that the power-law expression provides 
an excellent representation of all the experimental data 
of Fig. 4. For comparison purposes, the correlation 
developed by Churchill and Chu [lo] for vertical flat 
plates is plotted as a dashed line in the lowest graph of 

---- FLAT PLATE [IO] ,20 % S/H 

FIG. 4. Experimental height-based Nusselt vs Rayleigh 
number results for S/H > 0.032. 

Fig. 4. The maximum deviation between the present flat 
plate data and the Churchill-Chu correlation 
(evaluated for Pr = 5) is 2.2%. This can be considered a 
remarkable level of agreement in view of the scatter 
exhibited by data from different sources presented by 
Churchill and Chu in Fig. 1 of [lo]. 

The least-squares representations for all of the 
interplate spacings S/H of Fig. 4 shared the common 
exponent m = 4. This observation suggests that the 
coefficient C in equation (24) can be regarded as a 
measure of the dependence of Nu,, on the dimensionless 
interplate spacing S/H. In Fig. 5, the coefficient C is 
plotted as a function of H/S, the reciprocal of the 
dimensionless interplate spacing. The reciprocal was 
used to enable the C value for the flat plate (S/H = co) 
to be plotted. It should be noted that the ordinate was 
greatly expanded to improve the resolution of the 
graph, as indicated by the size of the 1% band shown in 
the figure. 

The magnitude of the coefficient C is seen to decrease 
toward the flat plate value as the interplate spacing 
increases (i.e. as H/S decreases). This presentation 
underscores the point that there is a range of channel 
interplate spacings which produce Nusselt numbers 
higher than those obtained with the vertical flat plate. 
Also, Fig. 5 can be useful for obtaining, via 
interpolation, C values for interplate spacings other 
than those investigated here. 

The aforementioned differences in thermal perfor- 
mance between the one-sided heated channel and the 
vertical flat plate will now be made plausible. Vertical 
channels and vertical plates in natural convection differ 
fundamentally with regard to the nature of the fluid 
flow. The flow through a vertical channel is driven by an 
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FIG. 5. Dependence of the coefficient C on interplate spacing (Nu, = C&J,!,‘~). 

imbalance of the hydrostatic pressure drops inside and 

outside the channel. As far as the channel walls are 
concerned, the flow entering the channel is a forced 
convection flow and, as such, should yield higher heat 
transfer coefficients than those for the flat plate. 
However, thermal saturation of the fluid passing 
through the channel can degrade the heat transfer. For 
the vertical flat plate, thermal saturation does not occur 
due to the unconstrained growth of the thermal 

boundary layer. 
The thermal saturation effect is most strongly felt by 

relatively narrow channels, as can be verified in Table 1. 
In this table, the bulk temperature at the channel exit 

Table 1. Response of the channel exit temperature to the 
interplate spacing S/H (Ra,, = 9 x 10’) 

W 0.011 0.016 0.022 0.032 0.100 0.500 

Tb,e- Tee 
1.00 0.998 

G-T, 
0.906 0.649 0.271 0.262 

I&, presented in terms of (7& - 7’,)/( T, - T,), is listed 

as a function of the dimensionless interplate spacing for 
a fixed value of the Rayleigh number (Ra, = 9 x 10’. 
the lowest investigated Rayleigh number). These bulk 
temperatures were obtained from the numerical 
solutions previously described under the assumption 
that the unheated wall was locally adiabatic. The high 
levels of saturation [(Tb.e - T,)/(T,- T,) N 11 ex- 
perienced by the channels with small interplate spacing 
explain the lesser heat transfer performance of these 
channels compared with the vertical flat plate. For 
larger values of S/H, the forced convection nature of the 
channel flow, combined with the now-smaller 
saturation level, results in Nusselt numbers higher than 
those for the flat plate. 

The experimental heat transfer data obtained here 

will now be presented in Fig. 6 in terms of the Nusselt 

number Nu, and of the dimensionless group (S/H)Ra,, 
which spans eight orders of magnitude. In order to 

obtain a high degree of resolution of the data while 
achieving a compact presentation, upper and lower 
abscissa scales were used as indicated by the arrows. 

(S/H)Ra, 

FIG. 6. Experimental spacing-based Nusselt vs Rayleigh number results and their correlation. 
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The data for the 10 dimensionless interplate spacings 
are keyed to the symbols identified in the legend. 

The most striking feature of the graph is the perfect 
correlation of the results from all the dimensionless 
interplate spacings which is achieved by the use of 
(S/H)Ra, as the independent variable. For one-sided 
heated channels, this observation was made previously 
for a much narrower range of (S/H)Ra, [5] and is now 
shown to be valid for 3 < (S/H)Ra, < lo*. 

The fact that (S/H)Ra,, a parameter derived from the 
two-dimensional conservation equations, perfectly 
correlates the data is an indication that possible three- 
dimensional effects associated with large values of S/H 
are not reflected in the Nusselt number Nu,. 

An interpolation formula for Nu, which spans 
between small and large (S/H)Ra, will now be derived 
based on the method suggested by Churchill and Usagi 
[7]. This method requires a knowledge of expressions 
relating Nu, and (S/H)Ra, in the limits (S/H)Ra, -+ 0 
and + co and experimentally determined Nusselt 
numbers for intermediate values of (S/H)Ra,. In the 
present work, the expression utilized for (S/H)Ra, + 0 
was 

Nu, = (S/H)RaJ12 (25) 

derived in [S] by assuming that fully-developed flow 
prevailed in the one-sided heated channel. The 
expression used for the limit (S/H)Ra, -) co is 

Nu, = 0.619[(S/H)Ra,]1/4. (26) 

This is a rephrased version of the flat plate result, 
equation (23), to include Nusselt and Rayleigh numbers 
based on the interplate spacing. 

The interpolation relation thus obtained is 

Nu, = {[(S/H)Ra,/12]-” 

+[0.619((S/H)Ra,)“4]-“}-1/“. (27) 

The exponent n was determined to be equal to 2 by 
comparing equation (27) with the experimental data. 

IO5 

Equation (27) is represented in Fig. 6 by the solid line. 
The maximum deviation of the experimental data 

from the values predicted by equation (27) is 6% which, 
considering the eight-decade range of (S/H)Ra,, is an 
excellent result. 

The dashed lines in Fig. 6 represent the limiting 
expressions for the Nusselt number, equations (25) and 

(26). 

NUMERICAL RESULTS 

In the Numerical Analysis section of this paper, the 
parameters governing the conjugate problem were 
identified. They are: the Prandtl number Pr, the 
Grashof number Gr,, the dimensionless interplate 
spacing S/H, the aspect ratio of the unheated wall bfH, 
and the thermal conductivity ratio k,,./k. The 
parameters related to the unheated wall were kept 
constant during the computer runs at the actual values 
utilized in the experiments, i.e. k,,,/k = 0.28 (a plexiglass 
wall in water [ 111) and b/H = 0.044. For comparison 
purposes, numerical solutions were also obtained for 
the channel with the unheated wall being locally 
adiabatic. All the numerical runs were performed for 
Pr = 5, while Gr, = RaJPr and S/H were assigned 
values which spanned the range encountered in the 
experiments. 

For the entire investigated range of the parameters, 
the Nusselt number results obtained for the locally 
adiabatic wall agreed to three significant figures with 
those for the conjugate problem, which is globally (but 
not locally) adiabatic. This outcome leads to the 
conclusion that the unheated wall utilized in the present 
experiments can be considered, for practical purposes, 
locally adiabatic and that the Nu, results obtained are 
independent of the aspect ratio of the wall and the wall- 
fluid thermal conductivity ratio. 

The numerically determined Nu, results are plotted 
as a solid line in Fig. 7 as a function of (S/H)Ras. Also 

IO6 IO7 

FIG. 7. Comparison of experimentally and numerically determined Nusselt number results. 
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plotted in the figure are the experimental results 
previously presented in Fig. 6. It can be seen that the 
agreement between the experimental data and the 
numerical results is virtually perfect. 

To supplement the numerical work, the influence of 
the thermal conductivity of the globally-adiabatic 
unheated wall on the Nusselt number was explored. To 
this end, the limit k,/k + cc was considered for the 
unheated wall. If the previously described numerical 
methodology were to be applied for the kJk + cu case, 

convergence problems would arise. The following 
alternative procedure was devised to overcome this 
difficulty. 

Since the unheated wall is now modeled as being 
highly conductive, it is reasonable to assume that its 
temperature is uniform but unknown. For a fixed value 
of Pr and (S/H)Ra,, there is only one value of the 
temperature of the unheated wall that will fulfill the 
globally adiabatic condition, i.e. a value of zero for 
the surface-integrated heat transfer. This temperature 
was determined iteratively with the aid of a Newton- 
Raphson scheme. 

The thus-obtained Nusselt number results for the 
channel with an infinitely conducting unheated wall are 
plotted in Fig. 7 as a dashed line. It can be seen that for 
values of (S/H)Ra, greater than 60, there is no 
discernible difference between the Nu, values for the 
plexiglass-walled conjugate problem and those for 
k,,,/k -+ co. For (S/H)Ra, less than 60, the deviations are 
less than IO”//,. 

CONCLUDING REMARKS 

The response of the natural convection heat transfer 
characteristics of a one-sided heated vertical channel to 
interplate spacing was investigated both experiment- 
ally and computationally. The 50-fold variation of the 
interplate spacing enabled the investigation of all 
operating conditions between the two limits of fully- 
developed channel flow and the single vertical plate. 
Supplementary experiments were also conducted for 
the latter in order to actually achieve the limit of infinite 
interplate spacing. For each interplate spacing, the 
wall-to-ambient temperature difference was varied by 
an order of magnitude. The experiments were 
performed in water at a nominal Prandtl number equal 
to 5. 

To highlight the effect of interplate spacing on the 
heat transfer, the experimental results were first 
presented in a format in which both the Nusselt and 
Rayleigh numbers were based on the channel height. 
This presentation demonstrated that the vertical plate 
results do not form an upper bound for the channel heat 
transfer. In particular, channel heat transfer rates were 
encountered which exceeded those for the flat plate by 
as much as 5%. Additionally, this presentation 
facilitated the identification of the regimes of high and 
low sensitivity of the heat transfer to interplate spacing. 
Specifically, high sensitivity prevailed for narrow 

channels and at small wall-to-ambient temperature 
differences. 

The experimental heat transfer data were also 
presented in terms of the conventional format in which 
the Nusselt number Nu, is plotted as a function of 
(S/H)Ra,. The use of these parameters totally 
eliminated any separate dependence of the results on 
S/H over the entire eight-decade range of (S/H)Ra, that 
was investigated. This outcome suggests the absence of 
three-dimensional effects even for relatively large 
spacings. 

A highly accurate representation of the experimental 
data spanning the fully-developed and flat plate limits 
was developed in the form 

Nu, = ([(S/H)Ra$l2] -- 2 

+ [0.619((S/H)R~r,)“~] - ‘} - I” (28) 

The maximum deviation of the data from this 
expression was 6%. 

Numerical solutions were conducted to verify that 
the experimentally determined Nusselt numbers were 
not affected by heat conduction in the unheated wall. 
To this end, the conjugate problem consisting of 
natural convection in the channel and heat conduction 
in the wall was solved by means of finite-difference 
methods. For comparison purposes, numerical 
solutions were also obtained assuming the unheated 
wall to be locally adiabatic. The Nusselt numbers for 
the conjugate problem agreed to three significant 
figures with those for the locally adiabatic wall. This 
finding attests to the independence of the present 
experimental results from the geometrical and thermal 
characteristics of the unheated wall. Furthermore, the 
numerical results displayed virtually perfect agreement 
with the experiments. 
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CONVECTION NATURELLE DANS UN CANAL VERTICAL ENTRE LA LIMITE 
PLEINEMENT ETABLIE ET LA LIMITE DE COUCHE LIMITE SUR PLAQUE UNIQUE 

R&n&-On etudie exp&imentalement et numeriquement l’effet de l’espacement entre plaques sur la 

convection naturelle dans un canal vertical, ouvert aux extremitb, limit& par une paroi isotherme et une autre 

non chauffee. L’etude concerne le domaine complet des conditions operatoires du canal depuis la limite de 
l’ecoulement pleinement etabli jusqu’a la limite de la plaque unique. On peut realiser une cinquantaine 

d’espacement entre les parois du canal. Les experiences sont realisees avec de l’eau (Pr = 5) et unedifference de 

temperature entre plaque et ambiance variant dun ordre de grandeur. Les solutions numeriques sont faites 
pour les conditions experimentales et elles prennent en compte la convection naturelle dans le canal et la 
conduction dans la paroi. On trouve que le transfert thermique a la plaque plane ne forme pas une limite 
sup&ieure pour le transfert thermique. Le transfert de canal est particulierement sensible aux changements 
d’espacement des parois pour des canaux etroits et des faibles differences de temperature. Les resultats pour 
toutes lesconditions optratoires sont Btroitement rassemblbs en termedes groupements Nu,et (S/H) Rn, et on 
developpe une formule tres precise pour huit decades de (S/H) Rn,. On obtient un excellent accord entre les 

&ultats expCrimentaux et les calculs pr&visionnels. 

NATURLICHE KONVEKTION IM VERTIKALEN KANAL ZWISCHEN DEN 
GRENZFALLEN DER VOLL AUSGEBILDETEN KANALSTRGMUNG UND DER 

GRENZSCHICHTSTRGMUNG AN DER EINZELPLATTE 

Znsammenfassung-Der Einflug des Abstandes auf die natiirliche Konvektion zwischen zwei Platten, die 
einen vertikalen Kanal mit offenen Enden bilden, wurde experimentell und rechnerisch untersucht, wobei die 
eine Platte isotherm, die andere nicht beheizt war. Die Untersuchung umfal3te den gesamten Bereich der 
Betriebsbedingungen des Kanals,d.h. vom Grenzfall der voll ausgebildeten Kanalstriimung bis zum Grenzfall 
der einzelnen vertikalen Platte. Untersucht wurde kne fiinfzigfache Anderung des Abstandes zwischen den 
Kanalwiinden, eine einzelne vertikale Platte wurde fur den Grenzfall des unendlichen Plattenabstandes 
verwendet. Die Experimente wurden in Wasser (Pr a 5) mit den zuvor erwiihnten Parameterveranderungen 
des Plattenabstandes und fiir den Bereich einer GroBenordnung filr die Temperaturdifferenz von der Wand 
zur Umgebung durchgefiihrt. Die rechnerischen Liisungen wurden fiir die experimentell untersuchten 
Betriebsbedingungen durchgefiihrt, wobei die natiirliche Konvektion im Kanal und die Warmeleitung in der 
Wand berilcksichtigt wurden. Es wurde festgestellt, dal3 die Wiirmeilbertragung an der ebenen Platte keine 
obere Grenze fib die Wlrmeiibertragung im Kanal darstellt. Die Warmeiibertragung im Kanal ist besonders 
empfindlich fiir Veriinderungen des Plattenabstandes bei engen Kanglen und bei kleinen Temperatur- 
differenzen. Die Ergebnisse fiir alle Betriebsbedingungen wurden in Form der Kennzahlen Nu, und (S/H)&, 
verdichtet, auBerdem wurde eine Korrelation mit hoher Genauigkeit entwickelt, die acht Zehnerpotenzen von 
(S/H)Ra, umfal3t. Es wurde eine sehr gute ubereinstimmung zwischen den experimentellen und den 

rechnerischen Ergebnissen ermittelt. 

ECTECTBEHHAR KOHBEKUMR B BEPTWKAnbHOM KAHAJ-IE: OT fIOJIHOCTbI0 
PA3BHTOH KOHBEKUMH 40 l-lOl-PAHRYHOfO CJIOII HA OAMHOVHOH IUIACTAHE 

AH~raulln-3KCnepuMeHTaAbHO H ‘IRCJIeHHO H3y’IaeTCK BJIAflHWe paCCTOIIHHr Me%Ay IIJIaCTHHaMW Ha 

eCTeCTaeH”yIO KOHBeKUHbJ B BepTHKaAbHOM KaHaJIe C OTKpbITbIMB TOpIIaMH, KOTOPbIii O~pWWIeH 830- 

TepMsvecKoti R HeHarpeBaeMoii CTeHKOji.. l&CAeAOBaHHe OXBaTbIBaeT BeCb AHana30H pa6orux ~~XIIIMOB 

KaHana, T.e. OT nonHocTbm pa3BaToro TeHeHHn B KaHane no cnyqan OAHO~ BepTeKanbHofi HnacTHHbI. B 
o6meM. 6btno W3ySeHO IIRTbAeCIlT BapHaHTOB paCCTOKHHfi MemAy CTeHKaMH KaHaJIa, a BepTHKaAbHaK 

IIJIaCTHHa npHMeHRAaCb AAIl MOAeJIHpOBaHHa eCTeCTBeHHOfi KOHBeKuHH B 6e3rpaHHHHOM npOCTpaHCTBe. 

3KCnepHMeHTbI npOBOAHJIHCb B BOAe (Pr 2 5) AJIa YnOMaHyTbIX BbIme BapHaHTOB A3MeHeHHR paCCTOs- 

HUR MenCAy nnacTnHaMn A nnn BeJIA’IHHbI pa3HOCTH -reMneparyp MeXAy CTeHKOii w oripymammeii 
cpenofi, nexamefi a npenenax OAHO~O nopnAKa. QicneHHbIe pememin HaxonenHcb arm rpaHHHHbIx 

yC,IOBHii, npHHKTbIX B 3KCIIepHMeHTe, A npH 3TOM yWTbIBaAHCb npOUeCCb1 eCTeCTBeHHOii KOHneKnHW B 

KaHane A TennonponoAHocTb B CTeHKe. HaiiAeHo, ST0 TennonepeAaHa rmoc~oii nnacTHHbl He nenrercn 

BepXHHM IIpeAeAbHbIM CJIyqaeM AJIs KaHaJIa. Tennoo6Men B KaHaJIe OCO6eHHO ‘IyBCTBHTe,IeH K H3MeHe- 

Hmo paccToaHHa Mexny nnacTaHaMu B cnyrae ManbIx pa3HocTeii TeMnepaTyp II y3rax KaHanoa. Pe- 

3yJIbTaTbI AJIII BCeX pe;KHMOB T’SfeHBIl 6bInH 06pa60TaHbI B nepeMeHHbIX Nu, Ii (S/H)Ra,, U nOnyweHbI 

KOp~aaUHOHHbIe ‘3aBHCWMOCTA, C 6onbmoB TOYHOCTbIO OnHCbIBalOIHHe AaHHbIe AAII 8 AeKaA no nepe- 
MeHHOfi (S/H)&, flOJIyHeHo XOpOmee COOTBeTCTBHe MexAy 3KCnepHMeHTaJIbHbIMH H paCHeTHbIMR 

AaHHbIMH. 


