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1. INTRODUCTION 

NATURAL convection due to differential heating of the ver- 
tical walls in rectangular enclosures has been well-studied in 
part because of the wide range of important applications 
relevant to this phenomenon. However, relatively little atten- 
tion has been given to the case of differential heating of both 
the horizontal and vertical surfaces of the enclosure. Such a 
circumstance arises for example when solar radiation, pass- 
ing through a large window, is incident on the floor of a 
room. That portion of the floor which receives the radiation 
attains a temperature relatively greater than the cool window 
surface, resulting in buoyancy induced motion characterized 
by Rayleigh numbers in the approximate range 1010-10’2. It 
appears that the only systematic study with respect to partial 
heating on the lower surface of an enclosure is due to 
November and Nansteel [l]. November and Nansteel theo- 
retically examined the case of a square enclosure with iso- 
thermal cooling on one vertical wall and partial heating 
(isothermal) on the lower surface. The remainder of the 
enclosure boundary was insulated. Special attention was 
given to the heat transfer and flow structure in the vicinity 
of the tlux singularity on the lower surface where the thermal 
boundary condition changes abruptly. It is demonstrated in 
ref. [l] that while local heat flux in the neighborhood of the 
flux singularity is unbounded, the integrated energy flow is 
finite in the same way as described by Bassani et al. [2] for 
pure conduction. Convective heat transfer is found [l] to 
increase monotonically with length of the heated section on 
the lower surface while the Nusselt number (ratio of total 
heat transfer to pure conduction heat transfer) is a maximum 
when approximately 60% of the lower surface is insulated 
and decays toward unity as the length of the heated section 
either approaches zero size or spans the entire lower surface. 
Kirkpatrick and Bohn [3] experimentally studied the flow 
structure and heat transfer in a cubical enclosure with various 
isothermal heating and cooling conditions imposed on the 
boundaries, e.g. isothermally heated lower surface and iso- 
thermal cooling of the adjacent vertical surfaces and the 
upper horizontal surface. Heat transfer data were obtained 
for Rayleigh numbers of order 1O’O using water as the work- 
ing fluid. Partial heating of the enclosure surfaces was not 
considered. Other studies [412] of buoyancy-induced con- 
vection featuring heating and cooling of non-parallel sur- 
faces are reviewed by November and Nansteel [l]. 

The present work focuses on the convection inside a square 

enclosure in which a portion of the lower surface is heated 
with a uniform heat flux while one vertical boundary is 
isothermally cooled, cf. Fig. 1. This configuration is inves- 
tigated experimentally using water as the working fluid in 
the Rayleigh number range 7.29 x 10” < Ra < 3.69 x 10” 
which is of direct significance with regard to the passive 
heating of rooms via solar irradiation as discussed above. 
Results are obtained for the cases I/L = E = l/3, l/2, 2/3. 
Heat transfer rate from the heated to the cooled surface of 
the enclosure is measured as a function of E and Ra while 
the flow structure is studied via laser-illumination streak 
photography. 

Nondimensionalization of the equations governing mass, 
momentum and energy indicate an essential dependence on 
the parameters Ra, Pr and E, cf. Nicolas [13]. The average 
temperature of the heated surface, F,,, is given by 

f4 _p _clhL 1 
h c 

‘--E 
s k I-E,, 

T(x, 0) dx. (1) 

The average heat flux on the cold wall is 

G = %(1-E) (2) 

LL- 

r[ \\\\\\\\\\\’ 

L Viscous 

I$,, 

Fluid 

\ R 

T T-T T”‘\“’ 

T, 

% +l+ 

FIG. 1. Enclosure configuration and thermal boundary con- 
ditions. 
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NOMENCLATURE 

gravitational acceleration [m s ‘1 
thermal conductivity [W m ’ K ‘1 
length of unheated section on lower surface 

[ml 
enclosure side length [m] 
Prandtl number, V/CC 
average heat flux [W m ‘1 
local heat flux [W m ‘1 
dimensionless heat flux, equation (3) 
heat transfer rate [W] 
Rayleigh number, g/lq,L”:vrk 
Rayleigh number used in ref. [I]. 
,qyBLi@- T&w 
dimensionless temperature, (T- T,)k:q,,f. 
temperature [K] 
dimensionless position coordinate. X-, 1. 

.\’ position coordinate [m] 

.L dimensionless position coordinate, 7: L. 
y position coordinate [ml. 

Greek symbols 
thermal diffusivity [m’ s ‘1 

;j coefficient of thermal expansion [K ‘1 
I: dimensionless length of insulated portion 01 

lower surface, l/L 
I’ kinematic viscosity [m’ s ‘J 

I’ density [kg rn~ ‘I. 

Subscripts 
c cold surface 
h hot surface. 

and the dimensionless heat transfer rate for this surface is 

2. EXPERIMENTAL APPARATUS 

The experimental test cell measures 15.2 cm square by 61 
cm in depth and is constructed of 1.57 mm thick stainless 
steel sheet (W = 0.7 = 0. L) and a 2.51 cm thick aluminum 
cooling manifold (_W = L). The end walls are made of 0.95 
cm thick optical glass and 1.25 cm thick plexiglass. Boundary 
heating is accomplished through resistance heating strips 
bonded to the surface j = 0. Average temperature of the 
heated surface r, is computed from equation (I) using 28 
thermocouples mounted in small wells on the dry side of 
the lower surface. Measurement of the water-cooled cold 
surface temperature is accomplished in a similar way. Laser 
illumination streak photography is used to visualize the flow. 
Uncertainties in measurement of Ra and QC due to uncer- 
tainties in temperature and heat transfer measurement and 
fluid properties are k 5% and i 10% respectively. Further 
description of the experimental apparatus and procedure 
may be found in ref. [ 131. 

3. RESULTS AND DISCUSSION 

Experimental results for buoyancy-induced flow in the 
enclosure with 8 = I /3, l/2 and 2/3 are obtained in the range 
7 x 10”’ < Ru i 4 x 10”. Flow visualization results are pre- 
sented and discussed for the cases B = I ,‘3 and l/2 along with 
the heat transfer results. 

Flow risuulizrrtion 
Particle visualization experiments reveal the natural con- 

vection flow to be laminar and mostly steady. The qualitative 
features of the flow structure are observed to be the same for 
each value of E studied. The nominal flow structure consists 
of a central core region surrounded by boundary layers 
adjacent to the enclosure periphery. The peripheral boundary 
layer is nonuniform in both thickness and nominal velocity 
with respect to location on the boundary. The narrowest 
portion of the boundary layer and that with the greatest 
velocity is found adjacent to the cooled vertical surface 
.: = I!,. This result is not surprising since the surface C? = L is 
the only vertical diabatic boundary. This behavior is also 
observed in the calculational results of November and Nan- 
steel [I] for partial heating (isothermal) of the lower surface 
in the Rayleigh number range 10’ < Ru* < 106. The core 
region in the present configuration exhibits rather large 
eddies, with velocities of generally lesser magnitude com- 
pared with the boundary layer flow. The eddy structures are 

not entirely steady as they are observed to undergo small 
changes in size, shape and location within the core. Figure 2 
shows a pair of large counter-rotating eddies in the upper 
left central core region for the case I: = l/3. Ra = 3.43 x IO’ ‘, 
The eddy nearest the unheated vertical surface (in the left- 
hand central portion of Fig. 2) exhibits rotation in the clock- 
wise sense as is consistent with the driving shear due to 
the adjacent rising boundary layer on the surface .C = 0. 
These core eddies are not predicted by the calculations of 
November and Nansteel [l] or Anderson and Lauriat [5] for 
heating from below and side cooling, however, the appear- 
ance of secondary rolls in the core of rectangular, differ- 
entially heated enclosures has been observed for large Ray- 
leigh number. For example, secondary motions in the core 
were observed by Simpkins and Dudderar [14] for Pr > IO 
and Rayleigh numbers of order 10” or greater. Also of note 
in Fig. 2, a portion of the rather thick boundary layer on the 
lower surface is visible. Note that heating occurs only over 
the section 0 < X: < {L on the enclosure lower boundary for 
the case of Fig. 2 and this appears to have little visible 
influence on the nature of the boundary layer adjacent to 
this surface. In fact no noticeable variation in basic AOM 
structure was observed with changing 8 in the range 
I:‘3 < E d 213. It is important to note that the present obser- 
vations support the speculation of November and Nansteel 
[I] and the observations of ref. [5] that the heated surface 
boundary layer remains attached to the surface 1 = 0 despite 
the unstable density stratification in this layer even for Raq- 
leigh numbers in the range Ra = O(10”). Perhaps the pres- 
sure defect created near the corner .\: = _? = 0 by the rising 
boundary layer along Z? = 0 serves to stabilize this layer as 
suggested in ref. [5]. Figure 3 shows the lower right hand 
quadrant (.? 2 1/2,f 6 112) of the enclosure for the cdsc 
Z; = l/2, Ru = 2.98 x 10’ ‘. In this figure the strong downflow 
in the boundary layer adjacent to the cold wall as well as 
entrainment into this layer from the core region is visible. 
Immediately downstream of the location where this layer is 
turned in the corner .U = L,j = 0, a small region of sep- 
aration is observed on the lower surface in Fig. 3. The sep- 
arated layer is seen to undergo reattachment a short distance 
downstream of this corner. Also a small, rather weak eddy 
with clockwise recirculation can be observed just above this 
separation region, cf. Fig. 3. These flow features are in good 
agreement with streamline contours reported by November 
and Nansteel [I]. In ref. [l], for Ru* = 10h. the wall layer 
undergoes rapid thickening on the lower surface just down- 
stream of the corner .? = L,.V = 0 and then gradually thins 
in the downstream direction. Similar behavior is predicted 
by the calculations of Anderson and Lauriat [S]. This 
behavior may be due to the rapid deceleration in the vertical 
boundary layer near the corner i = L,_C = 0 which results 
in streamline divergence for moderate Ra and temporary 



FXG. 2. Streak visualization photograph of main core eddies and lower surface boundary layer for F: = 313, 
Ra = 3.43x 10”, exposure time = I5 5. 

FIG. 3. Streak visualization photograph of corner region .? = L, ~7 = 0 showing boundary layer separation 
and reattachment for E = l/2, Ru = 2.98 x IO’ ‘, exposure time = 8 s. 
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Table I. Heat transfer data, a = I;3 

Ra Pr Q, 

1.10x IO” 4.6 31.9 232 228 
8.87 x LOI 5.3 29.6 246 251 
1.71 x 10’ 8 4.2 37.9 315 312 
1.41 X 10” 5.2 40.9 370 374 
2.30x 10’” 4.0 42.1 400 407 
3.18 x 10’” 3.7 42.1 478 473 
2.09 x 10’ p 4.1 44.4 SO1 500 
3.43 x IO’ B 3.7 45.5 515 510 

1.6 
1.9 
0.9 
1.1 
1.8 
1.0 
0.2 
1.0 

- _ 

(2) & 
_____._..--l- 
45.3 29.4 
41.5 19.4 
52.1 30.6 
43.7 19.8 
55.4 30.9 
62.3 32.3 
48.8 19.0 
63.3 32.4 

Th - ;r, 
(“C) 

_Ii_l- 
15.9 
22.1 
21.5 
23.9 
24.5 
30.0 
29.8 
30.9 

separation for large Ra as a consequence of the strong 
adverse pressure gradient. The structure reported in the 
present experiments, however, is rather distinct from the 
structure observed by Kimura and Bejan [4] for the case of 
isothermal heating on one vertical wall and isothermal 
cooling on the lower horizontal surface. In this case the core 
is more stably stratified, resulting in a weaker single cell 
circulation centered near the differentially heated corner. 

Heat transfer results for the case f; = l/S are shown in 
Table 1. Note that fractional heat losses (&, - &)@,. are less 
than 2% for this case and less than 3% for the experiments 
overall. The data are well correlated by 

Q< = 1.65( I -R)“5RL2” ’ %’ (4) 

and hence the results exhibit a modest trend of increasing Qc 
with increasing Ra. The correlation of Pera and Gebhart [ 151 
for a uniformly heated, isolated flat horizontal plate, when 
expressed in terms of Q and Ra, yields the quite similar 
result Q = 0.7ORu’:” when the ambient fluid temperature is 
replaced by Fc. This is remarkable in light of the fact that in 
the enclosure the boundary layer is turned in the corner 
.Y = L, j = 0, it then separates, reattaches and then flows over 
the unheated section I - E < X/L < 1 while for the horizontal 
isolated plate, hydrodynamic growth and heating begin sim- 
ultaneously at the plate leading edge. The minor dependence 
of these results on Ra indicates the relative weakness of 
horizontal buoyancy induced flows compared with purely 
vertical Rows as in the case of the vertical isolated fiat plate 
or the differentially heated vertical cavity. The dependence 
exhibited by equation (4) is also rather distinct from the 
dependence observed for horizontal layers heated from 
below (Q _ Ra’13) due to the cellular nature of the flow in 
that case. The important effect of E is best observed by using 
equation (2) in equation (4) which yields 

YJ- .~_~__~ = 
k(T, - TJ 

1.65(1 --E)-“~R~” “’ 

indicating that iih - ?=* increases with decreasing E for fixed 
qh_ That is, the average temperature of the heated surface 
increases with the length of the heated section for fixed q,,. 
This behavior is an expected consequence of thermal bound- 
ary layer development and the uniform flux condition, cf. 
[151. 

Results of refs. [I, 4, 51 are plotted along with the present 
results in Fig. 4 where the abscissa is Ra* = ,&t’( !?h .- ~J/va. 
Extrapolation of the present data to the limit E = 0 indi- 
cates agreement with the numerical results of ref. [S] (uni- 
form beating of the entire lower surface) that is well within 
10% of Qc. In this respect the present results and the calcu- 
lations of ref. [S] serve to validate one another. Extrapo- 
lation of the low Bayleigh number isothermal surface 
numerical results of ref. [I] to values of Ra* = 0(10’f 
indicates, Fig. 4, that values of Q= for the Fame value of 
Ra* are similar for the two thermal boundary conditions 
{constant flux and iso~he~a~). It is important to note that 

Andmm and Lauiiat [,I 
E= 0,UnUcrm Flux 

Pr = 6.7 

10’ 10’ 10” 10” 70’” 

FIG. 4. Dimensionless heat transfer vs &I* including the 
results of [ 1, 4, 51. 

this comparison is made on the basis of the same average 
temperature F,,. With this in mind the coincidence of 
the heat transfer results for the two boundary conditions 
is completely consistent with the findings of Pera and 
Gebhart fl5] for uniformly heated and isothermally heated 
isolated horizontal plates. Although the local value of Nus- 
selt number, q”(.f)%/k(T(X, 0) - TJ, differs by 27% for the 
two conditions [I .5] it is easily shown from the correlations 
of ref. [I 51 that when the uniform flux surface has the same 
average temperature as the isothermal surface, the mean heat 
flux over the two surfaces differs by less than 8%. It is also 
important to note from Fig. 4 that the dependence of Q, on 
E is slightly stronger for the case of a uniform surface flux 
(QC - I1 -P, with Ra* fixed) than for the isothermal 
surface condition (QC - (I --E)~:*). Numerical results from 
Kimura and Bejan [4] for ~s~the~al cooling of the lower 
surface are also plotted in Fig. 4. The weaker circulation for 
this configu~tion leads to significantly smaller heat transfer 
rates when compared with the present data for heating from 
below. 
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INTRODUCTION 

THE CRITICAL heat flux (CHF) is the highest possible nucleate 
boiling heat flux. For a system in which the surface heat flux 
is controlled, CHF is the heat flux for which there is a sudden 
jump in surface temperature resulting from the increase of 
the heat flux. For a system in which the surface temperature 
is controlled, CHF is the heat flux for which the surface heat 
flux starts to decrease as a result of an incremental change 
in the surface temperature. The understanding and pre- 
diction of CHF is therefore very important in the design of 
heat exchange equipment operating in the nucleate boiling 
regime. The need to understand and predict the CHF in 
mixtures has been driven by the ubiquitous presence of mix- 
tures in the chemical and process industries. 

A dilemma of CHF in binary mixtures is that some inves- 
tigators found out for certain compositions the CHF was as 
much as twice the value for either pure component, but on 
the other hand, critical heat fluxes were found to be always 
between those of the pure components by different inves- 
tigators. This dilemma of CHF in binary mixtures may be 
shown schematically by Fig. 1, which appeared originally in 
Collier’s book [l]. 

As shown in Fig. 2, the bewildering status of the critical 
heat flux for the acetone-water binary mixture system is 
obvious. In this figure, Q is the ideal linear mixing law 
critical heat flux defined as 

%.I = (1 --x)%,, +x%2 (1) 

where qc,, and qc,2 are the critical heat fluxes for pure com- 
ponent 1 and pure component 2, respectively, and x is the 
mass fraction of component 2 in the binary liquid mixture. 

t Author to whom correspondence should be addressed. 

It is worthy to note that the heating surfaces used by van 
Wijk et al. [2], Came [3] and Stephen and Preuger [4] are 
0.2 mm platinum wire, 3.2 mm stainless steel tube, and 
14 mm nickel tube, respectively. These results revealed that 
the dilemma suffered seemingly because the influential roles 
of geometry and of geometric scale on CHF had not yet been 
identified or properly diagnosed. 

Increased critical heatjux 
The well-known effect that the CHF with small diameter 

wires increases with concentration of a volatile organic com- 
ponent to a maximum value and then decreases has been 
noted by van Stralen and coworkers and many other inves- 
tigators. Van Stralen [5, 61 defined the CHF in terms of a 
bubble-packing model. Since the bubble departure diameter 
decreases to a minimum at the same composition as the 
minimum bubble growth rate, van Stralen surmised that the 
increase he observed in CHF was due to the higher bubble- 
packing density possible in the mixtures. This is an interesting 
coincidence, termed the ‘boiling paradox’, whereby the 
maximum CHF occurs at the minimum bubble growth rate 
and departure diameter. The increase in the CHF is then 
explained by the summation of the contributions of direct 
vaporization at the heated surface and the convective heat 
transfer caused by the bubble motion. Van Stralen showed 
that while the evaporation heat flux decreased with the 
addition of a volatile solvent to water, the convective heat 
flux increased by a greater margin. Thus CHF experienced 
an increase in the mixture in comparison to pure water. 

Yang and Maa [7] explained qualitatively the maximum 
in CHF as being due to three intercorrelated phenomena. 
The first is the slowing down in bubble growth rate caused 
by the exhaustion of the more volatile component near the 


