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Abstract-The effect of inclination on the steady natural convection local heat transfer characteristics in 
an air-filled differentially heated enclosure with cross-sectional aspect ratio one is studied experimentally 
and numerically. Measurements of local and mean Nusselt numbers are obtained at various inclination 
angles, ranging between 0” (heated from above) and 180” (heated from below), for Rayleigh numbers 
between IO4 and lo6 and are compared with the numerical predictions. The heat flux at the hot and cold 
boundaries show strong dependence on the angle of inclination and the Rayleigh number. In addition, 
new results and details are made available concerning the local heat transfer distributions as a function of 
the inclination angle and Rayleigh number. Flow patterns, stream functions and isotherms at different 
inclination angles are shown in order to give new insight and greater understanding of the flow and heat 

transfer behavior. 

INTRODUCTION 

THIS WORK is a combined experimental and numerical 
study of the influence of inclined boundaries and Ray- 
leigh number on the local natural convection heat 
transfer in an air-filled differentially heated enclosure. 
In a variety of engineering applications enclosures are 
inclined to the direction of gravity which results in the 
need to consider the effects of both the tangential and 
normal components of the buoyancy force relative to 
the differentially heated walls. At large inclination 
angles the effect of the component of buoyancy nor- 
mal to the heated surface becomes very important 
in modifying both the flow structure and the heat 
transfer. 

The importance of the inclined convection problem 
is pointed out in the review papers by Ostrach [l], 
Catton [2] and quite recently, by Raithby and Hol- 
lands [3]. Until about 1970 there had been little con- 
sideration given to the effects of inclined boundaries 
on thermal convection or to the effect of inclusion of 
parameters such as the enclosure aspect ratio or the 
angle of inclination. Most of the studies performed 
on different aspects of the subject were very limited. 
During that time an excellent work was conducted by 
Hart [4], who used both analytical and experimental 
procedures to reveal the significant features of the 
effect of enclosure inclination between the two limiting 
cases, BCnard convection (heated from below) and 
convection in a vertical slot, however, no measure- 
ments of local heat transfer were performed. 

Recent developments pointed to the need of a more 
comprehensive treatment of the subject. Ayyaswamy 
and Catton [5] analytically considered the fluid flow 
in a differentially heated inclined rectangular cavity, 
and developed a correlation for the average Nusselt 
number in terms of the average Rayleigh number and 
the angle of inclination. Later, Catton et al. [6] applied 
the Gale&in method to analyze the natural con- 
vection flow of a large Prandtl number fluid at various 
inclination angles. The method was used, in the case 
of the Boussinesq approximation, for Rayleigh num- 
bers up to 2 x lo5 and aspect ratios between 0.1 and 
20. 

Hollands and Konicek [7, 81 studied the various 
flow regimes in terms of the range of values of the 
critical Rayleigh numbers closely related to the stab- 
ility of the horizontal, vertical and inclined air layers. 
Their results for the measured critical Rayleigh num- 
bers are in close agreement with the work reported by 
Unny [9], and through their experimental analysis 
the principal modes of flow were discussed. For the 
horizontal mode (BCnard problem), the instability is 
associated with what may be called a ‘top-heavy’ situ- 
ation. Heat is transferred by conduction across the 
fluid layer, when the Rayleigh number is less than the 
critical (Ru, < 1708) value, while for the inclined layer 
two types of instabilities should be considered, the 
static top-heavy, and the gravitational buoyancy 
associated with the vertical slot. The relative mag- 
nitude of the influence of each depends on the angle 
of inclination, and at the critical angle which was 
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NOMENCLATURE I 

aspect ratio, (height/width) 
longitudinal aspect ratio, (length/width) 
specific heat at constant pressure 
[J kg- ’ K- ‘1 
gravitational acceleration [m s ‘1 
Grashof number, gpH3(T,, - T&J’ 

enclosure height (H = IV) [m] 
convective heat transfer coefficient 
[W m- ’ K-- ‘1 
thermal conductivity [W m- ’ Key ‘1 
length of the enclosure [m] 
local Nusselt number, see equation (8) 
mean Nusselt number, see equation (9) 
static pressure [Pa] 
Prandtl number, v/cc 

Rayleigh number, gPH3( T, - TJav 

temperature [“Cl 
time [s] 

It velocity components in the x-. _r-. 

z-directions [m s- ‘1 
enclosure width [m] 

X. ~1. z coordinates in the X-. v-, 
r-directions. 

Greek symbols 
thermal diffusivity [m’ s- ‘1 
volumetric thermal expansion coefficient 

[K -- ‘1 

Kronecker delta 
non-dimensional distance along the 
.u-direction. .X/H 

non-dimensional temperature. 

(T- r, I/( TH - r, ) 
non-dimensional wall temperature 
difference, ( i”, - Tc)i Ti 
dynamic viscosity [kg m ’ s ‘1 
kinematic viscosity [m’ s ‘] 
density [kg m ‘1 
stress tensor 
dissipation function [s ‘1 
inclination angle between the cold surface 
and the horizontal direction [deg.]. 

Subscripts 
a air 
C cold surface 
H hot surface 
i. j, k coordinate indices 
m mean 
R reference 
S surface. 

Superscript 
dimensional quantity. 

determined by Hart to be 162” and by Unny to be 
168” where a transition from one mode into another 
can be seen. Another interesting experimental analysis 
across an inclined air layer was also developed by 
Hollands et al. [lo]. The Rayleigh number considered 
is from subcritical to 10’ and the angle of inclination 
between 180” and 110”. Under these conditions their 
correlation predicted excellent agreement with the 
experimental data points. In this experimental line 
Elshirbiny et ul. [ 11, 121 conducted an extensive study 
to examine the influence of the angle of inclination 
and the aspect ratio on the heat transfer rate. A set 
of correlations was obtained to calculate the Nusselt 
number which is of great importance in the appli- 
cations of windows and solar collectors, where free 
convection constitutes the main mode of the heat loss. 

In a series of papers Ozoe et al. [ 13-161 carried out 
experimental and numerical studies in inclined en- 
closures with different thermal boundary conditions 
and aspect ratios. Their studies were thoroughly 
conducted and provided valuable information con- 
cerning flow patterns, velocities and temperature 
distributions. The overall heat transfer measurements 
followed quite well what would be anticipated based 
on the observed flow patterns. 

Arnold rt al. [17] conducted an extensive exper- 

imental study of the influence of the inclination angle 
and the aspect ratio on the average heat transfer rate. 
Their results indicated that for a small aspect ratio 
the local minimum in mean Nusselt number becomes 
more pronounced and occurs closer to 180” (heated 
from below). This in turn suggests that the unicell and 
the cellular motion do not superpose. In general, their 
results showed reasonable agreement with those of 
Ozoe et ul. 

Some of the recent contributions to the basic 
aspects of analysis of natural convection in inclined 
enclosures, were the introduction of variable prop- 
erties in the numerical methods and the establishment 
of the limits of validity of the Boussinesq approxi- 
mation. Zhong et al. [18] and Yang et al. [19] have 
applied their numerical analysis to a study of the 
effects of variable thermal properties, thermal con- 
ductivity, viscosity and heat capacity. In their work 
flow patterns and heat transfer were analyzed for a 
complete set of inclination angles. Conductive heat 
transfer was found to dominate the heat transfer for 
inclination angles ranging from 0’ (heated from 
above) to 45”. For larger angles, convection was the 
prevailing heat transfer mode, due to the apparent 
increase of the gravitational effect along the differ- 
entially heated walls. Transitions from unicell to 
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three-dimensional oblique rolls have been seen at 
critical angles between 150” and 180”, and are 
accompanied by a local minimum in the heat transfer 
rate. Moreover, their correlation for the mean Nusselt 
number based on fully variable properties compared 
favorably with the results of refs. [5, 11. 

Although papers in this field are still appearing [20- 
23] it would seem that much is yet to be learned about 
the effects of inclined boundaries and their impact on 
the local heat transfer distribution. It was clear from 
the survey prepared for this study that a substantial 
amount of theoretical and experimental work has 
been conducted to improve our understanding of the 
fundamental aspects of heat transfer in enclosures. 
However, local Nusselt number distributions have not 
received such detailed attention. Accordingly the pre- 
sent study will focus on the effect of inclining the 
boundaries on the local Nusselt number distributions 
for various Rayleigh numbers. In addition, a visual 
study of the hydrodynamic and thermal boundary 
layers is established to provide new insight and physi- 
cal interpretation of the flow and heat transfer in the 
vicinity of the heated walls. 

MATHEMATICAL FORMULATION 

Figure 1 shows the geometry of a three-dimensional 
rectangular enclosure. The surfaces at y = 0 and H 
are differentially heated with the cold surface at y = 0, 
and all the other surfaces are insulated. Aspect ratios 
which define the relative dimensions of the enclosure 
are A, = W/H = 1 and A, = L/H = 10. The working 
fluid is air. The equations governing the three-dimen- 
sional laminar natural convection process in enclos- 
ures are the conservation equations of mass, momen- 
tum and energy. The following definitions are used to 
make the equations dimensionless : 

FIG. 1. Geometry of the three-dimensional inclined rec- 
tangular enclosure. 

(1) 
where all barred quantities are dimensional, subscript 
R refers to reference quantities, and i = 1, 2, 3. In the 
above equations, Zi are the rectangular coordinates, 
t the time variable, a, the gravitational acceleration 
vector, zZi the velocity vector, F the temperature, p the 
static pressure, j the fluid density, E,, the fluid mean 
specific heat, p the fluid viscosity, and k the fluid 
thermal conductivity. The governing conservation 
equations can now be written in dimensionless tensor 
form as follows : 

Pr + CPi),i = O (2) 

(PUJ, + (pUiUi>~ = - P,i- Pgi + *i,,j (3) 

@~,J)~+(Pw&-)~ = W’,i),i+@‘-pu,.i (4) 

where subscript t denotes derivatives with respect to 
time. Furthermore, the dimensionless shear stress ten- 
sor oV, specific heat cPm and dissipation function Cp are 
in turn given by 

bii = PC&j+ uj,i- 3s~uk,k> (5) 

I = 
cp=- 

s T-l , 
c,dT (6) 

CD = 2U,fi + [Uo{ 1 - Sij)] * - $i:, (7) 

respectively, 6, is the Kronecker delta. The variations 
of p, k and cP as functions of temperature are in 
accordance with those utilized in ref. [18], where it 
was concluded that the Boussinesq approximation for 
the enclosure problems is certainly valid when 
B0 Q 0.1. At B0 = 0.2 and Ra = 106, the Boussinesq 
approximation still predicts the correct Nusselt num- 
ber within 2%, even though the vertical velocity com- 
ponents may be over-estimated by as much as 20%. 
The reference velocity uR is chosen to be 0.3048 m 
s-r, and PR and cPR are evaluated at the cold wall 
temperature. Accordingly, the Boussinesq approxi- 
mation is not invoked in the present study. 

The governing equations are discretized by the con- 
trol volume approach which insures the conservative 
characteristics to be satisfied in every cell and the 
whole calculation domain. In this study the QUICK 
(quadratic upstream interpolation for convection kin- 
ematics) scheme, originally suggested by Leonard [24], 
is extended to three-dimensional calculations. This 
scheme has been shown to give good accuracy and 
stability [ 151, and details of the solution procedure can 
be found in ref. [25]. 

Most numerical studies which have been performed 
on enclosure problems have heretofore assumed that 
the insulated surface as found in the experiments are 
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adiabatic. A few have also looked at the perfect con- 
ductor limit also. In the present study the actual exper- 
imental boundary conditions are input to the numeri- 
cal analysis. The thermocouple readings for the hot 
and cold surfaces were averaged (less than I ~‘C vari- 
ation was measured) and the average value was used as 
I’n or Tc. For the insulated surfaces, the thermocouple 
readings were used to specify the temperature of the 
insulated wall. Since the thermocouples were in the 
plastic their locations were noted and conduction 
through the plastic walls was accounted for in the 
numerical code. This presents a unique opportunity to 
compare the experimental and calculated temperature 
and flow fields with the same boundary conditions 
existing in both the experimental and numerical 
studies. 

EXPERIMENTAL APPARATUS 

AND PROCEDURE 

The experimental apparatus is displayed in Fig. 2. 
The test section consists of two vertical aluminum 
plates and two horizontal Plexiglas plates which are 
contained inside the rotating frame. The aluminum 
plates are 50.80 cm square and 2.54 cm thick. The 
channels for water circulation from both the hot and 
cold constant temperature baths are, 1.27 cm wide 

and 1.27 cm deep and are milled into the back sides 
of the aluminum plates. The use of aluminum of high 
thermal conductivity, and the channel design to act as 
a counter flow heat exchanger were intended to bal- 
ance out possible temperature gradients and to main- 
tain isothermal working surfaces. The plates were pol- 
ished to a smooth finish of 25 pm flatness. The 
Plexiglas plates are 5.08 cm wide, 50.80 cm long and 
1.27 cm thick. The edges are milled at 60” to keep a 
very small contact area with the isothermal plates, 
thereby reducing conduction. The test section is care- 
fully covered with layers of fiberglass insulation 7.0 
cm thick to reduce the heat loss. The inside dimensions 
of the enclosure are 5.08 cm x 5.08 cm x 50.80 cm. 
High quality optical glass, accurate to one-tenth of 
a wavelength (green light), and 2.54 cm thick were 
installed at the front and back faces of the test section 
for interferometric measurements, and they were 
covered with removable rubber foam to facilitate 
photographic and visual observations. 

Eighteen copper-constantan thermocouples were 
installed in both the hot and cold plates. The junctions 
were cemented into small holes drilled into the back 
side approximately 3.0 mm from the front surface. In 
particular, the apparatus was designed and made so 
that all the fine adjustments could be performed 
before any test began. A more detailed description of 
the experimental set-up is given in ref. [26]. 

Support bracket Sliding bracket 

Back side wheel \ I ~lexlglas spacer 

Flanged wheel 

Plexiglas 
/support beam 

Elevator bolt 

3 Plexiglas plate 

lb Lock-set 

Bearing 
I 

Moving frame 

FIG. 2. Schematic diagram of the experimental apparatus. 
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In this study a Mach-Zhender interferometer was 
employed to reveal the entire temperature field, and 
subsequently to enable the measurement of the local 
and mean Nusselt numbers along the heated surfaces. 
In addition, a laser sheet smoke visualization study of 
the flow patterns provided a greater understanding 
of the interaction of the hydrodynamic and thermal 
boundary layers. 

Local Nusselt numbers were calculated from the 
non-dimensional temperature gradients along the 
heated walls multiplied by the ratio of the fluid ther- 
mal conductivity at the hot and cold surface, respec- 
tively 

The mean Nusselt number was determined by 

The errors in estimating the temperature gradient 
along the isothermal walls are within +3% and the 
total possible error is of the order of +6%. Detailed 
error and interferogram analyses are given in ref. [26]. 

Finally, the requirements to obtain steady-state 
conditions were set as follows. First, the experiment 
was operated for at least 4 h. Then it was very essential 
to verify that: (a) thermocouple variations are no 
more than O.l”C for at least a time span of 15 min, 
(b) temperature difference variations of the hot and 
cold walls are not to exceed 0.05”C over a span of 15 
min. 

RESULTS AND DISCUSSION 

Mean Nusselt number 
Figure 3 presents a comparison of the present exper- 

imental and numerical mean Nusselt numbers as a 
function of Rayleigh number for the 90” (vertical) 
enclosure with previous experimental and numerical 
calculations. It is important to observe the difference 
resulting from the assumption of adiabatic walls and 
the results from the experimental insulated boundary 
conditions. The calculations of Zhong et al. [18] were 
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FIG. 4. Effect of inclination angle on mean Nusselt number, 
atA,= 1.0. 

within 3% with the present results when experimental 
insulated boundary conditions based on the exper- 
iments of Bajorek and Lloyd .[27] were incorporated 
in their numerical scheme. On the other hand, for 
adiabatic boundary conditions the Nusselt number is 
over-estimated, due to the suppression of conduction 
effects near the end walls. The experimental results of 
Bajorek and Lloyd [27] exhibited excellent agreement 
with the present data. For the experimental data pre- 
sented here, the correlation of the mean Nusselt num- 
ber for the vertical (90”) enclosure orientation as a 
function of Rayleigh number is found to be 

x = 0.175Ra0.275. (10) 

This equation correlated the data with a maximum 
deviation of +3% over a Rayleigh number range of 
104-106. 

The influence of inclination on the mean Nusselt 
number for a variety of Rayleigh numbers is displayed 
in Fig. 4. Results of different numerical and exper- 
imental investigations together with the present exper- 
imental and numerical results are presented. It is quite 
clear from the data that an increase of the angle of 
inclination from 0” (heated from above), causes an 
increase in the heat transfer which is due to the 
increase in the driving potential for natural convec- 
tion. An increase of the inclination angle beyond 90” 
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will reduce the gravity component along the heated 
wall, although the heat transfer rate continues to 
increase until a maximum value is reached at an angle 
between 110” and 120”. Beyond this point an increase 
in the angle will result in a decrease of the average 
heat transfer until a local minimum is obtained 
between 150” and 160”. The heat transfer then 
increases reaching a weak maximum value at 180”. 
The minimum occurs when the flow exhibits a tran- 
sition from longitudinal rolls to a three-dimensional 
cellular flow configuration. It is noted that for angles 
between 0’ and 150” and for Ra = 1.1 x 10’ the agree- 
ment between the experiments and the numerical 
results using the experimental boundary conditions is 
very good. In the present study the numerical scheme 
became unstable at an inclination angle greater than 
150’_‘. 

On the whole, the present results showed excellent 
agreement with the experimental results of Arnold et 
al. [17]. Their prediction of the local minimum is at 
155’ for an aspect ratio of one, and a Rayleigh number 
between 5 x lo4 and 10’ rather than at 175” as pre- 
dicted by the experiments of Ozoe et al. for a Rayleigh 

+ At cold wall 
- NumerIcal at hot w 

0. 
6.‘(c)@=60deg. 

0 
(d) @= 90 deg. 

6 

number of 1.5 x lo4 and an aspect ratio of one [I 31. 
This shift of the local minimum toward the horizontal 
(180”) is presumably a function of the low Rayleigh 
number. Also, shown are the numerical results of 
Zhong et al. [18] and Catton et al. [6] for inclination 
angles up to 150”. Their numerical schemes became 
unstable at an inclination angle greater than 150”. As 
a result of a detailed examination of all the data, the 
following correlations were recommended [ 17, 181. 

For 150” < 4 C 180” 

a(d) = ~(18O)(cos (4 - 180)). 

For$<150° 

(11) 

Nu($) = [Nu(90)-Nu(O)][2/xf$ sin(4)]+Nu(O). ( 12) 

These equations predicted the experimental data 
within f 10% over lo4 < Ra < IO’. 

Locul Nusselt number 
The distribution of local Nusselt numbers will be 

presented along the hot and cold surfaces as a function 
of the non-dimensional enclosure height, and the 
angle of inclination between 0’ and 180’. A series of 
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FIG. 5. Effect of inclination angle on local Nusselt number along the hot and cold walls, at A, = 1 .O and 
~~~l.lxlO5:(a)~=O”;(b)~=30”:(c)~=60”:(d)~=90”;(~)~=120”;(f)~=l~O”;(g)~~~gO~. 
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interferograms, flow visualizations, and numerically 
predicted stream functions and isotherms are shown 
to provide additional qualitative understanding of the 
local heat transfer data. 

Figure 5(a) shows the local variations of heat trans- 
fer distribution at 0” (heated from above) for 
Ra = 1.1 x 10’. The local values are almost equal to 
one as a consequence of pure conduction between 
the differentially heated walls except near the corners 
where the heat transfer increases. This is evidence of 
a combination of convective flow and conduction to 
the insulated walls. Figures 6(a) and 7(a) indicate this 
convective nature near the corners, however, the flow 
is extremely slow because of the gravitationally stable 
condition. Moreover, the isotherms bending near the 
end walls as shown in Figs. 8(a) and 9(a) depict the 
existence of some variation in heat transfer. Another 
point to consider from the isotherms is the fact that 
they reflect the thermal boundary layer configuration 
in the immediate vicinity of the heated walls. Thus a 
qualitative picture of the local heat transfer rate can 

be obtained which is related to the inverse of the 
thermal boundary layer thickness. 

For inclination angles of 30” and 60” the convective 
flow is very evident as shown in Figs. 6(b), (c) and 
7(b), (c). At 30” the flow is confined to the boundary 
layer, however at 60” the driving potential of the con- 
vective flow influences the core region as illustrated 
experimentally and numerically in Figs. 6(c) and 7(c). 
This fact is clear from the appearance of two sym- 
metrical vertical tubes that reside near the centers of 
the isothermal walls. In this event, the patterns of the 
isotherms, Figs. 8(b) and (c) illustrate the cor- 
responding development of the thermal boundary 
layer, which is in excellent agreement with the numeri- 
cal results in Figs. 9(b) and (c). Also, the thickness 
of the thermal boundary layer seems to be strongly 
dependent on the angle of inclination and corresponds 
to an increase of the convective flow. For inclination 
angles of 30” and 60” the local heat transfer dis- 
tributions are shown in Figs. 5(b) and (c). It is clear 
that the convective flow. For inclination angles of 30” 

Hot wall 

Cold wall 

(a) @ = 0 deg. (b) @ = 30 deg. (c) @ = 60 deg. 

(d) @= 90 deg. (e) @ = 120 deg. 

Cold wall 

(9 qb= 150 deg. 

Hot wall 

(g) qb = 180 deg., in xz-plane 

FIG. 6. Flow pattern in x-y plane, at Ra = 3.0 x 105: (a) C# = 0”; (b) 4 = 30"; (c) 4 = 60”; (d) 4 = 90”; 
(e) q5 = 120" ; (f) C$ = 150" ; (g) C$ = 180", in X-Z plane. 
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(0) $b : 0 deg (b) (b : 30 deg IC) + : 60 deg 

(d ) + z 90 deg (e) 4 : 120 deg If i + : 150 deg 

Flc;. 7. Stream function in s-y plane, at Ra = 3.0 x 10” : (a) $J = 0 ‘; (b) 4 = 30 ; : (C) 4 = 6(J (d) 4 = 90 1 

(e) 4 = 120” ; (f) 4 = I SO’ 

and 60” the local heat transfer distributions are shown 
in Figs. 5(b) and (c). It is clear that the convective 
flows grow in strength as the angle increases. Figures 

6(b) and 7(b) show the experimentally and numeri- 
cally determined flow fields for 30”. It is seen that the 

how is more of a boundary layer type at the walls and 
that the central core region is dominated by a slow 
moving stratified cellular pattern. The isothermal 

plots of Figs. 8(b) and 9(b) confirm the existence of 
the stratified temperature field which indicates that 
conduction is a dominant mode of heat transfer. 

At 60” the local heat transfer increases and clear 
maxima and minima are observed at about 0.17H 
from the top and bottom corners. The heat transfer 

profiles of the hot and cold surfaces are similar to 
each other and are symmetric about x/H = 0.5. The 
flow patterns in Figs. 6(c) and 7(c) both indicate the 
flow pattern which is similar about the central plane. 
The isotherm fringe patterns from the interferometer 
are not as stratified as those predicted in the numerical 
study, but this is not considered very significant. 
Clearly convection is much stronger than at 30”. 

At 90” a skewness is observed in the experimental 
and numerical local heat transfer rates in Fig. 5(d). 
Also the overall value of the heat transfer increases. 
These observations are a result of a movement of the 
vortices to more of a ‘downstream’ location, as seen 
in Figs. 6(d) and 7(d), because of the increase in the 
magnitude of the gravity vector along the vertical 
surface of the enclosure. The body force exerted on 
the fluid is greater and the flow velocity increases 
yielding a stronger convective flow. The hot and cold 
wall profiles basically remain mirror images. 

A comparison of the experimental and numerical 
local heat transfer distribution on the hot wall for 

the vertical enclosure with the experimental data of 
Bajorek and Lloyd [27] and numerical predictions for 
perfectly conducting and adiabatic walls of Catton et 
al. [6] is given in Fig. 10. Although the trends of the 
numerical predictions of ref. [6] are similar in the mid- 
height regions to the experimental data, the difference 
is very apparent near the end walls. Figure 11 presents 
another comparison of local Nusselt number vari- 
ations from various experimental and numerical 
results. In general terms the experimental data of ref. 
[27] are in excellent agreement with the present results. 
However, the numerical predictions of refs. [29, 301 
after assuming similar local Nusselt number vari- 
ations along the hot wall, do not agree with the exper- 
imental data or even with each other. This is partially 
a result of the different grid sizes and the calculation 
schemes used in their numerical analyses, but the 
difference in the insulated wall boundary condition 
between the experiments and all numerical predictions 
except for the present calculations is the basic reason 
for disagreement. 

Although further increase of the inclination angle 
to 120” and 150” does relatively little to the local heat 
transfer distributions seen in Figs. 5(e) and (f), the 
flow pattern is changing significantly. Figures 6(e), (f) 
and 7(e), (f) present the flow structure and stream 
function at 120” and 150”. They are dominated by a 
single roll cell oriented with the longitudinal axis of 
the enclosure (z-axis). At 120” the appearance of a 
weak secondary flow in the region near the upper and 
opposite lower corners of the enclosure is observed. 
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Hot wall 

Cold wall 

(a) q-b = 0 deg. (b) @ = 30 deg. 

(d) @ = 90 deg. (e) c$ = 120 deg. 

(c) (b = 60 deg. 

(f) @= 150 deg. 

FIG. 8. Interference fringe patterns of isotherms, at Ra = 1.1 x 10’ : (a) C$J = 0” ; (b) 4 = 30” ; (c) 4 = 60” ; 
(d) 4 = 90”; (e) 4 = 120”; (f) 0 = 150”; (g) 4 = 180”. 

At 150”, Fig. 6(f), the dominant central roll cell is 
nearly in a circular form and the secondary flows in 
the outer regions are more well defined. These weak 
vortices are responsible for the observed reduction in 
the overall heat transfer rate. 

of two maximum values in the local heat transfer, 
which is in a good qualitative agreement with Fig. 

g(g). 

The onset of cellular convection at 180” is shown in 
Fig. 6(g) where the flow is aligned in a series of roll 
cells normal to the isothermal walls. The subsequent 
unstable temperature field is displayed in Fig. 8(g). It 
is interesting to note from the isotherm structure the 
linear temperature distributions along the insulated 
walls, while the core region remains nearly at a uni- 
form temperature. Measurements of the local Nusselt 
number presented in Fig. .5(g) indicate the existence 

CONCLUSIONS 

The present study has presented for the first time a 
complete set of matched experimental and numerical 
data showing the influence of inclination on the local 
Nusselt number distribution in the enclosure, and has 
underlined the significance of the need to match 
numerical boundary conditions to those used in the 
experiments. In addition, the visual study of the flow 
motion and the patterns of the isotherms along with 
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FIG 

Cold wall 

(0) #J : 0 deg tbl 4 = 30 de9 (C) + - 60 des 

(e) $I : I20 des (f) b, = 150 deg 

FIG. 9. Isotherms, at Ru = 1.1 x 105: (a) I$ = 0”; (b) Cp = 30” ; (c) 4 = 60’ ; (d) 4 = 90” ; (e) 4 = 120” ; 
(f) 4 = 150”. 

X/H 
1. 10. Comparison of local Nusselt number distribution, 

atA,= l.Oandd=90”. 

the stream functions and the isotherms have added 
greatly to the physical understanding of the hydro- 
dynamic and thermal boundary layer interaction at 
different angles of inclination. In this respect, it was 
suggested that, even for a gravitationally stable con- 

; 10.0 

i 
0 

$ 7.5 9ont numwlcal, Rs = 1.1 xlos 
x 
c 
Y 
s 5.0 
8 
L 
g 2.5 

s 
0.0 0.0 0.2 0.4 0.0 0.8 1.0 

x/n 
FIG. 11. Comparison of local Nusselt number distribution, 

at A, = 1.0 and 4 = 90”. 

dition at 0” (heated from above) the local values of 
the heat transfer rate are different from unity near the 
corners due to the existence of convective flows, which 
come from the insulated side walls. The experimental 
and numerical results presented herein are in very 
good agreement and constitute an excellent reference 
for all numerical and analytical studies on local heat 
transfer in enclosures. 
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ETUDE DU TRANSFERT LOCAL DE CHALEUR PAR CONVECTION NATURELLE 
DANS UNE ENCEINTE FERMEE 

Resume-On etudie experimentalement et numeriquement l’effet de l’inclinaison sur les caracteristiques 
locales du transfert thermique en convection naturelle stationnaire dans une enceinte emplie d’air, 
differemment chauffee, avec un rapport de forme de section droite. Des mesures des nombres de Nusselt 
locaux et globaux sont realisees pour differents angles d’inclinaison entre 0” (chaulfage par dessus) et 
180” (chauffage par dessous), pour des nombre de Rayleigh entre lo4 et 106, et sont comparees aux prbdic- 
tions numeriques. Le flux thermique sur les front&es chaude et froide montre une forte dependance vis- 
a-vis de l’angle d’inclinaison et du nombre de Rayleigh. En outre, on presente de nouveaux resultats ou 
des details sur les distributions du transfert thermique local en fonction de l’angle d’inclinaison et du 
nombre de Rayleigh. Les configurations d’tcoulement, les fonctions de courant et les isothermes pour 
differents angles d’inclinaison sont fournies de facon a donner une nouvelle et meilleure compr6hension 

de l’bcoulement et du transfert de chaleur. 

UNTERSUCHUNG DES GRTLICHEN WARMEUBERGANGS BE1 NATURLICHER 
KONVEKTION IN EINEM GENEIGTEN HOHLRAUM 

Zusammenfassung-Der EinfluB der Neigung auf den iirtlichen Wiirmetibergang bei stationHrer natiirlicher 
Konvektion in einem unterschiedlich beheizten Hohlraum wurde theoretisch und experimental1 untersucht. 
Der Hohlraum ist mit Luft gefiillt und besitzt ein Seitenverhlltnis von 1. Die iirtliche und die mittlere 
Nusselt-Zahl wurden bei Neigungswinkeln zwischen 0” (von oben beheizt) und 180” (von unten beheizt) 
gemessen und mit den numerisch vorausberechneten Werten verglichen. Die Rayleigh-Zahl betrug dabei 
zwischen IO4 und 106. Die Warmestrome an den kalten und he&n Grenzflbhen hangen stark von 
Neigungswinkel und Rayleigh-Zahl ab. Zu&zlich werden neue Ergebnisse und Einzelheiten iiber den 
drtlichen Wannetibergang als Funktion von Neigungswinkel und Rayleigh-Zabl vorgestellt. Stromungs- 
bilder, Stromfunktionen und Isothermen werden fur verschiedene Neigungswinkel gezeigt, um ein 

besseres und tieferes Verstandnis der Striimungs- und Wiirmeiibertragungsvorgange zu ermiiglichen. 
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HCCJIEfiOBAHHE JIOKAJIbHbIX XAPAKTEPRCIMK TEIUIOl-IEPEHOCA l-IPM 
ECTECTBEHHOn KOHBEKqtiki B HAKJIOHHOtt l-IOJIOCTkl 

ibDM_W~~KCnCpHMCHT~HO H 4HCJlCHHO HCCneAyeTCK BJlHSHHe HaKnOHa Ha nOKaJtbHbIe XapaKTe- 

p~crawrrTennonepe~ocanp~c~a~o~apHoiiecTecrse~~o~~0~~e~~~~3anon~e~o%~03A~0~Hepae- 

HOMepHO HarpeTOii IIOnOCTEi B 3aBECEMOCTB OT OTHOIIIeHHR XapaKTepHblX pa3MepOB IIOJIOCTH. 

PesynbTaTbl a3~epe~nii noKa.nbHbut H cpeA~Hx mcen HyccenbTa npH H3bfeHemn yrna HaxnoHa 
IIOJIOCTH OT O"(HarPeBCBepXy)AO 180” (WWpeB CHH3y)BAHaIIa30HeYHCWI P3neS 104-lo6 CpaBHE%BaHlTCK 
C SHCneHHbIMH l'IpOrH03aMA. 06HapyxeHa CHnbHaS 3aBHCHMOCTb BeJIW'iAHbl TeILilOBOrO tIOTOKa Ha 

ropryek a xonomioti creAgax 0T yrna HaKnoHa n wicna Pmer. Kporde Tofo, npmenetibl Home pe3ynb- 
TaTbl B yTO'fHeHbI 83BCCTHble AaHHbIe 0 3aBUCWMOCTH JlOKaJIbHbIX XapaKTepHCTHK TeMOlTe&WN,Ca OT 

yrna Haxnoria u wicna Pmen. Ilpmenemible CT~Y~TYP~I IIOTOKOB, I$~HKAHH ToKa u HsoTepbfbI no3- 

nonmoT II~-HOBOMY s3rnnHyrb Ha XapaKTepTeveHHsi H Tennonepe.Hoca H my6xe noHnTb npupony w3y- 

qaebfbrxnpoueccos. 


