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In recent years, the fluid flow and heat transfer 
phnomena surrounding open-ended cavities or 

enclosures related to the natural convection mecha-
nism have received significant interest from many 
researchers, both numerically and experimentally. 
There are many reasons for this interest. In parti-
cular, several applications of practical interest, such 
as thermal building insulation by means of air gaps, 
solar energy collectors, fire control in buildings, ther-
mal storage systems, and electronic cooling in which 
can be modelled by different extensions of similar 
geometry [1-2]. One such field of application is a ther-
mal performance in residential buildings. Residential 
buildings are one of the most important energy con-
sumers in the world. Approximately 30% of European 
and Middle Eastern energy consumption occurs in 
residential buildings [3-5]. Reducing thermal energy 
consumption is, therefore, an important issue facing 
the building industry. However, the great majority 
of studies on the thermal performance of residential 
buildings have focused on insulating them by app-
lying various building envelopes [5-7]. However, an 
equally important matter is the exterior geometry 
of the buildings. The literature related to the effects 
of building exterior geometry on the thermal perfor-

Article History: 
Received: 2017/07/16
Accepted: 2017/12/20
Online: 2017/12/26

Thermal Behaviour of Residential Buildings with 
Cantilever Beams under Winter Boundary Conditions

Correspondence to: Lütfü Namlı, 
Department of Mechanical Engineering, 
Ondokuz Mayis University, Samsun, Turkey
e-mail: lnamli@omu.edu.tr

mance of residential buildings has not been adequ-
ately studied. Current studies are usually concerned 
with examining the effects of exterior geometry on 
the interior ventilation of a building [8]. One of the 
most important structures that form the external ge-
ometry of residential buildings is the cantilever beam, 
which is very common in many countries, e.g. Turkey 
[7]. In this field, numerous efforts have been taken 
to analyse these rectangular cavities, which are of-
ten two-dimensional. Two-dimensional natural con-
vection related to cavities or enclosures comprises a 
large proportion of these analyses in the literature. 
However, a relevant but more complicated problem 
related to open-ended or partial enclosures cavities 
has attracted less attention. The two-dimensional 
natural convection related to open-ended enclosures 
(cavities) have been examined by many researchers 
in the cited literature in the past four decades [9, 10]. 
Chan and Tien [10] carried out a numerical lami-
nar natural convection study for a two-dimensional 
open-ended enclosure having a vertical wall. In this 
study, the vertical wall of the enclosure was heated 
and the other two horizontal walls of the enclosure 
were insulated. The study results indicated the inf-
luences of the extended boundary on the main flow 

A B S T R A C T

In this study, the thermal behaviour of residential buildings with cantilever beam under
winter boundary conditions was numerically investigated by means of the open-ended 

structure approach. For this purpose, parametric studies were carried out for various ratios 
of cantilever beam depth/cantilever beam height (d/H) and Rayleigh numbers using a com-
puter program for no wind laminar f low conditions. Analyses were conducted for Rayleigh 
numbers in the range of 103 to 106. The calculations were carried out for the ratios of d/H, 
namely 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0. The working f luid was treated as air (Pr=0.71). Ac-
cording to the findings, the mean Nu number along with the outer vertical wall (surface 
L) of the residential building, in general, decreases as d/H increases. This decrease in the
mean Nu number is evident for Ra≤104, but it appears to be more pronounced after Ra=105.
To have minimum heat loss from a residential building under winter day boundary condi-
tions, it is suggested that the ratio of d/H should be between 0.2 and 0.5.
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Open-ended structure; Extended boundaries; Cantilever beam; Laminar natural convection
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In this study, the main problem is the heat loss of the 
residential buildings due to the entrances on the external 
geometry of the buildings. The entrance of the residential 
buildings such as the cantilever beam applications was con-
sidered as a cavity. Then, the heat loss from the exterior sur-
face of the residential building was determined by utilizing 
open-ended enclosure and extended boundaries approaches 
and calculating the Nu number. That is, the open-ended ca-
vity approach is adapted to this heat loss problem related to 
the residential buildings. A similar study is not available in 
the literature. As mentioned above, current studies in the 
literature are usually concerned with examining the effects 
of exterior geometry on the interior ventilation of a building. 
Accordingly, the cantilever beam application has been con-
sidered as a form of the cavity and have been subjected to 
numerical investigation in terms of building thermal perfor-
mance. Considered all these, the aim of this study is that the 
thermal behaviour of residential buildings with cantilever 
beams, which are often used for creating balconies or other 
extensions above ground level in residential architecture, 
was investigated computationally by means of the open-en-
ded enclosure approach. For this purpose, a parametric 
study was conducted for various ratios of cantilever beam 
depth/cantilever beam height (d/H) and Rayleigh numbers 
using a computer program encoded in Fortran when there 
was no wind for laminar flow. In the computational analysis, 
according to Boussinesq’s approach (for ∆ T≤20 ºC), the 
change in density caused by heat difference was taken into 
account only when calculating buoyancies. The other den-
sity values in the analysed equations are assumed to be 
constant in this temperature range. However, the air taken 
into account in the analysis was accepted as the Newtonian 
fluid, and Pr=0.71 was accepted. Vorticity, stream function 
and energy equations were analysed together within the bo-
undary conditions defined. The findings obtained were ar-
ranged in the counter diagrams for both streamlines and 
isotherms. To determine the heat loss, the mean Nusselt 
numbers were defined for the outer vertical wall of L within 
the enclosure for each case.

Analyses were conducted for Rayleigh numbers ran-
ging from 103 to 106 so long as they stayed in the laminar 
flow. In the calculations, values of 0.0, 0.2, 0.4, 0.6, 0.8 and 
1.0 were used as the ratios of d/H. In this way, the analysis 
for the various ratio values of d/H for especially high Rayle-
igh numbers was obtained in the range of 0.0≤d/H≤1.0. As a 
result of the discussion of the findings obtained, the effects 
of the various ratios of d/H and the Rayleigh numbers on the 
mean Nusselt number calculated along the L surface (the 
outer vertical wall of the enclosure) were examined.

forms. Analyses were performed in the computational 
zone extended along with the open plane of the open-en-
ded cavity for Rayleigh numbers ranging from 103 to 109. 
The same authors [10] also calculated the steady-state 
laminar natural convection in a two-dimensional rec-
tangular open-ended cavity by applying the proximate 
boundary circumstances at the enclosure open plane. A 
detailed study was carried out by Vafai and Ettfagh [11, 
12] to analyse the characteristics and physics of flow are-
as in enclosures. The same authors [11, 12] also studied
the extended computational zone effect upon fluid flow
and heat transfer in an enclosure and its immediate en-
vironment. Similarly, many researchers have studied bu-
oyancy-driven fluid flow and heat transfer within enclo-
sures that have one side open by giving particular impor-
tance to their outer approximate confines. The studies
cited in the literature have concentrated on obtaining an
exact representation of the prevalent boundary circums-
tances at the open plane in both two- and three-dimensi-
onal open-ended cavities [13-16].

The effects of cantilever beam applications, which are 
commonly encountered in buildings and other constructi-
ons in many countries, on the thermal behaviour of residen-
tial buildings are subjects which can be analysed in the sco-
pe of the natural convection subject using an open-cavity 
approach. In the literature, there are many studies of flow 
in open cavities and the resulting effects on heat transfer [11, 
13]. However, no study has examined the effects of cantile-
ver beam applications on the thermal behaviour of residen-
tial buildings. However, a few studies related to the energy-
saving designs for buildings’ frontispieces are available in 
the literature. One of the most comprehensive studies on 
this subject was conducted by Prianto and Depecker [17]. In 
their study, the effects of projecting balconies on indoor air 
quality were investigated computationally in detail. Lai and 
Wang [18] examined the key factors in building frontispiece 
design which saves energy in Taiwan by utilizing the simula-
tion software eQUEST. Chan and Chow [19] investigated an 
ordinary residential flat with a balcony built into the living 
room and its energy performance utilizing the typical weat-
her data set of Hong Kong, which has a subtropical climate. 
Chand et al. [20] experimentally investigated the influence 
of balconies on ventilation, which induces the prevailing 
wind forces. The experimental results showed that provisi-
on of balconies changes wind pressure distribution on the 
windward wall but does not display considerable alteration 
in it on the leeward side. Namli (21) studied airflow and 
heat transfer in built-in balcony applications, using a com-
putational investigation based on the open-ended structure 
approach. The numerical results indicated that the built-in 
balcony application on buildings reduces heat loss for all 
Rayleigh numbers considered.
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= −
∂
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Equations (1)-(3) are the equations of the dimensionless 
temperature, vorticity and stream function, respectively.

The Dimensionless Boundary Conditions

As is the case with Fig. 1, the dimensionless boundary 
conditions in the extended computational zone can be 
written as:

1. For the left vertical and horizontal walls of the enclo-
sure at 0x =  and 0 y H≤ ≤  ; x d=  and H y L≤ ≤  ;

at y H=  and 0 x d≤ ≤  ;

1HT =  , 0wallψ =  , 
2

2wall n
ψω ∂

= −
∂

   (5)

2. For the bottom horizontal wall of the enclosure 
at 0y =  and 0 x B< ≤  ;

0C wallT ψ= =  , 
2

2wall n
ψω ∂

= −
∂

       (6)

3. For the x −  far field open boundary
at x B=  and 0 y H L< ≤ + ;

0T
x x

ψ ω∂ ∂
= = =

∂ ∂
(7)

4. For the y −  far field open boundary

at y H L= +  and d x C< ≤ ;

0T
y y

ψ ω∂ ∂
= = =

∂ ∂
(8)

where wallω  is the vorticity value at the wall and   is the 
outer normal of the surface. The vorticity at sharp corners 
requires special consideration. The vorticity bifurcation at 
the corners is basically taken into account via the introduc-
tion of two different vorticity values. The vorticity values of 
the sharp corner were calculated as the arithmetical average 
of the values of the two adjacent wall nodes. These circums-
tances were applied to calculate the relevant values for all 
solution section limitations when the steady-state numeri-
cal calculations were carried out. The temperature conditi-
ons at the sharp corners also require special attention. The 
discontinuity of the temperature at the rectangular inter-
section and base walls (the origin of the coordinate system 

FORMULATION AND NUMERICAL 
SCHEME

The two-dimensional enclosure analysed in this work, 
which has an open side (open-ended cavity) of height ( 
H L+  ) and width B , is shown simply as a schematic di-
agram in Fig. 1. The vertical and horizontal walls of the 
building are heated to a constant temperature Ht , while 
the horizontal ground of the solution section is maintai-
ned at a constant temperature Ct , which is lower than Ht  
The surrounding fluid which interacts with the open-en-
ded enclosure is at an ambient temperature t∞ , which is 
in thermal equilibrium with Ct . The working fluid at-
mospheric air and Newtonian, and the flow is presumed 
to be incompressible and laminar. The fluid properties 
are constant except for the density ρ , which is assumed 
to differ linearly from the temperature in reference to 
Boussinesq’s approximation. Joule heating and viscous 
dissipation and were neglected in this study. The working 
fluid was treated as air whose Prandtl number was equal 
to 0.71.

Considering the aforementioned assumptions, the go-
verning equations can be expressed in the dimensionless 
form of stream function-vorticity equations as follows:

1 1 0
Pr Pr

T TT T
x y y x x x y y

ψ ψ   ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂   − − − =      ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂      

(1)

0
x y y x x x y y

ψ ψ ω ωω ω
   ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂   − − − =      ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂      

          (2)

Figure 1. Schematic representation of solution domain
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selected) was determined by taking into consideration the 

arithmetical average temperature of both walls at the corner 

and maintaining the connected nodes with the relevant 
temperatures of the wall.

Nusselt Numbers

The energy transported across the vertical inner wall of 
the residential building is expressed as local and mean 
Nusselt numbers. Accordingly, for the outer vertical wall 
(surface L) of the residential building, the local Nusselt 
numbers can be derived from the dimensionless tempe-
rature gradients in the normal direction of the surface as 
shown in the following relationship:

,y L
x d

TNu
n =

∂
=
∂

(9)

and then the mean Nusselt number along the outer ver-
tical wall (L) is;

 

 

1 .
L

H
x d

TNu dy
L n =

∂
=

∂∫ (10)

where n denotes the normal direction of the surface. 
The integration of Eq. (10) was carried out by applying the 
trapezoidal rule. This equation of the mean Nusselt number 
is used to stand for all the heat transfer findings in this study.

Numerical Methods

The equations for energy transport, vorticity transport 
and the stream function together with the boundary 
conditions represent the problem under considerati-
on. In this study, the equations for vorticity transport 
and energy transport were calculated using the alter-
nating direction implicit (ADI) method, which is a fini-
te difference technique [22]. After that, the equation of 
the stream function was calculated using the Gaussian 
successive over-relaxation (SOR) technique [23]. Con-
vective terms were predicted using the upwind differen-
cing scheme. For diffusive terms, the central difference 
scheme was used. In the present study, a uniform grid 
distribution was applied. Many calculation experiments 
were carried out to achieve grid-independent results for 
all the field variables. During testing and evaluation of 
the grid-independence of the present prediction scheme, 
many numerical calculations were performed for higher 
Rayleigh numbers. During the testing and evaluation of 
grid independence of the current prediction, several nu-
merical calculations were conducted for higher Rayleigh 
numbers. These assesments found out that a uniformly 
spaced grid of 161x101 for a C-shape cavity can be used 
to correctly define the fluid flow and heat transfer pro-
cesses within the open-ended enclosure, especially close 
to the walls while keeping up with rapid changes of the 

dependent variable. Further increments in the grid point 
numbers acquired the same results. When the following 
convergence criteria were ensured for each point in the 
solution zone, the analyses were accepted to converge:

410new old

new

ϕ ϕ
ϕ

−−
≤ (11)

where φ  stands for the dimensionless values of stream 
function ψ , vorticity ω  and temperature T .

Model Validation

Verification of the used model is considered a significant 
part of this study. To examine the validity of the numeri-
cal results, the present numerical model with correspon-
ding wall boundary conditions was verified through 
comparison with an experimental study conducted by 
Abu-Mulaweh et al. [24] as shown in Fig. 2. For the lami-
nar boundary layer airflow of buoyancy-induced natural 
convection along a two-dimensional vertical forward 
step, some considerations were presented in that work. 
The upstream and downstream walls and step itself were 
maintained at a uniform and constant temperature. Fig. 2 
illustrates the effect of step height on the local Nusselt 
number’s axial variation downstream of the step (surface 
L) for the case of ∆ T=23oC (between the free stream and
the heated wall), Ra=6.134×107 and step height of 16 mm.
It is seen in this comparison that the results of this study
match on a large scale with the results of Abu-Mulaweh
et al. [24]. The results of the present study were also veri-

fied by comparison with the numerical results of Asan 
and Namli [25, 26].

For the values of the velocities and temperatures, the 
conditions of the open boundary were approximated by de-
noting the normal gradients at zero at these locations. The 

Figure 2. Local Nusselt number vs. y on the outer vertical wall (surface 
L).
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aforementioned recommendations ensured sufficient preci-
sion on the condition that the solution zone was enlarged far 
enough. Penot [27] numerically carried out a natural con-
vection study in a two-dimensional open-ended enclosure 
in which all vertical and horizontal walls were isothermal. 
The author also calculated the governing equations in an 
extended computational zone by taking account of the bo-
undary conditions of the far field. In addition, according to 
Vafai and Ettefagh [11], the properties of fluid flow and heat 
transfer in an enclosure which is open on one side and in its 
immediate surroundings will not vary considerably assured 
that the solution zone is enlarged at last 60 times the cavity 
height in cases of high Rayleigh numbers. On the contrary, 
LeQuere et al. [28] applied a maximum extension of only 
about twice the enclosure height in determining the outer 
boundary conditions in order to calculate the laminar natu-
ral convection in a heated open-ended cavity. In the present 
study, the extension of the solution zone was four times the 
cantilever beam height of the residential building (H), and 
the ratios of d/H were varied from 0.05 to 1.0.

RESULTS AND DISCUSSION

In the present study, various prevalent parameters such 
as Rayleigh number and the ratio of d/H were analysed. 
Most of the results were attained for cases in which the 
building walls had a dimensionless temperature of 1HT =

 
and the ground had a dimensionless temperature of 

0CT = .The working fluid was air, which has a Prandtl
 number of 0.71. The calculations were carried out for 

cantilever beam d/H ratios of 0, 0.2, 0.4, 0.6, 0.8, 1.0. Ray-
leigh numbers ranged from Ra = 103 to Ra = 106 so long as 
they stayed in the laminar flow.

In this study, in order to remove the influences of the 
far field analysis on the properties of the flow field and heat 
transfer in an enclosure which was open on one side and in 
its adjacent area, the open boundaries were properly enlar-
ged four times the height of the enclosure in both directions. 
Only the portion focused on the open-ended zone and its 
adjacent area was introduced in the form of contour line 
graphics (in terms of isotherms and streamlines) to demons-
trate the fields of the fluid flow and temperature results in 
the enclosure. The isotherm values began with 0.0 and inc-
reased by 0.05 for all contour line graphics of the dimension-
less temperature in this study. For all solid boundaries, the 
streamline contour values were taken as zero and increased 
by 0.5 for Ra = 103, 1.0 for Ra = 104, 2.0 for Ra = 105, and 5.0 
for Ra = 106. First, the effects of different d/H ratios, taking 
account the Rayleigh number, on the flow and temperature 
field were discussed with the help of comparing streamlines 
and isotherms as shown in Fig. 3. At the same time, with 
the graphics given in Fig. 4 and Fig. 5, in both situations and 
with different Rayleigh numbers, the change in the mean 

Nusselt numbers calculated along the outer vertical wall 
(surface L) was examined with respect to the d/H ratio.

The effect of Rayleigh number on the streamlines and 
the isotherms for different flow cases was illustrated in 
Fig. 3. As Fig. 3a shows, for Ra = 103, the heat transfer in 
the enclosure and on the vertical and horizontal walls of the 
residential building takes place predominantly by way of the 
conduction mechanism. Nevertheless, heat transfer via the 
convection mechanism is definitely not negligible, as shown 
in Fig. 3a by the isotherm distortion on the open side. When 
the hot buoyant fluid escapes from the restraint at the top 
of the horizontal surface, it climbs like a buoyant plume into 
the outdoor space. Due to this ejection mechanism [11, 12], 
the cold fluid from the outdoor space crawls into the open 
enclosure, and meanwhile, the hot fluid departs in the same 
way. The intensity of the ejection mechanism at low Ra num-
bers (Ra = 103 and Ra = 104) gradually decreases as the d/H 
ratio increases, whereas this intensity at higher Ra numbers 
(Ra=105) generally increases as the d/H ratio increases. For 
Ra = 106, the intensity of the ejection mechanism remains 
unstable, and this intensity has the highest value at a d/H ra-
tio of 0.4. Moreover, the ejection mechanism also gives rise 
to energy transfer from the building walls of the enclosure 
to the neighbouring fluid. In addition, the fluid flow area 
in an enclosure which is open on one side is not symmetric 
around the middle-height plane for low Ra numbers. The 
reason is that the ejection mechanism, which acts on the hot 
input fluid, achieves a higher velocity in connection with the 
dropout flow when compared to the incoming flow. The-
refore, the incoming cold fluid replaces a larger part of the 
gap plane than the hot exiting flow as a direct consequence 
of mass conservation. Furthermore, it can be seen in Fig. 3c 
and Fig. 3d that a single clockwise vortex is observed in the 
enclosure except for higher Rayleigh numbers (Ra =105 and 
Ra= 106) and the eye of the vortex is located at the top of 
the cross-section. With an increase in the Rayleigh num-
ber, a multi-eyed clockwise vortex appears in the enclosure. 
When the Rayleigh number increases, the clockwise vortex 
speed in the open-ended enclosure increases as well.

Accordingly, with an increase in Rayleigh number 
(Ra=105 and Ra=106), while the buoyancy force intensity 
increases, the thermal boundary layer thickness along the 
L surface decreases. Moreover, the flow penetrates into the 
cavity especially for higher Rayleigh numbers, filling the 
entire cavity with an increasing d/H ratio. As the Rayleigh 
number increases further, the cold fluid penetrates the 
cavity at much higher velocity. Then, as the temperature 
gradient increases because of the decrease in the thermal 
boundary layer thickness, the heat transfer from the L sur-
face (the outer vertical wall within the enclosure) to the fluid 
increases. This increase in the heat transfer can be seen cle-
arly in Fig. 4 and Fig. 5.
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Figure 3. The effect of the ratio of cantilever beam depth/cantilever beam height (d/H) and Rayleigh number upon streamlines and isotherms: (a) 
Ra=103, (b) Ra=104, (c) Ra=105, (d) Ra=106
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As shown in Fig. 3a and Fig. 3b, for lower Rayleigh num-
bers (Ra=103 and Ra=104), one can observe a tendency for the 
speed of the clockwise vortex to decrease because of the in-
tensity of the buoyancy force with an increase in the d/H ra-
tio. As a result, the thickness of thermal boundary layer inc-
reases along the L surface in this situation. As this happens, 
the temperature gradient decreases and the heat transfer, 
which occurs along the L surface from the hot surface to 
the fluid, shows a tendency to decrease. On the contrary, as 
shown in Fig. 3c and Fig 3d, for higher Rayleigh numbers 
(Ra=105 and Ra=106), a multi-eyed clockwise vortex appears 
in the enclosure, causing the speed of the clockwise vortex 
to increase for some d/H ratios while it decreases for other 
d/H ratios. For example, for Ra=105 and d/H=0.4 the spe-
ed of the clockwise vortex decreases in comparison with 
the no-cantilever-beam-application case (d/H=0.0). In the 
same way, for Ra=106 and d/H=0.2 the speed of the clockwi-
se vortex decreases in comparison with the no-cantilever-
beam-application case. These decreases in the speed of the 
clockwise vortex for higher Rayleigh numbers can be expla-
ined by the fact that there are reversed flows in the ground 
(surface B). In the case that there is no reversed flow in the 
ground, the fluid that starts to move because of the effects 
of the buoyancy force intensity together with the increase 
in the d/H ratio can move more easily in the cavity. With 
this freedom of movement, it can be understood that the 
ejection mechanism is more effective in these situations. 
Afterward, the cold air from the surrounding area quickly 
infiltrates into the lower part of the open cavity to take up 
the separating fluid. This suction mechanism creates an al-
most parallel flow over the entire vertical wall in the open-
ended cavity. Although there is an irregular flow pattern in 
the enclosure at higher Rayleigh numbers, the thickness of 
the thermal boundary layer along the L surface increases 
with the increasing d/H ratio. As the temperature gradient 
decreases due to the increasing thickness or thermal boun-
dary layer, the heat transfer from the L surface to the fluid 
decreases gradually. This decrease in the heat transfer can 
be seen clearly in Fig. 4 and Fig. 5. In these figures, the dist-
ribution of the mean Nu number is given only for L except 
for d+H+L because d consistently varies with the d/H ratio. 
Furthermore, in comparison with H in residential buildings, 
L actually has a much bigger value. As can be seen in Fig. 4, 
as the d/H ratio increases, the mean Nu number along the 
L surface does not change significantly at low Ra numbers 
(Ra = 103 and Ra = 104), but the mean Nu number along the 
L surface at higher Ra numbers (Ra=105 and Ra=106) decre-
ases considerably as the d/H ratio increases. It can also be 
seen from Fig. 4 that the Nu number is not stable for high 
Ra numbers (especially for Ra = 106). As can be seen in Fig. 
5, there is no significant change in the mean Nu number 
when the d/H ratio increases, whereas a significant decrease 
in the mean Nu number as the d/H ratio increases can be 
observed for values above Ra=104. Consequently, as can be 

seen in Fig. 4 and Fig. 5, the decreases in heat transfer along 
the L surface (the outer vertical wall of the enclosure) with 
the increasing d/H ratio for the values of Ra=103, 104, 105 and 
106 are approximately 28%, 11%, 31% and 30% in comparison 
with the no-cantilever-beam-application case, respectively.

CONCLUSION

In this study, the thermal behaviour of buildings with 
cantilever beams under winter day boundary conditions 
was investigated numerically by means of the open-ended 
structure approach. For this purpose, a parametric study 
was performed for various ratios of cantilever beam d/H 
and Rayleigh numbers using a computer program when 
there was no wind for laminar flow. Analyses were con-

Figure 4. The effect of the ratio of cantilever beam depth/cantilever 
beam height (d/H) upon the mean Nusselt number along the L surface

Figure 5. The effect of Rayleigh number upon the mean Nusselt 
number along the L surface
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ducted for Rayleigh numbers varying from 103 to 106. The 
analyses were carried out for d/H ratios of 0.0, 0.2, 0.4, 0.6, 
0.8 and 1.0. The working fluid was air (Pr=0.71).

The most important effect of the heat loss within the 
residential building cantilever beam (within the cavity) is 
the ejection mechanism. The intensity of the ejection mec-
hanism at low Ra numbers (Ra = 103 and Ra = 104) gradually 
decreases as the d/H ratio increases, whereas this intensity 
at higher Ra numbers (Ra=105) generally increases as the 
d/H ratio increases. For Ra = 106, the intensity of the ejecti-
on mechanism remains unstable, and this intensity has the 
highest value at a d/H ratio of 0.4. Moreover, the ejection 
mechanism also gives rise to energy transfer from the buil-
ding walls of the enclosure to the neighbouring fluid.

The ejection mechanism also affects the thickness of 
the thermal boundary layer in the cavity. The thickness of 
the thermal boundary layer decreases with the increasing 
intensity of the ejection mechanism. Eventually, as the tem-
perature gradient increases because of the decrease in the 
thermal boundary layer thickness, the heat transfer from 
the L surface (the outer vertical wall within the cavity) to 
the surrounding fluid increases. According to all these, in 
general, the mean Nu number, which is an indication of heat 
loss from the cavity, along with the outer vertical wall (sur-
face L) of the residential building decreases with an increase 
in the d/H ratio for all Rayleigh numbers. This decrease in 
the mean Nu number is evident for Ra≤104, but after Ra=105 
it appears to be more pronounced. To have minimum heat 
loss from residential buildings under winter day boundary 
conditions, it is suggested that the ratio of d/H be between 
0.2 and 0.5.

NOMENCLATURE

H cantilever beam height of building (m)
d cantilever beam depth of building (m)
L outer vertical wall of the enclosure (m) 
d/H the ratio of cantilever beam depth/cantilever
beam height
Pr Prandtl number  
Ra Rayleigh number  
t∞ ambient temperature (°C)

Ht hot wall temperature of the enclosure (K)
Ct cold wall temperature of the enclosure (K)
t∆ temperature difference  

T  dimensionless temperature  
Nuy local Nusselt number
Nu the mean Nusselt number
g acceleration of gravity (m/s2)
 k the coefficient of thermal conductivity (W/mK)

 h the coefficient of convective heat transfer 
(W/m2K)
n  the normal direction of the surface
Int. Interval

Greek symbols

ψ dimensionless stream function 
ω dimensionless vorticity
ν kinematic viscosity (m2/s)
β the coefficient of volume expansion (1/K)
α thermal diffusivity (m2/s)

Subscript

H hot wall
C cold wall
min minimum
max maximum
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