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Abstract

Trombe walls and solar chimneys have been widely used in the construction industry for many years in order
to heat the buildings. In this work, the heat conductance of a Trombe wall is simulated and studied. The
equations related to energy and momentum are solved numerically using the technique of control volume.
The equations are solved simultaneously using the Simple algorithm. At first, a base case is defined and
simulated. A sensitivity analysis study is then performed in order to investigate the parameters affecting the
performance of the wall. Based on the results obtained, an optimized geometry is suggested, which
maximizes the performance of the Trombe wall. In addition, the effect of the presence of the fins on the
surface of the absorber wall is studied. In order to obtain the best geometry, the fins are assumed to have
different shapes but with a constant area. The results obtained show that the Trombe wall with rectangular
fins demonstrate the best performance compared to the other fin geometries studied in this work. The
presence of rectangular fins can increase the room temperature by 1.24% compared to the other fin

geometries.
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1. Introduction

The construction industry is one of the sectors
with the highest energy consumption in both the
developing and developed countries [1-3]. More
than one-third of the total energy is consumed in
the houses and other buildings [4, 5]. Most of this
energy is used for heating, cooling, and
ventilation of the houses and buildings [6]. Hence,
the design and application of the non-active
methods of heating can significantly reduce
energy consumption. Using solar power for
heating can be categorized as one of these non-
active methods, which are widely used all around
the world [7-9]. There are two methods for
heating a building using solar power: passive and
active [10-12].

In the active design, a liquid transports the solar
heat so it requires another source of energy in
order to circulate the heated liquid inside the
house [13]. In the passive design, the building
absorbs the solar power directly; hence, the
architecture of the building is a key factor in
determining the total absorption of the energy
[14]. In this method, the windows, walls, and
floors are designed to absorb, accumulate, and

circulate the solar energy in the building during
the winter times [15]. However, these elements
also reflect the solar energy during summer to
help maintain the building at a low temperature.
In contrast with the active solar systems, the
passive systems do not require any other electrical
equipment to circulate the heated liquid inside the
building [16]. Hence, the consumption of fossil
fuels is minimized in these systems. The solar
walls are based on the concept of a chimney effect
in an air gap, and are categorized as passive
designs to use solar power in order to heat the
buildings. The Trombe wall was named after the
French researcher Felix Trombe, who designed
and used these walls in 1966 [17, 18].

This system is similar to a heavy wall; however,
several vents are located at the top and the bottom
of the Trombe wall. These vents allow the
circulation of the hot air adjacent to the wall and
the cool air inside the building by natural
convection (Figure 1 [19]). The Trombe wall
usually faces south in the northern hemisphere in
order to maximize the absorption of solar energy.
The Trombe wall consists of an absorbing wall
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and a glass surface. The absorber is located within
a short distance from the glass surface, and is
filled with high-density materials such as rocks,
clay, bricks or paraffin wax. The solar energy is
absorbed by the absorber, which has a high
thermal capacity and a high radiation absorption
coefficient. In this geometry, the air flows from
the vents located at the top and the bottom of the
Trombe wall. The heat absorbed by the wall heats
the ambient air flowing through the gaps between
the wall and the glass surface. The heated air is
circulated in the system, and enters the room due
to the chimney effect and natural convection [20,
21].
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Figure 1. A simple diagram of a Trombe wall [19].

There have been many studies on the use of a non-
active method like solar walls and solar ceilings.
Chan et al. (2010) have introduced and discussed
different methods of non-active solar systems
such as solar chimneys, solar walls, solar
windows, and solar ceilings [22]. Yedder et al.
(1990) have studied the laminar natural
convection in a composite solar wall. They used
the simpler method, and showed that the ratio of
width to height in solar walls does not affect the
system performance [23]. Later, they used the
finite volume method in order to solve the
equations of laminar flow and natural convection
in the solar wall [24]. Gan (2006) has used the
Fluent software for simulation and examination of
the effect of the buoyancy force on natural
convection in a rectangular container [25], while
Mezrhab and Rabhi (2008) have included the
radiation equations as well as natural convection
in their simulations. They concluded that radiative
exchanges decreased the temperature gradients
and result in an increase in the average Nusselt
number and the airflow via the openings. In
addition, the increase in the dimensionless width
of the opening leads to an increase in the heat
transfer within the cavity [26].

Li et al. (2007) have revealed that the most
important parameter in heat adsorption is the
width of the air gap between the Trombe wall and
the glass surface [27]. Kim and Seo (2012) have
used the finite volume method in their fluid
dynamic simulations, investigating the effect of
changing the vents’ position at the top and the
bottom of the solar wall [28]. Tan and Wong have
used the Fluent software in order to simulate the
solar chimneys in regions with a high temperature
and moisture, investigating the temperature effect
on the system efficiency [20].

Some researchers have suggested an analytical
solution for the heat transfer equation of the
natural convection in an unsteady state laminar
flow [29, 30]. Ong has used a network of thermal
resistors for the simulation of a 1D solar chimney
and Trombe wall [31]. Haghighi and Maerefat
(2014) have investigated the solar ventilation and
heating of a building in the sunny days of winter.
They simulated the solar chimney performance,
and studied the effect of outside temperature on its
performance. They concluded that by increasing
the air gap between the absorber and the glass
surface, the room temperature decreased over a
longer time [32].

Although many researchers have simulated and
studied these solar systems in the literature, the
geometry of the Trombe wall has not been studied
extensively. In this work, we tried to simulate and
study the performance of the Trombe walls with
different geometries. All the three mechanisms of
the heat transfer (radiation, convection, and
conduction) were simulated in order to mimic the
real physics of the system. Moreover, all the
effective parameters in the geometry of the
Trombe wall were studied in order to find the
conditions with an optimal performance, and to
obtain the highest temperature in the room. In this
work, the initial problem is stated, and the
suggested geometries are described. The
mathematical model used in the simulation and
the boundary conditions is then discussed. The
validation of the results obtained is then
explained, and it is shown that the results obtained
are grid-independent. Finally, the effect of each
geometry type on the average room temperature is
explained. Some of the other parameters studied
in this work are the number of the fins, increase in
the radiation power, increase in the width of the
air gap, and locations of the vents.

2. Mathematical description

In this research work, an attempt is made to
design the solar wall and its materials for an
optimal use of the solar energy in winter in order
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to heat the buildings [33]. The assumed geometry
of the solar chimney is shown in figure 2. The
room is assumed to be 2D and its area is 4*4
square meters. The southern wall of the solar
chimney faces the sunlight. The basic assumption
is that the wall is made of glass in order to
increase the heat flux and the sunlight. The
northern wall is assumed to be made of clay to
increase the absorption, and provide a steeper heat
gradient through the wall. The properties of the
walls are shown in table 1. In addition, the room
has two inlet and outlet vents for the air flow, and
their sizes are 0.2 m and 0.5 m, respectively. The
thickness of the wall is constant, and equal to 0.2
m. However, the dimensions of the air gap and the
distance between the absorber and the glass
surface are assumed as variables. Later, several
fins with rectangular, triangular, and circular
shapes were mounted on the absorber surface, and
the results obtained were studied

\ \—hot air stream —\\
."A Air gap v

Glass wall Wall made of building materials
~ with high absorption coefficient

inl #cold air stream
nietas ~~Outlet

Figure 2. A schematic representation of solar chimney
used in the simulations.
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Table 1. Characteristics of materials utilized in simulation of solar
chimney [34].

Density ~ Thermal conductivity Specific heat

Material  0/md) (w/m.k) transfer (j/kg.k)
Air 1.225 0.0242 1006.43
Brick 1700 0.69 840
Glass 2203 1.05 840

3. Formulations used in simulations

It is assumed that the phenomena of fluid and heat
transfer in the solar chimney and the room are
governed by the 2D Navier-Stokes equations. The
same assumption applies to the energy equation.
The fluid is assumed to be an incompressible fluid
that satisfies the Boussinesq approximation. This
means that except for the buoyancy term of the
motion equation, the variation of density with
temperature is insignificant. All the other
thermodynamic and transport properties of the
fluid are assumed constant, as well as the
compression work, viscous dissipation, and
radiative transport, which are negligible and equal
to zero. The governing equations are [35]:

Conservation of mass:

0 0
), 240 g "

Conservation of x-momentum [36, 37]:
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Conservation of y-momentum [36, 37]:
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in which, g is the turbulent dynamic viscosity,
and is calculated using the equation below [38,
39]:

2
p=c,f, 2% 5)

f. is the wall damping function:

f ,=1-exp(—a Re, —a, Re] —a, Re )*°

a, =15x10",a, =5x107, (6)
a,=1.0x10"",Re, =k*°y* /v

Rey is the turbulent Reynolds number near the
absorber wall. It changes very slowly along the
lines parallel to the wall; however, it does not
disappear at separation, and remains well-defined
even in the regions of flow reversal. Hence, the
models with a low Reynolds number require very
fine grids at the walls. Usually the first node is
located at distances less than 1 (y* < 1) from the
wall. In order to decrease the turbulence equation
stiffness, and to reduce the number of grid points,
the coarser grids are assumed at distances between
10 and 100 (10 < y* < 100) [40].

Turbulent Kinetic energy [35]:

A A 2 (1 ) O+

5%
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Turbulence dissipation [40]:
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P« and Gy, respectively, indicate the shearing

production and the generation/destruction of the
buoyancy turbulent kinetic energy [40]:
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In order to calculate the turbulent flow, the wall
functions can be solved for calculation of the
velocities and temperature as well as for k and e.
In this work, the wall functions were regarded
zero for k and e; however, the other variables
were calculated. For the standard k-e models, the
constants and other wall damping functions
include the following values [41]:

C, =144,C,, =1.92,C,, =1.0,C, =009,

f,=10,f,=10,6,=10,0, =13 (11)

An academic code was used to solve the
governing equations.

3.1. Boundary conditions

The turbulence kinetic energy and the velocity
were assumed to be zero at the walls [42, 43]. The
outlet and inlet pressures were equal to zero in the
system [44]. The boundary conditions of
temperature were achieved according to thermal
processes (Figure 3). The thermal inertia of the
glass and the radiative heat absorption of the air
were considered insignificant. Using the energy
balance equation for glass surface, the glass
temperature (Tg) was calculated [45]:

SyA; i (Ap (T —T,) =
hg —fscAg (Tg _Tfsc)+Ugﬂe1Ag (Tg _Ta)

The heat loss coefficient from glass cover to
ambient air (Ug—a) was obtained using [45]:

I‘Lvmd +h g —sky

The convective heat transfer coefficient caused by
wind was given by Duffie and Beckmann [46], as
follows:

Puina =2.8+3ying

(12)

(13)

(14)
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In order to calculate the solar radiation heat flux
absorbed by the glass surface:

Sy =ayl (15)

Considering the ambient temperature, the
radiative heat transfer coefficient from the outer
surface of the glass to the sky was calculated
using [45]:

of gg (rg +Tsky )(ng +Tsl§y )(rg _Tsky )
(Tg _Ta)

hr

g-sky

(16)
Ty, =0.0552T 1

The radiative heat transfer coefficient between the
absorber wall and the glass surface was:

o, (TAAT 2 )T+ o)
A/ g, +1/ &4 -1)

h as-g (17)

The convective heat transfer coefficient between
the glass surface and the air flowing inside the

solar chimney (hgsc) was calculated using
equation.
hg —fsc (Tg _Tfsc) ]fsc 6;(: (18)

The coefficient of the convective heat transfer
between the absorber wall and the airflow in the
chimney is given by Eq. (19). Taps was calculated
from the energy balance equation for the absorber
plate, Eq. (20):

hd)s (rfsc -Tabs) = _ﬂfsc % (19)
x=dg,
SetsPutis = N A (Mg — T ) + (20)

hrabs—gAd)s (Tabs _Tg ) +U ebs—rAabs (Tabs _Tfr)

The overall heat transfer coefficient between the
rear of the absorber wall to the air of the room
(Uabs—r) was calculated by:

1

s =M, 1., 14)

(21)

in which h;is the coefficient of the convective heat
transfer between the room air and insulation,
calculated as:

U am,rAws (Tabs )= (22)

or
ﬂfr&

X:dwv Hins

Finally, the solar radiation heat flux absorbed by
the absorber wall is:

Sas = Oy | (23)
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In this work, the numerical simulations were
performed in the steady state conditions because
the changes in the ambient air temperature and the
received radiation energy were very slow
processes compared to the changes in the room
temperature. Moreover, in this work, we aimed to
examine the effect of geometry on the solar wall’s
performance and on the average room
temperature. Hence, many parameters such as the
radiation energy flux were required to be
controlled in the simulations. The modified
Simpler algorithm was used to solve the pressure
and wvelocity equations simultaneously. The
calculations were based on the typical weather
conditions; hence, the average temperature of the
outside was 10 °C in the winter, and the radiation
power on the south facing glass was assumed to
be 100, 200, and 500 (W/m?), and the direction
was prepedicular to the glass surface [23]. The
material radiation constants are shown in table 2.

Table 2. Constant parameters in simulation of solar
chimney [45].

Diffusion
coefficient (g)

Absorption

Material coefficient (o)

Absorbent surface

of brick 0.95

0.95

Glass 0.06 0.9

In this work, the conjugate heat transfer of the
solid adsorber wall was considered to simulate the
real physics of the system and avoid
simplification. To the best of the authors’
knowledge, these properties have not been paid
attention to in many published papers in this field.
Figure 3 illustrates the boundary conditions of the
simulations. The boundary conditions are
considered so that the static pressure and some of
the variables of the flow equation can be
determined. Figure 4 shows the algorithm used for
the simulation in this work.

Adiabatic Wall
4

q conv-out -—

9 rad-out —

Glass

— 9 conv-in

AmbientAir

— % rad-in

Sglass™

¥ Drad-in +—

] v

Room

% ]

Adiabatic Wall

Z3] outlet

x

|3
Adiabatic Wall

Figure 3. Boundary conditions used in simulations.
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Figure 4. A flow chart of algorithm used in simulations.
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4. Validation of simulation results

In order to validate the results obtained, they were
compared with the results reported by Haghighi et
al. [32]. Their geometry was a 2D room with a
Trombe wall that had two inlet and outlet vents.
Figure 5 shows the comparison of the results of
the average room temperature obtained in this
research work with the data reported by Haghighi
et al. The results obtained show a good match
between the results achieved in this work and the
results reported in the literature. Now the base
case could be used to perform other simulations
and add the fins to the surface of the absorber
plate.

2% —s— Haghighi & Maerefat

M4  ..o. Present Work

TRoom (oc)
]

0 160 21; ] 3&& 4 60 sa'o 600

Isotar (—g)
Sotar 7

Figure 5. Comparison of results obtained in this work
with results reported in the literature [32].

5. Impact of grid size on results

In this part, a sensitivity analysis was performed
in order to understand the effect of grid size on the
results. The number of the grids defined on the
surface was changed between 15*15 and 90*90,
and the results obtained were compared. The
objective was to find the largest grid size at which
the results obtained were independent from the
grid size. The velocity at the center-line of the
room (x=2m,0<y<4m) was used for
comparison, and the results obtained were shown
in figure 6. The graph shows that with mesh
60*60 grids and more; the results are independent
from the grid size.

mesh:15x15
mesh:30x30
mesh:45x45
- mesh:60x60
mesh:75x75
mesh:90x90

0/00 0/02 0/04 0/08

V (m/s)
Figure 6. Impact of grid size on velocity calculated at
center line of the room (x =2 m, 0 <y <4m).

0/06 0/10 0/12
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6. Simulation results

In this section, the effect of several parameters on
the temperature and stream/temperature contours
were investigated. The parameters studied were
the intensity of the radiation, height of the Trombe
wall, shape of the fins, number of fins, location of
the outlet vents, and e distance between the
absorber wall and the glass surface.

6.1. Effect of height of Trombe wall and shape
of fins

Figures 7-9 show the isotherms and streamlines
for the base case (absorber without fins) and the
absorber with the triangular, semi-circular, and
rectangular fins, respectively. These results
obtained are shown at a radiation flux of 500 Watt
per square meter (W/m?). The fins were used to
increase the heat transfer when the heat
conduction inside the material and the convection
heat transfer from the fins  occurred
simultaneously. The heat conduction inside the fin
directly affected the temperature gradient along
the fin, and consequently, the rate of heat transfer.
The dimensions of the fins were calculated so that
the total area of the fins was equal in different
geometries. The presence of the fins increased the
area of the absorbing wall that was in direct
sunlight. However, the area of the fins was
assumed to be equal. The type of fin was
determined according to the dimension and weight
in order to increase the pressure drop or heat
transfer. The streamlines showed the air
circulation pattern in the room.

In the smaller air gaps, the pattern of air
circulation was different for various geometries.
As the air gap was expanded, the difference
between the patterns of air circulation decreased
and the streamline contours were more similar
(Figures. 7-9). It is usually desired to have the
fewest vortices in the room in order to provide the
most comfortable conditions for the dwellers. The
results obtained show that the use of the fins
significantly reduces the vortices in the system.

As the air gap is increased, the room is more
comfortable for the dwellers. The room becomes
brighter since it receives more sunlight from the
southern wall. The use of fins is more practical in
larger air gaps since it results in an increase in the
average room temperature without any changes to
the room brightness. If the air gap size is reduced,
the air flow through the vents located at the top
and bottom of the solar chimney is not as effective
as possible due to the frictional pressure drop
across the small cross-section of the flow. On the
other hand, at larger air gaps, the heat transfer is
affected adversely due to the reduction in flow
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velocity and the gradient of the temperature
between the absorber wall and the glass surface,
as shown in figures 7-9.

The comparison of the isotherm contours shows
that the use of a rectangular fin shape results in
the highest temperature in the room, while the
lowest temperature is found in the base case with
no fins present. Figure 10 shows the average room
temperature calculated for different types of fins
at different air gap distances. The temperature
with the rectangular fin is the highest. The reason
is that the disturbance and turbulence caused by
rectangular fins are higher compared to the other
types of fins. The manufacture and installation of
rectangular fins is easier and cheaper than the
other types of fins. Moreover, these fins are
lighter at the same area compared to the other
types. Hence, the rectangular fins are an
appropriate solution to maximize the efficiency of
the Trombe wall.

Comparison of the isotherms and the average
room temperature (Figures 7-10) indicates that as
the air gap increases, the average room
temperature is reduced due to the reduction in the
area over that the heat transfer process takes place.
It can be seen in figure 10 that by adding the fins
to the surface of the absorber wall, its area
increases and increases the absorption of sunlight,
thus increasing the heat transfer compared to the
absence of the fins. On the other hand, the
presence of fins, especially rectangular fins,
causes turbulence in the flow and increases the
convection heat transfer coefficient, and thus
increases the heat transfer.

(@)
Figure 7. (a) Streamlines and (b) isotherms for
Z, ~0.0m
d,, =02m,Z, =05m,Z;=02m [=500(7)

(@) (b)
Figure 8. (a) Streamlines and (b) isotherms for
Z,=05m

dg, =02m,Z; =05m,Z;=02m I=500(73)
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Figure 10. Comparison of average room temperature for
different fin geometries at
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6.2. Effect of radiation intensity

By increasing the radiation power, the energy
absorbed by the Trombe wall is increased, which
results in a larger temperature gradient, and this
increases the buoyancy forces and the outlet flow.
The air flow is heated near the solar wall and
moves up to the ceiling due to its higher
temperature. Then some of this heated air exits
through the vents at the top of the solar wall and
enters the room, which is at a lower temperature.
Figure 11 shows the average room temperature at
different radiation intensities for the base case
without fins (11a) and with rectangular fins (11b).
It should be noted that by increasing the size of
the air gap, the changes in the average temperature
versus distance are more significant.
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Figure 11. Room average temperature at different
radiation intensities a) base case without fin, b) with
rectangular fins at condition dg,, = 0.2 m, Z; = 0.5 m,

Z3=0.2m,1=500().

6.3. Effect of number of fins

Since the highest average room temperature was
calculated for the rectangular fins, these fins were
used for the other sensitivity analyses performed.
The fins have the same shape and direction, and
hence, by increasing the number of fins, the
distance between them is reduced. Figure 12
shows the streamlines when the number of fins is
increased. The results obtained show that the
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number of vortices decreases, and instead, a large
vortex of air circulation is formed in the system.
Moreover, the isotherms shown in figure 13
indicate that increasing the number of fins leads to
an increase in the temperature of the room. This is
because the velocity of the air entering the vicinity
of the fins has decreased, which results in a
prolonged contact of air with the fins and
increases the air temperature. However, there is an
optimum value for the number of the fins since a
higher number of fins causes overlapping of the
boundary layer with the absorber’s surface.

Figure 12. Streamlines at conditions dg, = 0.2 m,
Z,=05m,Z,=025m,Z;=02m,1= 500(%).

Figure 13. Isotherms calculated at
dge =02m,Zy =0.5m,Z; =025m,Z; = 02m I =500(—)

w

As mentioned above, increasing the number of
fins (i.e. reducing the distance between the fins)
increases the rate of heat transfer from the solar
wall to the room. However, at a certain number of

fins, which was calculated to be eleven fins in this
work, the rate of heat transfer decreased (Figure
14). This is because although the heat transfer
area increases, the friction forces reduce the air
velocity. This results in the stagnancy of the air
between the fins and a reduction in the
temperature gradient. Hence, it is vital to calculate
the optimum number of fins to obtain the highest
temperature in the room.

316

314 4

312 4

310

308 A

306

T room, avg (9]

304
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0 2 4 6 8 10 12 14
Number of Blades

Figure 14. Room average temperature obtained by
increasing number of fins at dg,, =0.2 m, Z; = 0.5 m,
Z,=0.25m,Z;=0.2m,1=500(-5)

m

6.4. Effect of distance between absorber wall
and glass surface

Figure 15 compares the calculated average room
temperature at different distances between the
absorber wall and the glass surface. Increasing the
distance reduces the average room temperature. In
this work, the optimal distance was calculated to
be 0.2 m, at which the average room temperature
was maximized.
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Figure 15. Comparison of average room temperature at
different distances between absorber wall and glass
surface.

6.5. Effect of location of outlet vents
Figure 16 shows the average room temperature
when the location of the outlet vents is changed.
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The results obtained indicate that the vents’
location does not affect the average room
temperature. Hence, their location can be changed
according to the interior design and in the best
harmony with the room’s facilities.
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Figure 16. Effect of location of outlet vent on average
room temperature.

7. Conclusions

In this work, a non-active heating system of a
building using a solar wall was investigated. The
objective of this work was to perform a sensitivity
analysis on the parameters that affected the
system. In order to achieve this aim, a solar wall
system was simulated, and the results obtained
were confirmed with the data reported in the
literature. This case was used as a base case for
the sensitivity analysis performed. The results of
this work show that:

a) Increasing the intensity of the radiation
increases the energy absorbed by the Trombe
wall, which results in a higher temperature
gradient, buoyancy forces, and the air velocity at
the outlet.

b) Increasing the air gap reduces the average room
temperature since the area of heat transfer
decreases.

c) The installation of fins on the absorber’s
surface increases the average room temperature.
Among different fin geometries, the highest room
temperature was calculated for the rectangular fin,
which was 2.74 °C more than the other cases.

d) The location of the outlet vents did not have an
impact on the average room temperature, and
could thus be changed according to the interior
design of the room.

e) The presence of the fins decreases the air
circulation in the room, which provides more
comfortable conditions for the dwellers.
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f) Increasing the distance between the absorber
wall and the glass surface reduces the average
room temperature. This reduction is more severe
in a high-intensity radiation.

g) Practically, the use of fins, especially
rectangular fins, is recommended in a building
design. Regarding the height of the absorber wall,
if the discussion is about using the south light to
illuminate the house, a shorter absorber wall is
recommended; otherwise, a longer absorber wall
is recommended for a real building. Also the
location of the outlet valve has no effect on the
amount of heat transfer, and can be arbitrarily
selected to be in harmony with the architecture of
the building.
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