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The largest amount of energy in buildings is consumed to provide heating, cooling, and ventilation. Therefore, a practical solution
such as using renewable energy sources can be considered to reduce energy costs and pollutants. In addition, architecture principles
must be varied to utilize passive solar energy and also to reduce energy losses. In this research, a numerical study is presented to
investigate the thermal behavior of TW-FR (Trombe wall placed in a fenestrated room) in the semiarid region of Tunisia.
Computational fluid dynamic (CFD) simulation of fluid flow and heat transfer shows good agreement with published data in
literature. The thermal comfort level was calculated according to ASHRAE (55-2013). The results show that (i) the normal
Trombe wall cannot assure a satisfactory comfort level even in summer conditions and a higher vertical temperature gradient
can take a value of 15°C, and the Trombe wall is shown to be more efficient in heating mode in the studied semi-arid region
compared to cooling; (ii) the operative temperature for the coldest winter is between 17.85 and 19.85°C. The air temperature
gradient in the comfort ranges between the head and feet is 2.3°C; and (iii) the Trombe wall is an excellent solution for Sousse
city weather; it is suggested that the passive system (TW-FR) will be examined for a whole year to have a precise evaluation of
its efficiency.

1. Introduction

The applications of renewable energies have fascinated the
interest of many architects and engineers in recent days [1,
2]. Several researches have shown the potential of using solar
energy for satisfying energy demands of buildings [3–5] and
industries [6] to alleviate the pollutant emission crisis [7, 8].

A thermal mass storage that comprised of external glaz-
ing, dampers, and vent in order to provide required heating,

cooling, and ventilation passively is so-called Trombe wall
[9]. In winters, air enters into the cavity through a low vent.
The temperature of the air is raised in the wall and trans-
ferred to the room through the cavity due to buoyancy effect.
In summers, the Trombe wall is performing similar to solar
chimney since the low glazing vent will be closed and the
high vent is opened [10].

A set of instructions are provided for the Trombe wall
design based on experimental and numerical investigations.
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In the first look, the Trombe wall is a promising approach to
save energy and to maintain the indoor air quality. Experi-
mental study of room equipped with Trombe wall is offered
by [11] where they studied house natural ventilation in arid
climate of Yazd, Iran, experimentally by studying different
types of fins, namely, brass, copper, and aluminum. The
results approved that using thermal fins enhanced the
energy-saving efficiency of the Trombe wall by 3% and
improved its natural convection heat transfer rate by 6%
inside the channel.

Dong et al. presented a new configuration for the Trombe
wall by installing an absorbent plate between the glass cover
and the thermal storage wall and examined it in Harbin,
China [12]. It was shown that this novel layout increased
the thermal efficiency by 50% compared to traditional
Trombe wall. Abbassi and Dehmani introduced internal
thermal fins into a Trombe wall [13]. Wu et al. proposed a
2-dimensional model on air filtration and thermal perfor-
mance of a PC-Trombe wall [14]. The authors reported that
increasing the solar radiation had positive effect on the ther-
mal efficiency and ambient temperature. On the other hand,
the air inlet temperature and ambient wind velocity was
decreased. Recently, Abdeen et al. carried out an investiga-
tion on the heat transfer and air flow of a Trombe wall under
quasistate situation in a moderate typical winter week in
Alexandria, Egypt [15].

Computational fluid dynamics (CFD) is a viable solution
to evaluate the flow behavior and thermal conditions of dif-
ferent systems [16]. In buildings, CFD can be extensively
used to analyze energy consumption and to model the system
with respect to real values. Risberg et al. simulated the heat
supply through ventilation ducts placed at the ceiling in
Swedish houses with passive house standards [17].

Bajc et al. presented a 3D CFD modeling and analyzed
temperature distribution in the Trombe wall and in the
adjacent room in a moderate climate [18]. The authors
optimized the Trombe applying various types of glassing
on the outer side of the wall and reported that the Trombe
wall could be a practical solution for use in Belgrade
region.

Overall, it can be understood from the previously dis-
cussed publications that the Trombe wall has promising
potential to be used in buildings in order to maintain
desirable heating and cooling rates. Monitoring the pre-
ceding studies showed that there is no comprehensive
study on evaluation of thermal comfort in a building
where the Trombe wall was installed in semiarid climate.

The application of the Trombe wall in Tunisia is still
uncommon due to the lack of information about energy
performance and construction details that do not per-
suade the stake holders to implement this system. This
research has this target to display the effect of the space
air flow pattern of Trombe wall installed in a fenestrated
room.

2. Numerical Analysis

2.1. Mathematical Model. The simulations are implemented
in ANSYS CFX (15.0). The continuity (Equation (1)),

momentum (Equation (2)), and energy (Equation (3)) equa-
tions applied to the model are as follows [19]:
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where Ca indicates the water specific heat, k shows the ther-
mal conductivity, μ is the dynamic viscosity, and ρ denotes
density.

The turbulence kinetic energy (k) and its dissipation rate
(ɛ) can be calculated as follows [20]:
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where Gk indicates the turbulence kinetic energy associated
with gradients of the mean velocity and Gb refers to the tur-
bulence kinetic with regard to buoyancy. YM is the fluctuat-
ing dilatation, σk and σɛ are the Prandtl numbers, and C1ɛ,
C2ɛ, and C3ɛ are constants.

Compared to other turbulence models, the k − εmodel is
less nonlinear and has simple convergence that makes it sim-
ple to provide a suitable initial guess.

The turbulent viscosity, νt, is obtained as

vt = Cμ

k2

ε
, ð5Þ

where Cμ is a constant.
The values of C1ɛ, C2ɛ, Cμ, σk, and σɛ are

C1ɛ = 1:44,

C2ɛ = 1:92,

Cμ = 0:09,

σk = 1:0,

σɛ = 1:3,

ð6Þ
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2.2. Mesh Independence Study and Boundary Conditions. The
model of passive house with Trombe wall is a simple room
with the Trombe wall on its south side and has a dimension
of height × length × width of 3 × 4 × 4m3. The Trombe wall
is characterized by 0.3m for the thickness, 0.3m for air gap,
and 2.4m for height. The room is vacant and just heated by
direct sunlight. The physical model of the system is exposed
in Figure 1. The boundary condition details are summarized
in Table 1.

The whole domain is modeled with a structured rectan-
gular mesh in ANSYS, and the simulations were performed
in CFX 15.0. The used turbulence model as discussed above
was k − ε. It is assumed that a steady-state condition was exe-
cuted. The independence of grid has been established. Six
cases of meshes are tested, 62908, 112356, 132804, and
164388. From the velocity results showed in Figure 2, grid
size and cell number independency happened after the mesh
N°5 and it has been shown that continuing the computation
after this mesh (N°5 (cells 132804)) just prolonged the com-
putation and it is performed only for accuracy purposes.

2.3. Climatic Data of the Town of Sousse. The town of Sousse
(35° 49′ 34″ north, 10° 38′ 24″ east) is placed at 143 km from
Tunis, at the south, and an altitude of 25m. In summer, the
temperatures surpass 43°C in the shade, and the relative
humidity is about 67%. In addition, the outside temperature
frequently differs between 10°C and 20°C in the winter at day
time and can drop less than 1°C at night with inadequate and
uneven rain.

3. Results

Many cases were studied in order to examine the heating/-
cooling potential of a Trombe wall system. In particular, we
considered two different modes: the first is the coldest winter
day in the year (28/12/2019), and the second is a hot summer
day in the same year (21/07/2019). Climatic conditions for
Sousse (2019) are expressed in Table 2. The results are illus-
trated in a vertical plane at the center of the building. The
results obtained are presented in figures with different values
of the solar chimney depth in order to see the influence on
the thermal efficiency of the system.

3.1. Validation of Computational Methods. To validate the
mathematical model, the numerical results obtained by
CFD are compared with the results of a traditional TW under
the same conditions of the experimental studies [21]. The
comparison of energy efficiencies of the Trombe walls for dif-
ferent solar radiation intensities was carried out between
CFD results and experimental data and is shown in
Figure 3. To evaluate the results, the relative error is used as
an indicator. The RE between CFD and experimental results
is calculated by

RE =
Xexp − XCFD

Xexp

				

				 × 100: ð7Þ

4 m

2.4 m
0.3 m

0.3 m

3 m

Figure 1: Physical model of the Trombe wall system.

Table 1: Summary of the boundary conditions.

Element T (°C) Type of radiation
Heat flux (W/m2)

Heat flux coefficient (W/m2K)

Floor 30°C Not transparent —

Roof 45°C Not transparent 250 (w/m2k)

Glazing 45°C Transparent —

Trombe wall — Not transparent 800 (w/m2)

Front wall 45°C Not transparent 250 (w/m2k)

Other wall Adiabatic Not transparent —
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As shown in Figure 3, a perfect agreement between the
results obtained from the model and the published results is
observed and the highest value of RE is 7.29%.

3.2. Hot Summer Day. A typical hot day in summer (July) is
selected, and simulation is performed under steady-state
conditions. Figure 4 shows the temperature field in the room
in the section located at (Z = 2m). Due to buoyancy, the cold
air spreads at the floor level. This cold airflow is like a jet and
persuades the surrounding air; the Trombe wall could reduce
indoor air temperature on average of 6.1°C. In this case, the
air temperature gradient between a horizontal plane at
0.2m and the floor is 7°C which is very high, and this zone
is warmer, and an overheating phenomenon in the room is
also observed.

Figure 5 shows the raw velocity vector map after passing
the glass cover; solar energy here has the first interaction with
the system TW-FR. In the first hand, the solar energy is
absorbed by the Trombe wall. As a result, by conduction, this
energy is moved through the wall and the remaining is
moved to the air in the channel by convection. The air moves
from the bottom to the top of the channel caused by the
chimney effect.

The highest air velocity is about 0.5m/s. According to
[22], we observed that the air velocity in the region occupied

by the middle section of the domain is not exceeding 0.17m/s
and this is between the comfort ranges. This condition that
the average state air velocity is below 0.2m/s made the great-
est situation for human comfort. According to [22], the
velocities between 0.18 and 0.24m/s are perceivable but still
in the comfort zone in summer.

3.3. Cold Winter Day. In this section, the simulations are
prepared for a typical winter day at the month of Janu-
ary. Figure 6 shows the temperature field in the room
at (z = 2m). Even though the radiation is very high at
this day, it is sufficient to transfer the air in the channel.
The average temperature for the central point of the
room is 18.46°C. The higher temperature in the room is
around 20°C, and the minimum is about 10°C. The inter-
nal temperature offered higher values than external tem-
perature getting the difference of 6.45°C. It can be
concluded from the simulations that the temperature
inside reached higher temperature compared to outside
in a large zone of the system which is a negative result
and will drive the heat flux from inside of the room to
ambient. This can see obviously the high temperatures
near the wall.

Figure 7 shows that the maximum velocities are posi-
tioned near the roof and floor. This flow causes a temperature
gradient between regions. A small vortex is produced at the
corner close to the room outlet. Reverse flow patterns were
strong near floor. A relatively small recirculation zone was
created, and a flow was observed. We observed also that the
air flow is characterized by a strong turbulence near the floor
and roof. High air velocities existed; the highest velocity is
about 0.34m/s. The air velocity in the region where it is
thought that will be occupied (the mid region of the domain)
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Figure 2: Model grid independency test.

Table 2: Climatic conditions for Sousse (2019).

Sumer day (21/07/2019) Winter day (28/12/209)
T (°C) V (m/s) T (°C) V (m/s)

45 6.94 14.43 3.6
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Figure 3: Comparison of thermal efficiency.
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Figure 4: Temperature contour on plane z = 2m in the case of summer hot day.
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is not exceeding 0.21m/s. According to [22], this result is
between the comfort zones.

The numerical distribution of pressure (Figures 8 and 9)
is completely hydrostatic and also slightly small compared to
atmospheric pressure particularly in the lower part of the
Trombe wall due to the loss at the inlet restriction. A slight

difference in distribution of pressure is appreciated between
the air gap and the room, mainly in areas of low inlet and
outlet pressure of Trombe wall.

The turbulent kinetic energy is discussed in Figures 10
and 11. At the input side, viscosity degraded the turbulent
kinetic energy. Since there is no speed gradient nor k
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Figure 5: Vector velocity on plane z = 2m in the case of summer hot day.
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gradient, a balance is achieved between the convection heat
transfer and dissipation rate in the transport equation.

4. Discussion

The most cited technique in the literature to explain the
indoor thermal comfort in buildings is according to Fanger’s

comfort model [23], which is also used in [22, 24]. Where
the thermal comfort is frequently examined inside the occu-
pied zone, the volume occupants normally use is the volume
enclosed by two horizontal planes, one 0.1m above floor level
and the other 2.0m above floor level. The local discomfort can
be classified generally as per the following according to the
current standards and ASHRAE Fundamentals Handbook.
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Figure 7: Vector velocity on plane z = 2m in the case of the winter coldest day.
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4.1. Operative Temperature. It can be defined by the uniform
temperature of a pretend black enclosure in which a person
would exchange the same amount of heat by radiation and
convection as in an actual nonuniform environment. It is cal-
culated according to

Top =
Tr + Ta

ffiffiffiffiffiffiffi
10v

p

1 +
ffiffiffiffiffiffiffi
10v

p if v ≻ 10m/s,

Top =
Tr + Ta

2
if v ≤ 0:1m/s,

ð8Þ
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Figure 9: Pressure map in the plane z = 2m in the case of summer hot day.
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Figure 10: Turbulent kinetic energy in the case of summer hot day.
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where Ta is the ambient air temperature, Tr the radiation
temperature, and v the air velocity.

4.2. Vertical Air Temperature Difference. Thermal discomfort
may happen as a result of thermal stratification. Figure 12
demonstrates the estimated value of dissatisfied people with
respect to air temperature gradient where the ankle level is
colder than the head level.

The thermal comfort for room equipped with a Trombe
wall was considered under the coldest winter day and the

hot summer day. The main parameter shown in the figures
was the operative temperature. The hot summer day gave a
bad thermal comfort, and the temperature difference over
the entire room is small. The operative temperatures were
around 29-44°C in the horizontal plane (Figure 13). The
numerical results also show higher vertical temperature gra-
dients which can take a value of 15°C (Figure 14); the results
show also that operative temperature in the room is not
within the comfort range. This demonstrates that the normal
Trombe wall cannot assure a satisfactory comfort level even
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Figure 11: Turbulent kinetic energy in the case of winter coldest day.
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in summer conditions. In this case, the air temperature gradi-
ent between head level and ankle level is 10°C which exceeds
3°C and the discomfort is sensed because the head level is
warmer than the ankle level according to [22]. As a result,
the typical Trombe wall cannot reduce the effect of heating
in the summer season. Consequently, heating seasons in

Tunisia should introduce some modification in the Trombe
wall like the use of a water tank, which is part of the building’s
wall or it must ventilate the room with air circulation open.

This case of the coldest winter day (Figure 15) shows the
most irregular distribution, and the vertical temperature gra-
dients in the occupied zone are fewer than 2.5°. The operative
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temperature for the coldest winter is between 17.85 and
19.85°C. The air temperature gradient between the head
and feet is 2.3°C. Based on [22], this is between the comfort
ranges and 5% of occupants are dissatisfied by the vertical
air stratification.

5. Conclusion(s)

The following remarks can be concluded from this study:

(i) The CFD simulation is able to provide accurate air
temperature and velocity distributions inside the
building room

(ii) It was observed from the simulations that installing
the Trombe wall can highly influence the tempera-
ture distribution inside the modeled house for
Sousse city weather information

(iii) It was shown that installing the Trombe wall had sig-
nificant influence on the temperature of the room
that it was kept around 20°C in winter conditions

(iv) However, in summer conditions, a normal Trombe
wall can be considered an additional source of heat-
ing for the building

(v) The typical Trombe wall cannot reduce the effect of
heating in the summer season. Consequently, during

hot seasons in Tunisia, some modifications in the
Trombe wall should be introduced

Nomenclature

t: Time (s)
k: Turbulent kinetic energy (m2/s2)
l: Turbulent mixing length (m)
i, j: Cartesian coordinate index
Ca: Constant pressure specific heat (J/kgK)
T : Temperature (K)
K : Thermal conductivity (w/mK)
g: Gravity acceleration (m/s2)
F: Body force (N/m3)
CFD: Computational fluid dynamics
C1ɛ, C2ɛ: Constants
C3ɛ, Cμ: Constants
Gb: Buoyancy kinetic energy (kg/m s3)
Gk: Velocity gradients turbulent kinetic energy

(kg/ms3)
μt: Effective viscosity (m2/s)
YM: Contribution of the fluctuating dilatation in com-

pressible turbulence to the overall dissipation rate
(kg/m s2)

Sk, Sε: Mass source (kg/m3)
Cp: Specific heat (J/kgK)
L: Characteristic length (m)
Pr: Prandtl number
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Figure 15: Operative temperature distribution at 0.1m above the floor in winter.
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Gr: Grashof number
Tr: Radiation temperature (K)
Ta: Ambient temperature (K).

Greek Symbols

σk, σɛ: Turbulent Prandtl
v: Kinematic viscosity (m2/s)
α: Thermal diffusivity (m2/s)
β: Thermal expansion coefficient (K-1)
ε: Turbulent dissipation rate (m2/s3)
k: Turbulent kinetic energy (m2/s2)
δij: Kronecker delta.
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