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Investigation of thermal and air efficiency in trombe wall
of modular building
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Volodymyr Shepitchak4

Abstract: The proposed Trombe wall design is an innovative and effective solution for addressing
issues related to building energy efficiency. The Trombe wall can help reduce a building’s energy
consumption, provide optimal indoor temperature, and minimize the building’s environmental impact
by utilizing renewable energy sources.The article deals with the study of the heat-air characteristics
of the Trombe Wall, which performs the functions of external protection of a modular house, with
the aim of further evaluating the possibility of using it as a hybrid protection with additional heating
and ventilation functions assigned to it. The results of experimental research conducted on one of the
elements of external protection of a modular house in the form of the Trombe Wall are presented.
The experimentally obtained graphic dependences were compared with the calculated data and the
convergence was evaluated. The proposed design allows you to organize air exchange in the premises
with a multiplicity within 1–1.5 h−1, and also provides an opportunity to provide additional thermal
power in the amount of 250 W/m2. The article presents the results of experimental studies that allow to
evaluate the thermal characteristics of the proposed design of external protection for a modular house.
These results indicate that with the given geometric dimensions, in particular with a volume of 14 m3,
the thermal power utilized by the Trombe wall is within 0.2–0.7 kW.
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1. Introduction

In the conditions of the growing shortage of organic fuels, the trend of increasing
electricity prices, methods of obtaining alternative renewable energy sources are becoming
more and more relevant. And their application to maintain the thermal conditions of
buildings. Alternative energy sources and innovative systems of their use make it possible
to ensure stability in the operation of energy-saving buildings. Of course, an important
aspect of the building’s energy efficiency remains its architectural features, in particular
the size and orientation of the building block, as well as the efficiency of the operation of
internal engineering networks. A smart combination of external protection and receivers
of solar energy and converters of it into thermal energy allow to ensure the functioning of
heating systems and hot water supply systems [1–7].
At present, there is still a large enough share of the housing stock and industrial

facilities built according to the old standards, which require immediate reconstruction,
bringing the thermal stability of buildings to the existing requirements and replacing heat
supply systems, re-equipping these systems for the possibility of using alternative energy
sources [8, 9], including passive systems [10, 11]. Systems using solar energy with the
use of solar collectors remain quite effective. There are a number of works devoted to
a thorough scientific examination of the methods that give the greatest effect of converting
solar energy into thermal energy. Research was carried out by modeling thermal processes
in systems with solar collectors [12–15], as well as through wide-parameter experimental
studies [10, 17–20]. Modern designs of solar collectors make it pos30the type of solar
collector and its technical characteristics necessary for heat supply systems should be made
on the basis of comparison and in-depth analysis [21–24]. At the same time, the effective
operation of such systems, especially in buildings of a high energy efficiency class, is
possible thanks to control and regulation systems [25,26].
Recently, hybrid systems using solar energy have gained particular popularity, in partic-

ular, those implemented in building structures or external protection [27–32]. This makes
it possible to use solar collectors not only for preparing hot water, but also for ventila-
tion and heating of the premises of the building. Separate attention should be paid to air
solar collectors [33–36]. These include systems with passive use of solar energy, namely
the Trombe Wall [37, 38]. Although the operation of such devices is affected by external
factors, such as wind pressure [39], the intensity of solar radiation, they still remain quite
effective from the point of view of energy saving, since they do not require additional
mechanisms for transporting the coolant. This is confirmed by a number of scientific works
devoted to the modeling of thermal processes in the Trombe Wall [40–44], as well as the
results of experimental studies that testify to the effectiveness of such structures throughout
the year [45–48]. Currently, the use of such technologies in modular construction remains
quite relevant, especially when there is a need to accommodate temporarily displaced peo-
ple from regions of military operations or natural disasters. The purpose of the study is
to establish the peculiarities of the work of the Trombe Wall implemented in the external
protection of a modular house. To evaluate the possibility of this structure working as a pas-
sive heating and ventilation device, which would make it possible to organize air exchange
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in the room and provide its partial heating, and accordingly reduce the load on the main
heating and ventilation equipment [49]. The Trombe wall is easy to install, it does not
require additional management and can significantly save energy. These designs are often
explored in the warm season as well, assessing the possibility of enhancing natural ventila-
tion and providing additional energy savings [50]. So, the Trombe Wall is a thermal solar
collector that has several advantages compared to conventional walls: (1) high efficiency:
the Trombe Wall can collect intense solar radiation and use it to raise the temperature
of the air immediately behind it; this allows you to reduce heating costs and increase the
efficiency of the system, (2) durability: the TrombeWall has a long service life and requires
minimal maintenance, and (3) low costs: production and installation of the Trombe Wall
can be cheaper compared to conventional heating systems.

2. Study of the thermal characteristics of the Trombe Wall

The average surface temperature in the layer of the air channel is equal:

(2.1) 𝑡 =
𝑡𝑤1 + 𝑡𝑤2
2

=
70 + 20
2

= 45◦C

where 𝑡𝑤1 – initial temperature on the surface of the channel wall; 𝑡𝑤2 – final temperature
on the surface of the channel wall.
Volumetric expansion of air at 𝑡 = 45◦C is determined from the dependence:

(2.2) 𝛽 =
1
𝑇

where 𝑇 – absolute average collector temperature, 𝛽 = 1/(273 + 45) = 3.145 × 10−3, K−1

Grashof’s number is defined:

(2.3) Gr = 𝑔 ×
(
(𝑙det)3

𝜈2

)
× 𝛽 × (𝑡𝑤1 − 𝑡𝑤2) = 4.87 × 108

where 𝑔 – free fall acceleration, 𝑔 = 9.81 m/s2; 𝜈 – kinematic viscosity, 𝜈 = 17.8 ×
10−6, m2/s; 𝑙det – defining size, m. This value was taken as the height of the air layer of the
Trombe
Wall, scilicet 𝑙det = ℎ. Since the results of the analytical evaluation of the thermal and

air characteristics of the Trombe Wall were later compared with the data obtained at the
experimental installation, the adopted geometric dimensions corresponded to the geometric
dimensions of the experimental sample, respectively: ℎ = 3 m.
Thus, the number Gr × Pr = 9.36 × 1010 � 2 × 107. For this case, a turbulent flow

regime is observed in the boundary layer during natural convection, and accordingly the
Nusselt number is determined:

(2.4) Nu = 𝑐 × (Gr × Pr)𝑛 = 0.135 × (Gr × Pr)0.33 = 563.5
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Average heat transfer is:

(2.5) 𝛼𝑘 = Nu ×
(
𝜆

ℎ

)
= 5.25

where 𝜆 = 0.028W/(m·K) – thermal conductivity.
The thermal power of the Trombe Wall 𝑄𝑘 , w can be determined from the dependence

and it will be equal:

(2.6) 𝑄𝑘 = 𝛼𝑘 × 𝐹 × (𝑡𝑤1 − 𝑡𝑤2)

where 𝐹 – the area of the heated surface of the thermosiphon solar collector, was defined as:

(2.7) 𝐹 = ℎ × 𝑏

where 𝑏 – the width of the heated surface of the Trombe Wall air channel, m.
This value was taken from the condition of the geometric dimensions of the experi-

mental module and was equal 𝑏 = 0.5 m, in accordance 𝐹 = 1.5 m2.
Therefore, the amount of heat that corresponded to the thermal power of the Trombe

Wall in the corresponding geometric dimensions of the experimental module was equal to
approximately 400 W.
The heat-air balance of the structure was recorded in the form of a system of equations:

(2.8)

{
𝑄𝑘 = 𝛼𝑘 × 𝐹 × (𝑡𝑤1 − 𝑡𝑤2)
𝑄𝑘 = 𝐺 × 𝑐𝑝 × (𝑡𝑤1 − 𝑡𝑤2)

where 𝑐𝑝 – specific heat capacity of air, 𝑐𝑝 = 1000, J/(kg·K); 𝐺 – the mass flow of air that
passes through the air gap of the Trombe Wall, kg/s.

(2.9) 𝐺 = 𝐿 × 𝜌

in this addiction 𝐿 – volume flow of air, m3/s; 𝜌 – average air density, kg/m3:

(2.10) 𝜌 =
353
273 + 𝑡

From the system of equations (2.8), a dependence was obtained for determining the
volume flow of air in the air layer:

(2.11) 𝛼𝑘 × 𝐹 × (𝑡𝑤1 − 𝑡𝑤2) = 𝐿 × 𝜌 × 𝑐𝑝 × (𝑡𝑤1 − 𝑡𝑤2) →

→ 𝐿 =
𝛼𝑘 × ℎ × 𝑏

𝜌 × 𝑐𝑝

3. Methodology
Setting the task for conducting research: analytical determination of the heat-air bal-

ance for the Trombe Wall in the conditions of operation of a modular house. Construction
of graphical dependences of air flow on the width of the construction module and its height,
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experimental determination of the regularity of the thermal power of the Trombe Wall at
different thicknesses of the air layer. Comparison of graphical dependencies obtained ana-
lytically with the results of the experiment, which behaved on an experimental installation
made from a part of the external protection with the Trombe Wall implemented in it, when
the wall surface was irradiated with a heat flow of different intensity, which corresponded
to solar radiation.

Scientific novelty of the work: The proposed design of the hybrid external protection
of the modular house with the Trombe Wall implemented in it. The thermal characteristics
of the proposed design of external protection for a modular house were experimentally
investigated.
At the first stage, an analytical assessment of the heat-air characteristics of the structure

of the external protection of the modular house with the TrombeWall implemented in it was
carried out. At the same time, special attention was paid to the fact that when the external
protection is exposed to the sun, its surface is heated. The temperature of the outer surface
reaches 70◦C, while the indoor air temperature of the modular house is 20◦C. Thus, the
phenomenon of free convection occurs in the Trombe Wall, the physical model of which is
shown in Fig. 1. This figure shows the height of the Trombe Wall – h; the thickness of the
air layer is marked – 𝛿; the initial temperature on the surface of the channel wall is shown
– 𝑡𝑤1; the final temperature on the surface of the channel wall is marked – 𝑡𝑤2; the initial
air temperature is indicated 𝑡air1 and the final air temperature is indicated 𝑡air2.

Fig. 1. A simplified model of hot air flows in the Trombe Wall

For the analysis, it was assumed that the temperature of the surfaces of the air channel
of the Trombe Wall 𝑡𝑤1 = 70◦C and 𝑡𝑤2 = 20◦C were assumed to be approximately equal
to air temperatures 𝑡air1 and 𝑡air2.
Thermophysical properties of air at 𝑡 = 45◦C:
– thermal conductivity 𝜆 = 0.028W/(m·K);
– kinematic viscosity 𝜈 = 17.8 × 10−6 m2/s;
– Prandtl number Pr = 0.712.
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By substituting the output data into formula (2.11), in particular, the accepted temper-
atures of the air environment and the geometric parameters of the external protection of
the experimental module with the Trombe Wall implemented in it, a graphical dependence
(Fig. 2) of the volumetric air flow was obtained (𝐿, ;m3/h), which passes through the air
gap depending on the geometric parameters such as the width of the module (𝑏, m) and its
height (ℎ, m).

Fig. 2. Dependence of volumetric air flow 𝐿, m3/h in the Trombe Wall

The resulting graphical dependence makes it possible to draw a conclusion that, under
the considered conditions, this design allows organizing air flow at costs that meet the
requirements for calculated air exchange in residential premises. So, in particular, with
a height of external protection of 3 m and a width of the Trombe Wall module of 2 m, the
air jet will be equal to more than 100 m3/h, so for residential premises of medium size by
volume, the air exchange rate will be within the limits 1–1.5 h−1. In addition, the amount
of heat that can be utilized by the Trombe Wall under the considered conditions is approx
250 W/m2. At the same time, the ratio of the area of themodule 𝐹𝑚 to the area of the Trombe
wall 𝐹𝑡 was ensured, which was 𝐹𝑚/𝐹𝑡 = 3.6; and the ratio of the volume of the module
𝑉𝑚 to the volume of the Trombe wall layer 𝑉𝑡 was in the range of 𝑉𝑚/𝑉𝑡 from 93 to 233.
The second stage was the experimental research, which was carried out in laboratory

conditions. It was the determination of the thermal power of the TrombeWall with a variable
thickness of the air layer and the area of the ventilation holes. Experimental studies were
conductedwith the aim of analyzing the processes of formation of parameters of the thermal
regime of the Trombe Wall; determination of the necessary values of the influence factors,
in particular the temperature of the environment, air mobility and the intensity of solar
radiation.
According to the analysis of the processes of forming the thermal regime, the following

experimental research tasks were set: to establish the regularities of the thermal power of the
Trombe Wall implemented in the external protection of the module at different thicknesses
of the air layer. An experimental study to determine the thermal capacity of the Trombe
Wall was carried out based on the planning of the experiment, to consider such factors as
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the thickness of the air layer and the area of the inlet and outlet openings. A fragment of the
premises of a modular house with a hybrid exterior, in which the Trombe Wall is installed,
is presented in Fig. 3.

Fig. 3. Premises of a modular house with an integrated Trombe Wall

The Trombe wall uses solar energy to heat and ventilate the premises. This design is
used to provide natural ventilation, which ensures air exchange in the room. Proper use
of this design can become an effective alternative to traditional ventilation systems. In the
ventilation mode, this design works as follows: the sun shines on the surface of the wall,
which in turn heats the air that is between the absorbing surface 3 and the inner wall 5.
This heated air becomes lighter and rises up, creating draft. This draft is used to ventilate
the room by drawing in fresh air from the outside and releasing used air to the outside.
To regulate the flow of air passing through the Trombe wall for ventilation, regulating

grids 4 are installed, which provide air supply and removal. It is also important to ensure
tightness to preserve heat. Therefore, the possibility of using the Trombewall for ventilation
consists in providing natural ventilation with the help of solar energy.

4. The experimental installation
For conducting research, an experimental installation was developed, which was made

in life size from the same structural materials as the external protection of the modular
house (Fig. 4b).

4.1. The principle of operation of the installation

Infrared rays heat up the metal plate 3, due to the temperature difference, a “ther-
mosiphon effect” occurs (the phenomenon of free convection), i.e. cold air from the room
enters the Trombe Wall through the lower opening, heats up and rises up due to the dif-
ference in densities, and returns heated to the room through upper outlet. The speed and
volume of air passing through the Trombe Wall housing is equalized by adjusting the
distance of the steel plate and dampers.
The proposed system uses thermal stratification of the air and natural convection to

provide thermal energy of the internal environment [51]. The Trombe wall changes the
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internal average radiation temperature, and in combination with the speed of the air coming
out of the ventilation holes, can lead to a deterioration of the thermal comfort conditions
in the room. Therefore, it is necessary to control the opening and closing of these openings
in order to obtain the greatest thermal effect and not disturb the temperature comfort [52].
The scheme of the experimental setup is shown in Fig. 4, and design of a Trombe Wall
in Fig. 5.

Fig. 4. Scheme of the experimental setup

Figures 4 and 5 show a circuit of a Trombe Wall. In these figures is reflected the upper
profile 1 to which it is attached the duty profile (2 pcs.) 2. Facial panel is marked with the
number 3, for adjusting the area of the inlet and outlet holes is provided regulating valves 4.
Sandwich panel 5 is intended to reduce heat loss. For the stability of the design is provided
lower profile 6 and frame 7.
Experimental studies were carried out in a hermetic module with an area 𝐹𝑚 = 5.4 m2

and volume 𝑉𝑚 = 14 m3, that imitated a living space.
Thermophysical characteristics of the Trombe wall:
1. The proposed design is completely non-transparent.
2. The heat transfer resistance of the Trombe wall structure is 9.25 (m2·K)/W.
3. The absorption capacity of the absorption plate is 0.91.
4. Heat loss through the Trombe wall is 5 W/m2.
The order of research was as follows:
1. First, the infrared (IR) heaters were turned on, and the temperature of the metal plate
was measured with a pyrometer.

2. Using a thermal anemometer, every 10 min for 8 h, the temperature and speed of air
from the outlet, inlet and in the middle of the installation were measured.

3. The intensity of IR radiation was measured with an albedometer.
4. Depending on the inter-plate distance 𝛿 m and radiation intensity 𝐼 = const, W/m2
the experiments were repeated.

5. Research results were processed.
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Fig. 5. Design of a Trombe Wall

4.2. Analysis of measurement errors

Determining the error of experimental measurements is an important component of
the process of scientific research. The main purpose of error determination is to assess the
accuracy of measurement results and ensure their reliability. The measurement error can be
caused by various factors, one ofwhich can be the inaccuracy of the device. Determining the
error allows, if necessary, to correct the measurement results and ensure their compliance
with the required accuracy.
Determination of measurement errors was carried out by calculating the errors of

parallel experiments [53].
The arithmetic mean of each of the three parallel randomized experiments is equal to

the sum of all 𝑛 separate results divided by 𝑛.

(4.1) 𝑦 =
1
𝑛

𝑛∑︁
𝑖=1

𝑦𝑖

where 𝑦𝑖 – measured values; 𝑛 – the number of measurements, 𝑖 – the serial number.
The deviation for all 𝑦 can be represented as the difference Δ𝑦 = 𝑦𝑖 − 𝑦. The presence

of Δ𝑦 indicates a variation in the values of repeated experiments. The variance (𝑠2) is used
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to measure this variation.

𝑠2 =
1

𝑛 − 1

𝑛∑︁
1

Δ𝑦2𝑖(4.2)

𝑠2 =
1

𝑛 − 1Δ𝑦
2
𝑖(4.3)

where 𝑛 − 1 is the number of degrees of freedom, which is 1 less than the number of
experiments.
The average squared deviation of the value

𝑛∑
𝑖=1

𝑦𝑖 from the average value 𝑦was calculated

according to the formula:

(4.4) 𝑠 =
√
𝑠
2
=

√√
1

𝑛 − 1

𝑛∑︁
1

(𝑦𝑖 − 𝑦)2 ± Δ
∑︁

where 𝑠 – the average square deviation, or a quadratic error; Δ
∑
– the total absolute error

of measuring systems was determined by the formula:

(4.5) Δ
∑︁

= ±
√︃∑︁

Δ2
∑︁
𝑖

where Δ
∑
– the total number of errors on all elements of the measuring system;

∑
𝑖 –

a total error of the 𝑖-th element of the system.
Measuring systems presented in Table 1. Themaximum permissible measurement error

was taken by the permanent value of the average error:

(4.6) Δ𝑛𝑝 = 3𝑠

Table 1. Measuring systems

The name of the measured element Absolute
error

Relative error

minimal, % maximal, %

The intensity of thermal radiation
(Piranometer M-80M)

±20W/m2 0.20 0.37

Air temperature in the installation zone
(ATT thermonemameter – 1004)

±0.13◦C 0.18 1.70

Surface temperature (Nimbus – 530/1 pirometer) ±0.08◦C 0.14 0.78

Air mobility (ATT thermonemameter – 1004) ±0.005 m/s 0.60 1.25

If the error exceeded Δ𝑛𝑝 , which was calculated Δ𝑛𝑝 = 0.17, then the measurement
error was excluded from the calculations and the experiment was repeated. The total error
of all measuring systems was 2.1%. Experimental studies to determine the thermal power
of the thermosyphon collector for operation in the ventilation mode were carried out in the
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range of areas of the ventilation grilles 𝐹, m2 from 0.012 m2 to 0.08 m2, the thickness of
the air layer of the collector 𝛿, m from 0.04 m to 0.1 m, air temperature at the inlet to the
collector 𝑡𝑤1, ◦C from 19 to 22◦C.
Typical results presented in Fig. 6, 𝐹𝑔, m2 – area of ventilation grilles; 𝑄, kW – the

amount of heat received with the help of the Trombe Wall. Where 𝐹𝛿-1 – the area of the
ventilation layer 0.036 m2; 𝐹𝛿-2 – the area of the ventilation layer 0.063 m2; 𝐹𝛿-3 – the
area of the ventilation layer 0.09 m2; 𝐹𝑔 – dimensions of ventilation grilles, m2. In Fig. 6
shows the amount of heat received through the Trombe Wall depending on the area of
the openings of the ventilation grills. For the thickness of the ventilation layer of 40 mm
(𝐹𝛿-1) with the area of the ventilation opening of 0.056 m2, the amount of heat received
with the help of the Trombe Wall will be 𝑄1 = 546W. For the thickness of the ventilation
layer of 70 mm (𝐹𝛿-2) with the area of the ventilation hole of 0.056 m2, the amount of heat
received with the help of the Trombe Wall will be 𝑄2 = 432W. For the thickness of the
ventilation layer of 100 mm (𝐹𝛿-3) with the area of the ventilation opening of 0.056 m2,
the amount of heat received with the help of the Trombe Wall will be 𝑄3 = 663W.

Fig. 6. The amount of heat received with the help of the Trombe Wall
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It is clear from the figure that the design has the greatest efficiency with the area of
the ventilation grills 0.056 m2, namely with overall dimensions 70 × 800 mm, and at the
thickness of the ventilation layer 100 mm.
In addition, the effectiveness of this design was experimentally verified for room venti-

lation. Thus, in Fig. 7 presents the graphical dependence of air flow 𝐿, m3/h at the area of
the ventilation grill 𝐹𝑔 = 0.012 m2 and the area of the ventilation layer 𝐹𝛿 , m2, which made
it possible to compare the obtained results with analytical research. Air circulation between
the room and the air gap was observed, which confirms heat transfer by convection [54].

Fig. 7. Dependence of volumetric air flow 𝐿, m3/h from the area of the air layer F𝛿 , m2

It can be seen from the figure that with a thickness of the ventilation layer of 0.065 m2,
the volumetric air consumption is 𝐿 = 25.9 m3/h, and an increase in this thickness does
not affect the change in the amount of ventilation air and will not increase the efficiency of
the Trombe Wall.

5. Conclusions
1. The proposed design of the hybrid external protection of the modular house with the
TrombeWall implemented in it confirmed its effectiveness and the ability to perform
the functions of an additional heating and ventilation device for systems providing
the necessary parameters in the premises of the module. At the same time, this design
has no additional operating costs. These systems have the same service life as the
house itself. The efficiency of such a heating system, as a rule, is 25–30%, but in
particularly favorable climatic conditions it can be much higher and reach 60%.

2. The presented physical model of the phenomenon of free convection, which occurs
in the Trombe Wall as a result of its heating by solar radiation, made it possible to
draw up a heat-air balance and analytically determine the volume flow of air, which
allows you to organize air exchange in the premises by multiples within 1–1.5 h−1.
To generalize with similar models the thermal power of the structure, which is within
the limits, is also determined 250 W/m2.

3. The thermal characteristics of the proposed design of external protection for a mod-
ular house were experimentally investigated and it was established that for the given
geometric dimensions, in particular, the volume 14 m3 the amount of instantaneous
heat utilized by Wall Trombe is within the limits 0.2–0.7 kW.
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4. A comparison of graphical dependencies obtained analytically and experimentally
confirmed their convergence, which confirms the adequacy of the conducted exper-
iment. The most effective operation of the Trombe Wall, with a working surface of
2.3 m2, will be observed for the thickness of the ventilation layer of 100 mm (𝐹𝛿-3)
with the area of the ventilation hole 0.056 m2, while the amount of heat received
will be 𝑄3 = 663W.

5. The calculation of the measurement error was made, it was established that the total
error of all measuring systems was 2.1%.
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