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a  b  s  t  r  a  c  t

Despite  the  studies  already  developed  about  Trombe  walls,  more  research  work  is needed  to  contribute
to  the  knowledge  about  their  behaviour  and  optimize  it according  to the specific  characteristics  of
each  climatic  region.  The  ventilation  openings  and  the  shading  device  operation  decisively  influence
the  temperatures  fluctuation  along  the  system  and  that  impact  should  be  discussed.

In  this  context,  a test  cell  with  a classical  Trombe  wall  was  submitted  to  real  climatic  conditions  in a
Portuguese  city.  The  effect  of  ventilation  openings  and shading  devices  in the  temperatures  fluctuation
was  analysed.

The temperatures  in  the  air layer  and  along  the  massive  wall  presented  a similar  oscillation  pattern
and  exceeded  60 ◦C without  ventilation  and  shading  devices.  For  this  configuration,  temperature  values
at  the  top  of  the  air  layer  were  always  higher  than  those  obtained  at the base  and  a differential  of  19 ◦C
was  achieved.
hading devices
xperimental work

The temperature  fluctuation  across  the  massive  wall  was  not  proportional  to  its  thickness  due  to  its
heat  storage  capacity.

When  the  ventilation  system  was  closed  and  the  shading  device  was  not  activated,  the  temperature
inside  the  test  cell  exceeded  the  outside  temperature  value  in  9 ◦C,  showing  the  system  ability  to store
and release  heat.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Passive solar systems can be used to improve buildings energy
fficiency [1–5]. Trombe wall is a passive solar system of indirect
ain that enhances the materials ability to store and release heat,
ased on the heat transfer phenomena. The classical Trombe wall

s composed, from the interior to the exterior, by a massive wall
ade of materials with high heat storage capacity, an air layer and

 glazing outside. The massive wall external surface should be dark

n colour to increase the solar radiation absorption [6,7]. Ventilation
penings are provided in the massive wall to improve heat transfer
y air convection [8]. In Fig. 1(b) it is presented a schematic design

∗ Corresponding author at: ECT – School of Science and Technology, University of
rás-os-Montes e Alto Douro UTAD, Quinta de Prados, 5000-801 Vila Real, Portugal.

E-mail address: anas@utad.pt (A. Briga Sá).

ttp://dx.doi.org/10.1016/j.enbuild.2016.12.085
378-7788/© 2016 Elsevier B.V. All rights reserved.
of a classical Trombe wall. If the ventilation openings are operat-
ing, the system will be defined in this research work as Ventilated
Trombe Wall (VTW). When they are closed, it will be named as Non-
Ventilated Trombe Wall (NVTW), Fig. 1(a). Despite Trombe wall is
commonly used as a passive heating solution, it can also be used as
a cooling one when there are ventilation openings simultaneously
in the massive wall and in the glazing [9–12], Fig. 1(c), defined as
Double Ventilated Trombe Wall (DVTW).

Shading devices should also be considered in the system in order
to reduce the overheating periods during summer days and the heat
losses during winter nights.

Over the years, various studies have been carried out to anal-
yse the Trombe wall performance. New concepts depending on the

massive wall materials [13–19], the glazing type [10,20–22], the
ventilation openings type [23–27] and the use of thermal insulation
emerged [28,29].

dx.doi.org/10.1016/j.enbuild.2016.12.085
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2016.12.085&domain=pdf
mailto:anas@utad.pt
dx.doi.org/10.1016/j.enbuild.2016.12.085
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Fig. 1. Different types of Trombe walls: a) Non-ventilated (NV

The ventilation system has a fundamental role in the Trombe
all thermal behaviour taking into account the additional heat flux

hat will occur through the ventilation openings. Studies conducted
n this area are essentially about Trombe walls with ventilation
penings in the massive wall. As an example of the studies already
eveloped addressing this issue, an optimization research on the
pening and closing model of the Trombe wall was  conducted using
xperimental research and numerical calculation [30]. The opti-
um time to open and close the air vents was  analysed. It was

oncluded that the system should be opened 2–3 h after sunrise
nd closed 1 h before sunset.

In what concerns to the materials, solid brick and concrete are
he ones that are used more often in the massive walls [6,19],
lthough there are studies that combine them with other materi-
ls, such as phase change materials [31,32], photovoltaic cells and
hermal insulation [11,15,33].

As referred above, the shading device has an important role
o avoid the overheating during the summer and the heat losses
uring the night periods of winter. The influence of the shading
evices in the system behaviour was studied for the case of shad-

ng devices introduced in the air layer [34]. It is also necessary to
ptimize the use of external shading devices given that it will be

 better solution to minimize the risk of overheating during the
ummer in climates with high solar radiation intensity. In a recent
tudy considering this issue, the Trombe wall thermal performance
as analysed for summer under Mediterranean climate. The effect

f screening devices, ventilation and occupancy was analysed. It
as concluded that these factors affect significantly the thermal
arameters of the Trombe wall in summer, namely the surface
emperatures. They concluded that roller shutters have a relevant
nfluence in the reduction of the surface temperatures of −1.4 ◦C
nd that velocity in the cavity is influenced by the temperatures in
he air gap [35].

The international standard document ISO 13790:2008(E) [36],
elative to the energy performance of buildings in what concerns to
he calculation of energy use for space heating and cooling, presents

 set of equations to obtain the heat transfer and solar heat gains
f special elements that can be the base to define a calculation
ethodology of the Trombe wall thermal performance. However,

ts application requires adaptation to different climate realities. In
revious work developed by the research team related with the
efinition of a calculation methodology to estimate the Trombe
all thermal performance based on this standard document, it was
bserved that the temperature values in different points of the
all are needed [37]. This reveals that experimental study about

rombe wall thermal performance is required in order to anal-
 b) Classic or ventilated (VTW); c) Double ventilated (DVTW).

yse the impact of the outdoor climatic conditions, ventilation and
shading devices operation in the temperature fluctuation in differ-
ent points of the system. Furthermore, according to the literature
review, more studies should be developed in order to identify the
relation between those temperature values. Temperatures varia-
tion in different points of the air layer and massive wall should also
be analysed for different seasons, including the transition between
them characterized by high range climate conditions.

So, given the specificity of the Trombe wall, experimental anal-
ysis using test cells under real conditions [23,38] are very useful
to the analysis and further adaptation of this passive system to
different climate conditions.

In the Portuguese reality, and according to the literature review,
this wall has not a significant application [19,23,24,39]. Most of the
stakeholders involved in the construction sector are unaware of
this solution or do not have enough information about its ther-
mal  performance. The lack of information about its construction is
also a problem, namely in what concerns to the constructive details
[23,39] and costs. Gonç alves et al. [40] referred some Portuguese
buildings where the Trombe wall was  built. The majority of them
does not have any openings and has single glazing. In terms of sum-
mer  protection, some have movable or fixed shades but in other
cases any shading device was provided. This lack of knowledge,
which is common in different countries, is an obstacle to increase
the use of such solutions to improve buildings energy efficiency,
whose study should start in the design stage [19,24]. This situa-
tion shows that there is still a lot of work to be done in order to
encourage the use of Trombe walls in buildings construction and
to optimize its performance according to the specific characteristics
of each climatic region.

In order to contribute to this knowledge, the experimental study
of a classical Trombe wall thermal performance, using a test cell
submitted to real climatic conditions in a city of Portugal, will be
presented. This work is included in a research line that includes
simulation and experimental analysis of the Trombe wall thermal
performance and reveals the importance of measurements for real
weather conditions [19,23,24]. The aim of the work here presented
is to reveal the influence of the ventilation openings and shading
devices operation in the system performance under different values
of solar radiation intensity and exterior temperatures. The analy-
sis of its performance will be carried out taking into account the
temperature fluctuation values that occur in different points of the
Trombe wall, the heat flux through the system and the temperature

values obtained inside the test cell.

In order to perform this study, different periods of VTW and
NVTW, using shading devices or not, were considered for a mea-
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Fig. 2. Trombe wall construction: a) massive wall construction; b) envelope insulated with XPS; c) Trombe wall system.

 a) obturators Type 1; b) obturators Type 2.
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Table 1
Climatic data for the city of Vila Real [41].

Parameters Units Value

Heating season length months 7
Cooling season length months 5
Annual temperature range ◦C 15
Degrees-days ◦C.days 2660
Solar irradiance in heating season (south) kWh/m2.month 90
Fig. 3. Ventilation system obturators:

urement period that included part of the heating and cooling
easons. It is important to refer that the periods of the different
onfigurations operation were defined in an aleatory way in order
o stimulate the system and analyse the impact of those changes
n its performance. So, the system behaviour optimization was
ot a goal to achieve at this time of the research work. Further-
ore, this study will give a contribution to the application of ISO

3790:2008(E) [36], whose equations require the knowledge of the
emperatures values in different points of the wall, as referred pre-
iously. Moreover, the temperature values in the different layers
ill be compared and a relation between them will be established
henever possible.

Taking into account that this experimental work has been devel-
ped in a region with high temperatures range during the day and
uring the year, the obtained results can also be a contribution to
he knowledge of the system behaviour in other regions with sim-
lar climatic conditions, namely in Southern European countries.

. Methodology

.1. Experimental device
The experimental work developed allowed to analyse the
rombe wall thermal performance under the real weather condi-
ions of the city of Vila Real that lies 458 m above the sea level and
Solar irradiance in cooling season (south) kWh/m2 420
Outside air temperature average in cooling season ◦C 19

has the coordinates 41◦17′11.86′′N and 7◦44′29.01′′W.  The climate
in this city is characterized by high diurnal and annual tempera-
ture range and also by high solar radiation intensity values. Climatic
data included in the Portuguese thermal regulation for this city is
presented in Table 1 [41].

A test cell, including a classical Trombe wall was designed, con-
structed, instrumented and monitored. The Trombe wall southern
orientation and the minimization of the external obstacles effects
were ensured.

The instrumentation and monitoring of the Trombe wall allowed

to measure different parameters related to its thermal behaviour
under dynamic conditions. Temperature values in different points
of the system and the heat flux through the wall were acquired.
Temperature, solar radiation and relative humidity were measured
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utside the test cell. The temperature and the relative humidity
ere also monitored inside the test cell. These parameters will be
escribed in more detail in section 2.1.3.The measurement period
ccurred between the 11th August and the 4th November of 2011
nd corresponded to the transition between the heating and the
ooling seasons in Portugal. Data acquisition was  made at time
ntervals of five minutes.

The aspects taken into account during the different stages of
he experimental work related to the test cell design, construc-
ion and monitoring will be presented in the following sections.
he Trombe wall characteristics, namely in what concerns to the
aterials, thicknesses of the different layers and air openings were

efined considering the results obtained in previous work devel-
ped by the research team and others showed by other authors, as
ill be referred in the following sections.

The acquired values for the different parameters, namely out-
oor and indoor climatic conditions and temperature fluctuation
hrough the Trombe wall will also be analysed. The influence of
he ventilation openings and shading devices in the Trombe wall
ehaviour will be discussed.

.1.1. Test cell configuration
The test cell was built based on a metallic container usually

sed in the building construction. The container south faç ade was
emoved to allow the construction of the Trombe wall, as it can
e seen in Fig. 2(a). Concrete blocks were used to avoid the ther-
al  bridges resultant from the contact between the container floor

nd the soil. The heat gains and losses through the container were
educed applying thermal insulation in the interior of the external
nvelope. Extruded polystyrene (XPS) with 12 cm of thickness was
laced on the roof and floor and 8 cm of it on the other three walls,
s shown in Fig. 2(b).

These thickness values were defined in order to guarantee the
eference values for the city of Vila Real defined in the Portuguese
hermal regulation, which are 0.5W/m2 ◦C for walls and 0.4W/m2 ◦C
or floors and roofs [41]. After the container insulation, it was
btained the heat transfer coefficients values of 0.43W/m2 ◦C for
alls and 0.30W/m2 ◦C for the floor and the roof. The final dimen-

ions of the test cell are 6 m (length) x 2.4 m (width) x 2.3 m (height),
esulting in approximately 14m2 of useful area and 33m3 of volume.
he design characteristics of this experimental device are similar to
hose required in PASSYS test cells used for the analysis of building
omponents thermal behaviour [42].

.1.2. Trombe wall system
The experimental study was carried out for a classical Trombe

all. The ceramic solid brick was used as the massive wall storage
aterial with 34 cm of thickness. The Trombe wall constructive

etails were defined based on previous research developed by the
esearch team. This research work showed that, for the climate zone
f Vila Real, a Trombe wall with a massive wall made of ceramic
olid brick has a better performance than if it is made of granite or
oncrete [19,23].

The Trombe wall has approximately 6 m2. This value is consis-
ent with the research work developed by other authors that define
he relation between the Trombe wall area and the served room
rea, taking into account the average temperature of the heating
eason for regions with high temperatures ranges [19,43]. In order
o increase the absorption capacity of the massive wall [6,7], its
xternal surface was painted black, leading to an absorption coef-
cient value of 0.8. The ventilation system of the massive wall

s composed by four openings at the bottom and four openings

t the top, ensuring the higher distance between the upper and
ower openings in order to increase the heat flow by air convec-
ion. According to other studies, a higher number of openings with
maller dimensions is more appropriate than one larger opening
Fig. 4. Sensors Location.

at the top and one at the bottom due to the increasing of heat flux
by convection through the openings [31]. The ventilation openings
area is approximately 2% of the Trombe wall area, which is a recom-
mended value according to the literature review [3,44]. In order to
analyse the ventilation system effect on the Trombe wall thermal
behaviour, two  types of obturators made of XPS boards were used
in the experimental work to cover the openings as shown in Fig. 3
(obturators Type I (Fig. 3a)) and obturators Type 2 (Fig. 3b)).

The air layer thickness between the massive wall and the glazed
surface is approximately 6 cm,  fitting on the values reported by
other authors [3,45]. A double colourless glazing with a thickness
of 5 mm in the glass layers and 12 mm in the air gap was placed
outside in order to guarantee the heat storage in the air layer, to
increase the heat gains and to reduce heat losses from inside to
outside when the heat flux inversion occurs in the system. Before
placing the glazing outside, it was  necessary to insulate the air layer
sides to reduce the thermal bridges and increase the heat storage
obtained by the greenhouse effect. In Fig. 2(c), the studied Trombe
wall is presented. In order to analyse the shading devices influence
on the Trombe wall performance, XPS panels were placed outside,
simulating exterior shading devices.

2.1.3. Test cell instrumentation and monitoring
The instrumentation and monitoring of the test cell submitted

to real weather conditions allowed to obtain a continuous acquisi-
tion of the different parameters related to the Trombe wall thermal
performance [24].

The values of the different variables were obtained for periods
of 5 min  resulting from the average values collected every 30 s.
In Table 2, the different test periods of the experimental work
are listed. The changes made in the ventilation openings and in
the exterior shading devices operation are also represented in the
graphics to better understand the influence of the different Trombe

wall configurations in the temperature values and in the heat flux.
Periods of NVTW with obturators Type 1 and Type 2 and periods
of VTW were considered in order to analyse the impact of open or
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Table 2
Experimental period characterization.

Test Period Test period characteristics

Configuration Start date End date Ventilation openings Exterior shading devices

Obturators Type 1 Obturators Type 2 Yes No

Yes No Yes No

VTW/NSD 11/08/11 16:20 15/09/11 9:00 X X X
NVTW1/NSD 15/09/11 9:15 19/09/11 14:00 X X X
NVTW2/NSD 19/09/11 14:35 04/10/11 16:25 X X X
NVTW2/SD 04/10/11 16:30 05/10/11 14:35 X X X
VTW/NSD 05/10/11 14:40 06/10/11 08:30 X X X
NVTW2/SD 06/10/11 08:50 07/10/11 09:00 X X X
NVTW2/NSD 07/10/11 09:05 07/10/11 13:20 X X X
NVTW2/SD 07/10/11 13:25 10/10/11 16:40 X X X
NVTW2/NSD 10/10/11 16:45 11/10/11 14:10 X X X
NVTW2/SD 11/10/11 14:15 14/10/11 12:25 X X X
NVTW2/NSD 14/10/11 12:30 15/10/11 08:55 X X X
NVTW2/SD 15/10/11 09:00 17/10/11 12:00 X X X
NVTW2/NSD 17/10/11 12:05 17/10/11 15:55 X X X
NVTW2/SD 17/10/11 16:00 18/10/11 11:05 X X X
NVTW2/NSD 18/10/11 11:10 02/11/11 16:55 X X X
NVTW2/SD 02/11/11 17:00 04/11/11 12:15 X X X
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TW/NSD – Ventilated Trombe Wall/No Shading Device. NVTW1/NSD – Non-Ven
entilated Trombe Wall with Obturators Type 2/No Shading Device. NVTW2/SD – N

lose the ventilation system in the temperatures stratification. The
ffect of shading devices was also considered in aleatory periods.

Several devices were used to measure the outdoor and indoor
nvironmental conditions, as well as the different temperatures
hat characterize the system thermal performance. Air tempera-
ure, relative humidity and solar radiation were measured outside
he test cell. The air temperature and relative humidity values were
lso acquired inside the test cell using a thermo-hygrometer sys-
em with relative humidity and air temperature probes. The values
f the exterior and interior relative humidity are not considered in
his analysis.

The Trombe wall was instrumented in order to obtain the tem-
eratures in different points of the different layers that compose the
ystem. The heat flux through the wall was also measured. The tem-
eratures acquisition was made using temperature sensors placed

n the air layer and in the massive wall. In Fig. 4, a schematic presen-
ation of the different sensors location is given. In Table 3, a detailed
escription of the sensors designation, parameter measured, units,
pecific location, sensor type and precision is presented.

Two temperature sensors were placed in the air layer, one at
he bottom, Tca1, and the other at the top, Tca2. Three temperature
ensors were placed on the massive wall external surface, one at
he bottom, Tsup1,  one at the middle, Tsup2, and one at the top,
sup3, as presented in Fig. 5(a).

During the construction of the massive wall, a temperature sen-
or, Tip, was placed at half of the thickness and at half of the wall
eight.

Two heat fluxmeters, HF1 and HF2, a heat flux sensor, HF3, and
ve temperature sensors,Tsupi1, Tsupi2, Tsupi3, Tsupi4 and Tsupi5,
ere placed on the internal surface of the massive wall, as shown

n Fig. 5(b).

. Results and discussion

In this section, the results obtained during the experimental
ork will be analysed and discussed with detail. Firstly, the analysis

f the values obtained regarding the outdoor climate will be done.

hen, the impact of these values in the temperature variation in
he different layers of the Trombe wall will be analysed and linked.
he influence of the air openings and the shading devices operation
n those values will be discussed. Finally, the analysis of the tem-
d Trombe Wall with Obturators Type 1/No Shading Device. NVTW2/NSD – Non-
ntilated Trombe Wall with Obturators Type 2/Shading Device.

perature obtained inside the test cell will also be made in order to
identify for what conditions the comfort values can be achieved.

As a complement of this analysis, diagram of temperatures
across the wall will be presented.

3.1. Outdoor climate

The outdoor climate was  analysed considering the solar radia-
tion intensity (SR) and the exterior temperature (Te) values. The SR
values were quite high during a large part of the test period. This
was expected given that the analysed period corresponds to the
transition between the cooling and the heating seasons. In Fig. 6,
the obtained values for these parameters are presented. The max-
imum value of SR reached 0.9 KW/m2. The beginning of October
was characterized by a set of unusual high temperatures for this
time of the year, considered the highest in the last 50 years, and
also by high values of solar radiation. In the end of October, SR
values started to decrease. A general visualization of Fig. 6 shows
higher values during the periods corresponding to the cooling sea-
son and a reduction in the periods that corresponds to the transition
between the cooling and the heating season. A detailed analysis
of the beginning and the end of the measurement period, pre-
sented in Fig. 7, shows that, during the period between 5th and
13th August, SR values were much higher than the ones obtained
in the end of the test period, corresponding to the period between
27th October and 4th November of 2011. In the first case, SR val-
ues followed a more uniform oscillation curve, reaching maximum
values around 0.80 kW/m2, while in the second case, those val-
ues decreased significantly and presented higher oscillations due
to the cloud cover variation, reaching a maximum value around
0.50 kW/m2. In the first period, SR values contributed to increase
the solar heat gains through the Trombe wall, while in the second
period, SR values were characterized by high oscillations during the
day, reducing the potential use of solar energy by the system. These
SR oscillations had an important impact in the Trombe wall thermal
performance, as it will be observed in the temperature fluctua-
tion for the different layers of the system. In what concerns to the
outdoor air temperature, Te,  Fig. 6, the maximum values achieved

varied between 30 ◦C and 40 ◦C, in a high number of days, reducing
significantly, as expected, in the last twenty days of the analysed
period due to the beginning of the heating season. This temperature
assumed a maximum value of 39.73 ◦C on 12th August and a mini-
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Table 3
Sensors description.

Sensor designation Parameter Units Location Sensor Type Precision

Ti indoor air temperature ◦C in the middle of the test cell at 200 cm from the floor TM1  Delta-T ±0.1 ◦C
Ti1  indoor air temperature ◦C in the middle of the test cell at 60 cm from the floor Hanna Instruments ±0.2 ◦C
Te  outdoor air temperature ◦C roof RHA1 Vaisala ±0.1 ◦C
RHe  outdoor relative humidity % roof Hanna Instruments ±2%
RHi  indoor relative humidity % in the middle of the test cell at 60 cm from the floor BF3 Delta-T ±2%
SR  total solar radiation W/m2 roof TM1  Delta-T ±5  W/m2

Tca1 air layer temperature ◦C in the middle of the air layer at 30 cm from the bottom TM1  Delta-T ±0.1 ◦C
Tca2  air layer temperature ◦C in the middle of the air layer at 30 cm from the top TM1  Delta-T ±0.1 ◦C
Tsup1  massive wall external surface temperature ◦C in the massive wall external surface at 10 cm from the bottom TM1  Delta-T ±0.1 ◦C
Tsup2  massive wall external surface temperature ◦C at half-height of the massive wall external surface TM1  Delta-T ±0.1 ◦C
Tsup3  massive wall external surface temperature ◦C in the massive wall external surface at 10 cm from the top TM1  Delta-T ±0.1 ◦C
Tip  massive wall internal temperature ◦C at half of the thickness and half of the height of the massive wall TM1  Delta-T ±0.1 ◦C
Tsupi1  massive wall internal surface temperature ◦C in the massive wall internal surface at 120 cm from the floor Hukseflux ±0.1 ◦C
Tsupi2  massive wall internal surface temperature ◦C in the massive wall internal surface at 120 cm from the floor Hukseflux ±0.1 ◦C
Tsupi3  massive wall internal surface temperature ◦C in the massive wall internal surface at 120 cm from the floor Hukseflux ±0.1 ◦C
Tsupi4  massive wall internal surface temperature ◦C in the massive wall internal surface at 120 cm from the floor Hukseflux ±0.1 ◦C
Tsupi5  massive wall internal surface temperature ◦C at half-height of the massive wall internal surface TM1  Delta-T ±0.1 ◦C
HF1  heat flux W/m2 in the massive wall internal surface at 120 cm from the floor Hukseflux ±50 �V/W/m2

HF2 heat flux W/m2 in the massive wall internal surface at 120 cm from the floor Hukseflux ±50 �V/W/m2

HF3 heat flux W/m2 in the massive wall internal surface at 100 cm from the floor FRM-100 WVNTRONIC ±1.5 W/m2
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Fig. 5. Temperature and flux sensors in the Trombe wall: a) temperature sensors in the air layer and on the massive wall external surface; b) heat flux meters and temperature
sensors  placed on the massive wall internal surface.

Fig. 6. Outdoor Conditions: total solar radiation intensity (SR) and air temperature (Te).

13 Aug

m
o
2

Fig. 7. Total solar radiation intensity (SR): period between 5 and 
um  value around 4.00 ◦C during the night periods of the last days
f October. During August, the average outdoor temperature was
1.80 ◦C, reaching a maximum value of 39.73 ◦C and a minimum of
ust 2011 and period between 27 October and 4 November 2011.
8.97 ◦C. During September, those values were 20.18 ◦C, 34.71 ◦C and
8.25 ◦C, respectively, while in October reached 16.70 ◦C, 34.71 ◦C
and 4.02 ◦C, respectively.
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The values of SR and Te showed above corroborate the fact that
his region is characterized by high temperature ranges and has
otential for the use of solar energy resources.

The influence of the solar radiation and the exterior temperature
ariation in the Trombe wall thermal behaviour can be identified
n the temperature fluctuation obtained in the different points of
he system, as it will be explained in the following sections.

.2. Air layer temperature variation

The temperatures obtained in the air layer depend on the out-
ide conditions, specifically on the solar radiation intensity. The
alues obtained showed the system ability to store heat in the air
ayer, as well as the influence of the ventilation openings and exte-
ior shading devices. These conditions led to different temperature
alues at the bottom and at the top of the air layer.

As expected, the temperature values at the top of the air
ayer,Tca2,  were always higher than those obtained at the bot-
om,Tca1. During some periods of the experimental work, the
alues of Tca2 exceed the values of Tca1 in more than 19 ◦C, as it
an be seen in Fig. 8, in the 21st and 22nd October. In this period,
he ventilation openings were closed with obturators Type 2 and
he shading devices were not activated (NVTW2/NSD), increasing
he greenhouse effect created in the air layer, which consequently
ed to rising temperatures and higher gradients between the bot-
om and the top. During August, the maximum values of Tca1
nd Tca2 were 54.48 ◦C and 57.92 ◦C, respectively, corresponding
o the hours characterized by higher values of solar radiation, and
he minimum values were 15.10 ◦C and 18.95 ◦C, registered during
he night periods. During September and the beginning of October,
hose temperatures exceed 60 ◦C, as it can be observed in Fig. 8.
nce the temperature sensor does not record values above 60 ◦C,

t was not possible to show, precisely, at this stage, how this limit
as exceeded but the analysis of the curves development allowed

o estimate that several times the temperature values were higher
hat 60 ◦C.The values obtained by the sensor Tca2 exceeded 60 ◦C
etween the 14:50 and 16:30 on 13th September. During this
eriod, there was ventilation on the massive wall and no shad-

ng devices were used (VTW/NSD). These values show that high
emperature values can be achieved in the air layer during the day
or periods with high values of Te and SR, if there is heat transfer
y air convection through the openings and if no shading devices
re used. It is visible the overheating impact on the temperatures
ariation.

As referred previously, two types of obturators were used to
lose the air openings in order to evaluate the influence of the air
onvection.

When the obturators Type 1 were placed in the air openings
NVTW1/NSD), Tca2 values exceeded 60 ◦C earlier comparing with
he period described previously, around 12:15, and this value
emained until 17:15. This situation was repeated between the
5th and the 19th September. This was due to the fact that the air
ow through the openings was residual and therefore, the green-
ouse effect in the air layer occurred earlier and during a longer
eriod, increasing the indoor temperature. During this period, the
inimum values of Tca1 and Tca2 were 16.86 ◦C and 22.44 ◦C,

espectively, and the shading devices were not placed outside.
hen the obturators Type 1 were replaced by the obturators Type

, the residual air flow through the openings was eliminated. It
as also maintained the situation of no shading devices outside

NVTW2/NSD). In this case, the values of Tca2 exceeded 60 ◦C
etween the 12:00 and 18:00, but the value of Tca1 also reached val-

es higher than 60 ◦C between the 13:00 and 15:00. These results
howed that, when there was no ventilation in the massive wall,
he values of Tca1 and Tca2 were higher than 60 ◦C for a longer
eriod of time, comparing with the previous period. This situation
dings 138 (2017) 546–558 553

occurred during the beginning of the afternoon, at 14:35 on 19th
September and at 15:25 on 4th October and it can be observed
in Fig. 8. In this case, the minimum values of Tca1 and Tca2 were
17.49 ◦C and 21.46 ◦C, respectively. The obtained results for the
period starting at 4th October showed that the maximum temper-
ature values increased due to the changes in the ventilation system
and in the shading devices operation. The highest temperature val-
ues in the air layer corresponded to experimental periods with no
shading devices placed outside, while the lowest values resulted,
simultaneously, from the placement of the shading devices and
closing the air openings (NVTW2/SD). For example, between 13:25
on 7th October and 16:40 on 10th October, Tca1 and Tca2 reached,
respectively, the maximum values of 45.60 ◦C and 51.92 ◦C and the
minimum values of 14.73 ◦C and 16.86 ◦C. The average difference
between the two temperatures was  only 3.57 ◦C, reaching the value
of 10 ◦C during the day and around 1.27 ◦C during the night. During
the period mentioned above, between 18:15 on 7th October and
12:55 on 9th October, the temperature values on the massive wall
internal surface, Tsupi5, were higher than the temperature values
obtained at the bottom of the massive wall,Tca1, which was due to
the system heat storage capacity during the previous period, char-
acterized by the closure of the air openings and the non-placement
of shading devices. The difference between these two  temperatures
decreased gradually due to the heat flow between the massive wall
and the air layer until 13:00, when a flow inversion occurred. So,
Tca1 value became higher than the temperature value at the mas-
sive wall internal surface until 18:35. From this time, the heat flux
inversion occurred once again and Tca1 values started to decrease
and take lower values than the ones obtained in the internal sur-
face, until 12:00 on 10th October. These results characterized the
heat transfer during the day and the night periods in the Trombe
wall system with the ventilation system closed and with the shad-
ing devices activated (NVTW2/SD). The use of the shading devices
during the night reduced the heat transfer between the air layer
and the external environment when the massive wall internal sur-
face temperature was  higher than the air layer temperature and the
heat flux occurred from the internal to the external environment,
Fig. 9.

3.3. Massive wall temperature variation

In this section, the temperatures values across the massive wall,
Tsup2, Tsupi5 and Tip, represented in Fig. 4, are analysed. The rela-
tion between those values reflects, in addition to the influence
of the parameters defined so far, the ventilation openings and
the shading device effect, the massive wall storage capacity and
the heat delay through the Trombe wall. The temperature values
obtained across the massive wall had an oscillation pattern sim-
ilar to the ones obtained in the air layer. However, the massive
wall external surface temperatures reached higher values than the
ones obtained in the air layer. This is due to the high absorption
capacity of the external surface, which was painted black. In this
case, the values exceeded 60 ◦C during a large period of the experi-
mental work. The analysis of Fig. 10 also leads to the conclusion
that the external surface temperature values were considerably
higher than the ones obtained at the middle and on the internal
surface of the massive wall. The temperature at 17 cm of the thick-
ness, reached the maximum value of approximately 42 ◦C and the
minimum of 13 ◦C. The maximum value occurred on 3rd October
between 20:35 and 21:40, which corresponds to the experimental
period with the placement of the obturators Type 1 and without
shading devices (NVW1/NSD). The minimum value corresponded

to the end of the experimental period. The outdoor air temperature
and the solar radiation decreased substantially, which explains the
low values obtained. The temperature values on the internal sur-
face were slightly lower than the values in the middle of the massive
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Fig. 8. Air layer temperature variation: Tca2- temperature at the top; Tca1- temperature at the bottom; Tca2-Tca1–difference between Tca2 and Tca1.
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Fig. 9. Heat flux th

all, with maximum and minimum values of 38.54 ◦C and 11.85 ◦C,
espectively.

The differential between the values of Tsup2, Tip and Tsupi5
ere also analysed and the results are presented in Fig. 11. The
aximum differential value between the temperatures Tsup2 and

ip was 42.54 ◦C and the minimum was 8.42 ◦C, corresponding the
ast one to the period when the temperature inside the wall was
igher than the one in the internal surface. The maximum differen-
ial between Tsup2 and Tsupi5 was 40.55 ◦C and the minimum was
0.60 ◦C. It was also observed that the difference between Tip and
supi5 showed significantly lower values when compared with the
ifferential between Tsup2 and Tip,  reaching a maximum of 11.03 ◦C
nd a minimum of −3.70 ◦C. The negative values mean that the heat
ux direction was inverted during the night, taking place from the

nside to the outside of the test cell. This was due to the fact that
he test cell indoor temperature was higher than the air layer tem-

erature. These results enable to conclude that the temperature
ariation across the massive wall is not proportional to its thick-
ess and that there is a significant decrease in the transition from
he outside to the inside of the wall. This is due to the increasing of
 the Trombe wall.

the absorption coefficient resultant from the fact that the external
surface is dark in colour, in addition to the greenhouse effect cre-
ated in the air layer. Comparing the differential values between the
middle and the internal surface of the massive wall, it can be con-
cluded that the decrease is much lower and the values obtained
are conditioned by the massive wall thermal properties, particu-
larly the solid brick thermal mass and storage capacity. It should be
noticed that the values obtained for the temperatures, especially
in the superficial layers, are also influenced by the air convection
phenomenon in the case of the ventilated Trombe wall.

The massive wall temperature variation was also analysed based
on thermograms using a thermographic camera. The thermogram
of the internal surface temperature stratification was  obtained at
18:12 of 13th September, Fig. 12, when there were no shading
devices outside and no obturators in the air openings. The colour
pattern shows that the internal surface temperatures were very

◦
high, achieving the minimum value of 36 C and the maximum
of 48 ◦C. The thermographic analysis corroborates the results of
the temperatures values obtained using the temperature sensors
placed in the wall surface, showing that the temperatures at the
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Fig. 10. Temperature variation across the massive wall: Tsup2-  external surface temperature; Tip- temperature at half of the thickness and at half of the height of the wall;
Tsupi5–internal  surface temperature.

Fig. 11. Temperature variation across the massive wall:

Fig. 12. Thermogram of the Trombe wall internal surface.
 differential Tsup2-Tip and differential Tip-Tsupi5.

top of the wall and near the air openings are much higher than the
ones obtained at half-height of the wall.

3.4. Indoor climate

The analysis of the indoor test cell temperature is crucial to
understand the Trombe wall contribution. In Fig. 13, the oscillation
curves of the interior and exterior temperature and the differen-
tial between them are presented. The results obtained show that,
in a large part of the test period, the temperature inside the test
cell reached higher values than outside, causing the negative sig-
nal (the heat flux occurs from the inside to the outside) of the heat
flux in most part of the period, as it can be seen in Fig. 9. However,
an inversion in the signal temperature was  observed in some peri-

ods of the experimental work and Te values became higher than
Ti. This difference was  influenced by the Trombe wall thermal per-
formance conditioned by the ventilation system operation and the
use of shading devices outside. A detailed analysis of the obtained
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Fig. 13. Outdoor temperature Te,  indoor te

alues shows that the value of Ti varied between 9.38 ◦C and 44.08◦

, while the value of Te range between 4.02 ◦C and 39.73 ◦C. This
uctuation decisively influence the heat flux through the system
Fig. 9). The temperature values obtained for the period between
he 17:00 on 11th August and the 21:10 on 15th September is an
xample of this situation, Fig. 13. Ti was always higher than Te
ecause the air openings in the massive wall were open (VTW/NSD).
he values exceeded Te in 12.79 ◦C and the average difference
etween the two temperatures reached the value of 7.29 ◦C. The
aximum temperature differential between Ti and Te is approxi-
ately 8 ◦C in the period between 14:00 and 07:00. In the period

etween 9:45 and 11:15 on 12th August, the difference between
hose temperatures was almost zero or less than 1 ◦C. The highest
alues of the differential occurred during the afternoon, between
3:00 and 16:00, or during the night and early morning, when the
ifference between Ti and Te was around 11 ◦C.

During the placement of the obturators Type 1, Ti values
ere higher than Te,  achieving an average value of about 7 ◦C.

his was due to the fact that the air openings were not totally
bstructed and allowed the heat transfer by air convection through
hem (NVTW1/NSD). When the obturators Type 2 were placed
NVTW2/NSD), the heat transfer by air convection was  barred, lead-
ng to the temperatures sign inversion, which means that Te had
igher values than Ti (Fig. 13). At this time, the difference between
he two temperatures assumed an average value of 4.96 ◦C, and
he outside temperature exceed the temperature inside the test
ell in a maximum of 5.38 ◦C. During these periods, the heat flux
alues were much lower, Fig. 9. The placement of the outside shad-
ng devices influenced the temperature values obtained inside the
est cell and, consequently, the differential between Te and Ti and
he heat flux values. Since 4th October at 16.30, the placement of
he shading devices was combined with the opening or closing
f the ventilation openings. For example, in the period between
3:25 on 7th October and 16:40 on 10th of the same month, the air
penings remained closed and the thermal insulation boards were
laced outside (NVTW2/SD). On the first day, Ti reached higher
alues than Te but the difference between them decreased until

he next day at 12:00 and Ti became higher than Te until the late
fternoon. From this point, Ti was again higher than Te,  but the
ifferential value decreased until the 10:00 am of the next day,
ture Ti and differential between Ti and Te.

when Te started to increase until the end of the afternoon. In the
periods when Ti was higher than Te,  the difference between them
reached 10 ◦C, which occurred during the night. This leads to the
conclusion that the placement of the shading devices outside and
the closure of the openings avoided the heat flux from the inside
to the outside environment. The external temperature presented
higher values than Ti,  reaching the differential of 6.45 ◦C, which cor-
responded to the time of the day when the external shading devices
reduced the heat transfer by conduction, convection and radiation
through the Trombe wall. In the period between 18th October and
2th November, Ti values were again much higher than Te values.
In this period, the air openings remained closed and the external
shading devices were not placed. The values of the temperature in
the test cell exceeded the values of Te in 16 ◦C but when the values
of Te were higher than Ti, the differential only reached the maxi-
mum value of 1.42 ◦C. When the ventilation openings were closed
and the shading devices were not activated, the temperature inside
the test cell exceeded the value of the external temperature in 9 ◦C,
which demonstrates the ability of the system to store heat during
the day and release it during the night.

Although, as expected, placing the shading devices during the
night and letting the air openings closed reduced the heat trans-
fer from the inside to the outside of the test cell (NVTW2/SD) and
consequently the fluctuation of temperatures through the wall.

In addition to the detailed analysis presented above, tempera-
ture diagrams across the Trombe wall, Fig. 14, allow to highlight
the Trombe wall thermal behaviour under different conditions of
ventilation system and shading device operation. The temperature
fluctuation is represented for the different configurations, for dif-
ferent days of the measurement period, but for the same hours of
the day. Although these diagrams represent temperatures varia-
tion, it is necessary to consider the solar radiation intensity values
obtained for those days in the results analysis given that, as already
referred, this variable has a decisive role in the temperature values.
SR values decreased from the 19th August to the 3rd November.

Analysing the temperatures fluctuation during the day, it can
be observed that the highest fluctuations values occurred at 14:00,

corresponding to the time of the day with higher SR values. It
is also verified that the VTW/NSD configuration for 19th August,
the NVTW/NSD for 17th September and the NVTW/NSD for 2nd
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Fig. 14. Temp

ctober had temperature curves with similar development pattern
t 9:00. However, at 14:00, the influence of the greenhouse effect
reated in the air layer by the closure of the air openings led to
igher values of Tsup2 in the case of the NVTW, when compared
ith the VTW.

Comparatively, in the remaining hours, temperature fluctua-
ions in the various point of the wall were less significant.

It is also noticeable that, for days with higher RS values, tempera-
ure fluctuations were higher due to the heat storage that occurred
n the air layer and also to the heat delay. Furthermore, the fact
hat there is no shading device activated during the days of cooling
eason periods (August and September) led to high temperatures
alues in the different points of the Trombe wall layers and in the
nterior of the test cell. At 21:00, the values of Ti achieved values
ear 30 ◦C and 40 ◦C, showing the overheating effect that occurred
uring the periods of high SR values.

Considering the situation of NVTW2/NSD for 31st October, Ti
alues were near 20 ◦C. This reveals that a temperature comfort
an be achieved during the night periods if the ventilation system
s open during the periods of higher SR values and if the shading
evice is activated at the late afternoon.

In the case of the NVTW2/SD, and for days with lower SR values,
he temperatures fluctuation for the different hours of the day was
ery small, showing the heat flow reduction through the system.

It is also observed the high differential between the tempera-
ure values of Tsup2 and Tip at 14.00, which decreased at 21:00. In
ddition, an increase in Tip values is also verified at this moment.

his situation shows, once again, the existence of the heat delay in
he system. The heat was  released gradually and led to Ti values at
1:00 that were not much lower than those obtained at 14:00. The
act that Tsupi5 presented higher values than Ti during the night
res Diagrams.

period also showed that the heat release occurred gradually during
the day.

4. Conclusions

The analysis of the obtained values for the different variables
measured during the experimental work give an important contri-
bution to the knowledge of the Trombe wall thermal performance
submitted to the real weather conditions of a Portuguese region
with high temperatures range. The ventilation openings and the
external shading devices operation effects were analysed. The study
leads to the conclusion that these elements have a decisive role in
the Trombe wall behaviour. It also allowed to fill some gaps in what
concerns to the temperature stratification in the air layer and across
the massive wall. The experimental results showed that the tem-
peratures in the air layer and along the massive wall presented a
similar oscillation pattern, exceeding 60 ◦C. The temperature values
at the top of the air layer were always higher than those obtained at
the base. During some periods, the values at the top exceeded the
values at the bottom in more than 19 ◦C, when the ventilation open-
ings were closed and the shading devices were not activated. This
situation increased the greenhouse effect created in the air layer
and consequently led to rising temperatures and to higher gradi-
ents between the bottom and the top. So, the highest temperatures
values were obtained when the ventilation system was closed and
when the external protection devices were not activated. In this
case, it was  also observed that higher values were obtained during

a longer period when compared with the periods when there was
additional heat transfer by air convection through the openings.
The temperatures variation across the massive wall was  not pro-
portional to its thickness and there was  a significant decrease from
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[44] A. Wilson, Thermal Storage Wall Design Manual, New Mexico Solar Energy
Association in Santa Fee, 1979.

[45] F. Moita, Energia Solar Passiva, Argumentum 2aEdiç ão, Direcç ão Geral de
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he outside to the inside of the wall due to its heat storage capacity.
he temperature in the middle of the wall varied between 42 ◦C
nd 13 ◦C. When the ventilation system was closed and the pro-
ection devices were not activated, the temperature inside the test
ell exceeded the outside temperature value in 9 ◦C, which demon-
trates the system ability to store and release heat. Although, as
xpected, it was observed that not placing the shading devices dur-
ng the night and letting the air openings closed reduced the heat
ransfer from the inside to the outside of the test cell. The tem-
erature comfort of 20 ◦C was achieved inside the test cell, which
orresponds to the value defined in the Portuguese regulation for
he heating season. Although the operation of the air openings and
he placement of the shading devices were aleatory, it was possible
o identify their influence on the temperatures values measured in
ifferent points of the wall and inside the test cell. It was  also possi-
le to establish a link between the results obtained for the various
ariables considered, which will allow, in future work, to adjust and
ptimize the performance of this passive solar system for different
onditions.
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