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a b s t r a c t

The ventilated double window, as a passive heating system, acts as a heat reclaiming device. Part of the
heat loss from inside through the window is returned back to the room by the air flow, acting as a heat
recoverer. Incident solar radiation upon the window warms its components being part of that heat
removed by the air flow delivering it into the room, acting as a solar collector. The effect of these two
functions were analysed in this study, through numerical simulation based on outdoor tests under real
weather conditions. It was found that solar collector function plays a small role in the pre-heating of the
air. First of all this is due to the system’s transparency, which allows most of the solar radiation to enter
directly to the indoor space. Secondly, in a 24 h period there are only some hours of sunshine. Instead,
heat recovery works all the time, the conclusion being that this passive heating device can be used on
any facade orientation.

! 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Using a double window in building facades has become current
practice in the coldest regions of Portugal. Transforming this double
window into a passive air heating system has the advantage of
providing pre-warmed air for winter ventilation which, otherwise,
would enter the building at outdoor air temperature. The air
channel between the two windows is then used as a path to the
ventilation air. This air is pre-heated within the air channel
between thewindows by heat that is lost from the building and also
by solar gains, before it is delivered insidewarmer than it is outside.

Most of the experimental work reported in scientific publica-
tions has been carried out under laboratory or real weather
conditions for different sorts of passive heating systems that use
heat loss and solar radiation to pre-heat the ventilation air. Baker
and McEvoy [1] studied the heat exchange conditions within the
supply air window in a laboratory and real house conditions. Onur
et al. [2] investigated the thermal performance of a window
collector under actual outdoor conditions. Dickson [3] analysed
double facade configurations. Leon and Kumar [4] presented
a mathematical model that predicts the thermal performance of
unglazed transpired solar collectors. Yun et al. [5] studied a venti-
lated photovoltaic facade working as a pre-heating device inwinter
and as a natural ventilation system in summer. A numerical model

was developed by Richman et al. [6] to predict the amount of heat
recovery from the air that is drawn from the outdoors, between the
façade by recovering heat from the masonry. Although these
systems have the same modus operandi, they all have different
results, as for instance, some of them have better performances
under incident solar radiation than others.

The aim of this paper is to investigate the influence of both heat
sources (heat escaping from the building and solar radiation) to
pre-heat the ventilation air through the ventilated double window,
under Portuguese climatic conditions and compare it to the
performance of the system in more severe conditions. Tests were
conducted under real outdoor conditions, having provided useful
data to characterise the performance of the system with and
without solar radiation. Analysis based upon local weather has
shown that this heating system is suitable in any facade orientation,
due to the contribution of the heat recovery function.

2. Experimental facility

Two windows were mounted on the same facade facing south
aperture, being bothwith awhite aluminium frame of 1.43mwidth
and 1.00 high, having an absorptance of 0.4 and reflectance of 0.6.
Two air inlets were installed at the bottom of the outer windowand
at the top of the inner window. The cavity between the two
window panes has become an air path for incoming airflow
through those vents (Fig. 1). Having been pre-heated by the heat
transferred from indoors through the inner window pane and by
the solar radiation, the air enters the building warmer than outside.
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The outer window is fitted with a 6 mm single transparent glaze.
On the inner window different kinds of glazing were tested as
shown in Table 1. Three experiments, of this natural ventilated
system, were carried out separately under different real weather
conditions.

A pyranometer was used to measure total incident solar irra-
diation on a south vertical facade where these systems were tested.
The air speed was measured at the window’s outlet vent using
a transducer, making the estimation of the air flow rate possible.
Several thermocouples were located at the top of the air channel, at
the outdoors and at the indoors to measure air temperatures. The
experiments studies were carried out in an outdoor test cell (Fig. 2)
that consists of a single space metallic insulated container with
a width of 2.2 m, a length of 2.0 m and a height of 2.5 m located on
a rural environment at 40"200N, 7"210W and at an altitude above
sea level of 464 m. A detailed description of the used test cell
characteristics, the position of sensors, duration of the tests, data
collection and experiment sets are presented by Carlos et al. [7]. In

Table 2 the experimental measurements instruments are pre-
sented. An average value for each minute period was collected and
analyzed. The air flow rate of this natural ventilated double window
was then obtained by:

V # vairAtop (1)

where, vair is the air speed (m/s) and Atop is the area of thewindow’s
outlet (m2). Most of the incident solar radiation upon the ventilated
double window enters directly into the room through the glazing.
Some of the radiation is absorbed by the windows’ components
being part of this heat transferred to the air flow in the air channel
by convection before it enters the room. Simultaneously, part of the
heat loss from the building through the window system is captured
by the passing air within the same channel, being brought again
into the room. In this way this window system acts as a passive heat
recoverer and also as a solar collector. Warmed air coming out of
the air channel, transports the useful heat (Quse, in W) which is
given by:

Quse # rCV
!
qtop $ qout

"
(2)

where r is the density of the air (kg/m3), C is the specific heat
capacity of the air at constant pressure (J/kg "C), V is the volumetric
air flow rate (m3/s), qtop and qout are window’s outlet and the
outdoor air temperatures ("C). During this period of tests the
temperature of the incoming air was always above outdoor
temperature, so useful heat was always positive. In the winter
season, when indoor temperature is above outdoor temperature,
the ventilated double window is always acting as a heat recoverer.
Also due to an extra heat source, the sun, the ventilation air is
delivered at a higher temperature, thus increasing the useful heat
gained by the air flow to the indoor, so we may say:

Quse%day&>Quse%night& (3)

Fig. 1. Configurations of the ventilated double window.

Table 1
Glazing used in the inner window.

Experiment Glazing Absorptance Reflectance

1 Single, 6 mm transparent 0.14 0.07
2 Double, 4 ! 12 ! 4 mm

transparent
0.10 0.13

3 Single, 6 mm reflectant 0.25 0.40

Fig. 2. The test cell.

Table 2
Equipment used in the experimental measurements.

Instrument Measurement Range Accuracy

Pyranometer Total solar
irradiation

0e2000 W/m2 <10%

Thermocouples Air temperature $200e400 "C '0.3 "C
Transducer Air Speed (vair) 0e10 m/s '(0.05 vair ! 0.05) m/s
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Quse(day) is therefore the result of the combination of the heat
recovery and the solar collection functions. Using the equation (1)
with the daytime data only total useful heat can be estimated, so
the extent of each function influence remains unknown.

3. Tests to evaluate the increase of the air temperature and
the heat gain

The three experiments dealt with the effect of solar radiation
upon different glazing of the inner window. This was done with
the same window’s frame and same aspect ratio, being 56% of
glazing over the whole inner window area and 51% of the outer
window. As said before the three experiments were conducted
separately in different periods of time and so under different
outdoor air temperatures and solar radiation conditions (Fig. 3).
For this natural ventilated system the obtained air temperature
depends upon the heat source (heat loss through the window
or incident solar radiation). The importance of each contribution
was evaluated.

The ventilated double window can work exclusively as a heat
recoverer when there is no solar radiation present, mostly during
the night period. Then the air stream catches up part of the heat
that escapes from inside through the inner window returning it
back inside. With solar radiation it also works as a solar collector,
since part of the radiation absorbed by the window’s components
(frame and glass) is transferred to the air flow before it enters the

room. The heat gain through the air flowing within the system
depends not only on the heat source but also on the air flow rate [1].
However it was found that there was a very low correlation
between the air flow rate and the obtained air temperature at
window’s outlet [7] since this temperature depends simultaneously
on other factors, as for instance the transmission heat loss [8], in
this case through the inner window.

To investigate the impact of each heat source over the ventilated
double window, the influence of each one during the day must be
separated, since they are acting simultaneously. This cannot be
done directly frommeasurements data. However the heat recovery
function can be drawn out from themeasurements during the night
period. Temperature difference between indoors and outdoors
against the air temperature rise at the window’s outlet was plotted
on a scatter graph for total solar absence for the three experiments
(Fig. 4). The correlation between the temperature differences and
the airflow temperature rise at the window’s outlet is strong and
a linear tendency can be identified and adjusted to each graph. The
following equations for the three experiments may express the
temperature rise at the outlet without sun as:

For experiment 1:

qrise rec # 0:4461%qin $ qout& $ 0:9062 (4)

where, qrise_rec is the air temperature rise due to heat recovery ("C)
and qin is the indoor air temperature ("C).

Fig. 3. Air temperatures ("C) and incident solar irradiation (W/m2).

Fig. 4. Outlet air temperature rise in function of the difference between indoor and outdoor air temperature.
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For experiment 2:

qrise rec # 0:6925%qin $ qout& $ 6:3309 (5)

For experiment 3:

qrise rec # 0:4454%qin $ qout& $ 0:7779 (6)

From the above equations, the outlet air temperature rise during
the day can be estimated as if there would be no sun. Subtracting
the above results from the measured total temperature rise (qrise, in
"C), gives us the sun’s influence over the overall temperature rise.
And, therefore, the temperature rise due to the sun’s influence
(qrise_col, in "C) may be written as:

qrise col # qrise $ qrise rec (7)

In Fig. 5 the window’s outlet temperature rise was drawn in
a 24 h period corresponding to the day with the highest incident
solar radiation for each experiment. It shows the total temperature
rise (difference between the outlet air temperature and the outdoor
air temperature); the temperature rise during the day without
sun’s influence (estimated through equations (4)e(6)) and the
temperature rise induced by the solar radiation calculated using
equation (7).

The ventilation total heat gain is influenced by the temperature
difference between indoors and outdoors and also by the solar
radiation during the day. Since the outdoor air temperature
increases during the day compared to the night period, the
temperature difference between indoors and outdoors decreases.
As this temperature difference decreases the heat gain due to it also
decreases.When solar radiation is present it adds an extra heat gain
to the passing air within the ventilated channel. As solar irradiation

increases the ventilation heat gain due to it increases too. In Fig. 6
the way the two contributions of heat gains vary in time is shown.
The way these two contributions were determined is explained
below. Using the equations (4)e(6), the ventilation heat gain due to
heat recovery, Qrec, which is temperature dependent, can be esti-
mated as:

Qrec # rCVqrise rec (8)

And ventilation heat gain due to solar collection, Qcol, based on
equation (7), can be estimated as:

Qcol # rCVqrise col (9)

Or

Qcol # Quse $ Qrec (10)

Figs. 7 and 8 show for each experiment the obtained points for
Qrec and Qcol during three consecutive days (Fig. 3) when solar
radiationwas present (the night periodwas excluded). These points
are plotted in function of the temperature difference between
indoors and outdoors and the solar irradiation. Qrec rises with the
increase of the temperature difference between the two environ-
ments and Qcol rises with the increase of the solar irradiation. The
heat losses due to air renovation (Qair, in W) are estimated as
follows:

Qair # rCV%qin $ qout& (11)

The delivered useful heat given by equation (2) compensates the
heat loss due to air renovation at a percentage of:

Fig. 5. Outlet air temperature rise for a 24 h period.

Fig. 6. Ventilation heat gains due to heat recovery and to solar collection during the day.
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Quse

Qair
100 (12)

The final heat loss when the ventilation air is pre-heated (Qvent,
in W) can be written as:

Qvent # Qair $ Quse (13)

4. Simulations to determine the influence of facade
orientation for two different locations

The thermal behaviour of a ventilated double window was also
simulated with local climate data for a constant air flow rate of 15,
30 and 45 m3/h and a constant indoor air temperature of 20 "C.
Hourly data analysis, during the months of the standard heating
season, as defined by EN 832 [9], was chosen and all the periods of
time with an outdoor air temperature below 20 "C were included.
In order to evaluate the relative importance of the window’s
orientation four different facade orientations were considered, in
two different local weather conditions.

A two-dimensional simplified approach based on ISO 15099 [10]
was set up to analyse the window’s performance which enables the
variation of the air temperature along the height of the air cavity.
This approach described and validated by Carlos et al. [11] was used
to carry out the analysis that allows the calculation of the air flow
temperature over time depending on boundary climatic conditions,
optical and physical properties of the window’s materials and its
geometry. In the simulation the remaining parameters were
assumed to be the same as in the experiment 1.

The climate in Covilhã, Portugal (located at 40.2 latitude north
and 483 m above the sea level), obtained at the local weather
station, is temperate, moderately cold in the winter and with high
radiation. It is included in the southern and Mediterranean climatic
zone [12]. The monthly mean air temperature during the heating
season is from 4.2 "C to 14.8 "C, which corresponds to an overall
mean air temperature of 9.9 "C for the whole heating season and
the total solar radiation is 681 kWh/m2.

More severe climatic conditions, from Munich in Germany, ob-
tained from a currently used software tool, were chosen to compare
the overall results of the ventilated double window performance.
Munich (located at 48.1 latitude north and 15m above the sea level)
has colder winters with lower radiation. It corresponds to conti-
nental climate. The monthly mean air temperature during the
heating season is from$2.52 "C to 13.7 "C, which corresponds to an
overall mean air temperature of 4.6 "C for thewhole heating season
and the total solar radiation is 364 kWh/m2.

5. Results and discussion

In the three experiments, measurements were performed every
minute, being the mean hourly data along consecutive days shown
in Fig. 3. As it was expected, when outdoor temperature rises, the
temperature of the delivered air also rises and vice versa. The same
delivered air temperature tendency goes along the increase and
decrease of the solar irradiation, as other authors found (Leon and
Kumar [4]; Hastings and Morch [13]). The highest solar irradiation
upon the window was of 947 W/m2 in the experiment 1 on the 4th
day, of 938W/m2 in the experiment 2 on the 3rd day and of 844W/
m2 in the experiment 3 on the 5th day. On the other hand, the
highest air delivered temperature was of 30.9 "C on the 3rd day,

Fig. 7. Qrec in function of “ineout” on day time.

Fig. 8. Qcol in function of solar irradiation.
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25.3 "C on the 4th day and 23.5 "C on the 4th day in experiments 1,
2 and 3, respectively. The day that each experiment obtained the
highest delivered air temperature did not correspond to the same
day of the highest solar irradiation. Even so, it was found that solar
radiation had a big influence on the temperature rise of the deliv-
ered air, as could be expected. When heat recovery and solar
collection act together, temperature rise depends strongly on solar
radiation (see Fig. 5). Heat recovery during the day becomes less
important than during the night. Since outdoor air temperature
rises during the day it corresponds to the lowest temperature
differences between indoors and outdoors and so there is a lower
outlet air temperature rise due to heat recovery.

Comparing the results for experiments 1 and 3, in Fig. 7 it can be
seen that in experiment l Qrec reaches 40 W when the temperature
difference (“ineout”) is higher than 15 "C,while the sameheat gain is
reached for “ineout” lower than 15 "C in experiment 3. Thewindows
of the experiments 1 and 3 have similar thermal proprieties inwhat
concerns transmission, but were exposed to different weather
conditions as was previously referred. These differences in the value
of Qrec are also influenced by a different airflow rate in each experi-
ment. On the other hand the optical proprieties of the inner window
were different on all experiments (Table 1). While Qcol rises up to
50Wwhen solar irradiation reaches near 900W/m2 in experiment 1,
the same heat gain is reachable in experiment 3 when solar irradi-
ation is under 700 W/m2 (Fig. 8). The results of experiment 2 reflect
the presenceof thedouble glazingwhich allows lower thermal losses
from inside and a higher reflectance which keeps more solar energy
within the air channel which can be captured by the passing air. The
performance of this pre-heated natural ventilated system depends
obviously on the air flow rate. So the air heat gain at the outlet is
variable, depending on temperature differences, on solar radiation
and also on the air flow rate. Table 3 shows the minimum, the mean
and the maximum air flow values observed in each experiment
during the 3 solar day periods considered before. It was found in
a previous study [7] that the delivered heat by the pre-heated air
increases when air flow rate increases within a certain range.

It can be observed in Fig. 7 that the rise tendency is quite
different for each experiment. In what concerns total heat gains for
the three complete and consecutive days, Table 4 shows the total
useful heat gain in each experiment and also the total heat gains
due to heat recovery and due to solar collection. As can be seen, the
overall solar collection results were about 30%, 41% and 20% of the
total useful heat gain in experiments 1, 2 and 3, respectively. A
lower Qrec in experiment 2 is due to a higher thermal resistance of
the inner window. The influence of the air flow rate on the heat
gain at the outlet can not be seenwithin these experiments since it
is acting together with all the other factors that also influence the
overall results. While in experiment 1 a mean air flow rate of about
17 m3/h was estimated, in experiments 2 and 3 this value was of

about 22 and 24 m3/h, respectively. Total solar irradiation for the
three days was of about 18858 Wh/m2 in experiment 1, 13056 Wh/
m2 in experiment 2 and 7701 Wh/m2 in experiment 3. Comparing
experiments 1 and 2, it can be observed that the latter obtained the
highest percentage of Qcol with a lower solar irradiation but with
a higher air flow rate. On the other hand, experiment 3 had the
lowest Qcol percentage with the highest air flow rate of all but with
a much lower solar irradiation.

Under Covilhã’s weather conditions, Fig. 9 presents the total
heat gain delivered inside by the air flow during the heating season,
including the four facade orientations for comparison. The higher
value of heat gain of about 186 kWh is obtained when the window
is facing south, for the highest air flow rate of 45 m3/h. The lowest
value of about 94 kWh is obtained for the north facing facade, as
was expected, for the lowest air flow rate of 15 m3/h. However the
difference in the value of heat gain for different orientations and
same air flow rate is small when compared to an identical analysis
with a solar heating collector by Pottler et al. [14], where there is no
heat recovery and where the heat gain for a north facing facadewas
about 35% of the heat gain obtained for south orientation. In the
case of the ventilated double window this percentage was of about
79%. This shows that the ventilated double window is suitable on
any facade orientation, since the solar collection represents only
a small part of its performance.

In Table 5 the monthly mean air temperatures are presented
separately for day and night periods for the three values of air flow
rates. The temperature of the delivered air was always above the
outdoor air temperature, being the monthly mean temperatures of
the delivered air for each window’s orientation not much different
from each other. In February, the coldest month, during the night
period the mean air temperature was about 4.5 "C while the
delivered air temperature reached up to from 7.2 to 9.7 "C,
a temperature rise from 2.7 to 5.2 "C, for an air flow rate of 45 and
15 m3/h, respectively. During the day period, while the outdoor
mean air temperature was about 9.2 "C the delivered air temper-
ature was from 10.9 "C on North orientation and an air flow of
45 m3/h to 15.4 "C on South orientation and an air flow rate of
15 m3/h, which corresponded to a 1.7 "C and a 6.2 "C temperature
rises, respectively. As it can be seenwhen the air flow increases the
heat gains also increases but the obtained temperature decreases.
When air flow rises, in spite of more thermal losses, more heat is
obtained per hour, although less heat is delivered per m3 of air flow
due to a lower temperature.

Table 3
Air flow (m3/h).

Experiment Minimum Mean Maximum

1 14 17 23
2 15 22 35
3 14 24 40

Table 4
Total heat gained by the airflow in three days (Wh).

Experiment Quse Qrec Qcol

1 3869 (100%) 2710 (70%) 1159 (30%)
2 3226 (100%) 1882 (59%) 1323 (41%)
3 2409 (100%) 1920 (80%) 489 (20%)

Fig. 9. Total heat gains for differently oriented systems during the heating season in
Covilhã.
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Fig. 10 gives us the total heat gains for differently oriented
systems during the heating season in Munich. It shows higher
values of heat gains which vary from about 148 kWh obtained
when the window is facing north for 15 m3/h of air flow rate to
254 kWh when facing south and 45 m3/h of air flow rate. The
highest difference of heat gains for different orientations and the
same air flow rate was of about 6%. Comparing Figs. 9 and 10 one
may say that, as expected, when temperature difference between
indoor and outdoor increases the delivered air heat flow also
increases as was also found by McEvoy et al [15]. This is also true
when ventilation rate increases, which means that more heat is
removed from the window to the passing air in the air channel.

In Table 6 the monthly mean air temperatures obtained with
Munich’s climatic conditions are presented separately for day and

night periods for the three air flow rates. In January, the coldest
month, during the night period the delivered air temperature was
from 1.8 to 5.3 "C, a temperature increase of 4.3 and 7.8 "C, for an air
flow rate of 45 and 15 m3/h, respectively. During the day period the
delivered air mean temperature is increased of about 3.7 "C on
north orientation and for an air flow rate of 45 m3/h and 7.5 "C on
south orientation and for an air flow rate of 15m3/h. Comparing the
results from tables 5 and 6, knowing that the indoor’s air temper-
ature is 20 "C, in both cases, some conclusions may be drawn. For
instance, in January the difference between indoor and outdoor
mean air temperature during the night is 13.8 and 22.5 "C in Cov-
ilhã and Munich, respectively, while the temperature rise of the
delivered air is 4.5 and 7.8 "C, respectively for an air flow rate of
15 m3/h. For 45 m3/h of air flow rate the temperature rise is 2.4 and
4.3 "C respectively for Covilhã and Munich. In Munich the air flow
temperature rise is always higher than in Covilhã. It can be also
observed comparing both tables that the air temperature of the
delivered air raises when outdoor air temperature lowers down, as
was found in a previous work [7].

In Covilhã, when the window system is facing north, the heat
gains through the pre-heating of the ventilation air compensate
about 34% of the thermal losses, for an air flow rate of 15 m3/h and
17%, for an air flow rate of 45 m3/h. When the air flow rate
increases, the thermal losses increase as well as the heat gains,
nevertheless, the latter increase at a lower rate. When the air flow
rate increases the difference between the thermal losses and the
heat gains also increases. In Munich, the same facing north
window’s heat gains compensate the thermal losses in about 35%
for an air flow rate of 15 m3/h and in about 19%, for an air flow rate
of 45 m3/h. Munich has lower outdoor temperatures than Covilhã
during the winter season and in such conditions the heat gain
within the system represents a higher percentage of the thermal
losses than in Covilhã, for the north orientation and the same air
flow rate. On the contrary, when the window is facing south for the
same air flow rate, in Covilhã the heat gains compensate the heat
losses at a higher percentage, due to a higher solar radiation.

Table 5
Results for the monthly mean air temperatures, in Covilhã ("C).

Month Outdoor air Delivered air (15 m3/h) Delivered air (30 m3/h) Delivered air (45 m3/h)

Night ("C) Day ("C) Night ("C) Day ("C) Night ("C) Day ("C) Night ("C) Day ("C)

North East South West North East South West North East South West

Jan 6.2 10.8 10.7 13.6 15.0 16.3 14.8 9.3 12.7 13.6 14.4 13.5 8.6 12.2 12.9 13.6 12.8
Feb 4.5 9.2 9.7 12.6 14.1 15.4 13.6 8.1 11.5 12.5 13.3 12.2 7.2 10.9 11.7 12.3 11.4
Mar 6.5 12.0 10.9 14.4 16.0 17.2 15.5 9.5 13.6 14.7 15.5 14.3 8.8 13.2 14.0 14.6 13.7
Apr 8.5 13.5 12.2 15.6 17.2 17.8 16.5 11.0 14.9 16.0 16.4 15.5 10.4 14.5 15.4 15.7 15.0
May 11.6 14.8 14.2 16.8 17.6 17.5 16.9 13.3 16.1 16.7 16.6 16.2 12.9 15.8 16.2 16.2 15.9
Oct 11.6 14.7 14.1 16.2 17.5 17.8 16.8 13.3 15.7 16.7 16.7 16.0 12.9 15.4 16.1 16.2 15.7
Nov 7.4 12.0 11.5 14.4 16.7 17.6 15.6 10.2 13.6 15.3 15.7 14.4 9.5 13.2 14.5 14.8 13.8
Dec 5.5 9.3 10.2 12.6 14.6 15.9 13.8 8.8 11.5 12.9 13.7 12.3 8.0 11.0 12.0 12.6 11.5

Fig. 10. Total heat gains for differently oriented systems during the heating season in
Munich.

Table 6
Results for the monthly mean air temperatures, in Munich ("C).

Month Outdoor air Delivered air (15 m3/h) Delivered air (30 m3/h) Delivered air (45 m3/h)

Night ("C) Day ("C) Night ("C) Day ("C) Night ("C) Day ("C) Night ("C) Day ("C)

North East South West North East South West North East South West

Jan $2.5 $0.3 5.3 6.6 7.2 7.2 7.1 3.0 4.6 5.0 4.9 4.9 1.8 3.4 3.7 3.7 3.7
Feb 2.9 6.2 8.6 10.6 11.4 11.5 11.2 6.9 9.3 9.8 9.8 9.6 5.9 8.5 8.9 9.0 8.8
Mar 1.5 5.3 7.7 10.0 11.3 11.6 10.7 5.8 8.6 9.4 9.6 9.0 4.8 7.8 8.4 8.6 8.1
Apr 7.6 10.4 11.6 13.3 14.4 14.9 13.8 10.3 12.4 13.1 13.4 12.7 9.7 11.9 12.5 12.7 12.2
May 10.0 13.7 13.1 16.2 17.0 17.3 16.0 12.1 15.4 15.9 16.1 15.2 11.6 15.0 15.4 15.5 14.8
Oct 10.3 13.1 13.3 15.2 15.9 16.4 15.7 12.3 14.5 15.0 15.2 14.8 11.8 14.1 14.5 14.7 14.4
Nov 1.4 2.9 7.7 8.6 8.9 9.1 8.8 5.8 6.9 7.1 7.2 7.0 4.7 5.9 6.1 6.2 6.1
Dec $1.3 $0.4 6.1 6.6 7.2 6.8 6.7 3.9 4.5 4.9 4.6 4.6 2.7 3.3 3.6 3.4 3.4
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Taking into account the values of the mean air flow rate deliv-
ered inside during the tests that were carried out in Covilhã and
since in a natural ventilated building the air flow is not constant, it
can be estimated that this window is capable of answering to air
renovation needs of a 20 m2 room with 0.5 renovations per hour
(30 m3/h). In these circumstances Figs. 11 and 12 show the heat
losses due to air renovation in Covilhã and Munich. These figures
present the values of heat losses without pre-heating of the
ventilation air and also with a pre-heated ventilation air when the
ventilated double window is differently orientated.

The total heat losses due to air renovation during the standard
heating season for a constant airflow of 30 m3/h is about 559 kWh
in Covilhã and 844 kWh in Munich, being the latter higher due to
more severe climatic conditions. The heat recovered by this
ventilated system increases when the difference between outdoors
and indoors increases. This could also be observed in other studies
like in Baker and McEvoy [1] and Southall [16] for a supply air
window. The thermal losses after pre-heating the incoming air is
about 434 kWh in Covilhã and 637 kWh in Munich when the
system is facing north. This represents a reduction of heat loss of
about 22% in Covilhã and 24% in Munich. The reduction is of 28%
and 26%, respectively, when the window is facing south. For
a south-oriented system the available solar radiation in each city is
determinant.

6. Conclusions

In this paper the influence of heat recovery and of solar collec-
tion of a ventilated double window were analysed and compared.

Although this system facing south would take the most advantage,
it is suitable on any facade orientation. Changing the ventilated
double window from south to north facade may decrease the heat
gain through the ventilation air as much as 22%. This was found on
a Portuguese mild winter. In a colder region the difference found
between south and north orientations may have a lower relative
importance since the heat recovery increases when air temperature
difference between indoors and outdoors increases. This is also due
to a less available solar radiation resulting in a difference, in the
case of Munich, of only 6% of heat gain by the ventilated system
when facing north or south.

In an urban environment facade orientation is mostly condi-
tioned by the urban design and even with a theoretically good
orientation the buildings may overshadow each other. When
a passive device is required to pre-heat the ventilation air during
the winter season, the ventilated double window can be chosen to
suit a newor existing building evenwhen there is some lack of solar
radiation. It was found that heat recovery is, without any doubt, the
most important function of the ventilated double window when
pre-heating the income air is needed.

Nomenclature

A area, m2

C specific heat at constant pressure, J/(kgK)
Q heat transfer, W
v speed, m/s
V volumetric air flow rate, m3/s

Fig. 11. Total heat losses due to ventilation for differently oriented systems during the heating season in Covilhã.

Fig. 12. Total heat losses due to ventilation for differently oriented systems during the heating season in Munich.
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q temperature, "C
r density, kg/m3

Subscripts
air air
col solar collection
in indoor
out outdoor
rec heat recovery
rise rise
top window’s outlet
use useful
vent ventilation air
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