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a b s t r a c t

Double windows are a currently adopted construction system in Portuguese residential buildings to
prevent air leakage and thermal discomfort. We have changed this construction system so that it could
be able to pre-heat the ventilation air between the windows. Simple changes consist in introducing vents
at the base of the outer window to allow a supply of fresh air. Heat that escapes from inside through the
inner window and solar radiation heat up the air between the two windows. Due to wind pressure and
stack effect, the air rises and enters the room through a vent at the inside top of the system warmer than
the outdoor air. A simulation program was built and validated with the use of test facilities, where
different configurations of the system were tested. This paper presents the mathematical model and
some results of a simulation work based on it. Parametrical studies were carried out by varying the
airflow rate, the outdoor air temperature and the solar irradiance to predict the temperature rise and the
useful energy of the delivered air. Results indicate an encouraging thermal performance of the ventilated
double window offering itself as an alternative to cold natural ventilation.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The renovation of the air inside a building requires the admit-
tance of fresh air from outside. If the air enters the building directly
from outside its temperature is certainly close to the outdoor air
temperature. In winter season, this can be a problem which
contributes to undesirable and uncomfortable cold ventilation
associated to heating energy consumption needs. The ventilated
doublewindow is composed of two parallel windows forming a gap
through which airflows. The gap that is formed between the
windows is supplied with fresh air from outside through vents on
the base of the outer window. The air that circulates through this
gap is warmed by the heat extracted from the window pane
surfaces which are warmed by the heat loss transmitted from
indoors and by solar gains. Pre-heated rising airflow, by stack effect
and wind pressure enters the room through a vent on the top of the
roller shutter’s case, so the ventilated double window can provide
the required ventilation air warmer than the air outside.

The calculation of the heat transfer through a ventilated double
window is a complex task.Natural convection isdifficult tomodel due
to the buoyancy driven ventilation and the externalwind pressure on
the building adds further complexity to the situation. The tempera-
tures and airflows are the result of many simultaneous thermal and
All rights reserved.
flowprocesses. Furthermore, theclimacticconditions that interact are
highly dynamic. Heat transfer to and from the ventilated air gap is
probably the most complex part of the overall process. These also
depend on geometric and physical properties of the various compo-
nents of the ventilated double window. Since there are so many
parameters and variables involved for such a configuration, computer
modelling isneeded topredict theperformanceof aventilateddouble
window. Complexfluid and thermal computermodels can be applied
simultaneously, working interactively with each other [1]. These can
be less comfortable and not suitable for use by building designers, so
a simpler approach isneeded to capture salient aspects of the thermal
behaviour of such a window system. This can be done using the
simplified model presented in ISO 15099 [2]. In this standard guide-
lines are given to analyse window’s performance and, in the case of
the double ventilated window, the variation of the air temperature
along the height of the air cavity of thewindow is consideredmaking
it a two-dimensional simplified approach.

A detailed computational code was set up to characterize the
performance of the ventilated double window. After validating the
code by comparing its results with the results obtained through
well-known and fully validated software tools and with experi-
mental measurements its performance may be analyzed in a reli-
able way for different combinations of characteristics of the system.
The computational code consists of two main parts:

� Airflow analysis;
� Thermal analysis.
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Fig. 1. Photograph of the test cell.

Table 1
Equipment used in the experimental measurements.

Instrument Measurement Range Accuracy

Pyranometer Total solar Radiation 0e2000 W/
m2

<10%

Anemometer Velocity and 0.1e40 m/s �0.1 m/s
Wind direction 0e337.5� �5%

Thermocouples Air temperature �200 to
400 �C

�0.3 �C

Air velocity
transducer

Air Velocity (va) 0e10 m/s �(0.05va þ 0.05)
m/s

Data logger 1 Mikromec multisens
Data logger 2 Thermal comfort, model
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The methodological approach is an iterative process comprising
the development of the code, the simulation for different boundary
conditions, the calibration of the code, analyzing and making some
adjustments to the code and finally, doing further simulations. The
computational code predicts the airflow rate and the air tempera-
ture rise for specific operating conditions.
2. Modelling the ventilated double window

2.1. Reference test facilities and structure of the simulation program

The model was developed along with experimental measure-
ments in an outdoor test cell, with a full-scale system. Thewindows
being testedwere fitted into a south-facing 1.43m� 1m opening of
the test cell (Fig. 1). The original thickness of the gap between
windows was of 9 cm, glass to glass and of 5 cm, casement to
casement. The glazing surface is about 54% of the surface of the
whole window.

The system under investigation is composed of two commer-
cially available windows mounted on the south-facing wall of the
test cell. Two air inlets with a total area of 50 cm2 were installed at
the bottom of the outer window.

The analysis was carried out with this type of double window in
two stages with different combinations of glazing: single glaze at
the outer window and single or double glaze at the inner window.

Thermocouples were located within the middle and top of the
air gap to measure airflow temperature. Thermocouples were
shielded to eliminate the radiation effect. Both indoor and outdoor
air temperatures were also measured. A pyranometer was used to
measure total solar irradiance and it was fixed rigidly to the south-
facing wall of the test cell. The wind direction and speed were
measured during the tests by means of an anemometer placed 1 m
above the test cell. The air velocity delivered inside was measured
at the outlet vent using an air velocity transducer. An anemometer
is a device for measuring wind speed, and it is a common weather
station instrument. A transducer is a device that converts one type
of energy into another with several different applications. In this
case an air velocity transducer was used. The dimensionless error,
associated with the estimation of the Airflow rate value using
equation (29), varied 0.14 and 0.27, being the highest error for the
lowest air speed measured. A programmable data acquisition
system was used to collect and to store experimental data. The
equipment used in the experimental measurements is described in
Table 1. The experiments were done from November to December
2008. Average values for a period of 1 min were considered to
calculate the temperature of the Airflow. The results of simulations
and field measurements were compared afterwards.

The test data had to be interpreted and analyzed using an
analytical tool suitable for building designers targeted at accessing
the commercial value of ventilated double window. To predict the
airflow and the heat transfer in the ventilated double window,
equations have been used based upon well-known empirical rela-
tions from technical reference literature, namely ISO (2003) [2],
Duffie (2006) [3], Linden (1999) [4], Mimoso (1987) [5], Santa-
mouris (1998) [6], Szokolay (2008) [7], ASHRAE [8] and others. The
experimental measurements were used also to allow the validation
of a computer flow and energy code that was used to calculate the
performance of the ventilated double window.

The program uses three iteration cycles as shown in Fig. 2. A first
iteration loopwas set up for the airflow simulationwhich takes into
account the influence of the boundary conditions on the airflow
obtained by stack or wind effect. A second iteration loop was set up
for the calculation of the convective heat transfer dependent on
boundary’s temperature and on air velocity within the air gap.
A third iteration loop was set up for the air temperature simulation
using the results from the last ones which takes into account the
temperature dependency on the physical properties of the air and
on the convective heat transfer coefficient. If the values calculated
on each loop are different from the last iteration then the calcula-
tion will run again. Each of the iterations continues until the
absolute value of the maximum change between the previous and
the current simulation is smaller than 2.8 � 10�6 m3/s for the
airflow rate, 0.001 W/m2 K for the convective heat transfer within
the air gap and 0.01 �C for outlet air temperature.

Some assumptions were made for this task simplifying to the
real conditions which are almost impossible to reproduce. Each
window surface temperature was set to be equal all over its area
due to overall heat transfer coefficient; Airflow temperature rises
up within the cavity in function of the convective heat transfer and



Fig. 2. Diagram of the created simulation computational code looping.
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the height of the cavity as recommended by ISO 15099; Airflow
through the air gap and also the delivered air through the outlet are
considered to have an homogeneous velocity profile across the
whole cavity and outlet sections; surroundings’ surfaces tempera-
tures (indoors and outdoors) were set equal to the ambient air
temperature for radiant heat transfer.
2.2. Airflow analysis

2.2.1. Airflow through the double window
Air is induced into the air gap of the double window by buoyancy

force and by wind force. Buoyancy is caused by the temperature
difference between the air inside and outside the gap, which tends to
make the air rise up. Wind effect creates a pressure difference
between the air inlet and the air outlet of the building’s envelope. In
many situations the wind may not necessarily lead to increased
ventilation. The final design must provide adequate ventilation over
awide range of stack andwind conditions. So, stack andwind driven
pressure difference must be known, which is:
DPtot ¼ DPstack þ DPwind (1)
where DPtot is the total pressure difference (Pa), DPstack is the
pressure difference caused by stack effect (Pa) and DPwind is the
pressure difference caused by the wind (Pa). Airflow can be esti-
mated as:

V ¼ CdAeq

�
2
DPtot
r

�0:5
(2)

where, V represents the volumetric Airflow rate (m3/s), Cd, the
discharge coefficient, which takes the value of 0.83 at the experi-
mental work, Aeq, the equivalent area of the openings (m2) and r,
the air density (kg/m3). For more than one opening within the flow
pattern, equivalent area is obtained from:

1
A2
eq

¼ 1
A2
op1

þ 1
A2
op2

þ.þ 1
A2
opn

(3)

where, Aop1 to Aopn are the area of the opening 1.n (m2).
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A detailed description of buoyancy and wind effects is given
below.

2.2.2. Stack effect
Temperature differences between contiguous spaces produce

buoyancy force that drives the Airflow. The natural tendency is for
hot air to rise while cool air occupies the lower part of a space.With
two vents open, one near the top of the space and the other near
the bottom of the space, warm air flows out through the upper
opening and cool air enters through the lower opening. There is
a different pressure at each opening so, total pressure difference
due to stack effect is the contribution of the different pressure of all
openings and can be written as:

DPstack ¼ DPop1 þ DPop2 þ.þ DPopn (4)

where, DPop1.n is the pressure difference caused by stack effect at
opening 1.n (Pa), in relation to a reference level of external pres-
sure. Fig. 3 represents a scheme of the pressure difference due to
buoyancy effect at each opening, which can be estimated by:

DPopn ¼ DrgH (5)

where, Dr represents the air density difference between the two
spaces surrounding the opening (kg/m3), g, the acceleration due to
gravity (m/s2) and H the height of the opening in relation to an
external reference level (m).

2.2.3. Wind effect
The wind acting on the building creates differences of pressure

around the building that stimulate the airflow through it. As it is
well-known, wind pressures are positive on the windward side of
a building and negative (suction) on the leeward side. Air enters
through openings in the windward walls, and leaves through
openings in the leeward walls. The occurrence and the variation of
wind pressures on building surfaces depend on:

� Wind speed and wind direction in relation to the building;
� The location and surrounding environment of the building;
� Shape of the building.

Mathematically, wind-induced pressure difference on building
surfaces may be expressed as:
Fig. 3. Scheme of the pressure differ
DPwind ¼ 0:5 Cpop1 � Cpop4 rv2wind (6)

� �

where, Cpop1 and Cpop4 are pressure coefficients due to wind at the
openings 1 and 4, respectively, whose values are in agreement with
Santamouris (1998) [6], and vwind is the mean wind velocity (m/s).

2.3. Thermal analysis

2.3.1. Heat transfer in the double window
The main problem under analysis in this paper is the heat

transfer from the double window to the Airflow and vice versa.
The air gap is formed by two parallel windows with non-
symmetric heating [9]. The heating of the windows is due to the
heat transfer from indoors and due to incident solar radiation and
they transfer part of the absorbed heat to the airflow by natural
convection [10]. The model incorporates several empirical rela-
tions to estimate the convective and radiative heat transfers. Some
assumptions used in the development of the model were: the
phenomenon under study is considered as a two-dimensional heat
flow; the surface temperatures are assumed to be uniform
throughout; airflow through the gap is assumed to be homoge-
neous; the contour of the air gap is considered as an adiabatic
boundary.

2.3.2. Heat transfer to the surrounding environments
The heat exchange with the surrounding environments is due to

convection and radiation from inner and outer window surfaces.
The convective heat transfer to the outdoor and to the indoor
environments is given by:

Qc out ¼ Ahc outDT (7)

and

Qc in ¼ Ahc inDT (8)

where, Qc_out and Qc_in are the convective heat transfer to the
outdoor and to the indoor environments, respectively (W), A is the
area of the surface (m2) in contact with each environment, hc_out
and hc_in are the respective convective heat coefficients (W/m2 K)
and DT is the temperature difference between the surface and the
air contacting with it (K). The radiative heat transfer to the
surroundings can be obtained from:
ences at each opening (op1..0.4).



Fig. 4. Air temperatures (measured and simulated) at the top of the air gap with
system 1 and outdoor data.

Fig. 6. Simulation of air flow rate, by COMIS and the computational code in use.
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Qr out ¼ Ahr outDT (9)

and

Qr in ¼ Ahr inDT (10)

where, Qr_out and Qr_in are the radiative heat transfer to the outdoor
and indoor environments (W) and hr_out and hr_in are the respective
radiative heat coefficients (W/m2 K).

2.3.3. Heat transfer within the air gap
Within the air gap there is heat exchange between windows by

radiation and between windows and airflow by convection. The
Fig. 5. Air temperatures (measured and simulated) at the top of the air gap with
system 2 and outdoor data.
total heat exchange by radiation between the two parallel
windows, within the gap, can be estimated by:

qr ch ¼
s
�
T41 � T42

�
1� e1
e1A1

þ 1
A1F12

þ 1� e2
e2A2

(11)

where, qr_ch represents the heat transfer by radiation (W/m2), s is
the StefaneBoltzmann’s constant (5729 � 10�8 W/m2 K4), T1 and T2
are the temperatures of the window surfaces facing each other in
the air gap (K), e1 and e2 are those surfaces’ emissive coefficients
(0.9 for the present study), F12 is the view factor between surfaces
here assumed to be 1 and A1 and A2 are the area of the surfaces
(m2). The convective heat coefficient within the air gap (hr_ch, in W/
m2 K) is therefore:

hr ch ¼
s$
�
T21 þ T22

�
ðT1 þ T2Þ

1� e1
e1

þ 1
F12

þ ð1� e2Þ$A1
e2$A2

(12)

The convective heat exchange between the windows and the
airflow within the air gap is:

Quse ¼ Aw1hc chDTw1 � Aw2hc chDTw2 (13)

where, Quse represents the useful heat transferred to the airflow
(W), Aw1 and Aw2, the inner and outer window’s surface area (m2),
Table 2
Input data for different simulations by the proposed model and COMIS.

Stack effect Wind effect

Outdoors
Temperature (�C)

Air gap
temperature (�C)

Wind Velocity
(m/s)

Air gap
temperature (�C)

�6 �2.51 0 8.08
�3 0.16 1 7.97
0 2.81 2 7.76
3 5.45 3 7.56
6 8.08 4 7.37
9 10.68 5 7.21
12 13.27 6 7.08



Fig. 7. Heat balance for both window systems for three airflow rates.
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hc_ch, the convective heat coefficient in the air gap (W/m2 K), DTw1
and DTw2, the temperature difference between inner window’s
surface and the airflow and between outer window’s surface and
the Airflow (K). The convective heat coefficient in a ventilated air
gap can be obtained from ISO 15099 [2]:

hc ch ¼ 2hc þ 4vair (14)

where, hc represents the convective heat coefficient in a non-
ventilated air gap (W/m2 K) and vair, the mean air velocity within
the gap (m/s). Naturally, the air velocity within the air gap has a big
influence on the obtained convective heat coefficient. From the
tests, the air velocity along the air gap’s crossing section was
between and around 0.03 and 0.09 m/s for which the convective
heat coefficient resulted in between 2.8 and 4.3 W/m2 K. The
convection heat transfer, hc is given by:

hc ¼ Nu
l

d
(15)

where, Nu is the Nusselt number, l is the thermal conductivity of
the air (W/mK) and d is the distance between surfaces (m). Nu will
be:

Nu ¼ ½Nu1; Nu2�m�ax (16)

For:

Nu1 ¼ 0;0673838 Ra1=3; if 5� 104 < Ra (17)

Nu1 ¼ 0;028154 Ra0;4134; if 104 < Ra � 5:104 (18)
Fig. 8. Useful energy (Qutil) in function of temperature difference (indoorseoutdoors).
Nu1 ¼ 1þ 1;7596678� 10�10Ra2;2984755; if Ra � 104 (19)
where, Ra is the Rayleigh number. And,

Nu2 ¼ 0;242

"
Ra
H
d

#0;272
(20)

where, H is the height of the air gap (m). The Rayleigh number is
determined as follows:

Ra ¼ r2d3gbCpDT
ml

(21)

where, r is the air density (kg/m3), d is the surface dimension along
the air path (m), g is the acceleration due to gravity (m/s2), b is the
thermal expansion coefficient of fill gas (1/K), C is the specific heat
at constant pressure (J/(kgK)), DT is the temperature difference
between the gap’s surfaces (K) [3] and m is the air viscosity (kg/ms).
The temperature difference between the air gap’s surfaces was
between 5.1 and 10.8 K along the period of tests, when the
temperature difference between indoor and outdoor air was from
9.1 to 22.5 K. Therefore the Rayleigh number was always higher
than 160,000 which lead to a Nusselt number (equation (17)) from
3.8 to 5.9.
3. Simulation and validation

3.1. Aim

In order to validate the computational code and achieve
convergence with the formulas mentioned above, the thermal
Fig. 9. Temperature increase of the delivered airflow at the outlet of the system.



Fig. 10. Heat balance in function of solar irradiance for a given airflow rate.
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behaviour of the ventilated double window was simulated and the
output airflow and temperatures were comparedwith the results of
well-known software tools and also with the measured values in
the test cell facility under real weather conditions. Solar radiation,
outdoor air temperature, and wind speed for the period tests are
presented in Figs. 4 and 5 among the delivered air temperature
measured and simulated by the computational code.

3.2. Airflow

Fig. 6 represents the Airflow rate values obtained for system 1 by
simulation comparing the results from COMIS and from the
computational code here in use. COMIS is a well-known software
program tomodel Airflow in buildings [11]. These simulations were
carried out firstly for stack effect only and secondly for wind effect.
In these simulations the indoor temperature was 20 �C, the
discharge coefficient was 0.6, the difference of pressure coefficients
due to incident wind was recommended in the literature [6]. When
the influence of the wind was simulated, its direction was
perpendicular to the window and the outdoors temperature was
6 �C. The remaining inputs values are indicated in Table 2. Average
deviations between the results of the Airflow rate (COMIS and
code) are about 2.8 � 10�4 m3/s, being the results from COMIS the
lowest value. It can be said that the computational code in use can
predict in a reasonable way the airflow rate for the present study.

3.3. Temperature

For thermal analysis the computational results were compared
with the results obtained with CAPSOL. There was a very good
agreement between the results of both tools. CAPSOL is a multi-
zone transient heat transfer tool by Physibel [1]. A comparison
between measured and simulated air temperature values was also
Fig. 11. Heat delivered in function of incident solar irradiance.
performed. The graph shown in Figs. 4 and 5 represents the average
hourly temperatures (measured and simulated) at the top of the air
gap based upon 1 min average data acquisition. Average deviations
between the temperatures (measured and simulated) are below
1.7 �C with both systems. During the night period the simulated
temperature is closer to the measured one. The biggest differences
appear when solar radiation influences the performance of the
system. This is due to multiple solar radiation reflections inside of
the air gap and to the temperature rise on the window’s interior
surface. Also the optical fabric parameters were used in the simu-
lation without laboratorial confirmation, so they can be slightly
different in reality. Despite this fact, the comparison of results
proves that the simulation agrees quite well with experimental
measurements.

4. Calculation of the thermal parameters

The thermal performance of a building component must be
done in terms of heat gain (Qgain, in W) and heat loss (Qloss, in W),
which result in heat balance (B, inW). Comparing several ventilated
double window’s systems these two parameters must be calculated
to determinate the overall thermal’s performance, as:

B ¼ Qgain � Qloss (22)

The heat gain is the total heat entering the indoor environment
through the construction system, which depends on the geomet-
rical parameters and the thermal and optical properties of the
ventilated double window. The first component of the heat gains is
the solar radiation crossing the double window and entering
directly into the indoor environment (Qsol, in W). The second
component is the heat recovered by the passing air between
windows delivered into the indoor environment (Quse, in W).
Therefore, total heat gain is given by:

Qgain ¼ Qsol þ Quse (23)

The solar energy that passes through the window system is
calculated taking into account the optical properties of all the
system’s materials and the solar radiation data and is given by:

Qsol ¼ I
X�

Aglsgl 1sgl 2Sc
�

(24)

where, I is the total incident solar irradiance (W/m2), Agl is the
glazed area (m2), sgl_1 and sgl_2 are the transmissivity of the outer
and of the inner window’s glaze and Sc is the shading coefficient.
The shading coefficient depends on the angle of incidence of the
solar radiation, which varies throughout the day and on the
geometry of the system. For the present analysis Sc is assumed to be
1 which means there is no shading on the glass.



Fig. 12. Heat delivered in function of incident solar irradiance and temperature difference.
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The recovered heat by the passing air is determined by solar
optical analysis as well as heat transfer analysis. Part of the solar
radiation absorbed by the components of the window and part of
the heat from indoors that passes through the inner window is
transferred to the airflow by convective heat exchange, as we can
see in equation (13).

The heat loss is the total heat that escapes from the indoor
environment, either through the inner window (Qw1, in W) or by
the ventilation air (Qair, in W) and it can be written as follows:

Qloss ¼ Qw1 þ Qair (25)

The heat loss from the indoor environment through the inner
window is calculated using the thermal characteristics of the
window and the air temperatures and is given by:

Qw1 ¼ Aw1Uw1ðTin � TchÞ (26)

where, Aw1 is the area of the inner window (m2), Uw1 is the overall
heat transfer coefficient of the inner window (W/m2 K), Tin and Tch
are the indoor air and the air gap temperatures, respectively (K).
Uw_in can be obtained from:

Uw in ¼ 1
1

hc in þ hr in
þ Trw1 þ

1
hc ch þ hr ch

(27)

where, hc_in and hr_in are the convective and radiative heat coeffi-
cient indoors (W/m2 K), respectively, Trw1 is the thermal resistance
of the inner window (m2 K/W) and hc_ch and hr_ch are the convec-
tive and radiative heat coefficient in the air gap (W/m2 K),
respectively. The heat loss through the ventilation air is determined
as follows:

Qair ¼ CrVðTint � TextÞ (28)
Fig. 13. Temperature increase at the outlet in function of solar irradiance.
where, C is the specific heat of the air at constant pressure (J/
kgK), r is its density (kg/m3), V is the volumetric air flow rate
(m3/s), Tint and Text are the indoor and outdoor air temperatures,
respectively (K).
And

V ¼ vairA (29)

where, vair is the air speed (m/s) and A is the area of the opening
(m2).

5. Results and discussion

5.1. Carried out simulations

To investigate how boundary conditions affect the behaviour of
the ventilated double window, outdoor air temperature and solar
radiation were varied, keeping the other parameters constant
(Theoretical and empirical models have also been used in other
studies [12,13] to predict the thermal performance of the
construction components). It is assumed that there is no shading on
the glass. The results of this analysis, for two alternative double
windows (system 1 and system 2 described above) are presented in
this section.

5.2. The influence of the temperature difference between indoors
and outdoors

FromFig. 7 it can be seen that due to the variation of temperature
difference between indoors and outdoors, the heat balance of the
double window changes. For example, for a temperature difference
of 20 �C and an airflow rate of 30m3/h, the heat balance of system 1
is �250 W and of system 2 is �240 W, while for a temperature
difference of 14 �C the energy balance rises to�174Wand�167W,
respectively. This shows that for decreasing temperature difference
heat balance increases, which means that the relationship between
thermal gains and losses also changes; although it is always nega-
tive (more losses than gains).Without solar radiation, thermal gains
are achieved by heat recovery through the ventilation air within the
air gap. Fig. 8 presents the thermal gains obtained from both
systems, with an airflow rate of 30 m3/h. For an indoorseoutdoors
temperature difference of 20 �C system 1 obtains 40Wagainst 33W
for system 2, while for a temperature difference of 14 �C system 1
obtains 26 W against 21 W for system 2. From this it can be
concluded that for an increasing temperature difference between
indoors and outdoors heat gains increase too, with the advantage
for system1. Comparing Figs. 7 and 8while in Fig. 7 the heat balance
shows better results for system 2 in Fig. 8 system 1 presents higher
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heat gains. This is due to the fact that the inner window of system 1
has a lower thermal resistance and somore heat is lost through it to
the air gap. Fig. 9 shows how the delivered airflow temperature
increases in relation to the outdoor air temperature in function of
the temperature difference between both environments. For
a temperature difference of 20 �C, system 1 delivers an airflowwith
a temperature 4 �C above the outdoor air temperature. This increase
is of 3 �C with system 2.

5.3. The influence of incident solar radiation

Fig. 10 presents the simulation results for the heat balance in
function of incident solar radiation for both systems. For a certain
temperature difference between indoor and outdoor environ-
ments, the results of the simulation studies were compiled in three
different airflow rates and plotted in the same graph for each
system. These graphs provide the relationship between solar irra-
diance, airflow rate and heat balance for a specific temperature
difference between both environments.

The results indicate an increase of heat balance with the
increase of solar irradiance. It also shows that for a lower flow rate
a higher heat balance is achieved. For example, the results predict
a heat balance of 59 W and 42 W for systems 1 and 2, respectively
for an airflow rate of 30 m3/h at 600 W/m2 of solar radiation. As it
can be seen in Fig. 10, thermal gains can surpass thermal losses at
about 500 W/m2 of solar irradiance, for the airflow rate of 30 m3/h.
For lower airflow rate, a positive value of heat balance can be
reached with a lower level of solar irradiance. This shows that with
a lower air velocity within the air gap, a higher heat recovery can be
reached.

Fig. 11 presents the heat delivery for both systems for an airflow
rate of 30 m3/h in function of solar irradiance. In the graph, it can be
seen that for lower solar irradiance, system 1 obtains higher results
than system 2. For higher levels of solar irradiance, the situation
inverts. The ventilated double window acts as a heat recoverer for
the heat losses from the indoor environment and as a solar collector
for the incident solar radiation. As it was seen in Fig. 8, system 1
performs better as a heat recoverer than system 2 but as a solar
collector, system 2 performs better than system 1, due to a higher
solar absorption and reflexion of the double glazing present in the
inner window of system 2. Since heat recovery depends on
temperature difference between the environments, Fig. 12 presents
the simulation results for two different temperature differences for
both systems. As it was expected, for a lower temperature difference
and less heat recovery from indoors losses, the results of system 2
surpass the one of system 1, for a lower level of solar irradiance. For
a temperature difference of 20 �C, system 2 presents better results
after about 750 W/m2 of solar irradiance. For 14 �C of temperature
difference, this occur around 550 W/m2. Fig. 13 shows the air
temperature increase at the outlet for a given airflow rate of 30m3/h
for both systems in function of incident solar irradiance when
temperature difference (indoorseoutdoors) is 20 �C. Comparing Figs.
9 and 13, for example, for a 600 W/m2 of solar irradiance, the
temperature increase at the outlet of system 1 is 6.6 �C against 3.9 �C,
without solar radiation (which is the case of Fig. 9).

6. Conclusions

A mathematical model has been developed based on heat
transfer expressions for ventilated double window to predict
thermal performance over a wide range of design and parameter
conditions. The model takes into account the physical phenomena
in the heat and flow processes and also geometric and boundary
conditions. The results of numerical simulations of natural venti-
lation and heat transfer to the air flow were compared with
available results from experimental measurements and their
accuracy was judged satisfactory. The deviation of simulation
results was variable. The average deviationwas approximately 2.2%
for the airflow and 3% for the delivered air temperature compared
to the experiment. When modelling this type of construction
system it is necessary to take into account the whole part of the
building with dynamic interactions between several zones and
environment conditions. This has consequences in everyday prac-
tical design which make heavy software less appropriate to use
under temporal effectiveness.

The influence of the temperature difference between environ-
ments and of the solar radiation on the delivered air temperature
and useful energy were investigated. The study investigated also
the influence of changing the inner window (system 1 to system 2)
under certain heat and airflow conditions, from single to double
glazing. With this change, the heat balance increased about 4% for
airflow of 30 m3/h without solar radiation and decreased about 8%
and 23% for a solar radiation of 350 W/m2 and 700 W/m2,
respectively.

From the above discussion it can be concluded that useful
energy of the delivered air is influenced by temperature difference
between indoors and outdoors, by incident solar radiation and by
airflow rate. This study also shows the advantages of a ventilated
double window construction in terms of reducing the heating load
of the building due to ventilation.

Nomenclature

A area, m2

B heat balance, W
C specific heat at constant pressure, J/(kgK)
Cd discharge coefficient
Cp pressure coefficients
d distance, m
F12 view factor between surfaces
g acceleration due to gravity, m/s2

h heat transfer coefficient, w/m2 K
H height, m
I total incident solar irradiance, W/m2

Nu Nusselt number
P pressure, Pa
Q heat transfer, W
q heat transfer rate, W/m2

Ra Rayleigh number
Sc shading coefficient
T temperature, K
Tr thermal resistance, m2 K/W
U overall heat transfer coefficient, W/m2 K
v velocity, m/s
V volumetric air flow rate, m3/s
b thermal expansion coefficient of fill gas, 1/K
e surfaces’ emissive coefficients
l thermal conductivity of the air, W/mK
m air viscosity (kg/ms)
r density, kg/m3

s StefaneBoltzmann’s constant (5729 � 10�8 W/m2 K4)

Subscripts

air air
c convection
eq equivalent
gain gain
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gl glaze
in indoor
loss loss
op1..n openings 1, 2 . n
out outdoor
r radiation
sol solar
stack stack effect
tot total
use useful
w1 inner window
w2 outer window
wind wind
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