
lable at ScienceDirect

Renewable Energy 63 (2014) 747e754
Contents lists avai
Renewable Energy

journal homepage: www.elsevier .com/locate/renene
Evaluation of the thermal performance indices of a ventilated double
window through experimental and analytical procedures: Uw-values

Jorge S. Carlos a,*, Helena Corvacho b

aC-MADE, Centre of Materials and Building Technologies, University of Beira Interior, 6200-358 Covilhã, Portugal
b Faculty of Engineering of the University of Porto (FEUP), Civil Engineering Department, Building Division, Laboratory of Building Physics, Porto, Portugal
a r t i c l e i n f o

Article history:
Received 15 May 2013
Accepted 15 October 2013
Available online 8 November 2013

Keywords:
Ventilated double window
Experimental measurements
Calculated coefficients
Uw-values
* Corresponding author.
E-mail address: jcarlos@ubi.pt (J.S. Carlos).

0960-1481/$ e see front matter � 2013 Elsevier Ltd.
http://dx.doi.org/10.1016/j.renene.2013.10.031
a b s t r a c t

Simulations to evaluate energy demand for heating and cooling and thermal comfort are becoming more
and more common place in the building design process, at least in the most complex cases. In all detailed
or simplified calculations, to analyse heat transfer to and from a building, several input parameters are
needed. The inputs for the simulation of a whole building are at least the building geometry, the building
envelope thermal indices (like thermal transmittance or the solar heat gain coefficient) and typical local
climatic data. In a ventilated double window, the air flow through the channel between the two windows
makes its thermal performance highly dynamic and dependent on the air flow characteristics. For a
whole building simulation, single coefficients or easily calculated coefficients are needed for each facade
system, including ventilated systems. In this paper, equivalent thermal transmittance coefficients for a
ventilated double window are assessed and presented. For that, experimental measurements in the
absence of solar radiation (night period) were used to identify tendencies and validate calculations.
Furthermore, simulations were done in order to estimate the Uw-values of the ventilated double window
under different windows configuration and different air flow rates. These values can then be used in
whole building simulation programmes.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Windows are usually the components of a building facade with
the weakest thermal resistance. They are however indispensable
and multifunctional systems. With various shapes and dimensions
they provide visual contact with outdoors, fresh air and natural
lighting. A ventilated double window can also provide a preheated
ventilation air in winter time, functioning as a passive system.

As it is well known, an improvement in a building thermal
insulation level can have a significant impact on the heating and
cooling energy consumption of the building. Detailed calculations
of the thermal performance of windows, doors and shading devices
have been performed by many researchers in order to provide
values for their thermal performance indices [1]. The results of
these calculations can then be used in a whole building energy
analysis.

The ventilated double window has recently been the object of
research through experimental measurements in real weather
conditions [2]. The ventilated double window is composed of two
All rights reserved.
parallel glazing units in the same facade opening, forming a
channel between them through which the air flows. The air is
heated in this channel due to incident solar radiation and due to the
heat that escapes from inside the building through the inner
glazing unit. This passive heating system performance depends
strongly upon the two glazing units thermo-physical properties
and also on the air flow characteristics. Numerous works have
analysed the thermal behaviour of buildings in order to reduce
energy consumption due to air renovation [3e5]. Heat losses due to
ventilation are generally quite significant and, for health and hy-
giene reasons, the air renovation in a building cannot be dis-
regarded. Therefore, a system that is able to reduce heat losses
without compromising air quality is consequently worth being
investigated and developed.

Different analysis has been done on fenestration systems where
there is a gap. One can find, for instance, studies on an air window
collector having a blind between the twowindows for solar heating
[4,5], a double glazed ventilated window [6], a double glazed
window with a blind within the cavity [7], a double-skin facade
[8,9] or a supply air window [10]. “In the building design process
simulation is widely used to evaluate the impact of the building design
and control strategies on energy demand and indoor environment”
[11], therefore, the ability to predict the performance of these
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components is important for window design and rating, as well as
to estimate the building heating and cooling energy consumption.
Engineers and architects must be able to propose solutions for
buildings that are healthier for their occupants and more energy
efficient.

This paper defines Uw-values for a ventilated double window
which can be used in a whole building simulation. It deals with the
results from an experimental set up, which was carried out under
real weather conditions, being then able to predict the Uw-values of
the ventilated double window under several different conditions.
These can be useful data for a simple tool to evaluate energy effi-
ciency [11e15].
Fig. 1. Scheme of the ventilated double windows, systems 1 and 2.
2. Formulating the problem

Basically the problem to be treated here is the one of the heat
transfer through the system due to the temperature difference
between indoors and outdoors. This work aims at evaluating the
heat loss by transmission to the outside of the building and the heat
recovered to the inside of the building by the air flow. This passive
heating system, named ventilated double window, consists of two
parallel windows within the same facade opening with a ventilated
channel between them. As heat transfer changeswith the boundary
conditions and also the induced air flow in the windows channel, a
simplified one-dimensional model of the resultant heat transfer
through the system is proposed.

An outdoor test cell facility was used to analyse the behaviour of
the ventilated doublewindow under real winter weather conditions
[2]. The inside and outside air temperatures, the delivered air and
the air channel temperatures were measured against air flow. The
delivered air flow velocity was also measured, and therefore the air
flow rate was estimated in function of the outlet area, as follows:

V ¼ vairA (1)

where, V is the volumetric air flow rate (m3/s), vair is the air velocity
(m/s) and A is the area of the air outlet’s opening (m2). Fig. 1 shows
the scheme of the two ventilated double windows that were
studied (systems 1 and 2), the measured air temperatures, the air
flow and the heat flow to be estimated. Qloss represents the heat
flow from indoors to the air channel (W) and it is calculated as
follows:

Qloss ¼ AiUwiðqin � qchÞ (2)

where Ai is the inner glazing unit area (m2), Uwi is the Thermal
Transmittance Coefficient of the inner glazing unit (W/m2 �C), qin is
the temperature of the indoor air (�C) and qch is the temperature of
the air channel (�C). Quse is the heat flow recovered to the inside of
the building (W) [1] and can be obtained from the following
equation:

Quse ¼ rCVðqol � qilÞ (3)

where r is the density of the air (kg/m3), C is the specific heat ca-
pacity of the air (J/kg �C), V is the volumetric air flow rate (m3/s), qol
is the air temperature at the outlet of the air channel (air entering
the room) and qil is the air temperature at the inlet of the air
channel (�C). The air temperature at the inlet was assumed to be
equal to the outdoor air temperature. Since Qloss represents the
amount of heat that is lost from the inside to the air channel and
Quse the useful heat that is recovered by the air flow, the final
thermal loss from inside to outside, here expressed by the equiv-
alent heat loss (Qeq, in W) is the difference between these two
values [3]:
Qeq ¼ Qloss � Quse (4)

Since the air temperature in the channel and the delivered air
temperature are unknown wherever the system is to be imple-
mented, the thermal performance indices (Uw-values, as in equa-
tions (6), (16) and (17)) of this system has to be calculated to predict
the overall heat losses in a real building. The parameters to be
previously known are the indoor and outdoor air temperature and
the air flow rate.
3. Experimental measurements and subsequent calculations

3.1. Current ventilated double window

The experimental facility, the measurements carried out and the
used instrumentation were described in detail in Ref. [2]. During
the winter season two configurations of a 1.43 m � 1 m ventilated
double window were mounted on a test cell facility to analyse its
behaviour under real weather conditions. All the glazing units used
in the experiments were made of white aluminium frame with a
6 mm single clear glass at the outer glazing unit. An equivalent air
channel width of about 73 mm was installed which corresponded
to a frame to frame distance of about 51 mm and glass to glass
distance of about 92 mm.

The initial configuration to be tested had a 6 mm single clear
glass in the inner glazing unit (system 1) this later being replaced
by a 4þ 12þ 4 mm (glass þ gapþ glass) double clear glass (system
2). An overall Uw-value of each glazing unit was estimated using the
WINDOW 5.2 software tool, from Lawrence Berkeley National
Laboratory, California’s University, U.S.A., where the edge and frame
effects are taken into account. The outer glazing unit standard Uw-
value was 5.69 W/m2 �C, the inner glazing unit standard Uw-value
was 5.60 W/m2 �C with a single pane glass and 4.18 W/m2 �C with
double pane glass. These Uw-values were defined with standard
external and internal surface thermal resistances of 0.04 m2 �C/W
and 0.13 m2 �C/W, respectively. The dominant mechanism
responsible for the heat gained by the passing air (Quse) is the
convection heat transfer therefore, as an alternative to equation (3),
Quse can be expressed as follows:

Quse ¼ AihchDq1 � AohchDq2 (5)
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where Ai and Ao are the inner and the outer glazing units area (m2),
hch is the convection heat transfer coefficient in the air channel (W/
m2 �C) and Dq1 and Dq2 are the temperature difference between the
inner glazing unit surface and the air flow and between the air flow
and the outer glazing unit surface (�C), respectively. The tests were
made in real weather conditions on a free naturally ventilated test
cell. This ventilation through the double window channel was
consequently of variable velocity which was measured at the outlet
by an air speed transducer. To investigate the effect of the heat
transfer on the system performance, three thermocouples were
used to measure the temperature at mid height of the air channel
and two others were used at the outlet. This permitted to analyse
the temperature profile in the air channel and therefore estimate
the heat transfer across this ventilated system. As the test cell was
freely ventilated, several variables influenced simultaneously the
system performance.

By definition the Thermal Transmittance Coefficient (U, in W/
m2 �C) is calculated under steady-state conditions. In the dynamic
experimental conditions the measured values must be analysed
and compared in order to identify tendencies. The air flow rate and
the air temperature at the channel outlet, as well as the outside air
temperature were used to calculate the heat gained by the air flow
as in equation (3) during the experimental procedures. This rep-
resents the heat gained or the heat recovered by the air flow when
there is no solar radiation, which means during the night period. A
U value can be defined as the result of the division of a heat flow by
the area of the element through which the heat is transmitted and
by the temperature difference between the two environments, as
Uw_use. The U w_use is a fictitious Uw-value for commodity of the
analysis, if we may say so, and it represents the amount of heat
recovered through the incoming air, per m2 of the inner glazing
unit and per �C of difference between indoor and outdoor tem-
peratures. U w_use would be as follows [3]:

Uw_use ¼ Quse

Aiðqin � qoutÞ (6)

where U w_use is the U value representing the heat recovered co-
efficient (W/m2 �C), Quse is the recovered heat flow as derivates
from equation (3), Ai is the inner glazing unit area (m2), qin is the
indoor air temperature (�C) and qout is the outdoor air temperature
(�C). As the air flow rate influences the temperature of the delivered
air for the same boundary conditions, Fig. 2 presents the estimated
Uw_use against the air flow rate (from equation (1)) obtained for
Fig. 2. Estimated Uw_use values against air flow rate for both systems (based on
measured values of temperature and air velocity).
both systems, when there was no solar radiation (night period).
During this period the mean temperature difference observed be-
tween indoor and outdoor air was 17.2 �Cwith system 1 and 14.7 �C
with system 2. The meanwind velocity was 1 m/s and 2.3 m/s with
systems 1 and 2, respectively.

From Fig. 2 some conclusions can be drawn. As it can be seen the
Uw_use of system 1 is considerably higher than the one of system 2.
This reflects the different thermal resistance of the inner glazing
units of both systems. The inner glazing unit of the system 2 has a
lower standard Uw-value. In spite of the diffuse plotting marks of
system 2 there is quite a difference between the tendencies of both
systems. While Uw_use value of system 1 increases when air flow
rate increases, this tendency is not observed in the measurements
of system 2. We must notice however that the two experiments
were done under different wind and air temperature conditions.
The heat losses at the external surface were certainly higher while
testing system 2 due to windy weather. Moreover, for the same air
flow rate a different air temperature between indoors and outdoors
were observed. Hence a direct comparison between the two situ-
ations must be very carefully considered. In a different approach,
the outside and inside surface thermal resistances were fixed at
their standard values of 0.04 m2 �C/W and 0.13 m2 �C/W, respec-
tively and a constant temperature difference of 20 �C between in-
door and outdoor air was considered. Then U w_use was calculated
for different values of the air flow rate. The convective heat coef-
ficient in a ventilated air channel (hc_hc, in W/m2 �C) which is
calculated by iteration [16] can be obtained from ISO 15099 [1]:

hc_ch ¼ 2hc þ 4vair (7)

where, hc represents the convective heat coefficient in a non-
ventilated air channel (W/m2 �C) and vair, the mean air velocity
within the channel (m/s), and:

hc ¼ Nu
l

d
(8)

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

Nu ¼ ½Nu1;Nu2�m�ax (9)

For:

Nu1 ¼ 0:0673838Ra
1 =

3 if 5� 104 < Ra (10)

Nu1 ¼ 0:028154Ra0:4134 if 104 < Ra � 5:104 (11)

Nu1 ¼ 1þ 1:7596678� 10�10Ra2:2984755 if Ra � 104 (12)

Where, Ra is the Rayleigh number. And,

Nu2 ¼ 0:242

2
64 Ra

H
.
d

3
75
0:272

(13)

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

Ra ¼ r2d3gbCpDq
ml

(14)

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
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thermal expansion coefficient of fill gas (1/K), C is the specific heat
at constant pressure (J/(kg �C)), Dq is the temperature difference
between the channel’s surfaces (�C) and m is the air viscosity (kg/
ms). In Fig. 3, U w_use values in function of the air flow rate for both
systems are presented.

As seen in both Figs. 2 and 3 the U w_use value is lower when
system 2 is in use, reflecting a higher thermal resistance value of its
inner glazing unit. Uw_use represents the amount of heat that can be
recoveredby the air fromtheheat that is lost from inside through the
inner glazing unit, per m2 and per �C of difference between indoor
and outdoor temperatures. It means that system 1 is capable of
recoveringmore heat than system2due to higher losses from inside
and lower thermal resistance [2]. For the conditions of the calcula-
tion (i.e., constant temperature difference between indoors and
outdoors and fixed air flow rate for each cycle of iterations) U w_use
values increasewhen air flow rate increases for both systems.When
air flow rate increases the air velocity also increases in the air
channel, increasing the convection heat transfer coefficient and
therefore the heat transfer between the surfaces and the passing air.
Qloss, defined by equation (2), can also be expressed, in a more
practical way, the overall heat transfer coefficient from inside to the
air channel, per �C of difference between the indoor and outdoor
temperatures in function of the temperature difference between
indoors and outdoors as follows:

Qloss ¼ AiUwiðqin � qchÞ ¼ AiUw_lossðqin � qoutÞ (15)

where U w_loss is a coefficient that represents the amount of heat
transmitted through the inner glazing unit to the air channel, per
m2 and per �C of difference between indoor and outdoor air tem-
peratures. U w_loss can then be defined by the following expression:

Uw_loss ¼ Qloss
Aiðqin � qoutÞ (16)

TheUw_loss value depends on the glazing unit thermal properties
and also on the air flow rate and other boundary conditions. U w_loss
is in fact a U-value in its physical meaning (it relates to the heat
transmittance through a construction element) and represents the
overall heat transfer coefficient from inside to the air channel, per �C
of difference between the indoor and outdoor temperatures. With
standard outside and inside surface thermal resistances, Fig. 4 il-
lustrates howU w_loss varies with the air flow rate, for a temperature
difference of 20 �C between indoor and outdoor air. As it can be seen
in Fig. 4,Uw_loss is higher for system1 than for system2, expressing a
higher heat loss from inside when system 1 is in use. This also
Fig. 3. Uw_use values against air flow rate.
reflects a higher U w_use, meaning that for a higher heat loss from
inside more heat can be recovered by the passing air through the
channel. U w_loss increases with the increase of the air flow rate as it
was foundwithUw_use. For thehighest airflowrate theUw_loss tends
to stabilize. The overall equivalent thermal transmittance coefficient
(U w_eq, in W/m2 �C), corresponding to the heat that is lost to the
outside of the building, based on equation (4) and on the tempera-
ture difference between indoor and outdoor air, can then be found
from:

Uw_eq ¼ Qloss � Quse

Aiðqin � qoutÞ (17)

In Fig. 5, the variation of U w_eq with the air flow rate for both
systems is presented (for qin�qout ¼ 20 �C). The total heat loss from
the inside (taking into account the heat recovered by the air flow)
decreases when air flow increases, as was also found by McEvoy
et al. [3] and Baker and McEvoy [10]. For qin�qout ¼ 20 �C, U w_use
increases with the increase of the air flow rate at a higher rate than
U w_loss. Therefore U w_eq, for these conditions, decreases with the
increase of the air flow rate. U w_eq value is also lower in system 2
than in system 1, due to a higher thermal resistance of the inner
glazing unit.

Besides the influence of the air flow rate, the air temperature
inside the air channel is also dependent on the temperature differ-
ence between both environments. Basically, if this temperature
difference rises, it increases the amount of heat that crosses the
ventilated double window. In Fig. 6 Uw-values are plotted for con-
stant air flow rates (30 and 60 m3/h) in function of the temperature
difference between indoors and outdoors for system 1. This shows
that, for an air flow rate of 30 m3/h or 60 m3/h, when U w_loss in-
creases with the increase of (qin�qout), Uw_use also increases at a
higher rate and therefore theoverall heat loss, representedbyUw_eq,
decreases, as was also found by McEvoy [3].

3.2. A wider air channel and a shutter in use

A second set of experiments dealt with a wider air channel
between the glazing units. A distance of 170 mm from frame to
frame and of 212 mm from glass to glass was established,
covering the whole thickness of the wall. That corresponds to an
equivalent air channel of about 193 mm. In Fig. 7 a scatter graph
of estimated U w_use values for both systems is presented. For the
period of experimental measurements and only for the ones
performed during the night, the mean temperature difference
Fig. 4. Uw_loss values against air flow rate.



Fig. 5. Uw_eq values against air flow rate.

Fig. 7. Estimated Uw_use values against air flow rate, for both systems with a wider
channel between glass panes (based on measured values of temperature and air
velocity).
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between indoor and outdoor air was of 13.8 �C and 13.9 �C and
the mean wind velocity was of 3.8 m/s and 1.4 m/s with systems
1 and 2, respectively. A higher air flow rate occurred while
testing system 1. U w_use increases when air flow rate increases
for both systems and it is higher with system 1 than with system
2. It is not possible to compare directly the performance of the
ventilated double window with different air channels thick-
nesses using Figs. 2 and 7 due to the different weather conditions
that occurred for each single test. Only relative comparisons are
possible.

The third set of experiments investigated the influence of the
use of a plastic shutter between the glazing units which was closed
during the night period. For a closed shutter, the air channel is
divided into two narrower channels: an outer channel formed by
the shutter and the outer glazing unit and an inner channel formed
by the shutter and the inner glazing unit. A previous work [2] has
shown that when air flow passes only through the inner channel is
when better results are obtained, more heat is recovered. Therefore
the analysis was performed for the case of a ventilation path only
through the inner channel and for the night period (hence, with no
solar radiation). The adding of a plastic shutter between the glazing
units leads also to an increase of the global thermal resistance of the
whole system. In Fig. 8, it is evident that Uuse increases when air
flow rate increases. For the third set of experiments, the mean
temperature difference between indoor and outdoor air was of
14.1 �C with system 1 and 19.3 �C with system 2. The mean wind
velocity was 0.8 m/s and 1.5 m/s with systems 1 and 2, respectively.
Fig. 6. Uw-values against temperature difference between indoor and ou
Uuse is also higher on system 1, as it was observed without the
plastic shutter.

Comparing Figs. 2 and 8, it can be said that U w_use is higher
when the roller shutter is closed for the same air flow rate. This
reflects the effect of the reduced air channel when the shutter is in
use increasing the air velocity within the channel. The higher the
air velocity, the higher is the convection heat transfer coefficient
and more heat can be recovered by the passing air. We must notice
also that the temperature difference between indoor and outdoor
air was considerably lower while testing the ventilated double
window with a shutter and in spite of that U w_use was higher than
without the shutter. Furthermore, the heat losses by transmission
to the outside of the building are lower for the situation with the
shutter, since the latter adds some thermal resistance to the outer
part of the system.

4. Thermal performance indices

From the three experiments sets it’s clear that U w_use values are
always higher when the inner glazing unit has a single glass than
when it has a double glass. It means that the system 1 is able to
recover more heat than the system 2 due to a higher heat loss from
indoors to the air channel. This is directly related to the inner
glazing unit properties. For a higher thermal transmittance of this
unit, more heat is transferred from the inside to the air channel and
more heat can be recovered. The experiments that were carried out
used the same outer glazing unit and two different inner glazing
tdoor air, for system 1 and air flow rates of 30 m3/h and 60 m3/h.



Fig. 9. Uw_eq values against standard U values of the two glazing units (for an air flow
rate of 30 m3/h and (qin�qout) ¼ 20 �C).Fig. 8. Estimated Uw_use values for the window with a roller shutter against air flow

rate for both systems (based on measured values of temperature and air velocity).
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units. This was carried out only in the heating season. Since this
system brings heated air to the inside, it is expected the users open
the outer glazing unit when the outdoor air temperature is warmer
to avoid overheating through the income air.

To investigate how this changeable facade component may
interferewith thewhole system performance, different glazing unit
configurations were analysed with the same boundary conditions.
All the configurations kept the same geometry and the same frame
to glass ratio. For the first analysis the standard Uw-value for the
outer glazing unit was fixed at 5.6 W/m2 �C. The analysis began
with the same standard Uw-value for the inner glazing unit which
was lowered progressively to 1.3 W/m2 �C. The temperature dif-
ference between the indoor and the outdoor air was of 20 �C and an
air flow rate of 30 m3/h was fixed. The overall heat loss, here the
equivalent heat loss expressed by Ueq, was then compared. The
second analysis dealt with a fixed inner glazing unit Uw-value of
5.6W/m2 �C and the outer glazing unit Uw-value varied from 5.6W/
m2 �C to 1.3 W/m2 �C. Ueq values were also compared. A third
analysis started with a Uw-value of 5.6 W/m2 �C for both glazing
units and decreased that value simultaneously for both glazing
units down to 1.3 W/m2 �C. For the three analyses the same tem-
perature difference and the same air flow rate were considered. In
Fig. 9, the results relating the windows standard Uw-values to the
Uw_eq value are presented.

Since Uw_eq value represents the overall heat loss from inside the
building taking into account the heat recovered by the air flow, it is
easy to understand that it will decrease whenever the thermal
transmittance of any component of the system is lowered. When
both glazing units have a high Uw-value of 5.6 W/m2 �C the Ueq can
be of 1.9 W/m2 �C for a temperature difference of 20 �C and an air
flow rate of 30 m3/h. In Fig. 9, it can be observed that for a
changeable outer glazing unit the Ueq value can be reduced down to
1.6 W/m2 �C, for a fixed high Uw-value of the inner glazing unit
(5.6 W/m2 �C). By changing only the inner glazing unit, for a Uw-
value of the outer glazing unit of 5.6 W/m2 �C, the Ueq value can
decrease down to 0.7 W/m2 �C. When both glazing units have a
lower Uw-value (1.3 W/m2 �C) the Ueq can be of 0.6 W/m2 �C. This
leads to the expected conclusion that, from an economic point of
view, it is not worth having two glazing units with low standard Uw-
values. In a ventilated double window the thermal performance of
the outer glazing unit, inwhat concerns thermal transmittance, does
not have a significant influence on the performance of the whole
system. Therefore, the outer glazing may be a low thermal resis-
tance one just enough to create an air flow path, being also cheaper.
A whole building thermal performance analysis requires, more
or less, complicated calculation procedures [13,17] most of them
being performed by software programs. Inputs are needed related
with the building geometry, the physical properties of the mate-
rials, the air flow rates, the local weather, etc. When using a
ventilated double window its thermal performance must be
expressed in a usable way in order to ensure the necessary accuracy
of building’s simulation procedure. For numerous kinds of windows
there are useful database, but for this passive system there is no
such help. For ventilated double windows, thermal loss from inside
and heat gain to the inside, represented by Uw_loss and Uw_use,
respectively, can be used to characterize their thermal performance
in what concerns thermal transmittance. Instead, as it was pro-
posed, a single Uw_eq value which gives us the balance between the
loss and the gain can be used.

As this passive system is naturally ventilated, its thermal per-
formance is as dynamic as the boundary conditions. Figs. 10 and 11
present the Uw_eq and U w_use values for different air flow rates, a
temperature difference between indoors and outdoors of 20 �C, an
outer glazing unit Uw-value of 5.6 W/m2 �C, two different air
channel widths and for a system with or without a shutter. The
outer glazing unit used in all simulations, is a clear single glazing
unit of 6 mm with an aluminium frame. In the first configuration
(W1) the inner glazing unit is the same as the outer one. For the
three other configurations (W2, W3 andW4) the inner glazing unit
is as described in Table 1, as identified by Huizenga et al. [18]. From
Figs. 10 and 11 it is possible to withdraw loss thermal transmittance
coefficient which is the sum of the shown U’s.

One may say that for awider channel where a higher U w_use and
lower U w_eq are found, the result is to a lower U w_loss. When a
shutter is used, the air channel section is reduced which increases
the air velocity, a higher U w_use and a lower U w_eq are found but
also a higher U w_loss. From Figs. 10 and 11 together with Fig. 6 one
may extract the Uw-values needed for any simulation or analysis.
Just knowing beforehand the Uwi-value (inner glazing unit) as
defined in Table 1, the mean air flow rate for each period of the
simulation and the air channel width shown in Figs. 10 and 11 and
the temperature difference between indoors and outdoors. From
Figs. 10 and 11 one may extract the Uw_loss and Uw_use.

5. Conclusions

Windows are the weakest thermal component of a facade and
therefore play a fundamental role in the thermal performance
of buildings, being almost always indispensable for reasons



Fig. 10. Ueq and Uw_use values for several different configurations without a shutter.

Fig. 11. Uw_eq and Uw_use values for several different configurations with a shutter.
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previously stated. A lot of work has been done all around the world
in order to improve their thermal performances. Usually, windows
act as a barrier between indoor and outdoor ambient conditions,
being able to allow outdoor views, natural lighting and sometimes
natural ventilation. When windows have new functions, as the
ventilated double window delivering pre-heated ventilation air to
the inside during the winter time, their thermal performance has to
be characterized in order to be included in a whole building sim-
ulation’s procedure. In a ventilated double window, this is very
much dependent on the air flow betweenwindows, as it was found
during the outdoor tests.

In real weather conditions and under natural ventilation, the
ventilated double window performance is somehow fickle just as
the weather is itself. During the test with the system 1 the useful
heat transfer coefficient has increased with the increasing air flow.
Table 1
U values (W/m2 �C) of the inner glazing unit of each simulated configuration.

Code Window description U

W1 Clear single glazing, 6 mm, aluminium frame 5.6
W2 Clear double glazing, 6/16/6 mm, aluminium

frame with thermal break [17]
3.3

W3 Low-ε double glazing, 6/16/6 mm, aluminium
frame with thermal break [17]

2.6

W4 Low-ε triple glazing, 6/16/6/16/6 mm, aluminium
frame with thermal break [17]

1.9
On the other hand the test with the system 2 has shown the
opposite. The direction and intensity of the wind on the outer
glazing unit can be responsible for the disparity of the results.
However, the U w_use of the system 1 was always higher than the
one of system 2, being the first one able to recover more heat. Three
thermal transmittance coefficients were defined to rate this passive
air heating system. These are the U w_loss, the U w_use and the U w_eq.
These coefficients can be applied in a wide range of simulation
procedures.

One can use glazing units with a standard Uw-value from about
1.3 W/m2 �C to about 5.6 W/m2 �C. The equivalent Uw-value, U w_eq,
of a ventilated double window can go from under 1 W/m2 �C to
approximately 2 W/m2 �C. For the range of conditions assumed in
the calculation, the higher the air flow rate through the air channel
is, the lower the U w_eq can be. This coefficient can also be reduced
by changing each of the windows. By altering the outer glazing unit
very little improvement is found, so other criteria must drive its
choice. By changing only the inner glazing unit or both windows,
the Ueq results are very similar, so from an economic point of view
the inner glazing unit is the one where it is worth making a
change for a better overall performance in what concerns thermal
transmittance.

The full characterization of the thermal performance of the
ventilated double windowwill only be completed with the analysis
of the results concerning solar radiation and solar gains. A paper
presenting those results was also prepared by the authors and
completes this one.
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Nomenclature

A area, m2

C specific heat at constant pressure, J/(kg �C)
d distance, m
g acceleration due to gravity, m/s2

h convection heat transfer coefficient, w/m2 �C
H height, m
Nu Nusselt number
Q heat flow, W
Ra Rayleigh number
U thermal transmittance coefficient, W/m2 �C
v air velocity, m/s
V volumetric air flow rate, m3/s
b thermal expansion coefficient (1/K)
q temperature, �C
l thermal conductivity, W/m �C
m air viscosity, kg/ms
r density, kg/m3
Subscripts
air air
amb ambient
c convection
ch channel
eq equivalent
i inner
il inlet
in indoor
loss loss
o outer
ol outlet
out outdoor
use useful
w window or glazing unit (including the correspondent

frame)
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