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Abstract: In the context of energy conservation and sustainable development, building design should
take into account the energy efficiency criteria by using renewable energy sources. Double-skin
facades (DSF) represent innovative energy-efficient techniques that have gained increasing interest
worldwide. The present study reports the results of an experimental campaign performed on a
full-scale double-skin fagade using the in-situ measurement methodology. The thermodynamic
behavior of the facade is studied under real exterior climatic conditions in Romania in hot and
cold seasons, and performance indicators in terms of pre-heating efficiency and dynamic insulation
efficiency were determined. Three summer periods are analyzed corresponding to the outdoor air
curtain scenario for three ventilation modes in naturally or mechanically ventilated single-story DSF.
Results revealed that the third ventilation scenario, which combines horizontal and vertical openings,
gives the best efficiency of 71.3% in the double skin facade functioning. During the cold season, the
channel facade behaved like a thermal buffer between the building and the exterior air, ensuring the
thermal energy for partial or integral heating of the building.

Keywords: double skin facade; thermal performance; in situ monitoring; natural and forced
ventilation; experimental study

1. Introduction

With the worldwide need for sustainable development, double skin facades were
developed like strategies and technologies for decreasing the operational consumption of
energy during a building’s life cycle. Double Skin Fagades (DSF) are building envelopes
composed of two layers of glass separated by a ventilated air channel that acts as a thermal
agent to improve indoor thermal comfort.

Numerous experimental and numerical studies have been conducted mainly in coun-
tries where these facades have been widely applied. More publications are related to
experimental studies carried out on test facilities, under real weather conditions. Corgnati
et al. [1] present extensive experiments on an active transparent facade, mechanically
ventilated, in Italy. Saelens et al. [2] present measurements carried out at the Vliet test
building of the Laboratory of Building Physics in Leuven, Belgium. It was shown that the
location of the inlet air, airflow rate, and airflow distribution are important parameters
that affect the performance of a DSE. These types of measurements are also presented by
Zanghirella [3]. Using TWINS, the test facility for experimental investigation, a methodol-
ogy was proposed to assess the energy performance of active transparent facades. Also,
using the Permasteelisa campus, equipped with full-scale test rooms, Fuliotto [4] con-
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ducted experimental research on DSEF, in terms of both energetic consumption and internal
environmental conditions.

Many studies have been performed in situ, on real buildings, by monitoring param-
eters for long periods of time (minimum one year) [5], determining the behavior of the
facade under the influence of different climatic conditions and occupant perception on
overall comfort. In general, such studies are the only ones that can provide information
on the global interaction of the fagade with the occupied building. Given that in situ
monitoring requires restricted areas for the tests and periodic inspections of devices, exper-
imental models are tested in the laboratory or in situ by building rooms subject to outdoor
climate conditions.

Experimental studies on ventilated facades and fully glazed double skin type were
carried out in laboratory conditions [6—8]. In addition, Gavan et al. [9] performed an
experimental study in laboratory conditions, on a full-scale facility of DSF equipped
with Venetian blinds, to minimize the radiation transmitted during the hot season to
avoid overheating.

Due to the transient and complex air flow in the facade channel, the influence on
the indoor environment and energy consumption is challenging to evaluate. Therefore,
Computational Fluid Dynamics (CFD) can play an essential role in assessing and improving
the thermodynamic behavior of a double skin facade. Andjelkovic et al. [10] presented a
mathematical model to study the energy performance of a ventilated fagade. Ignjatovi¢
et al. [11] investigated the influence of glazing types and ventilation principles in double
skin facades on delivered heating and cooling energy during the heating season. Matour
et al. [12] studied by CFD techniques the effects of opening configurations on airflow
behavior, showing that the ratio between the areas of the front and lateral openings is a
critical factor for improving the ventilation in the cavity at the wind incident angle between
0° and 30°. Also, it was concluded that employing three front openings on the external skin
of DSF can increase the system’s effectiveness in a broader range of wind direction and
cavity size. Recently, Tao et al. [13,14] studied the naturally ventilated double-skin facade
(NVDSF) with adjustable louvers. Using CFD techniques, they established the impacts of
solar angle and intensity on natural ventilation rates, concluded that louvers can enhance
or weaken natural ventilation compared to those without louvers. In all studied cases,
it was concluded that adding a DSF zone to the south wall of the building leads to the
decrease of delivered heating energy.

Most studies have been conducted in the Mediterranean climate [15,16], temperate
climate [17-20], and cold climate conditions [21,22], summarizing the effect of structural
parameters of DSF on thermal performance. For some studies, it was established that
corresponding results could provide some reference for the buildings in similar climate
regions [22]. The research has been extended to wet conditions [23,24], arid tropical
climate [25,26], and, more recently, to a combined hot and humid environment [27] or a
combined hot and dry climate [28]. In the context of an arid climate, it is argued that the
cavity depth should be between 600 and 1000 mm to allow these areas to solve specific
problems related to the presence of sand. Regarding the possibility of applying these
facades in buildings located in specific climatic conditions of countries like Turkey, a
significant reduction in energy consumption for heating in the winter was obtained [29].

Nastase et al. [30] studied the difference between a single skin facade and a box double
skin facade from a heat transfer point of view, showing an increase in envelope insulation
with benefits during the cold season. The mathematical model proposed and the analyses
of the heat transfer indicators were described by tabular values and by one year chart for
the Brasov region, in Romania.

Kuznik et al. [31] presented numerical modeling of a double skin facade (DSF) com-
bined with a full-scale DSF experimentally studied in summer configuration with different
airflow rates through the air channels of the facade and for different angles of the solar
shading devices.
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A recent study [32] investigated the evolution of building energy retrofit via double-
skin and responsive facades, to show the development and adaptability to the current
NZEB requirements. Hou et al. [33] investigated how constructional features affect the
behavior of double skin fagades (DSFs). In a review containing nearly 70 scientific articles
on mechanically and naturally ventilated DSFs tested in different countries and climates
(but none from Romania), it was established that complex interactions between more than
one parameter at a time are primarily unexplored.

There are studies regarding DSF channel ventilation mode (between the cavity and
external glazing openings) using openings on the lateral side of the channel. To avoid the
overheating of the channel, the horizontal ventilation was studied experimentally [34] and
numerically [35] or a supplementary lateral opening was adopted on the external glazing
of the DSF [36]. This one can be a solution applied to enhance the wind-induced cavity
natural ventilation using pressure differential.

However, there are very few buildings in which double-skin facades have actually
been fully realized in Romania and little experience of the system behavior in operation.
Furthermore, the specific climatic conditions of continental temperate are characterized by
warm summers and cold winters, and these conditions differ from climates where DSFs
have been widely applied.

In this study, an experimental analysis of double skin ventilated facade was conducted
in the specific climate conditions of Romania, in July and November, for different strategies
of ventilation in order to determine the thermodynamic behavior and performance assess-
ment in terms of pre-heating efficiency during the cold season and the dynamic insulation
efficiency during the hot one. This study aims to reflect on strategies for DSF that are
responsive to the particular climate type. Moreover, in the hot season of the temperate
climate, the combination of the vertical openings on the top of the ventilated channel with
the lateral ones on the exterior glazing of the DSF is proposed.

2. Experimental Description

The study was carried out for a single-story facade built on the southwest face of the
INCERC Laboratory of Applied Research and Testing in Constructions, National Institute
of Research and Development URBAN-INCERC lasi, a city in the north-east of Romania
(Figure 1). The test facility was designed for thermal and airflow investigations of the
DSF performance, functioning under natural or mechanical conditions and using various
ventilation principles (outdoor air curtain, indoor air curtain, air supply, air exhaust, buffer
zone) [37].

Figure 1. View of the double-skin facade: (a) from the outside of the building and (b) from the inside
of the interior room.

The experimental double-skin facade measured 2.0 m width by 2.8 m high and in-
cluded the double skin glass fagade and an interior room (Figure 2). The inner skin of the
fagcade was a 24 mm thick double-insulated glass and the outer one was a single 12 mm
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thick clear glass pane. The central part of the inner skin was designed to be opened and
to facilitate access to the channel for experimental testing, cleaning, and maintenance
purposes. The external skin was composed of two fixed parts of simple glazing for reasons
of mechanical resistance. The air cavity between the two glazing panes was 0.45 m wide.
Two openings were included in the exterior glazing of DSF, one for the air inlet located
at the bottom of the facade and one for the air outlet in the upper part. The openings for
ventilation with 0.1 m high cover the whole width of the stand.

_01m
1.75m

Interior room S

Double glazing |

!

“‘O.45m Air channel  pp, :\ —l-
| » ~0.45m

Simple glazing i 2m
() (b)

Figure 2. Schematic view of the double-skin fagade: horizontal section (a) and perspective (b).

The interior room measures 2.0 m wide, 2.8 m high, and was 1.75 m in width and
was very well insulated to reduce the influence of the indoor environment on the facade
(Figure 2a). Using a cooling unit, the temperature of the test chamber was kept constant
(27 £ 0.5 °C) starting on day 3 of each summer period (SET1-3). The interior chamber
was left unconditioned for the first two days of these periods. For this experiment, no
sun-shading device systems were used. The DSF materials and construction details and
thermal and optical properties are presented in Table 1.

Table 1. Thermal and optical properties of DSF glass.

Component Properties

single pane (8 mm), clear float glass, central glass
Exterior glazing U-value = 5.6 W/(m?2-K), transmission T = 82%, absorption « = 11%, solar
reflection p = 7%.

Exterior frame aluminum frame with thermal barrier, U-value = 3.1 W/(m?2-K)
double thermo-insulated pane glazing (4-16-4 mm), clear float glass, low-E
coating, central glass U-value = 1.92 W/(m?-K)

Interior frame PVC frame with thermal barrier, U-value = 1.42 W/ (m?K)

Interior glazing

The experimental campaigns included four periods specific to the climate in Ro-
mania: three periods in the hot season of July corresponding to three modes of air cur-
tain ventilation (ascendant air circulation between the exterior inlet and exterior outlet
sections) and one period in the cold season of November for the buffer mode of DSF
(closed air channel), Figure 3.

In the first period (SET 1: 7th—13th July), the exterior air inlet and the exterior air outlet
were open, and natural ventilation occurred inside the channel.

In the second period (SET 2: 14th—20th July), due to the overheating problem that
occurred inside of the DSF channel, the cavity was mechanically ventilated by adding three
VORTICE fans in the upper opening of the exterior fagade, each with a flow rate of 85 m3/h
(SET 2) and an electrical power of 15 W. The choice of the ventilation air rates was based
on the criterion of minimum energy consumption of the fans. A higher air flow rate will
cool the channel better but with more energy consumption, which will lower the benefits
of the system.
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Figure 3. DSF ventilation modes according to the periods of experiments.

To improve the natural ventilation of the channel and eliminate energy consumption
for ventilation, in the third period (SET 3: 21st-27th July), the evacuation of air occurs
through the exterior air outlet and the upper part of the cavity over its entire section.

In the fourth period of the cold season (SET 4: 24th-30th November), in order to
recover the heat loss from the building and to capitalize the solar thermal energy accumu-
lated through the greenhouse effect during the day, the DSF channel was completely closed
forming a buffer zone between the building and the exterior air.

2.1. Temperature Measurements

The DSF was equipped with 34 thermocouples type T (copper—constantan) connected
to two dataloggers INFOSTAR ISU-L2-C24M with 24 inputs each (Figure 4c), which auto-
matically collected data with a scan rate of 15 min. Thus, 10 thermocouples were used to
measure air temperatures and 24 for glass surface temperatures (Figure 4a,b).

Figure 4. Type T thermocouples on DSF glass surfaces (a), thermo-hygrometer KIMO KTH 300 A
KISTOCK (b), and Datalogger INFOSTAR ISU-L2-C24M (c).

The type-T thermocouples for air temperature measurements were placed in three
horizontal sections, located at different heights above the floor level (0.5 m, 1.20 m, and
2.15 m, respectively) and 0.5 m from the lateral cavity closures, Figure 5. The air temper-
atures at the inlet and the outlet of the channel were measured at two points, each with
thermocouples of the same type. In addition, the temperatures of the glass surfaces were
measured on both sides, towards the air channel and the interior room.

Air temperature in the interior room was measured at 1.25 m from the interior glazing
at a height of 1.20 m. To accurately measure the temperatures, the copper—constantan
thermocouples were calibrated using the ice bath technique [20], Figure 6a,b.
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Figure 5. Locations of thermocouples for measuring air and surface temperatures. Air temperatures:
o T2*, T3*%, T12%, T14*, T15%, T20*—inside the DSF channel (Tcav); o T1, T19—to the exterior outlet
from the channel (Toyut); ® T2, T23—to the exterior inlet in the channel (T¢). Surface temperatures
of the outer glass: o T4*, T9*, T10*, T11*, T13* T19—towards the air channel (Ts¢). Surfaces
temperatures of the inner glass: @ T3, T4, T8, T9, T10, T15, T18, T20, T24—towards the interior
chamber (T ; ;); @ T1*, T5*, Te, T6*, T7, T7*, T8*, T16*, T17*—towards the air channel (T ¢).

Figure 6. Thermocouple’s calibration using an ice bath.

In order to monitor the humidity inside the DSF channel, a thermo-hygrometer KIMO
KTH 300A KISTOCK with KILOG software was placed at a height of 1.20 m from the
bottom of the channel, Figure 4b.

2.2. Air Velocity Measurements

The air velocities were measured for the three first modes of air curtain ventilation
(SET 1-3), inside the DSF channel in three points: at the inlet, in the middle at 1.4 m
height, and at the outlet using a multifunctional device KIMO AMI 300 with hot wire
probe, Figure 7a—c.

2.3. Measurements of Climatic Parameters

To measure the outdoor temperature, together with the other outdoor climatic pa-
rameters (solar radiation, wind speed, and direction), the Meteorological Station Davis
Instruments Vantage Pro2 with WeatherLink software was used, located on the building
where the experimental facility was built, Figure 8a,b. Meteorological data were collected
daily at an interval of 5 min. Still, there were also periods when the weather station did
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not make any recordings due to technical problems (fluctuations in power supply, which
caused the data console to shut down). The values recorded in the four periods in which
the measurements were performed on the experimental stand are presented in Tables 2-5.
All three summer periods have approximately the same daily maximum solar irradiation,
and the prevailing wind direction is north.

(b) (©)

Figure 8. Meteorological Station Davis Instruments Vantage Pro2.

Table 2. Climatic data recorded by the weather station—SET 1: 07th—13th July.

Day Outside Temperature (°C) Average Wind Speed Maximum Solar Radiation Dominant Wind
Mean Low High (km/h) (W/mz) Direction
1 - - 33.7 2.3 - NNE
2 30.3 22.7 37.1 0.6 583 NNE
3 30.9 234 39.2 1.1 552 NE
4 27.7 22.2 339 19 544 N
5 26.0 20.4 31.8 1.9 372 N
6 244 20.1 34.6 1.3 618 N
7 24.8 17.9 31.8 1.9 569 N
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Table 3. Climatic data recorded by the weather station—SET 2: 14th—20th July.
Day Outside Temperature (°C) Average Wind Speed Maximum Solar Radiation Dominant Wind
Mean Low High (km/h) (W/m?) Direction
1 28.7 22.1 35.1 2.3 557 N
2 29.3 21.6 38.5 2.6 624 N
3 225 18.6 26.3 4.2 601 N
4 20.9 16.5 27.7 23 619 N
5 20.2 15.6 25.7 1.3 700 N
6 24.6 15.0 323 1.1 595 N
7 27.9 19.2 34.8 1.3 625 N
Table 4. Climatic data recorded by the weather station—SET 3: 21st-27th July.
Day Outside Temperature (°C) Average Wind Speed Maximum Solar Radiation Dominant Wind
Mean Low High (km/h) (W/m?) Direction
1 27.2 20.2 36.8 2.1 534 N
2 211 16.8 27.0 42 633 N
3 22.8 17.4 29.1 6.0 629 N
4 25.3 18.6 31.2 4.0 547 N
5 28.2 20.0 35.4 32 546 N
6 29.6 20.9 36.4 1.6 552 N
7 28.4 20.3 35.8 1.4 580 N
Table 5. Climatic data recorded by the weather station—SET 4: 24th-30th November.
Day Outside Temperature (°C) Average Wind Speed Maximum Solar Radiation Dominant Wind
Mean Low High (km/h) (W/m?) Direction
1 3.1 2.0 44 1.4 25 N
2 3.1 1.9 45 1.8 26 SSE
3 5.6 37 8.4 0.6 69 N
4 52 3.3 6.9 1.8 54 SSE
5 4.7 32 6.4 0.6 29 SE
6 6.7 24 14.1 3.1 144 N
7 12.2 8.2 16.2 1.0 107 N

3. Results and Discussions
3.1. Temperatures Prediction

Figures 9-12 present for the four periods of measurements and ventilation modes,
the variations of the exterior air temperature, which also represents the air temperature at
the entrance of the channel (T,); the average temperature inside the DSF channel (Tcav);
the temperature difference between the air inlet and outlet openings (DT); for the facade
ventilated, respectively, the temperature difference between the air channel and the exterior
for the closed facade (DT); the temperature in the interior room (T;); and the solar radiation
intensity (It). The air temperatures were calculated as the average of the values measured
in different points inside the channel (T2*, T3*, T12*, T14*, T15*, T20%), inlet section (T2,
T23), and outlet section (T1, T19), Figure 5.

The monitoring results show that for the first ventilation scenario (SET 1, Figure 9),
the maximum air temperature (Tcav) inside the channel reaches 47.4 °C on the third day
(13:00 p.m.) for an exterior temperature (T¢) of 37.6 °C and a solar radiation intensity
(It) of 533 W/m?, which is due to the greenhouse effect between the two layers of glass.
The minimum value recorded inside the channel is 21.3 °C (6th day, 5:00 a.m.) when the
exterior one is 20.3 °C. It can be observed that daily, the two temperatures are almost equal
between 06:00 p.m. and 6:00 a.m. and a maximum difference of about 10-13 °C is recorded
around noon (10:00 a.m.-02:00 p.m.), depending on the day, when the DSF channel becomes
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overheating. This justifies the introduction of Venetian blinds inside the channel to reduce
the heating of interior room from solar radiation [9]. The average value of the air inside
the channel, T,y for the entire period is 31.8 °C compared with the exterior one of 27.5 °C,
for a wind speed of 1.6 km/h (N-NE direction). The average air relative humidity inside
the channel has typical a value of 47%. The temperature inside the adjacent room of DSF
(Tj) in the first two days without conditioning follows the variation of Tcay and Te with an
average value of 31.5 °C. Even if the exterior and the channel temperatures drop between
09:00 p.m. and 10:00 a.m., the air temperature of the interior room decreases very slowly at
a minimum of 29.7 °C.

SET1
60 700
E
50 60 T T,
= 2
g 40 500 g —*Tcav
€ a0 400 ﬂé
E = -=DT
nga 20 - 300 %
T T
2 10 200 E Ti
)
0 100 % -m-l¢
»n
-0 0

4 5 ' 6 7 ' 8
Time (days)

Figure 9. Evolution of air temperatures and solar radiation intensity in the first period (07th-13th July), outdoor air curtain,
natural ventilation.
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Figure 10. Evolution of air temperatures and solar radiation intensity in the second period (14th-20th July), outdoor air
curtain, forced ventilation.
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Figure 11. Evolution of air temperatures and solar radiation intensity in the third period (21th—27th July), outdoor air
curtain, natural ventilation.
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Figure 12. Evolution of air temperatures and solar radiation intensity in the fourth period (24th-30th November), thermal

buffer, closed channel.

To facilitate the heat removal from the DSF channel, in the second period of mea-
surements (SET 2, Figure 10) forced ventilation was chosen. The results show that the
temperature variation inside the channel is closely related to the exterior ones with a maxi-
mum value of 47.7 °C on the second day (01:00 p.m.) for an exterior temperature (Te) of
36.8 °C and a solar radiation intensity (I;) of 540 W/m?. This shows that forced ventilation
does not have a significant impact on the temperature reduction inside the channel in
the overheating period of 10:00 a.m.—02:00 p.m. when the average difference between the
exterior ones remains around 12 °C. The minimum value recorded inside the channel was
16.8 °C (sixth day, 6.00 a.m.) when the exterior one has the same value. Compared to the
SET1, the introduction of the three ventilators in the lateral outlet of the exterior glazing
facilitate the channel temperatures to reach the exterior ones rapidly for a more extended
period, between 04:00 p.m. and 08:00 a.m., and a drop of the solar intensity has a quick
impact on them. The average air relative humidity inside the channel is recorded to be
48.3%, and the average value of the air temperature inside the channel, Tc,y for the entire
period is 29.0 °C for an exterior one of 24.9 °C and a wind speed of 2.2 km/h (N direction).

In the third ventilation scenario (SET 3, Figure 11) of summer conditions, two openings
at the top of the channel were chosen (lateral and vertical) to naturally ventilate the DSF
channel. In this case, the temperature difference between the channel and the ambient
reaches small values of 7-10 °C between 10:00 a.m.-02:00 p.m. The maximum air tempera-
ture (Tcay) inside the channel reaches 44.8 °C on the sixth day (01:00 p.m.) for an exterior
temperature (Te) of 34.9 °C and a solar radiation intensity (I) of 545 W/m?. The average
value of the air inside the channel, Tcay, for the entire period is 29.08 °C compared with the
exterior one of 26.07 °C with a difference of 3 °C, smaller than the first natural ventilation
with one lateral opening, in the same weather conditions. The temperatures inside the
channel and the exterior ones have almost the same value between 04:00 p.m. and 8:00 a.m.
with an average difference of 1 °C, thus reducing the period of channel overheating. Com-
pared to forced ventilation, the change in solar radiation intensity during the day has less
impact on the temperatures of the DSF channel. The minimum value recorded inside the
channel is 18.5 °C (3rd day) at 6:00 a.m. when the exterior one is 17.6 °C. The average air
relative humidity inside the channel is comparable with the previous ones for the summer
season of 47.8%. A time shift of approximately one hour exists between the highest solar
radiation and the maximum temperature recorded in the channel [38].

Results for the first three ventilation scenarios during the summer season are synthe-
sized in Table 6.

In the cold season in November (SET 4, Figure 12), the lateral and vertical openings
are closed, and the channel facade behave like a thermal buffer. The aim was to recover the
heat from inside the building and to valorize the greenhouse effect from solar radiation.
Thus, it can be observed that the temperatures inside the DSF channel are more significant
than the exterior ones with an average value of 2.2 °C for smaller solar radiation intensity
of around 20 W/m? (8:00 a.m.-04:00 p.m.) in the first four days of the monitored period.
On days 5 and 6, when the solar radiation intensity has maximum values around 12:00 a.m.
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(144 W/m?), the temperature inside the channel reaches 21.1 °C for an exterior one of
6.6 °C. Also, in this period of a day, the temperature inside the DSF adjacent chamber,
where no conditioning system is functioning, reaches a comfort zone of 20 °C. During the
night, Tcay records an average of 7 °C for an exterior one of 5 °C, and the temperature inside
the interior room is around 16 °C. During the cold season, the time shift between the glass
and cavity temperature is less than one hour, because of the small thermal mass available.

Table 6. Synthesized results of the ventilation scenarios during the summer season.

SET 1 SET 2 SET 3
07th-13th July 14th-20th July 21th-27th July
Tcav max (°C) 474 (3rd day, 01:00 p.m.) 47.7 (2nd day, 01:00 p.m.) 44.8 (6th day, 01:00 p.m.)
Te (°O) 37.6 (3rd day, 01:00 p.m.) 36.8 (2nd day, 01:00 p.m..) 34.9 (6th day, 01:00 p.m..)
I; (W/m?2) 533 (3rd day, 01:00 p.m.) 540 (2nd day, 01:00 p.m.) 545 (6th day, 01:00 p.m.)
Teav min (°C) 21.3 (6th day, 5:00 a.m.) 16.8 (6th day, 06:00 a.m.) 18.5 (3rd day, 06:00 a.m.)
DT10:00a.m.-14:00p.m. (°C) 10-13 11-12 7-10
Teav average (°C) 31.8 29.0 29.1
Te average (°C) 27.5 249 26.1
Vyind average (km/h) 1.6 (N-NE) 2.2(N) 3.2 (N-SSE)
9oRHaverage 47% 48.3% 47.8%

In this particular case of no ventilation, the channel’s humidity plays an essential
role because of the condensation risk. Thus, the average recorded value of the relative air
humidity recorded in the DSF channel was 80%, with a maximum of 94.9%, Figure 13. It
can be seen that the humidity has more significant values during the night and morning
when the temperatures are lowered, favoring the appearance of condensation on the DSF
surfaces inside the channel, Figure 14.
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Figure 13. Evolution of air temperatures and relative humidity in the fourth period of cold season.

Figures 15-18 present for the four periods of measurements and ventilation modes,
the variations of the exterior air temperature (T.), the surface temperature of the outer
glass (Tse), the average temperature inside the DSF channel (Tcav), the surface temperature
of the inner glass towards the air channel (T ) and towards the interior chamber (Ts ;),
the temperature in the interior room (T;), and the solar radiation intensity (I;). The surface
temperatures averaged over the height of the channel on the outer glass at six points (T4*,
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T9*, T10%, T11*, T13*, T19), on the inner glass at nine points (T1*, T5*%, T6, T6*, T7, T7%, T8%,
T16*, T17*), and on the surface of the inner glass inside the chamber at nine points (T3, T4,
T8, T9, T10, T15, T18, T20, T24), Figure 5.

Figure 14. Condensation phenomena inside the DSF channel (a) exterior glazing—view from inside
the channel, (b) interior glazing—view from inside the interior room.
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Figure 15. Evolution of surface temperatures and solar radiation intensity in the first period (07th-13th July), outdoor air
curtain, natural ventilation.
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Figure 16. Temporal distribution of the surface temperatures during the first period for the seventh day (13th July).

The first scenario of natural ventilation with lateral openings (SET 1) is presented
in Figure 15. During the day, the surface temperatures are highly correlated with solar
radiation. The surface temperature of the DSF channel side of the exterior glazing (Ts) is
lower than the air inside the channel (Tcav) and more significant than the exterior (T.) one
between 08:00 a.m. and 16:00 p.m. and almost the same during the night with an average
difference of 1.2 °C. This tendency can also be observed in Figure 16, which presents the
thermal distribution during the 7th day of the first scenario. Both interior surfaces Tsc and
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Ts i e have almost equal temperatures. The air inside the channel (Tcay = 41.2 °C) becomes
warmer than the exterior glazing (Tse = 30.9 °C) during the high values of solar radiation
between 08:00 a.m. and 16:00 p.m. with a maximum difference of 10.3 °C in the seventh day
(11:00 p.m.) for an exterior temperature (T.) of 25.8 °C and a solar radiation intensity (I;) of
504 W/m?. An average value for the entire period of 29.3 °C is recorded for both glazing
surfaces inside the channel (Tse and T ¢), situated between the air temperature inside the
channel, T¢ay of 31.4 °C and the exterior one of 28.0 °C. Because of the low interior double
glazing U-factor, the interior surface temperature (T ;) is lower with 2 °C, tempering the
indirect solar gains.

SET 2
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Figure 17. Evolution of surface temperatures and solar radiation intensity in the second period (14th-20th July), outdoor air
curtain, forced ventilation.
SET 3
0 100 § -+Te
= 600 = T
o z T
40 - L 500 @
o £ 4Ty
2 2
i 0 = —e=Tsjie
g 30 p i
<1 300 .2
g T ==l
KL MW T
0 5
3 —I—|1
10 0 w

3 4 5
Time (days)

Figure 18. Evolution of surface temperatures and solar radiation intensity in the third period (21st-27th July), outdoor air

curtain, natural ventilation.

During the second measurement period (SET 2, Figure 17), the forced ventilation
does not change the variation tendency of surfaces temperatures inside DSE. The average
difference between the surface temperatures and the air inside the channel is 2.8 °C higher
for the last one, compared with the first scenario of 2.5 °C. This is because the temperature
on the glass surface inside the room is lower than the room air and depends on direct
solar radiation. The maximum recorded difference of 11.3 °C between the interior surfaces
Tse and T . inside the DSF channel and the air inside was recorded during the day at
11:00 a.m., when the air inside the DSF channel heats up due to the greenhouse effect. An
average value for the entire period of 26.3 °C is recorded for Ts . and Ts ¢, relative to the
air channel, T,y of 29.0 °C, and the exterior one of 24.9 °C.

In the third ventilation scenario (SET 3, Figure 18) of summer conditions, a maximum
difference of 7.3 °C of the air channel is reached relative to the exterior glazing on the
fourth day of measurements at 12:00 p.m., smaller than in the first two monitoring periods.
The temperatures of the glass surfaces are higher relative to the ones of the exterior air
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and lower than ones of the cavity air, during the direct solar radiation, between 07.00 a.m.
and 04:00 p.m., when they become almost equal. In this period, an average of 27.1 °C is
recorded for glass surfaces relative to the air temperature inside the channel of 29.1 °C and
to the exterior one of 26.1 °C.

In the specific functioning of the fourth ventilation scenario (SET 4, Figure 19) during
the cold season, the surface of the double glazing towards the channel T ; , is warmer than
the exterior side of the channel (T ¢), which is due to the heat loses from the interior room.
The difference reached a maximum value of 13.7 °C (T = 19.7 °C and T = 6 °C) at
10:00 a.m. on the fifth day of the monitored period for an exterior air temperature T, of
4.6 °C and the air channel T,y of 8.3 °C.

SET4 N
30 w0 £
e
—_ 1w =
g 2 £ *Tse
o 20 100 § *Tea
2 80 £
g E _Ts,i,e
2 10 0 1,
g 40 E S,i,i
= n § *
0 - 0 ‘(i "‘|f
1 2 3 _ 5 6 7 8 5
Time (days) ?

Figure 19. Evolution of surface temperatures and solar radiation intensity in the fourth period (24th-30th November),
thermal buffer, closed channel.

For a smaller solar radiation intensity of around 20 W/ m?, between 8:00 a.m. and
04:00 p.m., the average difference of these two surfaces (T and Tse) is 7.6 °C, higher near
the interior room whose temperature is around 20 °C. During the night, this difference
decreases by almost half at 2.8 °C in the conditions of the temperature inside the room of
16.3 °C. Between 10:00 a.m. and 02:00 p.m., due to the direct solar radiation on the exterior
glazing, the surface temperature T; exceed the cavity one by almost 2 °C. The same for the
glazing surface from the interior room, Ty ; 1, which is warmer than the air only during this
period with a difference of 2.4 °C. Minimum values of temperatures are recorded during
the night and in the morning on the exterior glazing inside the DSF channel (around 6 °C
for an exterior of 5 °C), which favors the appearance of condensation, Figure 14.

3.2. Airflow Prediction

Velocity profiles are presented in Figure 20 for the first three scenarios of the outdoor air
curtain in the summer season (SET 1-3: 7th—27th July). Each velocity profile is represented
in correlation with other parameters that influence the operation of the facade, namely the
wind speed, the exterior temperature, and the air temperature inside the DSF channel. The
velocities were measured at three points at different heights in the channel: in the middle
of the inlet section (h = 0.05 m), in the middle of the channel (h = 1.4 m), and in the middle
of the outlet section (h = 2.75 m). The results in each measurement point and the correlation
with the day and time are presented in Tables 7-9 for each period (SET 1-3).

Due to the more significant section of flow, in the middle of the DSF channel, the
air velocities are lower relative to the inlet and the outlet of the fagade, Figure 20. This is
also caused by turbulences observed in the middle section with recirculation zones near
the outside glazing of the DSF channel, Figure 21. Visualizations of the airflow pattern
(Figure 21) were realized in forced convection using a laser plane (532 nm Green DPSS
Laser 1000 mW) and a camera (Nikon D60 with 3.0 frames per second) inside the median
section of the channel, where, at the left side is the interior double glazing and at the right
side is the exterior single one. Thus, the obtained qualitative results in terms of airflow
patterns highlight an ascendant flow near the interior double glazing of the DSF channel
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and a descendant one near the exterior glazing, which validates the numerical results

obtained in the previous works [37,39].

Velocity profiles - SET 1
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Figure 20. Air velocity profiles inside the DSF channel for ventilation modes of summer conditions:
(a) SET 1-natural ventilation with lateral opening, (b) SET 2-forced ventilation with lateral opening,
(c) SET 3-natural ventilation with vertical and lateral openings.

Due to the vertical and lateral openings, the velocities in the third scenario are lower
relative to the first two ones, Figure 20. The forced ventilation mode determines the turbu-
lent character of the flow in the middle of the channel with a variation of velocities between
0.25-0.42 m/s (Figure 20b). In the natural airflow ventilation scenarios (Figure 20a,c), the
velocities inside the channel are almost constant for the lateral openings and a slight varia-
tion of 0.25-0.31 m/s for the lateral and vertical openings. This is because the air velocity
at the inlet section depends on the wind speed and a higher temperature of the air inside
the channel determines higher velocities in natural convection.
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Table 7. Air velocities at different heights in the DSF channel for SET 1: 07th—13th July.
Day Measuring Air Velocity, v Vmed Qv Vwind  Te Teav
Hour Point (m/s) (m/s) (@@3%h) (m/s) (O (O
o1l Inlet 0.41 0.6 0.52 0.51 367
; OI.‘(;OY h=14m 023 021 018 021 - 04 292 393
: Outlet 0.62 0.68 0.72 0.67 482
- Inlet 0.36 051 0.54 0.47 338
151.‘503’ h=14m 023 022 0.2 0.22 - 27 269 379
: Outlet 0.6 0.52 0.68 0.60 432
- Inlet 0.43 0.56 047 0.49 353
171.‘50Y h=14m 02 021 018 020 - 09 221 255
: Outlet 0.74 0.65 0.72 0.70 504
B Inlet 0.59 0.52 0.64 0.58 418
121‘50Y h=14m 023 021 018 021 - 13 274 409
' Outlet 0.4 0.56 0.61 0.52 374
Table 8. Air velocities at different heights in the DSF channel for SET 2: 14th—20th July.
Day Measuring Air Velocity, v Vmed Qy Vwina  Te Teay
Hour Point (m/s) (m/s) (@m3h) (m/s) (°C) (°O)
6Tl Inlet 0.68 0.79 0.72 0.73 526
oRY h=l4m 039 042 046 042 - 18 257 323
: Outlet 0.69 0.69 0.71 0.70 504
- Inlet 0.57 0.63 0.68 0.63 454
JRY h=l4m 031 035 021 029 - 09 246 393
: Outlet 0.42 0.58 053 0.51 367
8Tl Inlet 0.66 0.64 0.68 0.66 475
oY h=l4m 023 025 027 025 - 04 234 384
: Outlet 0.45 0.49 0.4 0.45 324
9Tl Inlet 0.57 0.58 0.61 0.59 425
Y h=l4m o 031 035 042 036 - 04 317 347
: Outlet 0.52 0.49 0.56 0.52 374
Table 9. Air velocities at different heights in the DSF channel for SET 3: 21th-27th July.
Day Measuring Air Velocity, v Vmed Qy Vwind Te Teav
Hour Point (m/s) (m/s) (@m3h) (@m/s) (O (O
Inlet 0.61 0.58 0.61 0.60 432
23 July _
hog  h=l4m 022 0.29 0.24 0.25 - 22 198 224
: Outlet 0.26 0.28 031 028 2268
23 Tl Inlet 0.71 0.74 0.68 0.71 511
SRY  h=14m 031 028 035 031 - 31 277 347
: Outlet 0.37 0.36 0.28 034 1652
ot Tl Inlet 0.64 0.56 0.68 0.63 454
1zl~goy h=14m 03 042 029 034 - 22 28 389
: Outlet 0.4 0.32 0.34 035 2138
Inlet 0.56 0.61 0.49 0.55 396
25 July _
oog, h=l4m 029 0.35 0.27 0.30 - 13 353 372
: Outlet 0.31 0.35 0.29 032 1912
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Interior glass

Exterior glass

Figure 21. Visualization of airflow patterns in the median section of the double-skin facade channel compared to the

numerical ones [37].

3.3. Energy Efficiency

Two different kinds of efficiency have been defined in order to assess the performance
of the double-skin fagade in terms of energy savings [1]:
- Pre-heating efficiency, 77, and
- Dynamic insulation efficiency, e.

The pre-heating efficiency, 77, assesses the capacity of the fagade to pre-heat the venti-
lation air flow rate during the cold season (heating periods) and is defined as:

_ Texh - Ti

=T-T, )

where:

T,x,—temperature of the air exhaust (exiting from the facade), °C.
T;—air temperature inside the room, °C.

T,—exterior air temperature, °C.
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The dynamic insulation efficiency, ¢, is defined as the quota of the heat flux that enters
through the outer surface of the fagade in the hot season during the cooling period:

Q

= =r @)
Qinc

€

where Q, is the heat flux removed by the air flowing through the fagade, W, Equation (3):

Q= tity - cp+ (Town — Te) 3)

where: m, = v - S - p ventilation air mass flow rate inside the DSF channel (kg/s); c,, p,
specific heat of the air (1005 J/kg K) and the air density (1.165 kg/ m?).

The heat flux entering through the outside facing surface of the facade, Qinc (W) is
defined by Equation (4):

Qinc:QS+Qi+Qr:I'Ti'A+u'A'(Texh_Ti)+Qr 4)

where: 7; solar transmission coefficient through exterior and interior glazings (0.42); A
area of the facade module (5.2 m?); U overall heat transfer coefficient through the double
glazing (1.92 W/m?K, Table 1).

Finally, the equation of the dynamic insulation efficiency can be written as [1,40]:

ﬁ”lv “Cp- (Texh - TE)

€= : &)
I'Ti'A‘i‘u'A'(Texh_Ti)+mv‘Cp'(Texh_Te)

Figure 22 presents the variation of the pre-heating efficiency, #, during the cold season
(SET 4) when the channel is closed, and the double skin-facade behaves like a thermal
buffer. The negative values of the pre-heating efficiency mean that the air temperature
that exits from the ventilated facade, T,,y, is lower than the temperature of the indoor air,
T;, and there is no energy recovery. In this condition, the only benefit obtained from the
ventilated facade is to increase the surface temperature of the inner glass pane inside the
channel (Figure 19) and reduce the heat loss from the interior room. When 0 < # < 1 during
the last two days of higher solar radiation at noon (29th and 30th November, Figure 22),
the air that exits from the fagade is preheated at a temperature which is higher than the
indoor one but the ventilation air still requires extra heating before being introduced into
the room. A maximum value of 1.83 of the pre-heating efficiency is reached at 11:00 a.m. on
the seventh day, for a maximum air temperature inside the DSF channel of 28.6 °C, which
is higher than the interior one of 19.7 °C, solar radiation intensity of 101 W/ m? and an
ambient air temperature of 14.8 °C. At this moment, the facade heats the ventilation air
to a higher temperature than the indoor temperature. Therefore, it allows the complete
compensation of ventilation losses and the partial compensation of other thermal losses
through the building elements.
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Figure 22. Pre-heating efficiency of DSF in the fourth period (24th-30th November) of cold season (thermal buffer,

closed channel).
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During the hot season, the dynamic insulation efficiency represents the quota of the
heat flux removed by the air flowing inside the DSF channel compared to the total heat
flux that enters through the outer glass pane. The results are presented in Tables 10-12
for the three ventilation modes (SET 1-3) when the velocities inside the channel were
measured. The measurements of air velocities were performed at representative values of
solar intensity and exterior and cavity temperatures.

Table 10. Dynamic insulation efficiency for the first ventilation mode (SET 1: 07th—13th July).

Day Uimed T, Toxn I; 1y Qr Qs Qi Qinc €

Hour (m/s) (°O) ©Q) (W/m?) kgls) W) (W) W) W) (%)
12 July 10:00 0.46 29.2 39.3 402 0.11 1096 878 123 2097 52.3
12 July 15:00 0.43 26.9 37.9 14 0.10 1108 31 109 1247 88.8

12 July 17:00 046 221 255 54 0.11 369 118 —15 472 78.2
13 July 12:00 044 274 409 550 0.10 1380 1201 139 2720 50.7

Table 11. Dynamic insulation efficiency for the second ventilation mode (SET 2: 14th—20th July).

Day Uined T, Toxn I 1y Qr Qs Qi Qinc €

Hour (m/s) (°C) (O (Wm? (kg/ss (W) W) (W) W) (%)
16 July 13:00 0.62 25.7 32.3 610 0.14 953 1332 53 2338 40.8
17 July 13:00 0.48 24.6 39.3 160 0.11 1641 349 123 2113 77.7

18 July 10:00 045 234 384 442 0.11 1592 965 114 2671 59.6
19 July 16:00 049 317 347 425 0.11 344 928 77 1349 25.5

Table 12. Dynamic insulation efficiency for the third ventilation mode (SET 3: 24th-30th July).

Day Omed T. Texn It 1y Qr Qs Qi Qinc €
Hour (m/s) (O (O (Wm?) (kg/s) W) W) (W) W) (%)

23 July 10:00 0.38 198 224 207 048 1261 452 —46 1667 75.6
23 July 15:00 045 277 347 499 0.58 4087 1090 77 5254 77.8
24 July 12:00 044 28.0 389 527 056 6177 1151 119 7447 82.9
25 July 16:00 039 353 37.2 408 0.50 954 891 102 1947 49.0

For lower values of solar radiation intensity and ambient air temperature and higher
ones for the air flow rate inside the channel, the dynamic insulation efficiency has the
highest importance. An average dynamic insulation efficiency of 71.3% was recorded for
the natural ventilation with both openings on the lateral outer glass and the vertical one in
the top of the channel (Table 12), relative to the first scenario with natural ventilation of
67.5% (Table 10) and the second one with forced ventilation of 50.9% (Table 11). Thus, in
order to prevent the overheating of the fagade during the hot season, combining vertical
and horizontal openings in natural ventilation gives the best efficiency of the double-skin
facade functioning.

4. Conclusions

In this work, the thermodynamic behavior of a double skin fagade (DSF) and per-
formance assessment in terms of pre-heating efficiency during the cold season and the
dynamic insulation efficiency during the hot one is studied using an experimental measure-
ment campaign in specific climate conditions of Romania. Experimental work was done on
naturally and mechanically ventilated single-story DSF built on southwest fagade of the
INCERC Laboratory of Applied Research and Testing in Constructions in Iasi. During the
hot season, three outdoor air curtain modes of ventilation were chosen: natural ventilation
with lateral openings on the exterior glazing, forced ventilation with lateral openings,
and natural ventilation combining lateral and vertical openings on the top of the channel.
During the cold season, the lateral and vertical openings are closed, and the channel fagade
behaves like a thermal buffer between the building and the exterior air.
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From the analysis of the measured data, the following considerations can be drawn.

During the cold season, the buffer facade offers the possibility to ensure the partial or
integral heating of the interior room for a solar radiation intensity higher than 100 W/m?,
when the temperatures inside the channel exceed the value of 20 °C with a difference of
14 °C relative to the exterior ones. On the other hand, for smaller solar radiation intensity
of 20 W/m?Z, the difference drops to around 2 °C. In this condition, the negative values of
the pre-heating efficiency showed that the only benefit obtained from the ventilated facade
is to increase the surface temperature of the inner glass pane inside the channel and reduce
the heat losses from the interior room. On the other hand, the condensation appearance
on the interior DSF surfaces was observed when the humidity reached values above 80%
between 06:00 p.m. and 10:00 a.m.

Results related to the summer period showed that the air and enclosing surfaces
temperatures in the channel can reach values above 40 °C mainly between 10:00 a.m. and
02:00 p.m. due to the location and fagade orientation, with a difference of about 12 °C
relative to the exterior temperature, when the intensity of solar radiation reaches more than
500 W/m?. Direct solar radiation intensity influences the increase of air temperature in the
channel, even when the exterior temperature does not exceed 30 °C. In the evening and
during the night, the two temperatures become almost equal with a difference of around
2 °C for one of the channels. The forced ventilation does not reduce the channel air and
surface temperatures for the flow rates studied, but it can improve the cooling when no
solar radiation is present. On the other hand, using a controlled mechanical ventilation
system involves operating costs, energy consumption, and the need for an often complex
system of technical management. The average air relative humidity in the channel was
recorded around 48% and no risk of condensation phenomena was observed.

The supplementary opening at the top of the channel improves the natural ventilation
and the temperature difference between the channel and the ambient drops by around
9 °C at the noon and 1 °C during the night. A time shift of approximately one hour exists
between the highest solar radiation and the maximum temperature recorded in the channel.
In summer, the risk of overheating the DSF channel is obvious. Still, it can be minimized by
using natural ventilation with good-sized inlets and outlets, combining the vertical with
horizontal ones.

The airflow analyses during the summer showed that its velocity at the inlet section
depends on the wind speed and a higher temperature inside the channel determines higher
velocities in natural convection. The forced ventilation mode determines the turbulent
character of the flow in the middle of the channel with a variation of velocities between
0.25-0.42 m/s. This was confirmed by the visualizations of the airflow pattern inside the
channel’s median section, which highlighted an ascendant flow near the interior double
glazing of the DSF channel and a descendant one near the exterior glazing.

The performance indicator specific for the hot season in terms of dynamic insulation
efficiency recorded a value of 71.3% for natural ventilation with both openings on the lateral
outer glass and the vertical one at the top of the channel. Thus, in order to prevent the over-
heating of the fagade during the hot season, combining vertical and horizontal openings in
natural ventilation give the best efficiency of the double-skin facade functioning.
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