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Abstract:  
Natural ventilation is a convenient way of reducing energy consumption in buildings. In this 
study an experimental module of an opaque ventilated façade (OVF) was built and tested 
for assessing its potential of supplying free ventilation and air preheating for the building. A 
numerical model was created and validated against the experimental data. The 
experimental results showed that the flow rates induced in the façade cavity were due to 
mixed driving forces: wind and buoyancy. Depending on the weather conditions one of 
them was the main driving force, or both were of the same order. When the wind force was 
the main driving force, higher flow rates were found. In these cases buoyancy acted as 
supporting driving force. When the wind speed was low and buoyancy prevailed lower flow 
rates were found.  Air and surface temperatures were predicted by the numerical model 
with a better accuracy than flow and energy rates. The model predicts correctly the 
influence of the wind and buoyancy driving forces. The experimental OVF module showed 
potential for free ventilation and air preheating, although it depends on weather and 
geometrical variables. The use of the numerical model using the right parameters was 
found viable for analyzing the performance of an OVF. 
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1. Introduction 
 
The aim of ventilation in buildings is maintaining a healthy and comfortable indoor 
environment for building occupants. Nowadays, there is an ongoing concern for energy 
efficiency and reduction of CO2 emissions in buildings and new ventilation systems are 
being studying and implemented for accomplishing ventilation requirements while reducing 
building energy consumption. One way of reducing the ventilation energy consumption is 
by using systems based on enhanced natural ventilation. Natural ventilation takes 
advantage of wind and buoyancy forces to ventilate rooms, reducing the use of 
mechanical means and therefore reducing energy consumption.  
 
Natural ventilation has been traditionally implemented using the normal building openings 
like windows and doors. However this method presents some inconveniences like noise 
increase, wind draughts or incorrect user operation. In the last few years one of the most 
studied alternative ways to ventilate buildings naturally is by using ventilated facades. A 
ventilated façade is a double skin façade made up of two layers separated by an air gap. 
The layers can be opaque or transparent. The air gap normally has an inlet opening 
through which the ambient air comes in, and one or two exhaust openings for returning the 
air back to the ambient or introducing it into the building. An air flow can be induced 
naturally through the facade by wind forces or due to thermal buoyancy. Additionally, in 
sunny days part of the solar radiation absorbed by the facade is transferred to the air in the 
gap. This heated air can be introduced in the building if it is convenient, thus reducing the 
heating energy consumption of the building.  
 
Ventilated facades are classified according to several criteria, like the type of ventilation, 
the partitioning of the cavity or the ventilation modes [1]. The most widely studied and 
implemented type of double skin facade is the glazed double skin façade. This type of 
facade has become very popular due to its aesthetically pleasing exterior [2]. However, the 
use of double glazed facades increases the risk of overheating in the hot season [3]. 
Moreover, glazed double skin facades are generally more expensive and the maintenance 
costs are high. To avoid the disadvantages of using a transparent façade in hot climates, 
an alternative solution could be using opaque ventilated façades (OVF). In an opaque 
ventilated façade the two layers are opaque and solar radiation is absorbed in the external 
layer, reducing the overheating risk. Additionally, an opaque ventilated façade can be 
made up of conventional materials, thus leading to a smaller cost. 
 
Different types of OVF’s have been studied in the last few years. In [4] a rainscreen is 
studied. A rainscreen is basically an OVF where the inlet and outlet openings are always 
open to the exterior. A  multi-storey OVF was assessed in [5] with a scaled experimental 
model. A combination of photovoltaic panels and a ventilated façade was studied in [6]. In 
[7], three types of OVF were analyzed to investigate their thermal behavior. 
 
The zonal approach has been used for simulation of ventilated facades in many ventilated 
façade studies. The zonal approach is less complicated than CFD models and the 
accuracy is better than in lumped models [8]. A zonal approach model was used in [4] to 
assess the performance of a rainscreen façade. Another zonal approach software was 
used in [9] dividing the façade in several zones and assigning a thermal and air flow node 
for each one. The zonal approach simulation program TRNSYS had been used 
extensively for studying DSF’s as in [10], [11] and [2]. 
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The aim of this study is to assess the heating and ventilation potential of an experimental 
OVF and to validate a numerical model with the experimental data obtained. An 
experimental module was built and sensors were installed to monitor the variables needed 
for the assessment of the ventilation and energy performance. After a measurement 
campaign the data were post-processed and analyzed. A numerical model was 
implemented using a zonal approach software and its parameters were adjusted according 
with the experimental data. Finally the experimental data were compared with the 
simulations outputs to evaluate the accuracy of the model predictions. 
 
 
2. Experimental set up 
 
Module description 

 
An experimental opaque ventilated façade module was built and monitored, under real 
weather conditions, in the Indoor Environmental Engineering Laboratory of the Department 
of Civil Engineering of the Aalborg University. The module was equipped with sensors for 
measuring the variables needed to assess its thermal and ventilation performance. 
Weather data devices were also installed to register the weather conditions during the 
measurement period. The laboratory building was a one storey building surrounded by 
other buildings of similar height, and by access roads and trees. The module was  
attached to the south-west  façade which orientation was 126º W. The location of the 
module was near a building corner. The wind sheltering effect of the own building and 
other buildings and obstacles was studied through the experimental evaluation of the local 
pressure coefficient. The module covered a window at the upper part of the wall, which 
was used to install the ducts for connecting the ventilated air cavity with the indoor space 
and pass the cables. This window was blinded and insulated after installing the module to 
prevent air leakages and thermal losses. 
 
The module was made up of a 0.025 m thick wooden plate, a 0.001 m thick completely flat 
and smooth galvanized steel plate, with a 0.05 m air gap in between. The air gap was 
closed laterally with a frame of expanded polystyrene panels of 0.15 m thick. The steel 
plate was screwed to the wooden plate, through the insulation frame, and it was its only 
support to avoid introducing additional obstacles to the air flow.  The overall dimensions of 
the experimental module are represented in Figure 1 , and the thermophysical properties 
of the materials used can be seen in Table 1. The module had an inlet opening at the 
bottom of the steel plate with the same width as the air gap and 0.05 m height. The outlet 
opening was a hole of the same width as the air gap and 0.15 m height and it was located 
in the wooden plate at the top of the air gap. This opening was connected with the indoor 
space through a transition duct, which reduced the cross section of the channel in order to 
be able to connect a 0.10 m diameter orifice plate for measuring the flow rate.  
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Figure 1. Schematic representation of the experimental OVF module. 

 

 

 

Table 1. Thermophysical properties of the materials used in the module of OVF. 

Layer Thickness  
(m) 

Thermal 
conductivity  
(W/m K) 

Density 
(kg/m3) 

Specific 
Heat 
(J/kg K) 

Steel plate 0.001 18 - - 

Steel 

plate

Wooden 

plate

0.05 m 

air gap

Rock 

wool

Expanded 

polystyrene frame

Expanded 

polystyrene frame

Indoor Outdoor

Transition

Ø0.01 m 

Orifice 

plate

Expanded 

polystyrene 

frame

Inlet opening

Exhaust

Steel 

plate

Wooden 

plate

0.05 m 

air gap

Rock 

wool

Expanded 

polyestirene frame

Expanded 

polyestirene frame

Indoor Outdoor

Transition

Ø0.01 m 

Orifice 

plate

Expanded 

polyestirene 

frame

Inlet opening

Exhaust
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Air gap 0.05 - - - 

Wooden plate 0.02 0.14 720 1255 

 
 
 Measurement set up 
 
Weather and thermal variables in the façade were measured in the period from 2nd to 20th 
of June 2010. Data corresponding to different weather conditions were registered, from 
sunny warm days to cloudy rainy days. The frequency of measurement was 0.1 Hz. 
Averaged values were calculated later at 10 min. intervals in order to compare the 
measurements with the facade model outputs. 
 
Air and surface temperatures inside the façade module were measured in the central axis 
at five heights using thermocouples type K with accuracy of ±1 ºC. A schematic diagram of 
the location of the probes is shown in figure 2. The air temperature probes were shielded 
against long wave radiation with silvered ventilated pipes [12]. Since the steel thermal 
conductivity was high enough and the plate was very thin, the temperature of the steel 
plate was supposed to be nearly the same at both sides of the plate. Therefore the steel 
plate temperature was measured at the inside surface, thus avoiding the solar radiation 
effects. All surface temperature probes were also protected from long wave radiation with 
reflective adhesive tape. The room air temperature was also measured using the same 
method. 
 
Additionally, two horizontal arrays of five thermocouples each were set at two different 
heights in the air cavity. The aim of these arrays was to measure the temperature profile at 
the upper and lower part of the air gap for monitoring the air temperature distribution in the 
cavity and estimating the convection heat transfer coefficient at the inside surfaces of the 
façade. 
 
An orifice plate was used for measuring the flow rate through the facade. A Ø10 cm 
diameter was chosen so low flow rates could be measured. For measuring the differential 
pressure in the orifice a Furness Controls FCO44 0±20 Pa ±2.5% pressure transducer was 
used. The relative error of flow rate measurements with the orifice plate used was 19%. 
 
The pressure coefficient is an important parameter for modeling the air flow through the 
façade. This parameter relates the wind speed and direction with the static pressure on a 
facade opening. It also reflects the effect of the building shape and the urban environment. 
The pressure coefficient Cp is obtained from the expression: 
 

𝑷𝒘 = 𝑪𝑷

𝝆𝑼𝟐

𝟐
 

       (1) 
 
Where Pw is the pressure differential between static pressure on the façade and 
atmospheric pressure, ρ is the air density (kg/m3), and U is the undisturbed wind speed 
(m/s). Wind speed and direction are typically measured at the roof height of the building. 
[13]. 
 
In order to calculate the pressure coefficient at the inlet opening, three pressure taps were 
set just below the inlet opening of the module. The average wind pressure differential with 
respect to the atmospheric pressure was measured. The taps were located far enough to 
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the opening to prevent the airflow to interfere with the measurement and near enough to 
be representative of the pressure in the opening [14]. The differential pressure between 
indoor and outdoor was also measured to obtain an estimation of the internal pressure 
coefficient. Differential pressure transducers Furness FCO44 0±100 ±2.5% Pa were used. 
 
 
Two thermocouples were set up at the bottom of the cavity, at both sides of an insulation 
panel, as shown in Figure 2, in order to estimate the exterior average convection heat 
transfer coefficient. The heat flux through the insulation panel was evaluated from the two 
temperature measurements using TRNSYS. Then, the exterior convection coefficient was 
evaluated through the following expression[15]: 
 

𝒉 =
𝒒𝒔 − 𝒒𝒄 + 𝜺𝝈(𝑻𝒔𝒌𝒚

𝟒 − 𝑻𝒔
𝟒)

𝑻𝒔 − 𝑻𝒂
 

          (2) 
 
where qs is the direct solar radiation absorbed by the exterior surfaced, qc  is the heat flux 
by conduction through the facade, ε is the emissivity of the exterior surface , σ is the  
Stefan-Boltzmann constant, Tsky is the sky effective temperature, Ts is the exterior surface 
temperature, and Ta is the ambient temperature. The sky effective temperature was 
approximated by the expression [16]: 
 

𝑻𝒔𝒌𝒚 = 𝑻𝒐 − 𝟔 

          (3) 
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Figure 2.  Schematic representation of the positions of sensors in the experimental FVO module. 

O=thermocouples, X=pressure taps.   

 
Weather variables were also measured. Solar global radiation in the vertical was 
measured with a Kipp&Zonen pyranometer model CM21 located vertically on the same 
wall as the experimental module. The local ambient temperature was measured using a 
shielded thermocouple. Wind speed and direction were measured using an ultrasonic 
anemometer Gill Windmaster 3D mounted on a10 m mast just in front of the building. 
 
3. Monitoring results 
 
Figure 3 shows the exterior temperature, solar radiation on the vertical and the wind speed 
and direction during the six days measurement period. The solar irradiation represents the 
sum of direct solar radiation, diffuse solar radiation and ground and surroundings reflected 
solar radiation. Days 1 and 5 corresponded to overcast days since maximum solar 
radiation was less than 400 W/m2. Days 2, 3 and 4 corresponded to sunny days, and day 6 
was a cloudy day although eventually it became sunny after midday. The peak solar 
radiation on the façade was around 725 W/m2 without clouds and it oscillates between 70 
and 380 W/m2 for cloudy days. Peak ambient temperatures varied for sunny days from 18 
ºC to 24 ºC, whereas in cloudy days the maximum temperatures were around 15ºC.The 
windiest day was Day 1 with peak values of 9 m/s. The rest of the days the wind velocity 

Thermocouple

Pressure tap

Outdoor
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was moderated. The prevalent wind angle was around 300º clockwise from the façade 
normal. 
 
 
 
 

 
Figure 3. Weather data from the measurement campaign: Solar radiation, ambient temperature, wind 

speed and direction. 

Figure 4Figure 4 shows vertical temperature profiles of the air inside the cavity of the 
experimental façade module. The profiles represented were measured at the maximum 
solar radiation point of each day. The measurements were made in the middle point 
between the cavity walls, so the temperatures don’t represent, in principle, the average 
temperature at that height. However the thermal boundary layer develops quickly and the 
horizontal temperature profile is quite flat by that height as it can be seen in Figure 5, so 
these measurements can be considered a good approximation to the average values. 
 
Table 2. Weather conditions and flow rate through the OVF for the peak solar radiation time intervals of 

the six days of measurements. 

 Day 
1 

Day 2 Day 3 Day 4 Day 5 Day 6 

Solar radiation(W/m2) 341 728 734 720 293 721 
Ambient Tempertaure (°C) 14 24 18 18 15 22 
Windspeed (m/s) 5.9 2.7 5.2 5.7 3.3 2.3 
Flow rate (m3/h) 18.1 10.8 17.7 17.0 6.4 9.6 
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Figure 4. Vertical air temperature profiles in the façade air gap at the point of maximum solar radiation for 

the six days of measurements.  

 
Figure 5 shows the horizontal temperature profile measured inside the façade module for 
two different heights. For h=0.63 m, the temperature gradients were negligible near the 
wooden plate since it was an insulation layer. Nevertheless, in day 2, wooden plate 
surface was 2 ºC above the air temperature. A possible explanation for this could be that 
at high temperatures long wave radiation interchange begins to be of the same importance 
as heat convection, and temperature rises to balance heat transfer. 
 
In the upper part of the cavity, h=2 m, the air temperature profile is practically flat, although 
there is still a temperature difference of 9ºC between the air next to the steel plate and the 
steel plate surface. The temperature decline slightly near the wooden plate for all the 
cases, probably due to the fact that at this height the wooden panel is worse insulated as it 
was in front of the window hole. Another explanation could be that buoyancy forces 
become more and more important as temperature rises. This could induce recirculation of 
air in the upper part of the façade, mixing up hot and warm air and limiting the temperature 
gradient. 
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Figure 5. Horizontal temperature profiles of the facade module at two heights for the six days of 

measurements. 

Figure 6 shows the evolution of the horizontal profile at middle height for Day 3. Three 
stages can be distinguished. During the night the steel plate and cavity air temperature 
were practically the same whereas the wooden plate surface temperature was higher. At 
this stage the building was losing energy through the insulation layer as the indoor air 
temperature was higher than outdoor. When the solar radiation began to raise, a transient 
stage started in which the steel plate got hotter and hotter until the temperature of the air in 
the cavity surpassed the wooden plate surface temperature. At this moment the same 
profiles as shown in figures 4 and 5 remained until the solar radiation started to go down 
and the inverse transient stage occurred.  
 
In Figure 7 the evolution of cavity air temperatures along the height of the façade is 
represented. The same temperature stratification as in Figure 4 is maintained all day. 
Temperature increase began to rise from the sunrise and reached their maximum by 
16:30h. It can be seen that the temperature gradient decrease with height. 
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Figure 6. Time evolution of temperatures at the cavity middle height during Day 3. 

 
 
 
 
 

 
Figure 7. Time evolution of cavity air temperatures along the height of the air gap during Day 3. 

 
 
 
4. Model description 
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A model of the facade module was implemented using the zonal approach building 
simulation software TRNSYS. The façade air gap was divided into five zones, 
corresponding to the locations of the temperature probes in the experimental module. The 
model calculates the temperatures of all zones and the flow rate through them using the 
weather data file and the model parameter configuration as input data. Therefore a 
carefully estimation of model parameters had to be done in order to obtain a good 
approximation to experimental measurements. 
 
The heat transfer modes considered in the model are conduction through solid walls, 
convection between surfaces and air, long wave radiation interchange between surfaces 
and solar radiation on external surfaces [17]. 
 
 
The model was based on the zonal energy balance carried out in TRNSYS Type 56 and  
the airflow network solved by TRNFLOW, which is the integration of the model COMIS in 
Type 56. In each of the 5 subdivisions of the OVF created the energy transfer by 
convection and radiation between the zone surfaces, and the energy transported by the 
airflow coming in and going out the zone are balanced to find the zone air node and 
surfaces temperatures, and the air flow rate through the OVF. The energy gained by a 
OVF subdivission air node i due to convection in this model can be calculated with the 
following expression: 
 

𝑄𝑖
̇ = ∑ 𝑄�̇� + ∑ 𝑄�̇� 

         (4) 
where, 

Qs
̇ = h Aj (Tj − Ti) 

 
(5) 
 

is the convection energy transfer from the j surface of the zone, and 
 
 

Qf
̇ = V̇ ρ cp (Tk − Ti) 

(6) 
 
are the gains due to air flow from the k previous or next OVF subdivisions. 
 
The energy transfer to a wall due to long wave radiation interchange between surfaces in 
each OVF subdivision is calculated using the star network described in [17]. The 
conduction through the walls is solved using the transfer function method by Mitalas, which 
is also described in [17]. 
 
 
 
 
The external long wave radiation interchange was considered through the effective sky 
temperature. The emissivity of exterior surfaces is fixed at a value of 0.9 in the model. The 
effective sky temperature had to be modified to account for the lower emissivity of the 
galvanized steel plate. The indoor temperature measurements were also contained in the 
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weather data file. The indoor temperature depended of uncontrollable factors so it was 
considered as a model input. 
 
 
 
The thermophysical properties used for heat conduction are shown in table 1. The steel 
plate layer was modeled as a thermal resistance (R=5.5 x 10-5 m2K / W) due to its small 
thickness and high thermal conductivity. The properties of all materials used in the 
experiment were considered constant and evaluated at an average temperature. Radiative 
properties were taken from standard material property tables. 
 
The OVF channel was modeled as a straight duct. One straight duct was created in the 
model for each OVF subdivision. The equation for a straight duct is: 
 

�̇� = 𝐴𝑐√
∆𝑃 2𝜌

𝜆
𝐿
𝑑

+ Ϛ
 

(7) 
where Ac  is the cross section area of the duct, L is the  length of the duct, d is the 
hydraulic diameter of the duct, ρ is the air density, λ is the friction factor and ζ is the 
dynamic loss coefficient. 
 
The inlet and outlet OVF openings were modeled as large vertical openings. The mass 
flow rate can be calculated from the differential pressure with the expression: 
 

𝑚𝑖𝑗̇ = 𝐶𝑑 ∫ √2𝜌(𝑧)∆𝑃(𝑧) 𝑤 𝑑𝑧
𝐻

0

 

(8) 
 
Where 𝑚𝑖𝑗̇  is the mass flow rate from node i to node j, Cd is the discharge coefficient, 

ΔP(z) (positive) is the pressure difference between nodes, w is the opening width and H is 
the opening height. When ΔP(z) is negative, the air flows in the opposite direction and the 
mass flow rate is calculated evaluating equation (8) changing the sign of ΔP(z). 
 
The pressure difference between two nodes comes from the two air flow driving forces: 
wind pressure and buoyancy. The wind pressure can be evaluated using equation (1). The 
pressure difference due to buoyancy between two nodes in a vertical line is evaluated with 
the following equation: 

𝑃𝑖 = 𝑃𝑗 − 𝑔 ∫ 𝜌(𝑧)𝑑𝑧
𝑍𝑗

𝑍𝑖

 

 
(9) 

 
 
 
The orifice plate pressure drop curve was used and the pressure loss of the transition duct 
was measured previously and introduced in the model. The pressure loss in the façade is 
considered negligible compared with the latter losses at the measured air flow rates. 
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Convection Coefficients 
 
For heat convection in external surfaces a linear correlation with wind speed has been 
traditionally used. The wind convection coefficient has been widely studied and a 
compilation of these correlations is presented in [18]. An average linear correlation as a 
function of the free stream wind speed Vf was obtained from the experimental 
measurements: 
 

ℎ = 4.8 + 1.7 𝑉_𝑓    (𝑤𝑖𝑛𝑑𝑤𝑎𝑟𝑑) 
       (10) 

 
  

ℎ = 2.6 + 2.5 𝑉𝑓   (𝑙𝑒𝑒𝑤𝑎𝑟𝑑) 

       (11) 
  

 
The convection heat transfer problem in the air cavity can be assimilated to the case of 
parallel plates with one of the plates insulated and the other with constant heat flux. The 
average Nusselt number correlations depend on the Reynolds and Prandtl numbers for 
forced convection and on Rayleigh number for free convection. The flow rates in the air 
cavity were low, with Reynolds numbers under 1600, so the air flow was always laminar 
[19]. The prevalence of forced or natural convection was studied through the evaluation of 
the average Archimedes number, Ar = Gr/Re2, for each 10 min time interval of maximum 
solar radiation in Table 2 along the height of the cavity. The Archimedes number 
represents the ratio of buoyancy forces to inertial forces. When Ar>>1 natural o free 
convection is dominant, if Ar<<1 it’s forced convection and mixed convection in the case of 
Ar ≈1. As it can be seen in Figure 8, both forced and natural convection were always 
present in different proportions. Natural convection was of greater importance in the upper 
part of the cavity as temperatures were higher there. In windy days as days 1, 3 and 4 the 
Ar number is lower and both effects were of the same order. 
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Figure 8. Archimedes number evaluated for the time intervals in Table 2 along the height of the façade 

cavity. 

Using the thermocouples arrays installed in the experimental module, the average 
convection heat transfer coefficient was estimated by evaluating the temperature gradient 
near the plate surfaces.  
 
 

𝑁𝑢𝐷ℎ =

−𝐷ℎ
𝜕𝑇(𝑥, 𝑦)

𝜕𝑦
|

𝑦=0

(𝑇𝑠 − 𝑇𝑎)
 

         (12) 
 
Where Dh is the hydraulic diameter of the channel, Ts is the surface temperature and Ta is 
the average air temperature. An average value of NuDh=6.11 was found and this value was 
used in the numerical model. 
 
Pressure coefficient 
 
Figure 9 represents the average CP values measured as a function of the wind angle 
respect to the façade normal.  To evaluate the dependency of the averaged Cp with the 
number of sectors used, the values were averaged for sectors of (360/n)º, with n=8, 12 
and 16.  
 
For rectangular buildings without any interference of nearby buildings, positive values of 
CP are expected in the windward side for wind angles from 0º to 60º, approximately, and 
negative values for angles from 60º to 180º [19]. In the experiment, the CP values obtained 
were not symmetric with respect to the façade normal direction. For 0º<α<180º CP values 
were all negative, because the module was sheltered due to the shape of the building and 
the presence of nearby buildings. For 180º>α>360º the sheltering effect was smaller as 
there were no buildings in this direction. Values became positive for 250<α<270º, which 
was a behavior more similar to that of unsheltered buildings. 
 
The results showed in Figure 9 are similar to those obtained with CFD or wind tunnel 
measurements for buildings with nearby obstacles [20]. However, It has to be taken into 
account that the experimental values of CP showed in Figure 9 are local, and local 
pressure coefficients decrease with lower heights, so lower values of CP were expected 
since the inlet opening was located at the bottom of the wall (Figure 1).  
 
The dependency of averaged CP values on the number of sectors can be neglected for 
n>8. In this study eight angles were used in simulations. 
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 0º 45º 90º 135º 180º 225º 270º 315º 

Cp(n=8) 0.001 -0.05 -0.03 -0.015 -0.058 0.0041 0.115 0.1296 

 

Figure 9. Averaged pressure coefficient CP for divisions of  α=360/n. 

 
 
5. Façade performance and simulation results 
 
In order to validate the performance of the numerical model the most important variables 
were confronted to the experimental data. The exhaust air temperature and the air flow 
rate were evaluated, as well as the incoming energy supplied by the airstream.  
 
Figure 10 shows the comparison of the experimental data measurements with the simulation 
ouput for the air temperature at the top of the façade module. This temperature can be 
considered the temperature of the air that enters the room. The maximum air temperature  
registered was over 50 ºC and corresponds to midday of Day 2. Air temperature in Days 3 
and 4 didn’t get so high temperatures despite having the same solar radiation levels. The 
reason for this was the higher wind speed during those days. In general the more windy 
the day was the lower temperatures inside the façade there were. It can be also seen 
comparing Day 1 and Day 5. Both days were cloudy and with similar levels of solar 
radiation, however Day 1 outlet air temperatures were lower than temperatures in Day 5. 
Since heat convection from the steel plate to the ambient air depends linearly on the wind 
speed, the more windy the day the more heat loss to the ambiente air and the lower steel 
plate temperatures, and therefore the lower air temperatures. Nevertheless the maximum 
increment of temperature reached more than 10 ºC for Day 3 and Day 4, as it can be seen 
in Figure 4. 
 
There aren’t many studies for comparing exhaust air temperature in an opaque ventilated 
façade. Double skin facades performance regarding solar radiation is similar to the results 
obtained for opaque ventilated facades [21]. In[2] insuficient solar radiation is related to the 
lower flow rates. Typically temperatures over 40ºC are reached depending on the season. 
Air temperature also depends on geometry. Average cavity air temperatures decrease with 
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cavity thickness. However heat loss by convection to the ambient air is lower in 
transparent façades because the hottest layer, normally the shading device, is inside the 
cavity and therefore protected from wind. The external layer temperature and hence the air 
flow temperature is strongly influeced by wind in an opaque ventilated façade.  
 
In order to evaluate the accuracy of the simulation results a linear regression analysis was 
carried out for the predicted and experimental outlet air temperatures, Figure 11. The 
bigger errors were found for the higher temperatures, this was also found for other models 
[8]. The coefficient of determination was 0.9356 and temperatures from simulation showed 
good agreement with the experimental results.  

 
Figure 10. Comparison of exhaust air temperature measured and obtained by simulation 
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Figure 11. Correlation between exhaust temperature measured and obtained by simulation. 

 

 

Experimental and simulation results of the air flow rate and energy introduced by the 
supply air in the room are represented in 3. The range of air flow rate measured was from 
negative values of – 5 m3/h (inversed flow) to maximum values over 20 m3/h. The average 
air speed in the cavity had a maximum value of 0.15 m/s. The energy introduced with the 
ventilation air was higher for the sunny days (Days 2, 3 and 4) with peak values of 130 W. 
On the cloudy days (Days 1,5 and 6) the energy had values under 50 W.  
 
Low temperatures were expected inside the façade for cloudy days. Sunny days presented 
high temperature increases in general. It is noticeable that the lowest increases 
corresponded to the windiest days, due to the increase of the external convection 
coefficient with windspeed. For the same level of solar radiation, Day 1 temperature rose 
only 2º whereas increment in Day 5 was 7ºC. Ambient temperature also affected the 
temperature in the cavity. The increment of temperature in Day 2 was higher than in Day 6 
despite having the same peak solar radiation. However the ambient temperature was 
lower in the later. The maximum vertical temperature increase registered was 24ºC in Day 
2. 
 
It can be observed a clear correlation between air flow and energy rate and solar radiation, 
ambient temperature and wind pressure. On Day 1 the prevalent driving force was the 
wind pressure. On this day the air flow rate had peak values over 10 m3/h with wind 
pressure peak values up to 4 Pa and solar radiation under 300 W/m2. On Days 2 and 6 
solar radiation was high and wind pressure was almost non-existent so buoyancy was the 
main driving force. On days 3 and 4 solar radiation was high and wind pressure had 
moderate values so driving forces are mixed. With the same solar radiation levels as day 2 
the air flow rates for days 3 and 4 were slightly greater due to the support of wind 
pressure.  
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The linear regression analysis for the air flow rate and the energy of the air flow can be 
seen in Figure 12 and Figure 14. Bigger errors were expected in both cases due to the high 
uncertainty in the air flow rate measurements and the difficulty of adjusting all the 
parameters that affects the air flow rate calculations. The model tends to overpredict the 
air preheating energy as it can be seen in Figure 14. However, the model has proven to be 
sensitive to the main air flow driving forces, as it can be seen in Figure 12. The high flow 
rates that can be seen in Day 4 are due to some tests carried out using mechanical 
ventilation for trying to control the indoor pressure, and must not have to be taken into 
account. They were included to provide a continuous source of data to the model. 
 

 

 
Figure 12. Comparison between air flow rate and energy measured and obtained by simulation. 
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Figure 13. Correlation between air flow rates measured and obtained by simulation. 

 

 
Figure 14. Correlation between energy measured and obtained by simulation. 

 

 
4 Conclusions 
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In this paper the performance of an experimental OVF module was assessed and the 
experimental data were used to validate a numerical model. The main conclusions from 
this piece of work are now summarised: 

- The performance of the facade depends on the meteorological variables. Wind  
speed and direction and solar radiation are the driving forces of air flow. If the wind 
speed is the prevalent driving force temperatures are lower and if buoyancy is the 
main driving force temperatures rise. 

- Air flow rates due to wind forces depend on wind speed and direction but also on 
the Cp values that are characteristic of geometry and location of the building.  

- If wind increases the air flow rates, also increases the heat loss due to convection 
to the ambient air. 

- The model created is sensitive to the driving forces of air flow. 
- The outputs of simulation had a good agreement with experimental data. 

Temperatures were well predicted whereas air flow rate has bigger errors. 
- Flow conditions in the cavity corresponded with the analysis from experimental 

data. 
- Having the right parameters it’s viable to use the model for analyzing the 

performance of OVF’s, although the air preheating capacity of the façade will be in 
general overpredicted. 
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