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Abstract
The need for environmental friendly and energy efficient building design has stimulated the design of new facade technologies, including various configurations of double skin facades. This paper investigates the thermal performance of a ventilated wall, both for heating and cooling. A thermal analysis was carried out, paying special attention to the characterization of the heat convection resulting from the buoyancy–induced flow in the open air channel which proved to be a critical aspect of the ventilated wall's behaviour. An integrated thermal and air flow model for the entire system was developed. A model of the ventilated wall construction was developed with the ESP-r simulation program and checked against experimental data from a real-scale test cell facility. 


The thermal benefits of adding a radiant barrier layer were also investigated. The results showed that this layer was beneficial in terms of the energy performance of the construction. Also, the comparison between the experimental and simulation model results showed satisfactory levels of convergence with the exception of the night hours during the summer period. A sensitivity analysis was also undertaken in order to investigate the main factors and the extent of their effect on the temperature variation inside the ventilated facades. 
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	Nomenclature
α
Heat diffusivity (m2/s)

β
Gas expansion coefficient (K-1)

Cp        Specific heat at constant pressure 
            (J/kg.K)
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        Mass air flow (kg/s)

g         Gravity acceleration constant(m/s2)

H
Wall height (m)

hx         Heat convection coefficient of the air channel surface of the wall x (W/m2∙K)

hext
Heat convection coefficient at the external surface (W/m2∙K)

hint
Heat convection coefficient at the internal  surface (W/m2∙K)

H
Wall height (m)

k
Thermal conductivity (W/m∙K)

l
Wall thickness (m)

Nu       Nusselt number


	Pr        Prandtl number
ρ
Density (kg/m3)
Ra
Rayleigh number

Re
Reynolds number

S
Channel width (m)

t
Time (s)

Text
Outdoor air temperature (oC)

Tx
Air channel surface temperature of     

            the wall x  (oC)

Tint
Indoor air temperature (oC)

Ts         Equivalent channel wall 
            temperature (oC)

Tin       Air temperature at the channel entry   

            (oC)
T∞      Free fluid temperature
v
Kinematic viscosity (m2/s)

V
Wind velocity (m/s)

W
Window width (m)



1.      Introduction


In recent years there has been a change in the priorities by which modern buildings are constructed. Human comfort and a healthy working environment are now considered some of the highest construction priorities, along with high energy efficiency that an architect has to consider. Double skin buildings, unlike sealed buildings, tend not to create a definitive barrier between the internal conditions of the building and the outdoor environment. Different kinds of double skin facades are nowadays used as a building envelope in order to reduce the buildings' energy demand and improve their aesthetical appearance.

A ventilated wall is a double skin envelope but it differs in its construction and operational mode. In a double skin facade the external layer is usually transparent and there are ventilation vents on the external layer and (usually) the internal wall so that circulation of the external air through the air gap to the interior of the building is possible. In contrast, in a ventilated wall there are vents only on the external layer, which is opaque, and circulation of the external air is achieved through the air gap between the external layer and the internal wall. 
There are many different construction techniques that can be used in order to reduce the energy needs of a building. In regions with high levels of solar radiation, such as southern Europe, the use of ventilated structures keeps the temperature of the outer shell of the double skinned building at a temperature close to the ambient. In this way the impact of the incident radiation onto the outer surface of the building is reduced by a significant amount. The use of this technique in the entire building can effectively reduce envelope heat gains. Ventilated walls can be also beneficial during the heating period because during daytime they allow heat gains through conduction and convective heat transfer, and during night-time they maintain the air gap temperature to higher levels than ambient, thus decreasing the heat losses of the structure.

Studies of ventilated walls [1] and double skin facades in buildings [2, 3, 4] have shown their ability to significantly reduce the building’s cooling load.  The feasibility of such structures to be applied in the Mediterranean area regions was the subject of other studies [5, 6]. Numerical methods have been applied in order to investigate the most suitable operational regimes, especially for the air gap layer [7, 8, 9]. Ventilated walls, equipped with an opaque exterior layer, have also been studied in order to define, among other parameters, which building material is more effective to be used as exterior layer of the structure (between the air gap and the ambient environment) [10].  

The performance of a ventilated wall component is greatly influenced by the ambient conditions (incident solar irradiation, local wind speed and direction, air temperature), the air gap geometrical characteristics, the air flow regime, the air inlet boundary conditions, and the type of building materials used [11].

This paper describes both the measured and modelled thermal and air flow behaviour of a ventilated wall structure under summer and winter conditions.
2. Objectives and methodology 

Figure 1 is a representation of the ventilated wall for modelling purposes. The wall has a total thickness of 24 cm and its structure consists of [12]:

· a 2 cm  thickness coating layer in the interior of the room,

· a 9 cm thickness brick layer made of 9x6x16 cm hollow bricks,

· a 5 cm thickness of rockwool insulation layer in contact with the bricks,

· an air gap of 4 cm width,

· a 2.5 cm thickness of prefabricated reinforced concrete slab,

· a 1.5 cm thickness of mortar on the outside, exposed to the environment.


A model of the ventilated wall, mounted on a test cell as described below, was developed in order to simulate its thermal performance and to investigate the effect of different geometrical parameters on its performance. The simulation results were compared with experimental data of ventilated wall components tested under real weather conditions. 


Two types of ventilated wall components were investigated: the ‘Typical Ventilated Wall’ and the ‘Upgraded Ventilated Wall’. Their difference was the existence of an additional thin radiant film as a layer in the upgraded wall which was added between the concrete slab and the air channel.    


These two wall types were constructed and tested in an outdoor test cell. All the meteorological (ambient temperature, wind speed, wind direction, relative humidity, direct and diffuse solar radiation, etc.) and experimental (temperature and air velocity inside the air zones) data needed were recorded.


The detailed knowledge of all the appropriate building construction data, together with the measured time-varying boundary and internal conditions provides the opportunity to create a detailed simulation model and compare the predicted performance of the ventilated wall configurations against the measured data. The resulting model can then be used to determine the advantages and disadvantages of the various configurations, and to study the use of ventilated walls in full-scale buildings and in different climates.
3. Heat transfer and air flow model


In ventilated walls, the heat transfer and the fluid flow are closely coupled phenomena. Calculations of the outer and inner wall surface temperatures, convective heat transfer coefficients and air velocity need to be performed at the same time in an integrated way. An analysis of the heat transfer and the air flow phenomena inside an air channel involves a number of correlations that can be chosen for the convection coefficient of the external and internal surface of the air gap. The series of equations are those of an open air channel but with further adjustments. The reason for using these equations are the similarities between an open vertical air channel and a ventilated wall regarding the heat and mass transfer processes. These algorithms are used for the establishment of the simulation model.  


As modelling of the convective heat transfer in the ventilated wall is crucial for the accuracy of the model, emphasis was given on the choice of the most appropriate heat convection correlations.       
3.1 Heat transfer in the air channel

     When the temperature of the wall in the air channel is higher than the air temperature, buoyancy creates an upward airflow in the channel. On the contrary, when the temperature of the channel walls are lower than the one of the air, the air stream moves from the higher to the lower opening of the channel. 

     The equation that represents the local heat balance of the air at a certain area with an infinitesimal length dy, located at a height y above the air channel entry is [13]:
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 is the heat exchange by convection of the wall 1 and 2 respectively.

     Equations (1) and (2) relate the local air temperature variation dT with the heat exchange by convection with each of the adjacent wall panes A and B from figure 2. The average values of the convection coefficients, h1 and h2, and the cross section average velocity, U, are assumed to be known. 

     Integrating equation (2) from 0 to y, the result is the expression for the temperature at height y [13].
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     From equation 3 it is suggested that the equivalent temperature of the channel walls can be defined as [7]:
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     Combining equations (3) and (4) the final expression is:

Tair (y) = TS – (TS - Tin) ∙[image: image20.png]







(5)

     This expression is analogous to the typical one for the evolution of the fluid temperature in an internal pipe flow.

3.2 Convection between the external wall and the outdoor air

The value of the convection heat transfer coefficient between the external surface of the wall and the environment hext depends on all the factors that influence the convection transfer process, such as the system geometry, the air velocity, the specific heat, the viscosity and other physical properties of the air. The analytical approach of the convective heat transfer is complex because of the large number of parameters that must be found. This is why simple empirical correlations are used which derive a relation that combines the pertinent variables, such as the flow velocity and the other air properties, into dimensionless groups [14, 15, 16].  The comparison of these empirical correlations is presented in figure 3. 

Kimura’s [14] correlations were extracted from measurements at the 4th floor of a building, so are not thought to be appropriate for lower height buildings such as the one used for the current study.


In another study, Yazdanian and Klems [15] carried out a series of measurements in a low–rise building with conditions that are closer to this study’s test cell that was used for the experimental work of the ventilated wall. They suggested a correlation that takes into account the influence of wind as natural convection due to surface–to–air temperature differences.


The study by McAdams [16], of parallel flow in a wind tunnel is another, more realistic approach since it relies on experiments that take into consideration the effect of wind velocity.

hext = 5.678∙(α + b∙[image: image22.png]


                                                              (6)
The empirical constants a, b and n in the Equation (6) depend on two factors: the range of the wind velocity and the roughness of the wall surface.

The correlation finally chosen for the model of the ventilated wall was the Yazdanian and Klems [15] correlation since its applicability fitted best with the conditions of the experimental work described in this study.

3.2 Convection in the air channel 

The heat transfer by convection between the walls of the channel and the flowing air is strongly dependent on the velocity of the air in the channel. In forced convection, the air circulates thanks to mechanical means. This makes its velocity independent of the convection coefficients of the channel walls. Contrarily, in natural convection the heat transfer coefficients and the air velocity are parameters that depend on each other.


In general, natural convection flow in a channel is approximately bounded between two limiting phenomena:

· The natural convection flow along a single vertical plate and

· The fully developed flow in a channel.

When the flow rate or the aspect ratio H/S is low (the distance between the two walls of the air gap (S) is large compared with the height of the channel (H)) the convective heat transfer behaves closer to the single plate. Contrarily, when the flow rate or the aspect ratio is high the convection heat transfer is expected to behave in accordance with fully developed flow.

The free vertical plate

Ostrach [17] and Holman [18] found approximate analytical solutions for this limiting case. The basic assumption made in order to find these analytical solutions was that the velocity of the fluid at the edge of the boundary layer is zero. In the case of the ventilated wall the conservation of mass requires the fluid velocity, even outside of the thermal boundary layer, to be greater than zero. It can be said that an assumption like this is valid only if the aspect ratio H/S is small or if the air flow rates are very low. Since the second condition can be met, the natural convection along a vertical plate can be taken as a limiting case of this problem. Equation (7) is based on experimental data [19], is valid for any value of Rayleigh number and has been used frequently in engineering applications.
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Fully developed flow

The heat transfer coefficient between the air and the wall of the channel can be estimated by the general formula [20]:
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(8)

With a number of appropriate approximations, an equation can be obtained that relates the Nusselt number NuS for the walls of the air channel with their Rayleigh number RaS and the basic dimensions of the air gap (Fig. 3).
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The Rayleigh number RaS based on the channel width S is given by:
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(10)

where T∞ is the free fluid temperature and Ts is the equivalent temperature of the channel walls, given by [21] :
TS = [image: image32.png]Ry Tt ey
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and T1, T2 the inner surface temperatures of the channel walls, while h1 and h2 are the heat convection coefficient of the air channel surface of the walls 1 and 2 respectively.

Combined correlations

There have been various proposals for a general methodology that would combine the already mentioned cases: the single plate and fully developed channel flow. One of them by Churchill and Usagi [21] has the following general form:
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(11)

where Nusp and Nufd are the Nusselt number calculated for the case of the single plate and the fully developed flow respectively.

Based on this general formula there were several propositions about the blending constant n. Churchill and Usagi  proposed that n = 1.5 (Equ. 12). On the other hand the proposition by Bar–Cohen and Rohsenow [22] was for a blending constant of n = 2 (Equ. 13). It should be mentioned that this methodology is widely applied in the investigation of the cooling in a variety of electronic devices and the optimal spacing between vertical plates [21, 22].
Churchill and Usagi correlation
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(12)
Bar – Cohen and Rohsenow correlation
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(13)
Comparison of correlations


The use of equations 7, 9, 12 and 13 led to the creation of figure 4, which shows the Nusselt number as a function of the modified Rayleigh number. The modified Rayleigh number is derived from the multiplication of the Rayleigh number by the aspect ratio of the air channel (S/H). 

Comparison of the equations 7, 9, 12 and 13 showed that the results that come from the blending of Churchill and Usagi (n=1.5) are quite similar to those of the Bar–Cohen and Rohsenow blending (n=2). Also these two correlations give results close to the ones of the fully developed flow when the aspect ratio [image: image39.png]
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For the above reasons, Bar – Cohen and Rohsenow correlation was the one chosen for the model of the ventilated wall.

4. Experimental setup


The experimental data, obtained from tests of a ventilated wall in the frame of the AIRinSTRUCT project [23], were used to compare with model predictions. A prototype of the ventilated wall component (Figure 1) was constructed at full scale and a series of tests were carried out under actual outdoor weather conditions [23].


The experiments were carried out at the PASLINK Test Cell of CRES (Centre for Renewable Energy Sources and Saving) site, at Pikermi, in the greater Athens area in Greece (latitude: 37o 58’ N, longitude: 23o 42’ E, altitude: 130m). The installation of the wall component took place on the upgraded PASLINK test cell, a cell with a removable south wall and roof equipped with a Pseudo – Adiabatic Shell (PAS) [24]. 
The wall component consisted of two different ventilated wall parts: the ‘Typical Ventilated Wall’ and the ‘Upgraded Ventilated Wall’. These parts have the same area but different characteristics as the upgraded wall was equipped with a radiant barrier layer on the internal surface of the external concrete slab layer in the air gap (Figures 5a and 5b) [23]. 

The measurements at both wall parts were carried out simultaneously, in order to achieve a comparative study of the performance of these two components. They were both installed at the south facade of the test cell with each component covering half of the total wall area. The two components were separated laterally by an insulation layer. The temperature of the circulating air inside the air gap was measured by two series of temperature sensors positioned near the lower and upper air openings and at 2/3 of the wall height.
During the experimental procedure simultaneous measurements were taken for both the ‘Typical Ventilated Wall’ and the ‘Upgraded Ventilated Wall’. In both cases the air gap thickness was 4 cm. The investigated parameters of the ventilated wall components were:

· The inlet and outlet area of the ventilation gap

· The mode of the air flow inside the air gap (natural or forced convection)

· The control scheme of the applied indoor temperature


The conditions of the experimental procedure that were considered in the current analysis are presented in Table 1.


The constant indoor temperature was established as 27 oC ± 0.2 oC. In order to have more representative data for the wall component behaviour, the experiments took place during two separate periods (winter and summer season). The periods of each experimental phase are shown in Table 2.
Both the internal and external conditions were recorded through a series of sensors: 

Room air temperature (shielded Pt 100 sensors, range: 0 to 50 oC, accuracy: ( 0.2 oC), ambient air temperature (shielded and ventilated Pt 100 sensor, range: -10 to 60 oC, accuracy: ( 0.2 oC), surface and air gap temperature (shielded thermocouple T-type sensors, range: -100 to +200 oC, accuracy: ( 0.5 oC), global solar irradiation on a vertical position: pyranometer CM11, range: 0 to 1000 W/m2, accuracy: ( 10 W/m2, air gap air velocity: hot wire sensor, range: 0 to 5 m/s, accuracy: 0.02 m/s.

5. Simulation model

This section describes the relevant details of the simulation model that was constructed of the ventilated wall and experimental test cell.
Simulation tool and conditions


The development of the simulation model was carried out with the ESP–r - energy simulation program [25]. Geometrical details of the test cell and wall were used in the model, which included all the air gap openings (3 inlet and 3 outlet – 15 cm length, 2 cm height which were assumed open. For both summer and winter periods, the temperature inside the test room was controlled to be a constant 27oC.        
Climate data


The climatic data that were recorded during the experiments include the ambient temperature (oC), horizontal diffuse solar radiation (W/m2), global – horizontal solar radiation (W/m2), wind speed (m/s), wind direction (o) and relative humidity (%).The measurements were recorded on a 10 minutely basis from Julian days 266 to 279 (23rd September to 6th October) for the summer period and Julian days 333 to 343 (29th November to 9th December) for the winter period. 
Materials 


The construction details of the ‘Typical Ventilated Wall’ and the ‘Upgraded Ventilated Wall’ are shown in Table 3.
Zones

Each ventilated façade comprised three vertically-stacked zones. The test cell zones are represented in Figure 6. Preliminary tests were carried out with different numbers of zones representing the air gap in the ventilated walls. It was found that 3 zones gave a reasonable representation of the stratified air – this is in accordance with previous work on ventilated constructions on ventilated photovoltaic facades [26].
Fluid flow network


An appropriate network was defined to represent the air flow through the ventilated façade. Nodes of a nodal network may represent rooms, connection points in a duct or in a pipe network, the outdoor environment, etc. The fluid flow components correspond to discrete fluid flow passages such as doorways, construction cracks, ducts, pipes, fans, pumps, etc. In Figure 7 the fluid flow network – nodes of the model of the ventilated wall are presented. Wind speeds are generally low in the area of the test site, and the dominant driving force for ventilation is the temperature differences.
Choice of convection correlations

As discussed above, the choice of appropriate convection correlations is particularly important in achieving a good representation of the buoyancy-driven airflow. The convection correlation chosen for the ventilated wall air channels was the Bar – Cohen  and Rohsenow (equation 8) correlation. For the outer wall the Yazdanian and Klems [15] correlation was applied.
6. Results analysis

The results analysis focuses on three topics:

· The level of convergence between the experimental and the simulation model results regarding the variation of temperature in the ventilated wall air channels.

· The temperature stratification in the air gap.

· The effect of the radiant barrier.

6.1 Temperature variation in the air facade

Winter period
In figures 8 and 9 the air temperature variation inside the facades 1b and 2b (the middle air zones) during the winter period is plotted according to the experimental and the simulation results. The curve that represents the temperature variation over time has the same variability for the simulation and experimental output.


Figure 10 shows the temperature difference between the experimental and the simulation results through time. The effect of the temperature measurement error on the experimental results is also presented in figure 10. The divergence is greater (with the experimental temperatures being higher than the simulation ones) in the case of the wall with the radiant barrier (facade 2b), except for the period of the day when both air zones reach their maximum temperature (around 12.00 at noon). In that case the difference is greater, but with negative sign (the simulation temperatures are higher than the corresponding experimental temperatures). In general, during the winter period, the highest temperature difference averaged between 2.0 to 4.5 oC when experimental temperatures were higher, and around 4.0 with maximum 6.0 oC when simulated temperatures were higher. Additionally, the mean difference for the facade 1b is 1.55 oC while for the facade 2b, the mean difference was slightly higher with a value of 2.19 oC.         
Summer period
During the summer period, the experimental and simulation results (Figures 11, 12, 13 with temperature error bars) have better agreement than the ones in the winter period, except for the resulting difference at 09:00 in the morning of the second day. At this time, the temperature extracted from the simulation model is around 8 oC higher than the corresponding experimental temperatures in both air facades. 

A common observation for the winter and summer period is the fact that, when the temperature inside the air gap rises, the results of the simulation model are higher than the experimental ones. Conversely, when the temperature drops during the night hours, the simulation output of the temperature are lower than the experimental temperature results. The consistent difference between the temperature results was thought to be caused by two main factors:
· The thermal conductivity of the wall elements was not measured and was assumed from standard databases. Sensitivity studies showed that a lower conductivity than that assumed in the base case model gave improved agreement between measurements and predictions.

· There is particular uncertainty regarding appropriate pressure coefficients, and although the flow is predominantly driven by temperature differences, local wind effects will also affect the flow. Thus uncertainties in predicted flow rates are likely.

A sensitivity analysis was carried out to determine the impact of uncertainties in the pressure coefficients at the openings.  For this analysis the pressure coefficients of the inlet and outlet openings were modified so that the lower opening had coefficients corresponding to a “semi-exposed” wall and the upper openings a “fully-exposed” wall.       

Figures 14 and 15 show that the wind-driven air flow through the facade has only a minimal impact on the air temperature variation for this particular site where wind speeds are generally very low. 

6.2 Temperature stratification in the ventilated facades 

Another important area of investigation in this paper was the study of the temperature stratification inside the air channel of each ventilated wall. Figures 16 to 19 present this temperature variation in each zone in the façades (a, b, c zones, going from bottom to top) for the winter and the summer period. The addition of the ambient temperature on the next graphs was considered crucial for the better understanding of the temperature variation inside the air gap.
During the winter period, (Figures 16, 17) the air temperature variation in the ventilated air gap of the facades for both the ‘Typical’ and ‘Upgraded’ ventilated wall follow similar patterns to each other and to the ambient temperature but with higher values of temperature than the ambient. The lowest zones of the facades (1a and 2a) are the ones with the lowest temperature compared to the others since the air entering the channel keeps absorbing heat as it rises along the gap. The absorption of heat can be explained by the fact that the ambient temperature is always lower than 27.0 oC (constant temperature of the testroom). 

In the summer period as the ambient temperature becomes greater than 27.0 oC at times, the lowest zones of the facades are not always the ones with the lowest temperature (Figures 18, 19) since the ventilation air tends to lower its temperature. Another important point that needs to be noticed is that the temperature in the air channel during the night time is lower than the ambient. 


The temperature difference between the air zones is an indicator of the air flowrate inside the channel. The lower the difference in temperature between two consecutive air zones the higher the air mass flowrate inside the channel. If the air flowrate is low, the air exchanges greater amount of heat with the surfaces of the inner walls of the channel. This heat exchange increases the air temperature along the gap           
6.3 Effect of the radiant barrier

The alteration in the overall performance of the ventilated wall by the addition of a radiant barrier was also investigated thanks to two temperature sensors which were positioned inside each air facade. In Figures 20 and 22 the temperature variations in the middle of the facade zones 1 (‘Typical ventilated wall’) and 2 (‘Upgraded ventilated wall’) are presented for the winter and summer period respectively. Figures 21 and 23 plot the difference in temperature between the corresponding facades during the experiments.
Winter period

Figure 20 shows the temperature variation of the air in the facades 1 and 2. According to the experimental results, the radiant barrier that was added in one half of the ventilated wall surface is responsible for keeping the temperature higher inside air facade 2b during night time and slightly lower during morning time. This happens because the radiant barrier actually works effectively as an additional insulation layer making the response of the air zones slower. The effect is greater during the night hours when the temperature difference between the air facades 2 and 1 reaches its highest value of 1.8 oC.   

In general, the addition of the radiant barrier has positive results since keeping the temperature at higher levels reduces the heat losses from the room to the air channel, especially during night time when these losses are maximized.
Summer period
The results for the summer period (see Figures 22 and 23) confirm the suggestion for the radiant barrier functioning as an additional but flexible insulation layer. That is why the temperature variation inside the facade in the ‘Upgraded’ part of the ventilated wall is less ‘sensitive’ than in the facade of the ‘Typical’ part of the wall. The radiant barrier decreases the level of effect of the ambient temperature to the corresponding air facade. The addition of the radiant barrier maintains the air temperature of the channel at lower values during daytime (up to 1 oC). Conversely, during the night hours when the ambient temperature decreases, it functions as a barrier to the transfer of heat from the air channel to the external environment.   

7. Conclusions
A simulation model was established to represent a ventilated wall, with particular attention paid to the modelling of convection within the ventilated air gap. The predictions from simulating the model were compared with measured data from experiments undertaken in a controlled test cell in Athens.

Regarding the temperature variation in the air facades, the level of agreement between the experimental and the simulation model is reasonable. The greatest differences between measurements and predictions were found for the night time during the summer period. In order to investigate the reasons for differences between measurements and predictions, a number of sensitivity studies were undertaken. It was concluded that the likely reason for the observed differences was the assumption made of the conductivity of the outer part of the ventilated wall – better agreement was found with lower values of thermal conductivity. Uncertainty in opening pressure coefficients was found to be unimportant, as a result of the low wind speeds at the test site.    


The effectiveness of the radiant barrier was also tested through the difference in temperature that occurred between the corresponding air zones of the ‘Typical’ and ‘Upgraded ventilated wall’. Its addition can be characterized as positive since it managed to keep the air facade zones of the ‘Upgraded ventilated wall’ warmer during the  winter period (especially during night time when the need for heat is higher) and cooler, during daytime, in the summer period.    

The work carried out on the ‘Ventilated wall component’ supports the benefits of such a component in terms of controlling façade temperatures. The circulating air, which is continuously refreshed, works as a natural and flexible insulation layer. During the winter period (Figures 16 and 17) the temperature variation of the air facades for both walls are of similar distribution to each other and also similar but always higher to the ambient temperature. This indicates that the air gap works as an additional insulation which actually leads to decreased overall heat losses. 

The lowest facades (1a and 2a) are the ones with the lowest temperature compared to the others (1b, 1c and 2b, 2c respectively) since the air entering the channel keeps absorbing heat while it rises along the gap. The absorption of heat can be explained by the fact that the ambient temperature is always lower than 27 oC which is the constant temperature of the testroom and the wall that separates the testroom and the air gap is obviously not well enough insulated.



Nevertheless, additional experiments and simulations are considered necessary to focus on the testing of new construction materials for the wall, to vary the internal temperatures, and to extend the range of climatic conditions. Additional instrumentation would help to improve the simulation model, particularly the measurement of air flow rate in the air channel.  With resulting additional confidence in the model, the performance in a full-scale implementation could be modelled – ideally confirmed by a full-scale experiment. 

An important consideration is to keep the total cost of the construction low. A future economic analysis should determine the relationship between the improvement of the energy performance of a ventilated wall and the additional overall cost of the construction.
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	Control Scheme

	3/3
	Natural Flow
	Constant Indoor Temperature


Table 1. Experimental conditions.

	Summer
	Winter

	First Julian day
	Last Julian day
	First Julian day
	Last Julian day

	266
	279
	333
	343


Table 2. Weather periods.

	
	Density 

(kg/m3)
	Thickness

(m)
	Conductivity

(W/m∙oC)

	Mortar 
	1900
	0.015
	0.870

	Plaster
	1900
	0.02
	0.870

	Rockwool
	40
	0.05
	0.035

	Brick layer
	1000
	0.09
	0.460

	Concrete slab a
	1950
	0.025
	1.060


a in the case of the ‘Upgraded Ventilated wall’ the emissivity of the internal surface in the concrete slab was assumed to be 0.20 instead of 0.90 of the ‘Typical Ventilated wall’ because of the radiant barrier that was added on its surface. 

Table 3. Wall construction materials
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Figure 1 – Vertical cross section of the ventilated wall 
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Figure 2 – Temperature variation in the air gap
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Figure 3 - Outdoor convection coefficient vs wind speed for different correlations
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Figure 4. Nusselt number vs. modified Rayleigh number for a channel of 4 cm width and 1.375 m
[image: image45.emf]
Figure 5a. Final set up of the test cell
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Figure 5b. Schematic view of the ventilated wall parts and the air openings
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Figure 6. Final shape of the testroom air zones as designed in ESP - r
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Figure 7. Fluid flow network and nodes
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Figure 8. Variation of temperature vs time for the facade 1b during the winter period (30th of November to 5th of December)
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Figure 9. Variation of temperature vs time for the facade 2b during the winter period (30th of November to 5th of December)
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Figure 10. Temperature difference between the simulation and experimental results of the facades 1b and 2b during the winter period (30th of November to 5th of December)
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Figure 11. Variation of temperature vs time for the facade 1b during the summer period (25th to 26th of September)
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Figure 12. Variation of temperature vs time for the facade 2b during the summer period (25th to 26th of September)
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Figure 13. Temperature difference between the simulation and experimental results of the facades 1b and 2b during the summer period (25th to 26th of September)
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Figure 14. Temperature variation inside the air facade 2b of the simulation model with and without pressure coefficient differences between the openings during the winter period (30th of November to 5th of December).
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Figure 15. Temperature variation inside the air facade 2b of the simulation model with and without pressure coefficient differences between the openings during the summer period (25th to 26th of September)
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Figure 16. Variation of temperature vs time for the ‘Typical Ventilated wall’ during the winter period (30th of November to 5th of December)
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Figure 17. Variation of temperature vs time for the ‘Upgraded Ventilated wall’ during the winter period (30th of November to 5th of December)
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Figure 18. Variation of temperature vs time for the ‘Typical Ventilated wall’ during the summer period (25th to 26th of September)
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Figure 19. Variation of temperature vs time for the ‘Upgraded Ventilated wall’ during the summer period (25th to 26th of September)
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Figure 20 – Variation of temperature vs time in the air facades 1 & 2 during the winter period (30th of November to 5th of December)
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Figure 21. Experimental temperature difference of the facades 1 and 2 during the winter period (30th of November to 5th of December)
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Figure 22. Temperature vs time in the air facades 1 & 2 during the summer period (25th to 26th of September)
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Figure 23. Experimental temperature difference of the facades 1 and 2 during the summer period (25th to 26th of September)
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