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Abstract

Breathing Walls are building structures based on porous materials crossed by an airflow, acting
both as building envelope and ventilation system components.

In climates where both heating and cooling needs are relevant, pro-flux configuration (heat and
air mass both flowing in the same direction) might be alternated with contra-flux configuration
(heat and air mass flowing in opposite directions) during the year or even the day. Understanding
and modelling the Breathing Walls stationary and dynamic behaviour is thus fundamental, in
order to optimize their design and fully exploit their energy saving potential.

To this purpose, in this experimental study a small scale no fines concrete Breathing Wall is
investigated. The steady-state contra-flux tests performed in the DAVTB laboratory apparatus
are used to derive the heat recovery efficiency of the sample as a function of the crossing airflow
velocity. Effectiveness of this technology is then evaluated on a virtual case study, showing that
an optimal airflow velocity across the Breathing Wall can be found, leading to energy savings
between 9% and 14%. Dynamic tests, performed assuming a sinusoidal variation of the operative
temperature on one side of the sample, show how airflow velocity affects the Breathing Wall
inertia and dynamic behaviour.
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Introduction

Breathing Wall technology has been studied since the past decades, being considered a
promising technical solution to reduce building energy needs [1,2]. It is a building envelope
technology based on the integration of air permeable walls and roofs into the ventilation plant:
ventilation air crosses at low speed the porous layers of the envelope, therefore acting both as a
heat exchanger and a filter. Considering the directions of heat flux and airflow, it is possible to
define two main operating conditions: pro-flux if they happen in the same direction, contra-flux
when they move in opposite direction. Most of the works in literature focus on the latter working
condition, which is generally considered the most suitable for cold climates, since it allows to
reduce the heat losses and pre-heat the ventilation air [3]. Moreover, when the airflow is directed
inward, Breathing Walls also act as filters linked to the ventilation plant. As demonstrated in [3-
5], this technology is able to achieve high level of filtration of PM10s with very limited pressure
drop, thanks to the low airflow velocity typically used (lower than 0.01 m/s).



In turn, in climates where both heating and cooling needs are relevant, pro-flux and
contra-flux configurations might be alternated during the year [6] or even the day.

As far as heat transfer is concerned, Breathing Wall behavior has been investigated from
the theoretical standpoint both in steady and periodic conditions [2,7]. In previous works by the
Authors, the steady state temperature distribution across a no-fines concrete Breathing Wall
sample has been measured in contra-flux conditions by means of the laboratory apparatus Dual
Air Vented Thermal Box [8,9]. The collected data have then been used to validate the steady
state analytical model. Both the model and the experimental data imply that the temperature
distribution across the section follows an exponential trend. In contra-flux winter conditions, the
temperature gradient grows moving from outer to inner surface, and the conductive heat flux
density changes accordingly.

As far as materials are concerned, the main requirement for Breathing Wall application is
a good air permeability, due to a high level of interconnection between pores in the matrix. Most
of the works that can be found in literature focuses on insulating materials, such as mineral wool
or cellulose fiber [5,10-12]. However, pervious concrete, also known as no-fines concrete, has
been studied in [8,9,13]: it consists of a concrete mixture without fine aggregates like small
gravel and sand. This mix design leads to a high porosity (around 30%) with a good air
permeability, that makes this material a suitable choice for Breathing Wall applications.

Design and operation strategies for an energy efficient application of Breathing Walls
still need to be clarified. The present study represents a first step in this direction. In this paper,
the steady state experimental data obtained by the DAVTB apparatus on a pervious concrete
Breathing Wall sample are processed in order to estimate the overall performance of the
component (both in terms of conductive heat losses and heat recovery efficiency) as a function of
the airflow velocity crossing the sample. These results are subsequently used to evaluate the
performance of the component under discussion in the context of a simple virtual room, with the
main purpose of finding the optimal design criteria to achieve the lowest possible energy losses
under given working conditions.

Finally, a new set of tests have been performed to assess the sample behavior when
subjected to steady periodic conditions. Going more in detail, while one side is kept at constant
temperature, the other is subjected to a sinusoidal thermal fluctuation. The most relevant data
collected are presented in this paper and used to evaluate the effects of the airflow velocity on
the inertial behavior of the Breathing Wall under investigation.



Nomenclature
Greek symbols

c specific heat [J/(kg-K)] & porosity [%]
H height [m] A thermal conductivity [W/(m-K)]
L length [m] n heat recovery efficiency [%]

m mass airflow rate [kg/s] P density [kg/m’]
n air change rate [h™!]

q heat flux density [W/m?] Subscripts

Q heat losses [W] a, air  air referred quantity
S area [m?] BW Breathing Wall referred quantity
t time [h] e outdoor referred quantity
T temperature [°C] i indoor referred quantity
u air velocity across the wall [m/s] trad traditional wall referred quantity
V volume [m?] T transmission referred quantity

14 airflow rate [m*/h] 14 ventilation referred quantity

Methods

The work presented in this paper is based on the application of experimental results to
analytically investigate the performance of Breathing Walls through a virtual case study.
Therefore, as a first step the performance of a no-fines concrete sample has been investigated at
various airflow velocities. Then, the main results, such as surface temperature variations and heat
recovery efficiency, have been used to evaluate the effect of this technology on the heat losses of
a reference room. Moreover, experimental results on the same sample wall under steady periodic
regime are presented for the first time and discussed.

The experimental measurements

Measurements were performed on a no fines concrete wall, using the Dual Air Vented
Thermal Box (DAVTB) apparatus developed in the Building Physics Laboratory of the Energy
Department at the Politecnico di Milano (Figure 1 and Figure 2). Both the sample and the
experimental setup are thoroughly described in previous publications [8,9]. The DAVTB
apparatus is based on: two insulated chambers (or boxes) divided by the sample
(1 mx I mx 0.15 m wall in this work), a hydraulic plant (used to control operative temperature
in both boxes separately and obtain the desired boundary conditions) and an air recirculation
loop, which allows to control airflow velocity through the sample, both in verse and magnitude.
In all tests the temperature distribution across the sample and the average airflow velocity were
measured every 5 seconds.

With regard to thermal boundary conditions, tests can be divided in two groups. In the
first one, steady-state boundary conditions were set on both sides of the sample (namely in both
chambers), with operative temperature set points of 15 °C (outdoor) and 40 °C (indoor), to
achieve a 25 °C temperature difference, typical for winter design conditions in Milan. This group
of tests was already presented and discussed in [8,9] in the validation process for the analytical
model presented in literature for steady state conditions, and its outcomes are used here to obtain
surface temperatures and heat recovery efficiency of the sample Breathing Wall.
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Figure 1. Vertical section of the DAVTB apparatus. The radiative panels are visible inside both
Box 1 and 2, along with part of the air recirculation plant. The concrete sample between the
chambers is also represented.

Figure 2. General picture of the DAVTB apparatus. Both chambers are visible on the foreground
(Box 1 on the right and Box 2 on the left) with the metal frame bearing the sample in between.
The hydraulic plant is displayed in the background (up right corner of the picture).



The second group of measurements featured a steady-periodic (sinusoidal) pattern on one
side (average temperature 26 °C and amplitude 6 °C — i.e. simulating outdoor condition) and a
steady-state condition on the other (26 °C — i.e. simulating indoor condition), to replicate
summer boundary conditions in Milan.

Considering the airflow through the sample, in both groups five different average air
velocities were assumed (0.001 m/s, 0.003 m/s, 0.006 m/s, 0.009 m/s and 0.012 m/s). Moreover,
for both groups a reference test without airflow was performed to replicate the behavior of a
traditional wall as a benchmark. In each test air flows from Box 1 (outdoor) to Box 2 (indoor).
As a consequence, the steady-state tests are carried out in contra-flux condition, while the pro-
flux and contra-flux conditions are alternated in the dynamic tests. The boundary conditions used
in the various laboratory tests performed are summarized in Table 1.

Table 1. temperature and airflow velocity in the two groups of laboratory tests.

Box 1 Box 2
Temperature — steady 15°C 40 °C
state tests
temperature — steady Trox1(t) = 26 + 6 sin(m) 26°C
periodic state tests °C], t [h] 24
airflow velocity 0 m/s, 0.001 m/s, 0.003 m/s, 0.006 m/s,

0.009 m/s, 0.012 m/s (from Box 1 to Box 2)

Finally, as far as the sample is concerned, it consists of a no-fines concrete slab 15 cm
thick and 1 m? large. Its properties have been measured through a series of laboratory tests. First
of all, its porosity & has been assessed to be equal to (30+2) % using the Archimedes method.
Then, by combining volume and mass measurements, the density p of the solid matrix has been
calculated, obtaining (2483+87) kg/m>. Finally, by applying the Transient Plane Source (TPS)
technique [14] to dedicated samples, the values for specific heat capacity ¢ and thermal
conductivity A of the solid matrix have been measured, respectively equal to (1013+157)
J/(kg'K) and (1.76+0.08) W/(m-K). These values, combined with the corresponding thermos-
physical properties of the air, have been used to calculate the quantities related to the overall
porous medium, through the volume average method. Results are reported in Table 2: while
porosity and thermal conductivity have already been verified in [8,9], the others will be
discussed in a future work.

Table 2. thermos-physical properties of the no-fines concrete sample.

quantity value

porosity & (30+2) %

density p (1738+61) kg/m?
specific heat capacity ¢ (1011£110) J/(kgK)

thermal conductivity A (1.24+0.09) W/(m-K)




The virtual case study

The energy saving potential of the experimentally investigated Breathing Wall was then
assessed using a virtual case study in steady state conditions. It consists in a box-shaped room
with a single external surface S, made of no-fines concrete, like the one experimentally
investigated, while the rest of the envelope is assumed adiabatic. The external surface
dimensions are 4 m x 3 m, and the room third dimension is assumed equal to 4 m, 6 m and § m
alternatively, leading to three different volumes V" and S/V ratios. Finally, a constant indoor-
outdoor temperature difference of 25 °C and air change rate of 0.5 h™! were assumed. Data for the
three cases are summarized in Table 3, while a simple representation is provided in Figure 3.

Table 3. Main data used in the calculations based on the reference room.

Casel Case 2 Case 3

height H [m] 3 3 3

side L; [m] 4 4 4

side L, [m] 4 6 8

external envelope S [m?] 12 12 12

volume V [m?] 48 72 96
S/V[m? 0250 0.167  0.125

air change rate ny [h] 0.5 0.5 0.5

airflow rate V [m3/h] 24 36 48

temperature difference AT [°C] 25 25 25
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Figure 3. schematic representation of the virtual case study. The external wall (which is divided

in an airtight and a Breathing Wall part) is represented in gray, while the adiabatic envelope is
represented in yellow.
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The case study was used in synergy with the outcomes of the steady state measurements
illustrated before to calculate the overall heat losses. Going more in detail, they can be defined
as:



QL= 0r + Qy(1)

where Q7 and Qy are the conduction and ventilation losses respectively. Heat transfer through
the external surface was calculated considering that part of it can work as a Breathing Wall (Szw)
and part as a traditional airtight one (Swaq). Q, Was calculated for increasing values of the average
airflow velocity through the Breathing Wall up to 0.013 m/s, in order to identify the optimal
working conditions. The airflow velocity was also used to evaluate the amount of external
surface working as a Breathing Wall to meet the required air change rate. Therefore, since the
external surface is:

S = Spw + Straas ()

we can define the Breathing Wall area as
.V
Sgw(u) = min (Z;S)’ 3)

where V is the required airflow rate and u is the airflow velocity through the Breathing Wall.
Whenever u is too low to guarantee that the airflow through the Breathing Wall entirely covers
the required airflow rate (i.e. Sew = S), it is assumed that the missing airflow is provided by a
traditional ventilation system (namely, without passing through the Breathing Wall).

Therefore, conduction heat losses are calculated as:

Qr = Spw " 4rsw + Straa " d1.trada> (4)

where the subscript BW represents the Breathing Wall section of the envelope and trad
represents the airtight one. The heat flux density at the inner surface is calculated using the
suitable analytical model according to the working condition [2], as in the following equation:

i = =29 = —A- —TL;TO (traditional wall) s
™ P ML~ airCp,air .
l o —4- %' et A= pc+u (Breathing Wall)

where A is the thermal conductivity of the wall, that is assumed to be made of no fines concrete
in this analysis. Surface temperatures 7z (indoor) and 7y (outdoor) were calculated as a function
of airflow velocity across the wall using a correlation based on the steady state measurements
performed during the laboratory tests.

Ventilation heat losses are calculated as:
QV = mBW *Cp,air "MBw * (Ta,i - Ta,e) + (mV - mBW) “Cpair ” (Ta,i - Ta,e) (6)

where mass airflow is treated according to its path (mpy, if it crosses the Breathing Wall section
or my — mpy, if it is a complementary flow entering directly into the room), calculated as:

Mew = Spw * U~ Pair (7)



my =ny V- pgir (8)

Moreover, according to Eq. (6), a heat recovery efficiency is considered for the airflow
passing through the porous matrix of the no fines concrete wall, defined as:

— (TL—Ta,e) (9)

nBW N (Ta,i_Ta,e)

where 77 is the temperature of the inner surface of the wall, and 74 and 74, are the outdoor and
indoor air temperature respectively. All their values are taken from the steady state
measurements.

To summarize, according to the average airflow velocity across the permeable part of the
external wall, it is possible to identify two possible configurations:

e in one case, when the airflow velocity is sufficiently high, the permeable part of
the external surface can provide all the airflow required and an airtight portion of
the external surface can be identified (Ssw < S);

e on the other end, when the air velocity is too low, all the external surface works as
a Breathing Wall and an additional airflow supply is required to meet the
expected air change (Ssw = S).

Results and Discussion

As a first step data resulting from the steady state experimental tests were interpolated to
obtain correlations to evaluate the superficial temperatures 72 and 7o and the heat recovery
efficiency 7sw as function of the specific airflow crossing the no fines concrete sample. Average
experimental data (Table 4) have been used to derive polynomial interpolation such as:

f)=p1 x> +p-x*+ps-x+p, (10)

where x is the air velocity normalized subtracting the mean (0.005185 m/s) and dividing by the
standard deviation (0.004715 m/s). Coefficients p; to p+ have been calculated using the Matlab®
Curve Fitting Toolbox and are reported in Table 5.

The resulting curves are represented in Figure 4 and Figure 5. It is important to notice
that the heat recovery efficiency of the airtight wall represents the ideal upper limit of nsw, and
was calculated using temperatures measured during the reference test at null airflow velocity. In
the case of the no-fines concrete sample it is found new (u=0) = 72.4%.

Table 4. average surface temperatures and Table 5. polynomial interpolations
heat recovery efficiencies from experimental coefficients for the surface temperatures
data. and the heat recovery efficiency.
velocity To T, New coeff. To T, MNew
0 (airtight) | 22.8°C 32.6°C 72.46% p1 -0.2147 °C | -0.2069 °C -
0.00753




0.001m/s | 21.4°C 31.3°C 67.11% p2 0.9834°C | 0.732°C | 0.02868
0.003 m/s | 19.9°C 29.5°C 60.02% p3 -2.703°C | -3.645°C | -0.1441
0.006 m/s | 17.8°C 26.7°C 49.14% [ 18.26 °C 27.46 °C 0.5208
0.009 m/s | 16.6°C 249°C 42.09%
0.012 m/s | 15.8°C 23.1°C 34.84%
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Figure 4. Measured indoor and outdoor surface Figure 5. Heat recovery efficiency vs specific
temperatures vs specific airflow rate across the airflow rate across the no fines concrete sample.

no fines concrete sample.

Furthermore, 7o and 72 were used in Eq. (5) to calculate the conductive heat flux density
through the external wall. The result is represented by the red line in Figure 6 and is compared
with the experimental outcomes of the first tests group defined using the incremental ratio as:

) TL—Tr—ax
AT.exp = —A- LA—;A (11)

where the 77 i represents the measured temperature at a node located Ax = 0.015 cm inward
from the L (indoor) surface. The agreement between experimental and analytical results is
acceptable, also because the measurement errors (error bars in Figure 6) are relevant, due to the
small temperature difference T;, — T;_py-

The overall heat losses Q; were then calculated for the three virtual rooms (case 1, 2 and 3),
through the analytical procedure previously discussed. Results are represented in Figure 7, as a
function of the average airflow rate through the air permeable section of the external wall, whose
size changes according to Eq. (3). The decreasing part of each line is characterized by the
requirement of an additional air supply, since the Breathing Wall airflow rate does not cover the
whole need. Then, a minimum point representing the optimal solution can be observed. It is the
smallest possible specific airflow through the Breathing Wall section that covers the overall
demand without any additional contribution. In this way the heat recovery efficiency, that
decreases when the specific airflow rate grows (Figure 5), is maximized. Also, the rise of
conduction heat losses with respect to the null velocity (Figure 6) is low, since the deviation
from linearity of the temperature distribution along the wall section is small: as explained in [1]
and demonstrated in [8,9], when an air permeable wall is crossed by an airflow in contra flux



winter operating condition its temperature distribution grows exponentially from the outer to the
inner surface. Moreover, its deviation from the linear distribution, which is typical in traditional
wall under the same temperature boundary conditions, grows as the airflow velocity increases.
Therefore, at relatively high speed, the conductive heat flux at the inner surface grows, as shown
in Figure 6, while at lower velocity its value stays closer to the one obtained with no airflow,
which is the ideal condition from the conduction stand point. The optimal specific airflow rate
across the Breathing Wall is then 0.0006 m>/(m?s), 0.0009 m*/(m?s) and 0.0012 m*/(m?s) for
cases 1 to 3 and corresponds to an energy saving, compared to the traditional solution

(Sew = 0m?, u =0 m/s) equal to 8.8 %, 11.8 % and 14.2 % respectively.
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Figure 6. Conductive heat flux density vs specific Figure 7. Overall heat vs specific airflow rate
airflow rate across the no fines concrete sample. across the air permeable section of the external
wall.

Considering now the second group of experimental tests, namely dynamic tests, Figure 8
compares the instantaneous boundary conditions (sinusoidal in Box 1 and constant in Box 2) to
the average instantaneous surface temperature toward Box 2. Two main effects of the increasing
airflow velocity through the sample can be observed: first of all, the time delay between the
outdoor and inside surface peaks is reduced from 4.3 h (null velocity) to 3.0 h (maximum
velocity). Secondly, the surface temperature pick amplitude grows from the 28 % (null velocity)
to 56 % (maximum velocity) of the outdoor operative temperature one. Therefore, the increase in
airflow velocity through the sample brings the indoor surface temperature closer to the outdoor
boundary condition, namely reduces the sample thermal inertia. This is also demonstrated by
Figure 9 representing the temperature distribution along the sample section, going from outside
(x=0m—Box 1) to inside (x =0.15 m — Box 2), during a 24 h period, for the airtight condition
(top), for an average specific airflow rate condition (0.006 m*/(m?s), middle), and for the
maximum one (0.012 m*/(m?s), bottom).
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Figure 9. Temperature distribution along the section of the no fines concrete sample (x =0 m
facing Box 1 and x = 0.15 m facing Box 2) vs time.

The outcomes of this last analysis may provide useful indications for the application of
Breathing Wall technology in practical conditions: in a real building, it might be possible to
optimize hour by hour the airflow velocity and direction to minimize the overall thermal load on
the conditioning plant, providing that the ventilation system is able to allow such a complex
control on the airflow. In this way it would be possible to reduce conductive thermal load, while
maximizing the energy recovered through the heat exchange. Moreover, it would be possible to
optimize the amount of energy stored within the permeable envelope, according to the overall
boundary conditions.



Conclusions

Starting from the outcomes of steady state experimental tests on a Breathing Wall
sample, the superficial temperatures on both sides and the heat recovery efficiency of the sample
were correlated to the airflow velocity through it. These quantities were used to calculate the
overall heat losses for a virtual case study, as a function of the velocity of the airflow crossing
the Breathing Wall section of the only external surface (up to 0.013 m/s), and of the volume of
the room investigated (case 1 to 3). The optimal condition is obtained when air moves with the
lowest possible velocity able to provide all the airflow rate required, since it ensures the highest
possible heat recovery efficiency, while minimizing the drop of insulating performance of the
wall. In other terms, from the conductive point of view the deviation from the value obtained
with an airtight envelope (which is the lowest possible) is minimal when the airflow velocity is
low, while being high enough to completely cover the air change rate. At the same time, since
the drop of the internal surface temperature is limited at low velocities, according to Eq. (9) and
Figure 5 the heat recovery is maximized at these operating conditions.

The second set of experimental measurements shows the dynamic behaviour of the wall
sample at various specific airflow rates: the increase of air velocity reduces both time delay
(from 4.3 h down to 3. h) and attenuation (from 28 % up to 56 %) of the external thermal
fluctuation.

These findings will be used in future works to address the heat recovery efficiency of no
fines concrete Breathing Walls undergoing variable boundary conditions. Such investigation will
potentially lead to a control strategy allowing to optimize the performance of the Breathing Wall,
as both an envelope and a ventilation system component in a real context. As a matter of fact, the
outcomes of the steady-periodic tests suggest that, in an implementation of this technology in a
real building, it might be possible to optimize the control strategy for the ventilation plant in
order to regulate the airflow velocity across the envelope and invert its direction (from outdoor to
indoor and vice versa), minimizing the thermal load on the indoor conditioning plant according
to both weather conditions and internal loads.
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