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Abstract

Some woodborers such as termites have harmful ef-
fects on the safety of structures. As the woodborers
produce some specific Volatile Organic Compounds
(VOC), they can be used as an indicator to early de-
tect their presence. Thus, innovative solutions com-
bining gaz sensors outputs and Computational Fluid
Dynamics (CFD) are studied to localize indoor source
emissions. These strategies can also be applied to lo-
calize noxious indoor pollutants like formaldehyde. In
this paper, we focus on the optimal placement of air
quality sensors in view of localizing a maximum of
source emissions on the environment surfaces. We
propose an adjoint-based numerical strategy taking
into account the sensor features such as the Limit Of
Detection (LOD). This strategy is applied to a real
3D room and validated by an experimental campaign.

Introduction

As people spend approximately 80% of their time in
indoor environments, increasing attention has been
focused on indoor air quality (IAQ). Volatile organic
compounds (VOCs) are characteristic chemical
species present in indoor environments. Several
studies have shown that the concentration of VOCs
can be higher in indoor locations compared to
the concentrations outside (Hoang et al. (2017);
Godwin and Batterman (2006); Goodman et al.
(2018); Campagnolo et al. (2017); Bari et al. (2015)).
As permanent and occasional exposure, even at
low VOC levels, has an impact on human health
(Organization (2010)), it is important to monitor
indoor air quality and to precisely localize sources
to propose an appropriate action plan to improve
air quality. The monitoring of air quality is facil-
itated by the improvement in sensor technologies,
notably nanotechnologies. Hence, the gas sensors
become cheaper, smaller, more sensitive, less energy-
consuming, etc... The localization of VOC sources
can also be useful for the preservation of cultural
heritage, notably artwork, and for structural health
monitoring purposes. In most regions of France,
the presence of woodborers, such as termites, has
harmful effects on the safety of structures. The VOC
chemical signature of termites can be used for their
early detection and localization, which will provide

the ability to limit the use of termiticides and to
preserve the structure.

To efficiently monitor air quality, the number of
sensors and their positioning are crucial. In most
measurement campaigns, the gas sensors are placed
in an empirical way. For example, in a room, an air
quality sensor is usually positioned at the breathing
zone height or approximately 0.5m from the ceiling
in the middle of the room. Unfortunately, this place-
ment does not take into account the characteristics
of the room, i.e. the geometry and the ventilation.
As a consequence, bad sensor placement may lead to
the nondetection of some sources. To well-position
gas sensors, we can take advantage of numerical
simulations derived from physical models. In indoor
air quality applications, the gas concentration can
be predicted using multizone (Bourdin et al. (2014);
Dimitroulopoulou et al. (2006); Haghighat et al.
(1988); Nazaroff and G. (1986)) and CFD (Bourdin
et al. (2014); Yan et al. (2009); Gan and Awbi
(1994)) models. Multizone techniques, which provide
the time evolution of the averaged concentration in
each zone as output, are easy to use and run on a
standard laptop. Nevertheless, they consider strong
hypotheses, such as a well-mixed concentration.
With the ongoing improvement of computers and
numerical methods, CFD approaches appear to be
promising for the prediction of indoor air quality and
for optimal sensor placement. In fact, CFD provides
a fine description of the spatial concentration in the
indoor environment, but the computations are time
consuming. To the best of the authors’ knowledge,
few publications have addressed the optimal place-
ment of gas sensors for IAQ applications. The design
of an optimal sensor network, i.e. the number and
positioning of sensors, has been studied in greater
depth in terms of chemical and biological warfare
(CBW) and transmission of infectious diseases (TID).
The sensor positions are chosen to early detect and
localize indoor contamination. Different methods
alm to maximize the coverage area of sensors and
to minimize the response time for various sets of
release scenarios. In (Liu and Zhai (2009)), the
sensor coverage area is evaluated using CFD and
an adjoint advection-diffusion equation, whereas



physical model-free approaches based on a dynamical
systems approach are preferred in (Fontanini et al.
(2016)).

Once the positions of the sensors are fixed,the
knowledge of the concentration given by the de-
ployed sensors is not sufficient for proposing efficient
solutions for indoor air quality improvement or for
localizing woodborers. One needs to localize and
to quantify the source emissions. To achieve this
purpose, two families of methods can be found in
the literature, i.e. data-driven methods and physical
model-based methods. Direct measurements of
the source emissions on different surfaces of the
environment (furniture, wall, floor, door, etc.) can
be planned using innovative sensors, such as fibers
placed in a specific device for on-site emission control
(Desauziers et al. (2015); Bourdin et al. (2014)).
This method enables accurate in situ quantification
of the source emissions for building materials and
furniture, but it requires a large number of sensor
devices. Another data-driven method to evaluate
source emissions is indirect measurements. In con-
trast to the previous methods, the air quality sensors
are placed in the room volume and not directly
on a surface. Databases of the chemical signatures
of sources and a priori information of the studied
environment collected via questionnaire, including
the type and the age of the building materials,
renovations, cleaning products and ventilation, are
commonly considered in these methods. Finally,
the sensor outputs associated with various chemical
compounds are analyzed via statistical tools, such
as proper component analysis and linear regression,
to identify the source emissions (Campagnolo et al.
(2017); Bari et al. (2015); Wang et al. (2014); Clarisse
et al. (2003)). In practice, the chemical compounds
emitted by some items in the studied environment
may not be referenced in a database. Consequently,
these methods may only approximately identify the
sources. Physical model-based approaches via inverse
modeling techniques can also be valuable for the lo-
calization and the quantification of source emissions
but require a sufficient number of well-positioned
Sensors.

In (Waeytens and Sadr (2018)), we propose a virtual
testing strategy, taking into account the specificities
of the indoor environment (geometry and ventilation)
via CFD and gas sensor features (limit of detection),
to efficiently select the number and positions of sen-
sors to localize indoor sources. We define the “op-
timal sensor placement” as the combination of gas
sensors that maximizes the coverage area. Herein, we
emphasize that the coverage area can be increased
not only by adding sensors but also by using sensors
with a lower limit of detection. The main novelty in
this proceeding concerns the validation of this numer-

ical strategy by an experimental campaign conducted
in a real room. It consists to inject a chemical com-
pound at a predefined location, which corresponds to
the source, and to measure the gas concentration at
the optimal sensor positions. We show that the gas
sensor, which covers the source area, correctly detects
the injected gas.

Ajoint-based Numerical Method for
Optimal Sensor Placement

Before presenting the numerical strategy for the opti-
mal placement of gas sensors, let us define the ad-
joint equations (1) which corresponds herein to a
backward-advection-diffusion problem with a source
emission f, located at a given sensor position Xg.

—v(x) - VO(x) — v(x)AC(x) = fo(x — %) inQ

C(x) =0 on 9,0
C(x)=0 on 9,0
VC(x)-n=0 on 9,0

VC(x) n+v(x)-nC(x) =0 on 9,0

<

(1)
In Eq. (1), C denotes the adjoint concentration
field, v is the velocity field obtained from CFD
simulations and v is the sum of the molecular and
the turbulent diffusivity. Four types of boundaries
can be distinguished. @A boundary presenting a
known prescribed concentration C), is denoted J,£.
Potential pollution emissions, to be precisely located
by the optimal placement of gas sensors, are on the
boundary 9,2, whereas a boundary that does not
present source emission is 9,€). Lastly, 0,€) denotes
the outgoing flow boundary.

The number and the position of gas sensors are se-
lected in view of maximizing the coverage area and
thus detecting a maximum of sources on the surfaces.
For a sensor located at a given position xg, its cover-
age area is estimated numerically using the following
criterion introduced in (Waeytens and Sadr (2018)):

A, S
i,

x € 9,9 such that |v(x)VC(x) - n| >1. (2)

where:

e (' is the adjoint concentration field computed by
solving Eq. (1)

e A, is the minimum source area expected to be
localized
S is the order of magnitude of the source emission
dlI,, is the limit of detection of the gas sensor

In the optimal sensor placement strategy, we first list
all potential sensor positions and we evaluate their
coverage area using the criterion (2). The gas sensor
having the highest coverage area is selected as opti-
mal. The first optimal sensor position is fixed and
the second sensor position is sought to maximize the



coverage area. The numerical method stops when the
maximum number of sensors or the expected coverage
area are reached.

Presentation of the case study and op-
timal sensor placement

To validate the computer-aided method for the opti-
mal placement of gas sensors, we consider a real 3D
laboratory room, including furniture and ventilation
systems, located at the IFSTTAR research institute.
The dimensions of the room are 5.9m x 6.2m x 4.2m,
which correspond to a volume of 150m3. The incom-
ing flows from the heating duct, the two ventilation
grids and the door were measured using a 1D hot
wire anemometer, and the values are reported in Fig-
ure 1. Note that the flow exits only from the extrac-
tor hood. From this information and the numerical
mock-up, we simulate the stationary turbulent flow
using the k —w SST Reynolds Average Navier-Stokes
(RANS) model in the CFD software “Code_Saturne”
(Archambeau et al. (2004)). In Figure 1, we can see
that the airflow entering from the contour of the door
is highly turbulent in the vicinity of the door and
that a portion of it goes straight in the direction of
the extractor hood. In terms of the incoming flow
from the second ventilation grid, the main portion
circulates close to the ground between the wall and
the furniture. Lastly, the velocity flow from the heat-
ing duct oriented in the z-direction impacts the top
of the furniture immediately below, which generates
flow recirculation.

In the laboratory room, the optimal sensor positions
are sought from a set of 363 potential sensor posi-
tions equally distributed every 50cm at three heights
above the ground, namely, 0.5m, 1m and 1.5m. The
goal is to select the sensors maximizing the coverage
area on all the lateral surfaces (door face, furniture
face, extractor hood face, back face) defined in Figure
2. To quantify the coverage area associated to each
potential sensor positions, we use the observable cri-
terion (2), taking into account the sensor features and
source characteristics.

In the experimental campaign, we aim to reproduce
a source emission and to verify that it is properly de-
tected and localized thanks to the optimally placed
sensors. For convenience, we retain a CO2 source
emission at 10.000ppm obtained from a reference gas
cylinder. The CO2 reference gas cylinder is linked
using a tube to a source emission device of 0.25m>
which is represented in Figure 4. Concerning the
measurement, we use Nondispersive Infrared (NDIR)
CO2 sensors with a precision of about 50ppm. Thus,
considering

Ay =0.25m2, S =10 000ppm and dI,,, = 50ppm
(3)

in the criterion (2), the CFD-based strategy selects
the 4 sensor positions represented in Figure 2.
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Figure 1: Picture of the laboratory room, Numeri-
cal mock-up with measured incoming flows and Flow
simulated by CFD software

S4 (0.5m)
a

N

(]
S2 (0.5m)

905 o o5

- . DOORFACE
Figure 2: Upper view of the laboratory room with the
definition of the four lateral faces - Representation of
the four optimal sensor positions (S1, 52, 53, S4) se-
lected by the CFD-based strategy, the vertical position
of the sensors is given in parenthesis

In Figure 2, the sector colors indicates the faces ob-
servable by the sensor. Both S2 and S3 are sensitive
to gas emission on the furniture face whereas S1 (resp.
S4) mostly covers the back face (resp. the extractor



hood face). For the 4 optimal sensor positions, the
detail of the coverage areas is represented in Figure
3. We can see that S2 is able to detect a source in
the lower part of the furniture face while S3 covers a
small area in the upper part of this wall.
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SENSOR S3 SENSOR S4
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Figure 3: The observable areas (in red) associated to
the optimal sensor position S1, S2, S8 and S/ - White
rectangular denotes the position of the gas emission
device which is used in the experimental validation
campaign

-

Experimental validation campaign for source
localization

To validate experimentally the results obtained from
the CFD-based method, we place a gas emission de-
vice of dimensions 0.5m x 0.5m in the white rectan-
gular area represented in Figure 3. Hence, we want
to verify that a gas emission in this area is only de-
tected by the sensor S2 as predicted by the proposed
numerical method.

In Figure 4, we give an overview of the experiment
conducted in the laboratory room.

Before the experimental campaign, the CO2 gas sen-
sors were calibrated using 2 reference gas concentra-
tions, i.e. 500ppm and 2000ppm, and a concentra-
tion verification point at 1000 ppm. Then, the CO2
gas sensors S1, S2, S3 and S4 are placed at the po-
sitions obtained from the CFD-base method. The
background CO2 concentrations are registered with
a time step of 10 min during two hours in controlled
conditions, 7.e. no occupancy and closed door. The
mean values of the CO2 background concentration at
the sensor locations on two hours are given in Figure
5 and noted “B”. Then, we start injecting CO2 gas at
10.000ppm using the CO2 gas cylinder placed in the
corridor (outside the room) and the gas emission de-
vice. This device has a squared shape of 0.5m by 0.5m
and a thickness of becm. The CO2 is distributed into
the device via their fourth lateral faces and it goes out
from the front face constituted by a perforated plate

Back face

CO2 gas sensors
hanged on a mast

Extractor hood face
20e) @INjuINy

Door face Gas emission device

(0.5m*0.5m)

Laptop to monitor
E air quality sensors
CO2 reference gas cylinder 58

at 10.000ppm H

Figure 4: Overview of the CO2 gas emission experi-
mental campaign in the laboratory room

R0.5 T1.09. The perforated plate allows to diffuse the
CO2 on a squared area of 0.5m by 0.5m which aims
to reproduce a local source emission. Two hours after
the beginning of the gas emission, we have monitored
the CO2 concentration for one hour with a time step
of 10 min. The mean values of the concentration dur-
ing this hour at the sensor locations are reported in
Figure 5 and noted “I”. Because of the measurement
error of the CO2 sensors, one needs a minimum varia-
tion of 50ppm between the background concentration
and the concentration measured during the gas in-
jection stage to detect and to localize a source. We
observe that only the gas sensor Sy fulfills this condi-
tion. Hence, according to the CFD-based approach,
a source emission may be localized in the coverage
area of the sensor Sy, represented in red in Figure
3. Indeed, the predicted source localization informa-
tion is correct recalling that the gas emission device
was placed in the coverage area of sensor Sy (see the
white rectangular in Figure 3). This constitutes a
first experimental validation of the proposed CFD-
based to optimally placed gas sensor and to localize
indoor source emission.

Conclusion

A CFD-based approach using adjoint framework has
been proposed to optimally placed gaz sensor. The
objective is to place the sensors in view of maximiz-
ing the coverage area and of detecting a maximum
of indoor source emissions. The numerical technique
is applied to a real laboratory room under controlled
flow conditions. A first experimental campaign has
been conducted to validate the proposed numerical
strategy. It consists in reproducing a local indoor
source emission using a reference gas cylinder and a
squared-shaped gas emission device and in monitor-
ing the gas concentration at the optimal sensor posi-
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Figure 5: Background CO2 concentrations, noted
“B”, and CO2 concentrations measured at the optimal
sensor locations S1, Sa, Ss and Sy after the injection
of gaz into the source emission device, noted “I”

tions. The gas emission device, which reproduces a
local source emission, is properly localized by the nu-
merical technique which gives first promising results.
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