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An inverse experimental approach to quantify the temporal release rate of unknown remote aerosol sources
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Deploying mitigation strategies to prevent exposure to hazardous airborne particles relies firstly on identifying and characterizing the sources of pollution. As the location of aerosol sources may be unknown or variable, and their generation rates fugitive, there is a need of developing tractable methods allowing the distant characterization of such sources in the field. The present paper proposes and evaluates an inverse experimental method which enables the reconstruction of the time-varying generation rate of a single aerosol source. The method is suitable for cases where the air flow is statistically steady (forced ventilation) and requires only a reference aerosol source and a real-time concentration sensor. The underlying theory of the method is exposed and situated among existing works. The method is then applied experimentally to hand-held woodworking machines placed in a ventilated cabin, and its performances are directly evaluated by considering the mass balance of the process. Results

show that the method is particularly efficient in estimating the total mass of particles released in air. This allows for instance classifying polluting processes with respect to their emission potential and building release libraries, which has important impacts on environmental and occupational hygiene.

INTRODUCTION

Preventing people exposure to airborne contamination relies firstly on suppressing polluting aerosol sources, and secondly on deploying mitigation strategies dimensioned to cope with the emitted quantity of pollutant. When applied in the field, this common sense strategy generally faces several problems due to insufficiently characterized sources of pollution. The exact source position might be unknown or variable, the emission might be fugitive, and even for a well identified source such as a machine or a process, the generation rate can be difficult to measure or predict accurately. Characterizing aerosol generation rates is hence a central problem for risk prevention, even if in practice it is particularly difficult to achieve, especially when the considered sources are time-varying.

When the generation rate or the location of contaminant sources cannot be evaluated directly, an indirect approach based on the measurement of concentration signals thanks to sensors located away from the source can be considered. This type of approach constitutes an inverse convection-diffusion problem, which has already been addressed in several manners in the past decades. Available inverse methods generally rely on the pioneer work performed in the field of heat transfer (see (J. V. [START_REF] Beck | Inverse heat conduction: Ill-posed problems[END_REF] for an historical review), groundwater pollution [START_REF] Cooley | A method of estimating parameters and assessing reliability for models of steady state groundwater flow: 1. Theory and numerical properties[END_REF] -for which a review can be found in [START_REF] Atmadja | State of the art report on mathematical methods for groundwater pollution source identification[END_REF]) -or atmospheric science ( [START_REF] Pudykiewicz | Application of adjoint tracer transport equations for evaluating source parameters[END_REF]). For the specific case of indoor airborne contamination, (X. [START_REF] Liu | Inverse modeling methods for indoor airborne pollutant tracking: literature review and fundamentals[END_REF] proposed a review of available methods and classified them in 3 main categories, namely Forward methods, Backward methods and Probability-based methods.

Forward methods ( [START_REF] Bastani | Contaminant source identification within a building: toward design of immune buildings[END_REF][START_REF] Cai | Fast identification of multiple indoor constant contaminant sources by ideal sensors: a theoretical model and numerical validation[END_REF][START_REF] Hwang | Groundwater pollution source identification from limited monitoring well data: Part 1-Theory and feasibility[END_REF]Vukovic, Tabares-Velasco, & Srebric, 2010)) are based on direct modelling of the pollutant transport: the input parameters (source strength and position) which lead to the measured concentrations are searched for thanks to an optimisation technique, by running the model iteratively until the best-fit input parameters are found. Besides the modelling problem itself, the main drawback of forward methods is their computational cost, multiple runs of a potentially complex model being required. Efforts were then conducted to optimize the method by separating the time consuming direct modelling step from the input identification step, to allow real-time applications. In Backward methods ( [START_REF] Davoine | Inverse modelling-based reconstruction of the Chernobyl source term available for long-range transport[END_REF][START_REF] Issartel | Inverse transport for the verification of the Comprehensive Nuclear Test Ban Treaty[END_REF][START_REF] Liu | History recovery and source identification of multiple gaseous contaminants releasing with thermal effects in an indoor environment[END_REF]Xiang Liu & Zhai, 2009;[START_REF] Zhang | Identification of contaminant sources in enclosed environments by inverse CFD modeling[END_REF]; T. T. [START_REF] Zhang | Inversely tracking indoor airborne particles to locate their release sources[END_REF]; T. T. [START_REF] Zhang | An inverse method based on CFD to quantify the temporal release rate of a continuously released pollutant source[END_REF])), a model describing pollutant transport is established and integrated backward in time (or in space) starting from the observed end state until the source release time. The advantage with respect to forward methods is that only one run of the model is sufficient to retrieve the input parameters.

However, the time term in the governing equation of inverse transport is a complicated issue: in real convection-diffusion cases, causes (source strength and position) and consequences (concentrations) are generally not bijective due to the irreversibility of mixing, which makes the inverse problem physically unstable. Special stabilization schemes are hence required, which may influence the solution. Moreover, the time until which the model should be integrated backward in time is not known in practice, as finding the source release time is generally a part of the problem. The last types of inverse approaches are the Probability-based methods. These methods focus on establishing the likelihood that a given set of inputs leads to a given set of outputs and conversely, from which the set of input parameters which maximises the likelihood of obtaining the observed concentration can be deduced. Such methods can sometimes be considered as Forward methods, like in [START_REF] Sohn | Rapidly locating and characterizing pollutant releases in buildings[END_REF][START_REF] Sreedharan | Systems approach to evaluating sensor characteristics for real-time monitoring of high-risk indoor contaminant releases[END_REF] where Monte-Carlo simulations are used to establish the probability functions. In this case these methods suffer from the same drawbacks as other Forward methods, namely the need of a huge number of preliminary computations by means of a transport model. Probability methods could also sometimes be considered as backward methods, like in the approach of (X. [START_REF] Liu | Inverse modeling methods for indoor airborne pollutant tracking: literature review and fundamentals[END_REF][START_REF] Neupauer | Adjoint-derived location and travel time probabilities for a multidimensional groundwater system[END_REF] where adjoint location and travel time probability equations are derived and solved to estimate source properties, thanks to a modelling of the considered domain.

However efficient these methods are, the vast majority of them relies firstly on establishing a computational model describing the transport of either pollutants or probability density functions in the domain of interest: in indoor air, this modelling is generally done thanks to Computational Fluid Dynamics (CFD) ( [START_REF] Cai | Fast identification of multiple indoor constant contaminant sources by ideal sensors: a theoretical model and numerical validation[END_REF][START_REF] Liu | History recovery and source identification of multiple gaseous contaminants releasing with thermal effects in an indoor environment[END_REF][START_REF] Liu | History source identification of airborne pollutant dispersions in a slot ventilated building enclosure[END_REF][START_REF] Liu | Inverse modeling methods for indoor airborne pollutant tracking: literature review and fundamentals[END_REF][START_REF] Tagade | A Gaussian process emulator approach for rapid contaminant characterization with an integrated multizone-CFD model[END_REF][START_REF] Zhang | Identification of contaminant sources in enclosed environments by inverse CFD modeling[END_REF]; T. T. [START_REF] Zhang | Inversely tracking indoor airborne particles to locate their release sources[END_REF][START_REF] Zhang | An inverse method based on CFD to quantify the temporal release rate of a continuously released pollutant source[END_REF]) or multizone approaches ( [START_REF] Bastani | Contaminant source identification within a building: toward design of immune buildings[END_REF][START_REF] Liu | Inverse modeling methods for indoor airborne pollutant tracking: literature review and fundamentals[END_REF]Xiang Liu & Zhai, 2009;[START_REF] Sohn | Rapidly locating and characterizing pollutant releases in buildings[END_REF][START_REF] Sreedharan | Systems approach to evaluating sensor characteristics for real-time monitoring of high-risk indoor contaminant releases[END_REF][START_REF] Tagade | A Gaussian process emulator approach for rapid contaminant characterization with an integrated multizone-CFD model[END_REF]Vukovic et al., 2010)). Without such an underlying transport model, some inputs regarding the flow pattern leading to pollutant dispersion is at the very least required ( [START_REF] Issartel | Inverse transport for the verification of the Comprehensive Nuclear Test Ban Treaty[END_REF]). For field applications, obtaining such data or modelling takes time and effort and might even be impossible with a sufficient accuracy. Besides this modelling issue, few of these inverse methods have demonstrated their ability to estimate the time-dependent generation rate of a source which position and activation time are unknown, in a three-dimensional domain where the source is neither a single pulse nor a constant (partial exceptions can be found in (T. T. [START_REF] Zhang | An inverse method based on CFD to quantify the temporal release rate of a continuously released pollutant source[END_REF] or [START_REF] Davoine | Inverse modelling-based reconstruction of the Chernobyl source term available for long-range transport[END_REF]).

When it comes to consider only purely experimental inverse methods involving the identification of a transient source of airborne particles in a three-dimensional domain where the flow pattern is unknown, the literature is very scarce if not inexistent. Thus, in a previous article [START_REF] Chata | Particulate pollutant source evaluation using an inverse method under steady-state conditions[END_REF]) we extended the method proposed by [START_REF] Braconnier | A numerical method of reconstructing the pollutant concentration field in a ventilated room[END_REF] to estimate aerosol sources but only for steady emissions.

Previously, [START_REF] Girault | Estimation of time-varying pollutant emission rates in a ventilated enclosure: inversion of a reduced model obtained by experimental application of the modal identification method[END_REF] adapted techniques originally developed for heat transfer problems ((J. V. [START_REF] Beck | Comparison of some inverse heat conduction methods using experimental data[END_REF][START_REF] Daun | Inverse design methods for radiative transfer systems[END_REF][START_REF] Erturk | Comparison of three regularized solution techniques in a three-dimensional inverse radiation problem[END_REF]Mossi, Vielmo, França, & Howell, 2008)) to the experimental case of unsteady sources, but only for ideal laboratory gas sources. More recently, we proposed a method which allows estimating the time-varying generation rate of an unknown particulate source from farfield concentration measurements (Florent Chata, Belut, Maillet, Keller, & Taniere, 2017). This method presents the advantage of being applicable experimentally, without prior modelling and on real sources of particulate pollutants. However, so far, we proposed only a validation on ideal cases based on computational fluid dynamics simulations or on a controllable laboratory source. With the present paper, our aim is now to evaluate the method on real-life aerosol sources, in order to document its potential for field applications.

The proposed method is based on a convolutive approach of the convection-diffusion problem and includes two distinct steps. The first step consists of determining the relationship (termed impedance) linking the measurements signal and the source signal by means of a controllable aerosol source and a real-time concentration sensor placed in the far field. In the second step, the unknown aerosol source is reconstructed by deconvolution, from the concentration signal obtained with the unknown source.

After presenting the theory of the method, the paper goes on describing the experimental apparatus and techniques used for its assessment. The method is then applied to the practical case of handheld wood saws and sanders, and its efficiency is assessed by means of a global mass balance of the machining process. The estimated emission rates are then used to propose a classification of the machines with respect to the efficiency of their dust collection system, so as to illustrate the interest of the method for field applications. Finally, conclusions are drawn concerning the method and its possible applications.

THEORY

Assumptions and modelling framework

We consider the case where a process or pollutant source releases intermittently particles in the atmosphere of a ventilated space. We assume that the mean airflow and the associated turbulence parameters (turbulent kinetic energy and associated dissipation rate) are steady in time but spatially variable and that they remain almost unaffected by the source (i.e. the airflow is dominated by the external ventilation parameters, the influence of the source being indiscernible). If the aerosol is sufficiently dilute (volume fraction below 10 -6 ), does not undergo aggregation and presents a sufficiently low inertia (particle relaxation time lower than Kolmogorov's time scale, which in practice is the case for particles with aerodynamic diameters below 10µm for most indoor air application), then the particle concentration at any point in the room and at time can be modelled by the following drift-flux advection-diffusion equation [START_REF] Chen | Modeling particle distribution and deposition in indoor environments with a new drift-flux model[END_REF]:

([ ] ) ( ) (1) 
where is the air mean velocity vector (space dependent only, the airflow being assumed steady in average), is the sedimentation term due to the gravity, is the particle diffusivity (sum of Brownian and turbulent diffusivity), is the source term and is a characteristic function such that for and otherwise. This equation is associated to Dirichlet boundary conditions at air inlets ( ) and to zero diffusive flux at air outlets ( ). At walls, deposition occurs and the deposition flux is proportional to particles concentration at walls and to the deposition velocity which is independent from concentration (see for instance: [START_REF] Lai | Modeling indoor particle deposition from turbulent flow onto smooth surfaces[END_REF], [START_REF] Nerisson | Improved CFD transport and boundary conditions models for low-inertia particles[END_REF]). Hence, all boundary conditions are homogeneous in concentration.

In this framework, our aim is to reconstruct from the concentration signal measured at a point , located away from the aerosol source.

Convolutive approach

This inverse problem can be addressed by considering a convolutive approach. Equation 1 can be subjected to a Laplace transformation. From the initial and boundary conditions, we obtain a partial differential equation system depending only on space for a fixed value of the Laplace parameter . The following relationship represents the Laplace transformation of the advectiondiffusion equation:

̅ ([ ] ̅ ) ( ̅ ) ̅ (2) 
This new differential equation shows that the Laplace transform ̅ of the concentration at point is proportional to the source term ̅ . From this observation, it is possible to define the concentration in the Laplace domain as a product of the Laplace source term with an impedance ̅ so that:

̅ ̅ ̅ (3)
When back in the time domain, a convolution product appears as follows:

∫ (4)
where is the operator of the convolution product.

Problem discretization 11

In an experimental inverse approach, equation ( 4) should be written in a finite dimensional domain. So the concentration in equation ( 4) is discretized to become at the instantaneous sampling time , while impedance and source in the time domain are parameterized as their time average values and on the time step preceding . Equation ( 4) can be approximated by numerical quadrature:

∑ (5)
Which can be written in matrix form, such as:

( ) [ ] ( ) (6) 
Equation ( 6) is commutative, it is then possible to write:

(7) (8) 
where and are the lower triangular Toeplitz matrices of impedance or of source generation rate . Considering relationships ( 7) and ( 8), a source estimation method can be established:

-In a first step, the impedance can be calibrated using a calibration source and the resulting measured concentration signal , through equation ( 8).

-In a second step, the unknown source generation rate due to the operating machine is estimated from the corresponding concentration signal and the impedance previously calibrated, using equation ( 7).

Problem regularization

The resolution of the two steps of the method is based on an inversion of a Toeplitz matrix.

Depending on the step of the method, it is either or which needs to be inverted.

Thus, equation ( 9) represents the relationship used to calibrate the impedance and equation ( 10) corresponds to the relationship used for the estimation step.

(9)

The Toeplitz matrix inversion is realized by means of singular value decomposition (SVD). In the step of identification of the impedance , equation ( 9) can hence be rewritten as:

[ ][ ] [ ] (11) 
The matrix is diagonal and composed of singular values sorted in ascending order ( ). In practice, the conditioning number of defined by is very large. To reduce this conditioning number so as to stabilize the inversion, the problem must be regularized by using a Truncated Singular Value Decomposition (TSVD). The truncation of the SVD consists of keeping only the first singular values (with ) of matrix and the corresponding first columns of matrices and . The calculation of the impedance identification then becomes: ) where is the trunctation order and where subscript 1 refers to the first step of the method, namely the impedance identification step. When the impedance is determined, it is possible to estimate an unknown source ( ) with a relationship similar to equation (12):

[ ][ ] [ ] (12 
[ ][ ] [ ] (13) 
where is the truncation order used in the second step.

Choosing the regularization hyper parameters and

The choice of the truncation order is done by two distinct methods depending on the step considered (impedance identification or estimation of the unknown source generation rate).

The determination of the truncation order ( ) for the impedance identification step is realized thanks to Morozov's discrepancy principle. This principle states that the RMS residual of the reconstructed calibration concentration signal should be at maximum equal to the standard deviation ( ) of the measurement noise, such as:

(14)
where

‖ ‖ √ .
In this expression, is the concentration signal used for the impedance identification and is the concentration signal recalculated from the impedance following :

. ( 15 
)
This method of determining the hyper parameter is applicable if a steady calibration source is used, in which case the standard deviation of the concentration measurement noise is available since the concentration signal is theoretically constant.

For the second step of the method, it is not possible to know the measurement noise of the concentration signal since generally a real aerosol source does not emit continuously but rather by puffs. Therefore, the use of Morozov's discrepency principle becomes impossible. To overcome this, another method of selecting the hyper parameter ( ) should be considered. In the present work, we propose to select it according to a physical interpretation of the impedance identified in the previous step. This truncation is called "post-peak" and will be presented in section 4.1 so as to illustrate it with an application.

Implementing the source estimation method

Implementing this method in the field consists hence in following these steps:

1. Impedance calibration For this step, the impedance is estimated from a calibrated source and implies the measurement of the signal at a given point in the flow. Estimation of the impedance is carried out using TSVD regularization, with the truncation order noted , which yields: ) where [ ] designates the truncated SVD version (with singular values kept) of the inverse of matrix .

[ ] (16 

Estimation of an unknown generation rate

In this step, an unknown generation rate leads to the measurement of the concentration signal at the point used during calibration. Using the previously estimated impedance and the second truncation order noted 2  , the unknown generation rate is calculated such as:

[ ( )] (17) 
2.7 Notion of dose and link with the steady-state case

We define the dose, noted as the time integral of any time-varying quantity , following:

∫ (18)
Thus represents for instance the total amount of aerosol released by the source during its activation time. Taking a zero value for the Laplace parameter in equation (3) yields immediately ̅ ̅ ̅ in the Laplace domain, hence following the formal definition of Laplace transform, we have:

(19)
Of course and are defined only if goes to zero after a finite time. Thus, the total quantity of pollutant emitted in the domain during the activation period of the source is simply equal to the ratio of the time integral of the measured concentration signal and of the previously calibrated impedance. This is a very interesting property if only the net mass of 16 emitted pollutant is searched for: no source reconstruction through equation ( 17) is then necessary. The dose is hence a very robust result of the estimation method.

A link with the steady-state case can be introduced. When the source is a step function with height and starting time , the measured concentration reaches a steady-state denoted after a finite time. Meanwhile, equation (3) becomes ̅ ̅ . Multiplying by and taking the limit in gives:

̅ ̅ ( 20 
)
As ̅ following the final value theorem, we get:

(21)
Thus, the concentration reached in steady state is very simply related to the dose of the impedance and to the source generation rate.

EXPERIMENTAL APPLICATION

Experimental setup

The present method of estimating aerosol sources was applied to the case of an open ventilated cabin where an aerosol source (circular saw or sander) is present (Figure 1). generator (Palas GmbH, Germany) to which a small divergent nozzle was added. In this generator, the particles placed in a reservoir are conveyed onto a rotating brush at a precisely controlled feeding rate and an adjustable airflow then disperses the particles. Thus, the air laden with particles is ejected horizontally in the cabin flow at an average velocity of 0.55 m.s -1 over a circular cross-section of 40 mm diameter. The particle injection velocity was quite low in order not to modify the main flow. The aerosol source was placed at a distance of X = 0.9 m from the inlet of the cabin, at a distance Y=1.5 m from the wall (that is at the middle of the cabin in the Y direction) and at a height of Z=1.4m. Depending on the case considered in this paper, the employed particles were either recycled sanding wood dust or recycled sawing dust, which size distributions are shown on Figure 2. micrometer range by an optical measurement based on the acceleration of particles in a controlled flow. The position of the measurement points is located in the outlet duct (at X=11m, see Figure 1). This position was chosen because the exhaust duct is the region where the aerosol is best mixed: this makes the corresponding measurement of the transient concentration at this point a good sample of the average particle transport in the cabin, and it also makes this measurement point less sensitive to unsteady perturbations (Chata et al, 2015).

The principal cabin was equipped with four mixing fans blowing sideways and located around the source emission. The role of these fans consists of providing a strong and permanent secondary airflow in the cabin. In this way, the flow produced by the emission source (which is either the calibration source or the studied machine) becomes marginal with respect to the cabin flow. This allows ensuring that the main hypothesis of the source estimation method is respected, which is that the mean air flow field must be the same during the calibration phase and during the estimation phase, even if the source is changed.

Experimental protocol

The employed experimental protocol follows three steps : impedance calibration, unknown source estimation and evaluation of the quality of estimates.

Impedance calibration

This first calibration step was carried out using the Palas RBG-1000 with the dust timber laden with samples of particles emitted by the process of interest. Twenty identical tests were performed in which the calibration source started emitting particles at a constant generation rate after a given time period (step-up function). The corresponding concentrations signals 20

in the outlet duct were recorded. From the data averaged over the twenty tests, the impedance was estimated.

Estimation of the unknown source generation rates

In this step, 5 tests were performed for each machine and the corresponding time-resolved generation rates were computed using the estimation method. From these results, the total doses of airborne dust emitted by the process were computed.

Validating the source estimation

A validation of the estimated doses was performed by considering the mass balance of each machining process, which reads:

(22)
where represents the total mass of wood removed, corresponds to the dust emitted in the ambient air, is the mass of dust aspirated by the collection system of the machine and is the amount of wood dust deposited on the various surfaces around the machine, upstream of the concentration measurement.

The machined mass ( ) was measured differently depending on the process. In the case of sanding, weighing the wooden board before and after the process allowed determining this machined mass.

(

) 23 
the cut depth ( ), the cut length ( ) and the apparent wood density ( ).

(

) 24 
The emitted mass ( ) was determined by the estimation method previously presented in section 2.

The aspirated mass ( ) was determined by means of a secondary experimental setup placed between the hand-held machine and the vacuum system, such as depicted on Figure 3. Using this setup, it was is possible to calculate the aspirated mass from the following relationship (equation ( 25)):

( ) (25) 
where is the mass ( ) of dust collected on the sampling cassette, is the total volume sampled ( ), is the flow rate of the collection system ( ) which is connected to the hand-held machine and is the sampling time ( ). The sampling volume was determined using a mass flow regulator (Brooks SLA5853S) connected to a vacuum pump (Vacuubrand MV 10 NT). The mass of the cassette was obtained by weighing to the hundredth of gram (Sartorius LA 8200S) and the aspirated flow rate was measured by a venturi meter (Preso, Badger Meter, Inc). For circular saws, the aspirated flow rate was equal to and for the sanders, it was of .

Regarding the deposited mass , a part of it could be measured by weighing witness surfaces placed around the hand-held machine, before and after the machining process.

RESULTS AND DISCUSSION

This section presents the application of this experimental protocol to 4 different saws and 6 different sanders. Firstly, the implementation of the protocol to one circular saw is detailed.

Then the results for all saws are presented. Secondly, results for the 6 sanders are shown. -2nd step : unknown source estimation for a circular saw This paragraph details the estimation of the dust generation rate during sawing. This estimation is based on the concentration signal measured during sawing (Figure 6) and on the impedance previously determined (Figure 5b). Four saw cuts were performed, which all yielded to a concentration peak as visible in Figure 6. As stated earlier in paragraph 2.5, it is not strictly possible to define a standard deviation for the measurement noise of the concentration signal, since no real steady state exists. Consequently, using Morozov's discrepancy principle to determine the suitable truncation order to estimate the source is not possible. The truncation order is then determined by considering the physical meaning of the impedance. The impedance is composed of two zones, a characteristic peak containing the useful information, followed by an unphysically oscillating tail. For this step of the method, we then use a truncation order called "post-peak" which aims at keeping only the useful information of the peak, and which is defined so that:

and and (26

)
where corresponds to the time at which the impedance peak is maximum. In the present case, we hence obtain a truncation order from . Figure 6 thus shows the reconstructed emission rate of wood dust emitted into the ambient air from the concentration signal measured during sawing. The temporal pattern of the reconstructed generation rate is consistent with the concentration signal: an emission peak appears before each concentration peak, and the time lag between a peak of dust emission and the corresponding concentration peak is of about twenty seconds for each cut pass, which corresponds to the typical transit time between the source and the measurement point (distance of 5.9 m at an average speed of 0.3 m.s -1 , followed by 4 m at 11.5 m.s -1 ). From this reconstruction, it is possible to determine the mass ( ) released in the air during sawing. This is obtained by computing the dose of the reconstructed generation rate (integral) for the whole sawing period (from to in this case). Let us note that, in this computation, unphysical negative generation rates, caused only by regularization, are also included. The corresponding emitted mass is .

-Validation of the method using mass balance

The tests were carried out 5 times for each saw. Table 1 shows the mass balance obtained for the 5 tests of the same saw. The term in the table represents the sum of the emitted mass, aspirated mass and deposited mass. The mass deposited on surfaces while sawing could not be measured and must hence be considered as a source of error in the determination of sum . According to Table 1, the mass balance is correctly verified despite the fact that the deposited mass is disregarded. An average difference of is found between the machined mass and the sum of the emitted and aspirated mass. The error intervals on the term ( ) and on the machined mass do not always overlap, which could be due to the deposited mass that is not accounted for in the balance. This is also supported by the fact that the integrated mass (noted here) is systematically lower than the machined one for each of the results of the tests shown in Table 1. The estimation method appears nonetheless to provide very reasonably accurate results as regards the emitted dose of airborne dust.

-Validation results for the 4 tested saw

After detailing the implementation of the protocol for one saw, average results for the 4 tested saws are summarised in this paragraph. Analogously to Table 1, Table 2 thus It can be seen that the mass balance is always verified with a maximum error of about 11%.

Considering that the deposited mass is not considered in that balance, and that this deposited mass is probably a significant fraction of the lacking mass, we can conclude that the estimation method is very effective in obtaining the total mass of dust emitted in the atmosphere.

-Discrimination of the 4 tested saws with respect to their relative emission rate

To illustrate the interest of the method for field applications, it is possible to illustrate the propensity of the different machines to release the machined wood as aerosol in ambient air, rather than directing it to their dust collection system. We introduce the criterion called "proportion of emission". This quantity corresponds to the ratio of the mass of dust emitted in air over the mass of machined wood.

(

) 27 
This coefficient provides a value between 0 and 1. The closer to 0 it is and the less the machine emits airborne dust for a given workload. The determination of the proportion of emission (equation Erreur ! Source du renvoi introuvable.)) is realized from the data in Table 2 and results are shown in Figure 7. From Figure 7, it is clear that a significant difference exists between the tested saws. While Saw 1 and Saw 3 emit about 25% of the machined wood as dust in the air, Saw 4 emits about 40%

and Saw 2 55%. Hence, the close capture exhaust system of Saw 1 and 3 perform much better.

However, it must be pointed out that for all machines, the amount of machined wood which is released in air as dust is very high, which highlights the poor efficiency of their exhaust system in general. Nonetheless, the proposed method allows discriminating the capture efficiency of circular saws easily.

Application of the estimation method on wood sanders

The experimental protocol illustrated for saws was identically applied to wood sanders. The impedance calibration was performed similarly than in section 4.1, except that the employed wood dust was sanding dust. The results obtained for the 6 sanders in terms of emitted doses, averaged over 5 successive tests, are reported in From data in Table 3, it is apparent that sanders emit a very little proportion of dust in the ambient air with respect to the amount of machined wood, when their collection system operates at an aspiration flow rate of . Concerning the validation of the estimation method, it appears that the mass balance is better verified than in the case of saws, with a maximum error of about 5%. This is certainly due to the fact that a part of the deposited mass could be included in the mass balance sheet.

Computing the proportion of emission for the 6 sanders, with the data of table 3, gives the results presented on Figure 8. It appears that the collection systems of sanders perform significantly better than that of saws, with a proportion of emission of a few percents. Among these globally good results, sanders 4 and 5 stand out with a very low proportion of emission (below 0.5%). Figure 8 hence shows that it is possible to rank the sanders with respect to the efficiency of their close capture exhaust systems.

CONCLUSIONS

This article presented and applied a method which allows reconstructing the temporal pattern of an aerosol source and estimating the total dose of particles emitted in the ambient air. This method applies to low-inertia particles and to cases where particles transport is dominated by ventilation, the mean airflow pattern being steady and little affected by the source of polluting particles. The method is based on two distinct steps and requires only a controllable and calibrated source of particles, and one time-resolved particles concentration sensor. The first step of the method consists of calibrating the impedance function, which relates the source term and the measured concentration signal. The second step of the method consists of estimating the unknown source from a measured concentration signal by inverting the impedance previously obtained.

After presenting the method, its applicability was shown experimentally in the case of hand held wood working machines (circular saws and sanders) placed in an open ventilated cabin. The ability of the method to evaluate the net mass of particles released in air was assessed by considering the mass balance of the machining process. For sanders, the mass balance was verified with a maximum error of 5% while for circular saw, the mass balance error was slightly higher with a maximum of 11%. The real precision of the method is believed to be better, since most of the mass balance error is certainly due to the difficulty in measuring the mass of particles deposited in the cabin, and not to the estimation method.

Six sanders and four circular saws were then tested several times, and the corresponding net masses of wood dust released in air were computed using the source estimation method. The efficiency of their collection system was then evaluated by considering the proportion of wood which is emitted as airborne dust amidst the removed mass of wood. This allowed classifying the machines with respect to the performances of their dust collection system. It was found that all sanders presented high collection efficiencies, with proportions of emission ranging between 0.25% and 2.5%, but two of them performed significantly better than the others. As regards the collection system of circular saws, much lower performances were found with proportion of emission ranging between 25% and 55%. In terms of practical implications, this immediately highlights the need to greatly increase the efficiency of close capture exhaust systems for circular saws in particular.

The proposed source estimation method appears very effective in computing the net mass of particles released in air by an unknown aerosol source with an experimentally affordable setup.

It also proposes a reasonably convincing reconstruction of the time-resolved generation rate.

The application of this method on hand held wood working machines shows that it makes it possible to rank the various machines with respect to the quality of their collection system, with reasonably simple equipment and by means of a distant measurement. This kind of setup can be very helpful when the considered source of pollutant is likely to damage the instruments, or when its precise location is inaccessible or unknown.

In a more general manner, this method is applicable to many kinds of other hazardous aerosol sources that can be encountered (machining, welding, manufactured nanoparticles sources, etc.). Deploying systematically this kind of approach could help establishing release libraries collecting the typical generation rates of common sources of hazardous aerosols. These data could then be used afterwards to dimension local exhaust ventilation or to choose the suitable mitigation strategies allowing decreasing the aerosol concentration level below a suitable threshold, given the properties of the pollution source.

Figure 1 :

 1 Figure 1: The open ventilated cabin

Figure 2 :

 2 Figure 2 : particle size distributions of the employed wood dust These particles size distributions (PSDs) were characterized by means of an Aerodynamic Particle Sizer (APS/TSI ® -3321, TSI Inc., MN, USA) after isokinetic sampling. This sensor provides

Figure 3 :

 3 Figure 3: experimental setup used to measure the mass of dust collected by the aspiration system of the hand-help machine

4. 1

 1 Application of the experimental protocol on circular saws -1st step: impedance calibration The impedance calibration is performed using a known injection generation rate and the corresponding concentration signal measured in the extraction duct. The generation is realized 23 with the PALAS RBG-1000 fed with saw dust, so that the PSD of the emitted particles is representative of the sawing process. The two signals used for this step are shown in Figure 4.

Figure 4 :

 4 Figure 4: Signals used for impedance calibration in the case of sawingAs presented in Section 2.5, the truncation order used to regularize the deconvolution problem

Figure 5 :

 5 Figure 5: (a) Truncation order determination for impedance calibration -(b) Estimated impedance On figure 5(a), the Morozov's discrepancy principle gives a strong truncation order

Figure 6 :

 6 Figure 6: Concentration signal measured while sawing and corresponding reconstructed generation rate

  summarises the average mass balance obtained for the 4 tested saws. Results for each saw correspond to averages over 5 individual tests. Average mass balance results for the 4 saws

Figure 7 :

 7 Figure 7: proportion of emission for each tested saw

Figure 8 :

 8 Figure 8: Proportion of emission for each tested sander

  

Table 1 :

 1 Mass balance results for the 5 tests of saw number 1

	Test				Sum		Mass
	number	(g)	(g)	(g)	(g)	(g)	balance gap (%)
	1			NA			

Table 3 .

 3 This time, a part of the deposited 30 mass could be measured by weighing, after collection on plates placed around the sanded board.

	Average	Average	Average	Average	Average	Mass
	Sanders					balance
	(g)	(g)	(g)	(g)	(g)	gap (%)
	1					
	2					
	3					
	4					
	5					
	6					

Table 3 -

 3 Average mass balance results for the 6 sanders

computational model. It can be used for sources ranking for occupational or environmental hygiene applications, or to develop release libraries.