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Introduction

Consumer behavior is a widely studied subject in food science and technology.

Different spatial and temporal scales can be involved, since the first perception of the food product by the consumer with the help of her / his smell and vision, up to the direct interaction after the food product reaches the mouth. Efforts have been accomplished in understanding the mechanisms which drive the release and the perception of flavor under in vivo conditions [START_REF] Linforth | Flavor Release: Linking Experiments, Theory and Reality[END_REF][2][START_REF] Linforth | Food Flavour Technology[END_REF][START_REF] Van Ruth | Food Flavour Technology[END_REF][START_REF] Gierczynski | [END_REF]. In this context, detailed mechanistic models for representing the aroma release have been developed, providing useful tools for identifying the most important physicochemical, anatomical, and physiological parameters which drive this release [6].

The air flow which prevails around the food product and the consumer can influence the orthonasal olfactory perception and potentially his consumption experience and behavior [7]. The influence of ventilation conditions on the dispersion of aroma compounds released by food matrices follows the physical laws which drive the dispersion of any gaseous species and also of small particles suspended in the air. In the case of indoor environments, perfectlymixed conditions have been often assumed in characterizing indoor physical phenomena. Such an assumption proves too simplistic for the initial period of indoor dispersion; furthermore, experimental work has shown that rooms may not become well-mixed over any length of time [8].

The dispersion of gaseous species and particles in the air has been studied mainly because of their potential impact on human health and climate [START_REF] Seinfeld | Atmospheric Chemistry and Physics: from Air Pollution to Climate Change[END_REF]. The subject has progressed since the theory of atmospheric dispersion in the 1940's [START_REF] Pasquill | [END_REF] up to numerical models which can predict the air flow and the particle concentration fields throughout relatively large environments like an urban canyon [11]. The progressive increase of computer resources along past decades has widened the field of application of the computational fluid dynamics (CFD), including the ventilation and air indoor science. However, much previous work applying CFD simulations to the indoor dispersion has been performed without corresponding experimental work [8], while the combination of experiment and modeling work appears as the effective scientific approach for ventilation studies [12][13][14][15][16].

Realistic modeling of aroma dispersion from the food product to the consumer requires, as a key input, information about the release of aroma from the food matrix (that is, about its emission by the food matrix). A similar problem which has been widely studied is the release of volatile and semi-volatile organic compounds, (S)VOCs. These compounds can be emitted by a number of commonly used dry materials such as wood products, floor coverings (carpet, vinyl), wall coverings (wallpaper, fabric), ceiling materials (acoustic tiles, subfloors), and insulation materials (fiberglass, rigid foam) [17]. Architectural coatings applied to building materials can also act as sources of (S)VOCs, either during the painting process (through evaporation) or after the paint application (through progressive release from the substrate) [18]. (S)VOCs emissions are important to air quality because of their large surface area and permanent exposure to indoor air. The potential impact of these compounds on health [START_REF]Evaluation of VOC Emissions from Building Products, European Collaborative Action "Indoor Air Quality and Its Impact on Man[END_REF] has justified the measurement of their concentration as well as the modeling of their emission. The emission of (S)VOCs due to many materials under indoor and outdoor conditions has been modeled through a number of strategies; the most relevant ones have been compiled and their validity and usefulness have been discussed [START_REF] Guo | [END_REF][21][22].

In this exploratory study, we propose and test a modeling approach for representing aroma release and dispersion throughout an indoor environment under forced ventilation.

Plausible assumptions are made: for instance, the indoor environment is assumed to remain well below the saturation level with respect to the aroma compounds of interest; hence, the release of aroma depends only on the concentration close to the product surface. The release model can be seen as an application of the interfacial mass transfer theory for studying the volatile release from aqueous solutions [START_REF] Van Ruth | Food Flavour Technology[END_REF]23]. The dispersion model uses the indoor velocity field, which is estimated through CFD simulations.

The article is organized as follows. The modeling approach of aroma release and dispersion is presented in Section 2. The approach is illustrated with the help of a case study built around an indoor environment which effectively exists (a test room), whereby measurements of air velocity and aroma concentration have been performed. Section 3 characterizes the test room, describes the experimental setup, and overviews the numerical model which is employed for estimating the indoor velocity field. Results discussed in Section 4 include a) the air flow and aroma concentration fields under steady-state conditions, b) comparisons of air velocities from model and experiment at selected positions, and c) the time evolution and the spatial distribution associated with the aroma concentration from model and experiment. Section 4 includes also results for a number of cases in which the aroma release depends on the time. Conclusions are summarized in Section 5. 

Modeling approach

The study of aroma dispersion requires information regarding key variables associated with the indoor environment itself: room geometry, incoming air flow rate, inlet and outlet position(s), source position(s). A second set of key variables is associated with the aroma release: source geometry, source temperature and parameters driving the release mass flow, and of course their dependence with time.

Our modeling approach includes two steps, hereafter referred as the release model and the dispersion model. Subsection 2.1 expresses mass flow rates at a gas-liquid interface, then discusses the validity of the assumptions, and concludes presenting a time-dependent release function. Subsection 2.2 discusses the possible simplifications of such a general approach in the case of aroma release from pure liquid compounds. Subsection 2.3 introduces the step response function, which provides the time evolution of the concentration associated with an aroma compound in an initially aroma-free condition, and finally describes the application of such a function in estimating the aroma concentration as function of position and time.

Aroma release model

In the case of an aroma compound diluted in a solution in contact with ambient air, the mass transfer resistance is assumed to be concentrated in two thin boundary layers around the interface between the liquid and gas phases [START_REF] Van Ruth | Food Flavour Technology[END_REF]23,[START_REF] Cussler | Diffusion: Mass Transfer in Fluid Systems[END_REF]. Away from the boundary layer, the bulk aroma concentration is assumed to be spatially uniform, although it can vary in time. On the liquid side of the interface, the mass flux density l j (kg/m 2 /s) across the liquid boundary layer can be expressed as:

( ) * l l l l C C k j - = , (1) 
where l k is the mass transfer coefficient in the liquid (m/s), and l C and * l C are the concentration values (kg/m 3 ) in the liquid bulk and at the liquid-gas interface, respectively.

Similarly, on the gas side of the interface, ( )
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Under local thermodynamic equilibrium, the gas / liquid partition coefficient at the interface can be expressed as 

= =

). The mass density flux j across the liquid-gas interface can be expressed in terms of the bulk concentrations l C and g C only, after taking the gas phase as reference:
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Equations ( 3) and ( 4) form the aroma volatile release model for diluted solutions.

Equation [START_REF] Linforth | Food Flavour Technology[END_REF] shows that the macroscopic driving force for the transfer is the "corrected" concentration difference

g l gl C C K - .
The correction concerns the relative preference of the aroma molecules for the liquid phase, which is expressed via the partition coefficient.

Equation ( 4) is a "resistance in series" formula for the total mass transfer t k coefficient, with a correction for the discontinuity in the concentration profile at the interface. Given the typical orders of magnitude assumed by its parameters ( g k ~ 10 -3 ...10 -2 m/s, gl K ~ 10 -4 ...10 -2 , l k ~ 10 -8 ...10 -6 m/s), the resistance on the liquid side of the interface is usually dominant.

Equation (3) expresses the total mass flux density across the liquid-gas interface ( j ) as a function of the bulk concentration in the gas phase ( g C ). One difficulty to apply equation

(3) comes from the fact that g C can be effectively known only after (and not before) solving the aroma dispersion problem throughout the indoor environment. The solution of this problem requires the availability of the mass flux across the interface itself. In order to decouple the dependence between j and g C , we hereafter assume that the system will always remain far from the bulk concentration equilibrium:
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In such a case, the driving force is independent on the bulk concentration in the gas phase. In addition, we assume that the low aroma concentrations in the air do not influence significantly its physical properties (namely: density and dynamic viscosity) which allows computing mass The concentration of aroma compound in the source solution decreases with time as the release progresses. The mass balance of the aroma compound in the liquid phase can be expressed as:

l l l A j dt dC V - = , (6) 
where l V is the volume of the liquid phase and l A the cross-sectional release area. Taking account of equation ( 3) and assuming the validity of condition ( 5), the time evolution of the aroma compound concentration in the liquid source is given by:
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Under the previous assumptions, the solution of this equation is straightforward, and it can be presented as:
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where l τ is the characteristic time of the volatile compound depletion in the liquid phase.

The mass flux of aroma released by the source can be expressed as:
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Equation ( 10) constitutes the aroma release function.

Aroma release model for pure volatile compounds

To facilitate the assessment of the dispersion model, experiments were performed with aroma release from pure liquid compounds. In this case, the release mass flux is constant in time, provided steady air velocity and isothermal conditions are ensured near the source.

If the source contains a pure volatile compound, the release will be governed by the transfer resistance in the gaseous boundary layer. In this case, the mass flux density is still given by equation ( 2), but the interfacial concentration ( * g C ) is determined from the saturation vapor pressure of the compound at the gas-liquid interface. With the perfect gas law, the interfacial volatile concentration is given by:

T R P M C sat * g = ( 11 
)
where M is the molar mass of the compound (kg/kmol), sat P the saturation pressure (Pa), R the perfect gas constant (J/kmol/K) and T the absolute temperature (K).

The mass transfer coefficient in the gas phase ( g k ) becomes particularly important for the release flux, as it constitutes the only transfer resistance. It mainly depends on the local stripping air velocity. As in the case of the diluted compound (equation 5), the bulk volatile concentration in the room ( g C ) will be usually quite small compared to the interface concentration:

* g g C C << . ( 12 
)
This allows decoupling of the release flux calculation by equation ( 2) from the dispersion calculation of the volatile compound in the room:

* g g C k j ≅ . (13) 

Aroma dispersion model

Aroma dispersion is hereafter discussed in the case of an indoor environment under forced ventilation. An inlet device provides aroma-free air inflow, while an outlet enables the extraction of air containing the aroma compound. Consistently with the assumptions made for computing the mass transfer coefficients, the transport properties of ambient air (i.e. the air density, dynamic viscosity and diffusion coefficients) are assumed to not depend on aroma concentration values. Thus, the availability of a single estimate of the velocity field allows us to study the dispersion of different highly diluted species.

The velocity field can be obtained as the solution of a fluid flow problem under aroma-free conditions. The numerical solution of this problem can be achieved under steadystate conditions. Similarly, the concentration field could be estimated as the solution of the coupled problem of fluid flow and aroma transport under steady-state conditions. However, a number of situations of practical interest involve aroma sources whose release rate cannot be assumed constant with time. In these situations, the dispersion also takes place under transient conditions. We first restrict our attention to the evolution with time at a number of selected positions x r of the mass concentration t} , x C{ r (kg/m 3 ) associated with an aroma compound which is released by a constant rate source in an initially aroma-free environment. The solution of the transport problem under transient conditions is reached by considering the velocity field obtained from the aroma-free fluid flow problem. The following boundary conditions are considered: a) aroma is assumed to be released at the source only; b) the aroma mass concentration is set to zero for the incoming air through the inlet device; and c) there are no aroma sinks throughout the computational domain and along its boundaries (room walls, roof and floor). The period of interest starts at the aroma release (t = 0) and extends long enough to allow quite steady values for its concentration. The particular situation of a source releasing aroma at constant rate in an initially aroma-free environment can be described in terms of a step function: the mass flux is zero before release starting ( { } 0

0 t m = < &
) and

constant after it ( { } 0 m 0 t m & & = >
). Solutions t} , x C{ r of the convection-diffusion problem constitute the response of the system to that step release condition.

The transport problem of a given species under transient conditions can be expressed through a convection-diffusion equation:
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where e D is the effective diffusivity (m 2 /s). Acknowledging that this equation is linear in the species concentration, we can define dimensionless quantities and use the convolution theorem for linear dynamic systems. We define dimensionless aroma concentration as follows:
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where t* = t / τ is the dimensionless time, τ is the room renewal time (as usual, defined as the ratio between the room volume and the air inflow rate), and 
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Figure 1 summarizes the modeling approach here proposed.

Looking for the implementation of this modeling approach:

-The first task is to specify the geometry and the ventilation conditions associated with the indoor environment of interest. The aroma-free, fluid flow problem can hence be represented and then solved under steady-state conditions through a turbulent CFD model; main results are the air velocity and the turbulent intensity fields. Selected results for a given indoor environment are illustrated in subsection 4.1.

-Input data to be specified include the properties of the considered aroma compounds and the source geometry. The aroma release model detailed in subsection 2.1 is applied to the case of interest; the main result is the mass flux of aroma compound as a function of time.

-The air flow solution can be employed for studying aroma dispersion under different release conditions. In the case of an isothermal inexhaustible source, the steady state aroma concentration depends on the position only. Its spatial distribution can be estimated as the solution of a convection-diffusion problem under steady-state conditions, as illustrated in subsection 4.2.

-Time-dependent release functions constitute more realistic cases; the aroma concentration depends on position and time too. In the case of constant mass flux after release, the evolution with time of the spatial distribution of the aroma concentration can be estimated as the solution of a convection-diffusion transient problem, assuming aroma-free initial conditions.

Such a case is illustrated in subsections 4.3 and 4.4. The case study under consideration includes a table which is also placed at the plane of symmetry. The table is 0.90 m high and 0.60 m x 0.60 m wide, and its sides are closed. The aroma source is placed above the center of the upper side of the table.

Materials and Methods

Indoor environment

Measurements

Measurements of the magnitude of the air velocity and of the aroma concentration have been conducted at a number of selected positions in the indoor environment of interest, under realistic conditions. The experimental effort has been justified by the need of assessing the consistency of numerical simulations of air flow and aroma dispersion; because of our present modeling capabilities, these numerical simulations are feasible under relatively idealized conditions only. Such idealized conditions are presented in next subsection: they include relatively standard assumptions regarding the room geometry and meshing, the fluid flow and the temperature behavior. Under real conditions, some of these assumptions can fail despite our best efforts in reducing, for instance, the importance of obstacles near the walls.

Only the comparison of results from repeatable measurements of key variables with those from the model can indicate how much consistent the assumptions are. The magnitude of the air velocity has been measured under the air inlet in order to properly evaluate the inlet boundary condition (subsection 3.3), and along vertical and horizontal profiles in order to provide datasets for assessing the consistency of air flow simulations (subsection 4.1). At each position of interest, instantaneous measurements of the air velocity magnitude were performed every 2 s for a 4 min period (total of 120 measurements), with the help of a thermoelectric flow sensor (ALMEMO FV-A605-TA) and a data-logger (ALMEMO 2890-9).

Aroma concentration has been measured at selected positions. The aroma source, a Petri dish 13.5 cm diameter and 2 cm height containing 100 ml of pure ethyl butyrate, is placed above the center of the upper side of the table. Numbers in Figure 2 indicate the positions of the inlets of eleven sampling lines used for aroma measurements at 1.85 m above the floor. In the case of the twelfth sampling line, the inlet is positioned inside the air outlet duct, above the roof. The sampling lines are connected to a Proton Transfer Reaction Mass Spectrometry (PTR-MS) analyzer (Ionicon Analytik, Innsbruck, Austria). PTR-MS response was calibrated with the help of gas cylinders containing 100 ppbv of ethyl butyrate in nitrogen. Aroma concentration values were measured every minute. Similar instrumentation has been successfully employed in studying a number of aroma release issues, including the influence of carbonation on the aroma release from selected liquid systems [START_REF] Pozo-Bayon | [END_REF] and the volatile release which takes place during eating of natural everyday foods [26].

Computational fluid dynamics modeling

The implementation of our strategy for studying the indoor aroma dispersion requires determination of the air velocity and the turbulent diffusivity fields throughout the domain of interest. As the Reynolds number relative to the air inlet (Re ~ 21400 for an air flow rate of 450 m 3 /h) is much higher than 2000, fluid flow cannot be assumed as laminar. That means that velocity fluctuations have to be taken into account. Nevertheless, flow rate is not high enough to ensure full mixing inside the whole room (see results in Section 4). Computational fluid dynamics (CFD) has often been applied as an alternative to experimental research: no restrictions are imposed to the geometry, and relatively high spatial and temporal resolution can be reached regarding flow field and scalar transfer (in our case, concentration).

The flow modeling commercial software ANSYS FLUENT 12 [START_REF]ANSYS FLUENT 12.0 -Theory Guide[END_REF] was employed for estimating the air flow field under steady-state and isothermal conditions. The preprocessor software GAMBIT was used for building the computational domain and for generating the was undertaken. Continuous governing equations were converted into finite difference equations via integration over control volumes. Main results were obtained after meshing the computational domain into about 2.2 million rectangular hexahedrons; the typical mesh cell was a cube with side 4 cm. Discretization in space was performed through a second-order upwind scheme. Discrete equations were solved under the imposed boundary conditions with an iterative procedure. The modeling software provided a convergent solution after about two days of computation on a 32 Gb RAM memory, 64-bits calculator.

Air inlet velocities were assumed uniform after a number of measurements performed at about 5 centimeters below the air inlet. Figure 3 summarizes the dataset of observed values of air velocity. At a given position, the arithmetic average and the standard deviation values were computed from 120 instantaneous observations performed during periods of 4 minutes.

Instantaneous measurements were performed with the help of the abovementioned thermoelectric flow sensor. Positions were distributed across a horizontal rectangular grid, the distance between successive positions being 4 cm. Flow rate of incoming air from outside was stable within ±10 % around the nominal flow rate 450 m 3 /h. Values displayed in Figure 3 show the relative homogeneity of air velocities leaving the air inlet.

Selected sensitivity tests were conducted with the air flow model. Figure 4 with side 3 cm) allowed slight changes in the air velocity at 1 m above the table (< 1 %) and higher air velocities near the roof and the table. The coupled non-linear system of conservation equations for mass, momentum, turbulent kinetic energy and turbulent dissipation rate is known to be more mesh-sensitive than the linear convection-diffusion equation. This is why it was not deemed necessary to conduct a systematic study of the mesh sensitivity for the mass fraction field.

In this study, the standard k-epsilon turbulence model was chosen for obtaining the mean air flow results mainly because its reasonable accuracy for a wide range of turbulent flows. It is the simplest among the turbulent viscosity models: two separate transport equations allow the turbulent velocity and length scales to be solved independently. On the other hand, the Reynolds stress model (RSM) is more elaborate and better takes into account the possible anisotropy of turbulence. The RSM closes the RANS equations by solving transport equations for the Reynolds stresses, together with an equation for the dissipation rate. This means that seven additional transport equations must be solved in three-dimensional problems [START_REF]ANSYS FLUENT 12.0 -Theory Guide[END_REF]. In the right hand display of Fig 4, it is shown that these two models do not provide the same air velocity profiles at the center of the room. With respect to RSM, the standard k-epsilon model firstly overestimates the air velocity just above the table (differences below 0.005 m/s), and then underestimates it beyond the first 50 cm above the table. The differences remain below 0.01 m/s, so that the simpler k-epsilon model was finally used.

Results

The following scenario is considered in illustrating the modeling approach: a source of aroma is placed on a table which is located at the center of the room, and the latter is submitted to forced ventilation (inlet and outlet at the roof). Boundary conditions included vanishing air velocities at the walls, at the floor and at the roof.

At the air inlet surface, velocity was assumed uniform and normal to the boundary, whereas turbulence was specified by its intensity (1 %) and by the inlet hydraulic diameter (0.4 m).

Reynolds number was about 21400 under air flow rate 450 m 3 /h.

a) Air flow from model

The main features of the velocity magnitude field are shown in Figure 5 along the plane of symmetry of the room and along the perpendicular plane which crosses the table at the room center. Figure 6 presents selected path-lines starting along these two planes and also along the horizontal plane at 1.85 m above the floor; path-lines are colored according to the velocity magnitude (note the different scale with respect to Figure 5).

The downward jet incoming through the air inlet drives the air flow field in the room.

This jet pushes downward to the ground not only fluid parcels coming from the building's air conditioning system but also fluid parcels already in the room. Such an air intake affects a large portion of the upper part of the room. The downward jet is diverted when approaching the ground; air parcels move towards the walls, where they start upward motion. A threedimensional air flow field can be recognized, which includes circulation patterns between the plane of symmetry and the walls (Figure 6, display A), downward flow along the plane of symmetry (display B), and horizontal flow from the walls to the plane of symmetry at 1.85 m above the floor (display C).

Turbulent intensity is a major variable for the problem under consideration; it provides the magnitude of turbulent velocity fluctuations relatively to the mean velocity. Figure 7 displays the turbulent intensity along the same planes than in values (below 25 %) over wide regions. We can state that the main source of turbulence in the room is the shear occurring between the downward jet below the air inlet and relatively calm conditions prevailing in its vicinity.

The presence of the table at the room center affects the air flow field; the development of the tongue-like structure near the floor is interrupted (Figure 5), circulation patterns can be identified up-and downstream the table, respectively (Figure 6, display B), and turbulent intensity increases in the central region of the room, relatively to the condition without any table (Figure 7). The presence of the table with the aroma source affects the air flow conditions under which the aroma compound is dispersed.

b) Air velocity from model and experiment

In the scope of this study, the indoor air flow field has been simulated under idealized conditions (simple geometry, isothermal conditions), with the help of a standard turbulence model (subsection 3.3). With the aim of assessing the consistency of air flow simulations under the realistic conditions prevailing in the indoor environment of interest, measurements of the air velocity were conducted at selected positions.

The velocity field in the room was sampled with the help of the same instrument used below the air inlet (subsection 3.3). Figure 8 compare air velocities at 1.85 m above the floor and at selected heights above the table, respectively.

Apart from the conditions associated with the downward jet below the air inlet (lefthand side of Figure 8), standard deviation values are typically large (30 % or more) when compared to the corresponding mean velocity values. The variation can be partially due to the variability of the incoming air flow rate (± 10 %), to the performance of the thermoelectric sensors employed under turbulent conditions, and to changing flow pattern inside the room.

There is general agreement between air velocities from model and experiment, particularly in the case of the downward jet below the air inlet (left-hand side of Figure 8) and of the whole profile above the table (right-hand side of Figure 8). We observe that the level of agreement between air velocities from model and experiment decreases when velocities from model are smaller than 0.05 m/s. Such a value can be understood as the lower limit of our experimental capabilities.

Concentration field under steady-state conditions

The aroma dispersion in the indoor environment of interest can be firstly studied for the particular case where the mass flux of aroma compound released by the source, m & , is constant with the time, as from an ideally inexhaustible source of aroma. In such a case, the aroma concentration depends on the position only, and its spatial distribution can be estimated as the solution of a convection-diffusion problem under steady-state conditions. At the source, the geometry release corresponds to the experimental setup which effectively has been used in the test room under consideration (a square with side 8 cm, hence tr A = 0.0064 m 2 ), and the release velocity is assumed to be an upward velocity of 0.0001 m/s. Same density as for air is assumed for the aroma compound. At the source, its mass fraction is set to unity. values occur in the vicinity of the table; above it, they decrease rapidly as a consequence of the downward air flow pattern. Along the vertical plane which is normal to the plane of symmetry, concentration values exhibit relative maxima (Figure 9); such a feature seems to be associated with circulation patterns prevailing on that plane (Figure 6, display A). Relative maxima can also be identified at 1.85 m above the floor, along wide regions associated with air flow oriented from the walls towards the plane of symmetry (Figure 10).

In the scenario under consideration, aroma is released at the room center and hence under the influence of downward air flow. Aroma is progressively dispersed along a pathway which includes downward flow towards to the walls, subsequent upward motion and finally air flow towards the plane of symmetry, while approaching the air outlet. The concentration field exhibits a spatial distribution which is far from uniform, as a consequence of the threedimensional air flow field prevailing in the room. A second step in studying the aroma dispersion in the indoor environment of interest assumes that the room is initially aroma-free, that the release starts at time zero, and that the release flux remains constant afterwards. In such a case, the aroma concentration depends not only on the position but also on time, and it can be estimated as the solution of a convectiondiffusion problem under transient conditions. Two air flow rates are considered in this exploratory study, 450 and 900 m 3 /h. These flow rates are respectively lower and higher than the typical ventilation rate recommended [START_REF] Sundell | [END_REF] if the room considered in the study was used as an office, at full occupation. The room renewal time (τ) associated with each of these conditions can be obtained as usual as the ratio between the room volume and the air flow rate; we obtain τ = 1120 and 560 s under 450 and 900 m3/h respectively. In studying the time evolution of concentration values, we have limited the period of integration to three hours since the beginning of the aroma release. Such a time period was chosen because it is nearly 10 times larger larger than the room renewal time under the air flow rates of interest. These results are summarized in Figure 12, with the help of the dimensionless concentration defined by equation ( 15) and the dimensionless time t* = t / τ . Numerical simulation of the air flow field was performed by considering a half room only, after assuming that the two halves are identical. Results from experiment allow us to discuss the validity of this assumption; in such a case, practically the same time-averaged concentration values would be obtained for tubes #10 and #12 and so forth. Upper display in Figure 14 shows that this is precisely the case for tubes #7 and #9, and to a smaller extent for the remaining pairs. Regarding the aroma dispersion under real conditions, the test room does not operate as an idealized symmetrical system with respect to the plane crossing the air inlet and outlet devices. Looking for a possible explanation, temperature measurements at selected positions along the walls were recorded during a week; however, temperature differences were not larger than 1 °C, suggesting little influence on the air flow field.

The hypothesis regarding the operation of the room as a perfectly mixed reactor for aroma dispersion is that it provides a uniform concentration field, whose value equals that at the outlet. In such a case, all the dimensionless concentration values would be centered at unity under steady conditions. Figure 14 shows that this is the case for tube #11 and to a smaller extent for tubes #3 and #4; remaining tubes are associated with progressively larger departures from the perfectly mixed condition. Sampling positions #10 and #8 are associated with the minimum and the maximum dimensionless concentrations: 0.71 and 1.11 respectively, that is 29 % less and 11 % more than the perfectly mixed condition. The local variability of concentration values is indicated by the standard deviations in Figure 14.

Sampling position #10 corresponds to minimum dimensionless concentrations which are significant (standard deviation of about 6 %); on the other hand, any remark regarding the sampling position #8 has to be taken with caution because its standard deviation (about 30 %) can easily mask the departure from the perfectly mixed condition (about 11 %).

Figure 14 includes dimensionless concentrations from model (crosses). As in the case of concentration values from experiment, only results beyond three renewal times were considered. Dimensionless concentrations from model increase with distance from the wall nearby the air inlet. Such an increase can be explained by the fact that the room is ventilated with aroma-free air, hence the aroma concentration is expected to progressively increase from the inlet to the outlet. Apart from the plane of symmetry (upper display), dimensionless concentrations from model can exhibit values smaller or higher than that at the outlet, depending on the distance from the wall nearby the air inlet.

Figure 14 shows that dimensionless concentrations from model and experiment agree better than 0.15 in the case of sampling positions #1, #3, #5, #10, and #12. Air flow conditions around these positions as estimated by CFD can be illustrated by those prevailing at position #5: air velocity of 0.1-0.15 m/s and turbulent intensity of 20-25 % (Figures 5 and7). On the other hand, differences between dimensionless concentrations from model and experiment reach 0.35-0.40 at positions #8 and #11. Air flow conditions around these two positions are not very different from those prevailing at position #5; actually, the turbulent intensity is somewhat higher at position #11 (about 25-30 %, Figure 7).

Numerical simulations of the air flow field were obtained by employing the RANS equations; they provided useful results regarding the mean air flow behavior as well as the effects of fully developed small scale turbulence on the mean air flow properties. However, under realistic conditions, turbulent flow can be associated with spatial scales which are not resolved with the help of the RANS modeling approach.

In the scope of this study, it seems plausible to associate turbulent intensity with the variability of concentration with time. The latter can be assessed by the standard deviations shown in Figure 14; for a given position, they were evaluated from all the available concentration observations beyond three renewal times, by taking into account the three concentration variability with time as revealed by experiment (Figure 13). On the other hand, the standard deviation is smaller than 0.05 at position #5, where dimensionless concentrations from model and experiment agree better than 0.15. It appears that time-averaged concentration values from model and experiment almost agree when the variability of concentration values with time is relatively low (< 10 %). In the region of high variability, we can conjecture that the large turbulent structures which are not captured by the RANS approach should be taken into account to improve the prediction.

The spatial distribution of aroma concentration in the room at a height of 1.85 m is characterized by a first increase tendency from the air inlet to the outlet and by a second increase tendency from the plane of symmetry towards the walls. Both tendencies seem to be stronger from model than from experiment. Further, model results exhibit a larger departure, than those from experiment, with respect to the perfectly mixed reactor behavior. τ is firstly twice τ and then half of that value, respectively. In both cases the time evolution of dimensionless concentration starts following the previous situation, then exhibits a maximum value, and finally vanishes beyond a few renewal times. The maximum value is weaker, and the time interval before vanishing is shorter, when the renewal time is higher than the release decreasing characteristic time. 

Conclusions

In this article we have proposed and tested a novel mechanistic approach for studying the dispersion of aroma under indoor conditions. The approach combines a computational fluid dynamics (CFD) model which predicts air flow and scalar convection-diffusion of species, with an aroma release model.

The major advantage of our modeling approach is its flexibility: air flow field was computed separately from aroma release and dispersion. Hence, different release models as well as the release of distinct aroma compounds can be directly studied by taking into account a same velocity field, without any additional CFD simulation. The ANSYS FLUENT 12 flow modeling simulation software was employed for estimating the mean air flow field and for solving the convection-diffusion problem under transient conditions for a constant release rate, while the aroma release model and the convolution (equation 15) were developed in the programming language MATLAB. The application of our modeling approach to other software and programming language seems feasible.

The consistency of the mean air flow from model was assessed from the analysis of measurements of the air velocity along a vertical line at the room center and along a horizontal line at 1.85 m above the floor. Differences between air velocities from model and experiment grew when the velocities became relatively weak (smaller than 0.05 m/s).

Dimensionless variables were introduced as a tool for studying the indoor aroma dispersion: the concentration at a given position is normalized to the steady value at the room outlet, whereas the time is divided by the room renewal time. Results from model indicated that dimensionless concentrations at a given position can exhibit essentially the same evolution with dimensionless time after doubling the air inflow rate.

Results from the modeling approach were compared to measurements of aroma compound volume fraction at selected positions in the case of an inexhaustible source. We propose a modeling approach for studying the indoor dispersion of aroma compounds which are released from, for instance, food products. We show that the indoor velocity field can be estimated separately through CFD, under aroma-free conditions, and then combined with the aroma mass flow associated with the source of interest. Modeling results compare favorably with experimental measurements. The modeling approach is flexible and computationally effective, since different release conditions can be considered with no additional CFD simulation. 

  pure air physical properties. As a result, the flux of aroma released by the source is independent on the aroma dispersion throughout the room.

-

  The previous case of constant mass flux after release can help to study more complicated release conditions. As proposed above, concentration values for the previous case can be interpreted in terms of step responses and later generalized with the help of dimensionless variables. The time evolution of aroma concentration is illustrated in subsection 4.5 for a number of exhaustible sources.

Figure 2

 2 Figure 2 sketches the main features of the indoor environment under consideration (hereafter, "the room"). It is 7.42 m long, 6.48 m wide and 2.92 m high, with a volume of about 140 m 3 . Forced ventilation is achieved with an air inlet and an air outlet; both are positioned at the roof. Flow rate of incoming air from outside was stable within +/-10 % around its nominal value. At the inlet, air crosses a honeycomb panel in order to achieve uniform velocity and low turbulence level. The inlet surface is a square with side 0.40 m; the inlet box is 0.30 m high. The outlet surface is 0.30 m x 0.20 m. Both the inlet and the outlet are positioned along the longest vertical plane of symmetry of the room.

  mass conservation equation and the Reynolds-Averaged Navier-Stokes (RANS) equations for three-dimensional fluid flow were the governing equations. The standard kepsilon turbulence model and standard wall functions were used. The equivalent diffusivity e D is almost entirely due to the turbulent (non-laminar) phenomena; it is hereafter estimated by the turbulent diffusivity t D . The latter was obtained firstly by computing the turbulent the turbulent kinetic energy k and the dissipation rate ε , and then by assuming a turbulent Schmidt number 7. Therefore, the turbulent diffusivity was directly obtained from the k-epsilon model; no adjustment of t D

Subsections 4 . 5 F 4 . 1 .

 4541 1 and 4.2 discuss the air velocity, the turbulent diffusivity and the concentration fields obtained under steady-state conditions. Subsections 4.3 and 4.4 discuss the time evolution and the spatial distribution of concentration in the case of constant mass flow after release in an initially aroma-free room. The consistency of selected results is assessed with the help of measurements conducted in the room. Finally, subsection 4.of concentration at selected positions for a time-dependent aroma release. Air flow under steady-state conditionsThe main features of air flow in the room are hereafter discussed with the help of CFD simulations. Fluid properties were held constant with values corresponding to a room temperature of 300 K; air density is 1.225 kg/m 3 and air dynamic viscosity is 1.789 10 -5 Pa.s .

Figure 5 .

 5 Relevant features are a) the sharp increase from the axis of the downward jet to its outer limits, including the values beyond 100 % in the mixing layer, b) the progressive decrease towards the walls and the center of the room, including a tongue-like flow structure near the floor, and c) relatively low

  compares air velocities measured at selected positions and corresponding values retrieved from CFD results, along the plane of symmetry of the room, under the flow rate 450 m 3 /h. The air velocity measured at a given position is summarized by the arithmetic average and the standard deviation values computed from 120 instantaneous observations performed during periods of 4 minutes. Measurements were conducted during periods ranging from 2 to 3 hours. Left-and right-hand displays of Figure 8

Figure 9

 9 Figure 9 presents the aroma concentration field along the sample planes as in Figures 5 and 7. A complementary view is offered in Figure 10, including the horizontal plane located at 1.85 m above the floor. The lowest values occur in the downward jet below the air inlet, as a consequence of the incoming aroma-free boundary condition. The highest concentration

Figure 10 4 . 3 .

 1043 Figure 10 includes also the positions of the inlets of eleven sampling tubes used for aroma measurements at 1.85 m above the floor. According to Figure 10, the distribution of such positions appears satisfactory in the sense that the spatial distribution of the concentration field can be sampled in a representative manner.

Figure 11 presents

 11 Figure 11 presents the aroma concentration as a function of time at selected positions, under air flow rates 450 (left) and 900 m 3 /h (right hand displays). The air inlet and outlet devices and also the table with the source are all placed along the longest vertical plane of symmetry of the room; it is hence enough to discuss the concentration evolution for the sampling lines located on this plane (outlet, tubes #5, #8, and #11) and for the remaining positions distributed on the same half-room (tubes #1, #6, #7, and #12). As shown in Figure11, the evolution of concentration values can be different from one position to another during the first minutes after aroma release; further, concentration values increase during a period covering a few renewal times and then exhibit a quite steady pattern. Finally, the range of concentration values obtained after three hours of integration depend on the air flow rate: the aroma mass fraction ranges from 3.2 up to 6.0 10 -6 under flow rate 450 m 3 /h, and from 1.6 up to 3.0 10 -6 under 900 m 3 /h. Such a rough tendency for dividing by two the mass fraction after doubling the flow rate can also be observed at the outlet: 5.1 10 -6 and 2.6 10 -6 under 450 and 900 m 3 /h respectively.

  Figure 11 shows the outlet and the positions in the room where the aroma concentration is expected to be the lowest and the highest. As shown in this figure, the replacement of absolute scales by dimensionless ones allows the same evolution of concentration with time; at a given position, differences between dimensionless concentration values obtained under flow rates 450 and 900 m 3 /h are typically smaller than 5 %. Similar patterns are obtained at each sampling position beyond three renewal times; it corresponds to about the first hour under 450 m 3 /h and the first 30 minutes under 900 m 3 /h. We can conclude that, under relatively high Reynolds number at the room inlet (about 21400 under 450 m 3 /h), similar air flow patterns prevail after doubling the air flow rate (e.g. from 450 to 900 m 3 /h).

Figure 12 4 . 4 .Figure 12 .

 124412 Figure12includes for comparison the concentration evolution in the case of a perfectly mixed reactor (white squares), whose dimensionless concentrations are expressed by1 -exp( -t* ).The outlet concentration appears quite close to the concentration in a perfectly mixed reactor beyond 50% of the first renewal time. Our numerical simulations indicate that the room does not operate as a perfectly mixed reactor because there are positions (for instance tubes #6 and #11) where the steady concentration values are significantly higher or lower values than at the outlet. Relative differences with the perfect mixed case are always large at the beginning of the release.

Figure 14 presents

 14 Figure 14 presents dimensionless concentrations from those three repetitions, as a function of the distance from the wall nearby the air inlet. The upper display corresponds to sampling positions which are located 1.5 m to the left (black symbols) and to the right (white symbols) from the plane of symmetry, while the lower display corresponds to the positions located along the plane of symmetry (Figure2). Dimensionless concentrations were obtained after evaluating the time-averaged concentration at every sampling position, and then dividing it by the time-averaged concentration at the outlet. All the concentration values observed beyond three renewal times since the aroma release (about 1680 s in this case) were included in evaluating time-averages and standard deviations; as shown in Figure12, quite steady conditions for most positions can be reached after such a period.

# 8 ,

 8 repetitions. Such standard deviations have values of about 0.18 and 0.30 at positions #11 and where the differences between dimensionless concentrations from model and experiment reach 0.35-0.40. Sampling positions #11 and #8 were associated with the highest

4. 5 .

 5 Concentration time evolution under time-dependent release in initially aroma-free room Previous subsections have discussed the time evolution and the spatial distribution of aroma concentration under constant release. Many scenarios of practical interest involve aroma sources whose release mass flux cannot be assumed constant with time, as in the case of diluted solutions. Such a time-dependent release rate can affect both the time evolution and the spatial distribution of the aroma concentration; the latter can be estimated by solving the partial derivative equations which describes the convection-diffusion problem of interest. The expensive task of solving this challenging problem can be avoided with the help of the modeling approach presented in Section 2. Firstly, aroma release and aroma dispersion have been decoupled: ambient air transport properties were assumed do not depend on aroma concentration, which in turn was assumed to be far from its "saturation level" in the room.Secondly, the indoor air velocity and turbulence intensity fields have been estimated under steady-state conditions, hence no additional CFD simulations are required. Thirdly, the time evolution of aroma concentration after release starting has been obtained under constant release and later interpreted in terms of step responses. Finally, the aroma concentration as a function of position and time can be estimated by convolving such responses with the timedependent mass flux which characterizes the scenario of interest (equation 16).

  Figure 15 correspond to situations in which l

  Results presented in Figure15demonstrate the potential of our modeling strategy. It is sufficiently flexible for representing the indoor aroma dispersion following its release from either inexhaustible or time-dependent sources.
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 123456789101112131415 Figure 1: Schematic representation of the modeling approach. 1587x1190mm (96 x 96 DPI)

  More realistic situations involve aroma sources whose release rate cannot to be assumed constant with time after the release starts. Under such situations, the aroma concentration value at given position and time can be estimated from the convolution between the time-dependent mass flux { } { }

									t & = m	m 0 &	f	t	of aroma compound and the step response
	function F* associated with the position of interest:
					F o
									r
									P
									e e r
									R e v i e w
									t* , C{ outlet >> x r	is the
	aroma concentration at the room outlet after a period many times longer than the renewal
	time; the latter is equal to the steady state outlet concentration:	m 0 &	/	V &	. Dimensionless
	concentrations	F	*	{	x r	,	t*}	constitute the response to a unit step release condition
	( { } 0 t m > &	/	m 0 = &	1	).

  adopting progressively coarser meshes (cubes with sides 6 and then 8 cm), the air velocity increases at 1 m above the table (by about 4 and 6 %) and decreased in the first centimeters from the roof and the table. Inversely, the adoption of a finer mesh (more than 4 million cubes

	F o
	r
	P
	e e r
	R e v i e w
	compares
	vertical distributions of the air velocity above the table under flow rate 450 m 3 /h, firstly
	obtained after meshing the computational domain with the help of rectangular hexahedrons
	whose dimensions are close to cubes with side 3, 4, 6, and 8 cm respectively (left hand
	display), and then obtained by employing two turbulence models (right hand display).

Main results discussed were obtained by meshing the computational domain with the help of about 2.2 million rectangular hexahedrons, close to cubes with side 4 cm. After

  averaging beyond the first three renewal times. Time-averaged concentration values from model and experiment agree better under conditions associated with relatively small turbulent intensity (small concentration variations with time). Under realistic conditions, turbulent flow can be associated with large transient structures which are not resolved with the help of the RANS modeling approach. The knowledge built from CFD results here discussed may not be sufficient for completely understanding aroma dispersion in the room. A more complete study of indoor air flow behavior should involve the large-eddy simulation (LES) approach, but requiring computer memory and speed beyond our present capabilities.In summary, both the mean air flow pattern and the aroma convection are reasonably well predicted with the help of our modeling approach. Next efforts include the application of this approach to a broader set of conditions.
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	Dimensionless concentrations from model and experiment were compared after time-
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