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A B S T R A C T

Multi-well aerosol exposure systems are used in modern toxicology assessment studies to deliver
aerosol to a large number of tissue/cell culture samples simultaneously. These systems are de-
signed to control the experimental conditions of a delivered aerosol. In these systems (e.g., those
developed by Vitrocell GmbH), the aerosol mixture is delivered perpendicularly to the tissue
culture through a trumpet-shaped (flared) pipe. In the well chamber where the tissue/cell culture
is exposed, the flow is smooth and laminar, which limits shear forces and potential moisture loss
that may damage the tissue/cells. These operating flow conditions also determine the aerosol
dynamics and deposition mechanisms within the system. The utility of these systems to evaluate
biological responses depends on the quantity of tissue culture. With limited experimental data,
evaluating the aerosol deposition via computational means is necessary to predict the deposition
efficiency. For our investigations, we employed a recently developed Eulerian Computational
Fluid Dynamics solver (available at www.aerosolved.com) for simulations of polydisperse multi-
species aerosol transport and deposition. We investigated deposition efficiency using various
exposure distances to the tissue culture, aerosol properties, and operating conditions. Terms
associated with drag, gravitation, and Brownian diffusion were included in the aerosol equations
to predict the deposition of the polydisperse aerosol. Results were verified by comparisons with
the available experimental data, and predictions were obtained from the Lagrangian simulations
using commercially available software. Within the recommended operating conditions, inertial
impaction was found not to affect aerosol deposition, which is driven mainly by the size-de-
pendent sedimentation and diffusion mechanisms. An important implication is that for a wide
range of droplet sizes, the delivered dose to the tissue is independent of sampled flow rate. Taking
this into account, a simple and robust size-dependent theoretical model of the aerosol deposition
efficiency was developed. This theoretical model is based on aerosol characteristics, flow, and
geometry inputs without the use of any fitting parameter. It can be applied to various exposure
system geometries under different operating conditions, as verified in comparisons with pub-
lished deposition efficiency data obtained from experiments and computations.
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1. Introduction

Modern in vitro inhalation technologies that allow exposure and testing of aerosol constituents in high-throughput exposure
systems offer increasing capability, flexibility, and efficiency. In vitro experimental dosimetry is increasingly used to study the effect
of direct deposition on living cell cultures in exposure systems, such as the air-liquid interface (ALI) systems (e.g., Vitrocell®, Cultex®,
XposeALI® or P.R.I.T® ExpoCube®). The main advantage of such systems for inhalation toxicology is that they operate under con-
ditions closer to realistic exposure (i.e., the solid or liquid particles are often delivered in mixtures with the surrounding gas (air), and
they are directly deposited on tissue-cell cultures) (Paur et al., 2011; Thorne & Adamson, 2013). They often allow modulation of
aerosol exposure conditions (for example, diluting toxicants in order to have an influence on the amount of constituents deposited on
the tissues). The increasing complexity and sophistication of these systems require a detailed understanding of their capabilities and
the conditions at which these systems can operate and deliver reliable, repeatable, and reproducible results.

In vitro exposure systems generally have a modular construction allowing for consecutive steps of aerosol input/delivery,
transport, dilution, sampling, and finally, deposition on the ALI followed by the exhaust. Along the way, depending on the system, the
aerosol characteristics (concentration, size, partitioning between phases) may be altered continuously depending on the aerosol and
system design. Flow conditions, system geometry, and aerosol characteristics affect losses and deposition due to the fact that de-
position of aerosol particles is governed by the physical mechanisms of interaction such as impaction, sedimentation, interception,
and diffusion (Findeisen, 1935; Hofmann, 2011).

Evaporation, condensation, and coalescence also change aerosol characteristics (i.e., particle size distribution resulting from
aerosol particle shrinkage, growth, or clustering). Such alterations depend on many parameters (e.g., flow rate, particle number
density, multicomponent composition, and polydispersity of the investigated aerosols). Typically, a flowing aerosol enters the ex-
posure system under possible dilution to a prescribed dosage, triggering biological effects while still maintaining biological tissue
viability (Mathis et al., 2013). The dilution step often requires mixing the aerosol with conditioned air at certain humidity and
temperature. This may impact affect aerosol characteristics, particularly for liquid aerosols, in which vapor/liquid partitioning plays
a major role. Moreover, the diluting air also increases the volumetric flow rate and, consequently, the velocity of the diluted aerosol.
Depending on the particle size distribution, this increase in velocity may change the aerosol sampling efficiency (Hangal & Willeke,
1990) and particle deposition and losses (Elghobashi, 1994; Guha, 1997; Hofmann, 2011) in the system.

After the dilution step, the aerosol is often sampled towards the exposure well chamber, in which only a fraction of the incoming
aerosol is deposited. Sampling of aerosol from the main pipe is mostly driven by the geometry and size-dependent inertia of aerosol
particles. From this perspective, it is a mechanical process in which anisokinetic and anisoaxial artifacts should be avoided. Generally,
along the whole transport route, additional disturbances of the flow and recirculation zones should be avoided to minimize potential
alterations of aerosol characteristics or losses.

Finally, the sampled aerosol arrives near the tissue where one would like to maximize its deposition, which again is a function of
the flow, geometry, and aerosol characteristics (e.g., size distribution and particle number density). It is therefore important to
understand the aerosol dynamics in the exposure systems and account for possible alterations to the aerosol when conducting
exposure studies (Comouth et al., 2013). Extensive effort has been already made to characterize computationally and experimentally
various parts and phenomena in the exposure systems to ensure stable and predictable delivery of aerosols to biological cell cultures
(e.g., Kuczaj et al., 2016; Majeed et al., 2014).

Here, we investigate in detail the sampled aerosol flow within the exposure well chamber. One of the important parameters
characterizing the system is the deposition efficiency. Deposition is governed not only by the flow rate of the aerosol constituents but
also by their physical characteristics (e.g., size distribution and particle number density), which are also directly related to the
thermodynamic of the liquid mixtures (e.g., vapor-liquid phase partitioning). For example, ALI exposure systems were used by Tippe,
Heinzmann, and Roth (2002) to study the deposition of fine and ultrafine aerosol particles on cell cultures, whereas Comouth et al.
(2013) used an ALI exposure system to study the size and the material-dependent particle deposition efficiency of the system. We will
compare the results with available experimental data and cross-comparison simulations obtained using commercial software and

Nomenclature

δ boundary layer thickness m[ ]
η deposition efficiency −[ ]
μ dynamic viscosity of aerosol vapor phase kg ms[ / ]
ν kinematic viscosity of aerosol vapor phase m s[ / ]2

ϕdep particle rate at the deposition plate s[#/ ]
ρd particle density g cm[ / ]3

σx standard deviation of quantity x
τ particle residence time s[ ]
A area of the deposition plate m[ ]2

Cc Cunningham correction −[ ]
d particle diameter m[μ ]
g gravitational acceleration m s[ / ]2

h distance between trumpet and interface m[ ]

kB Boltzmann constant − −m kgs K[ ]2 2 1

N particle count per volume m[#/ ]3

qv sampling flow rate m s[ / ]3

R deposition plate radius m[ ]
Re Reynolds number −[ ]
St Stokes number −[ ]
T Temperature K[ ]
tc characteristic time s[ ]
u reference velocity inside the trumpet m s[ / ]
vs settling velocity m s[ / ]
x characteristic size length of plate m[ ]
Xi quantity X for particles with diameter di
ALI Air-Liquid interface
CFD Computational Fluid Dynamics
PSL Polystyrene Latex
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Lagrangian modeling approaches.
In past years, there has been a continuous effort devoted towards developing theoretical models for the deposition at the ALI

systems. Despite the effort, only “a few models developed were adapted and validated concurrently with the available experimental
data, which resulted in dose-estimation models that are specific to the used exposure system and not easily generalized across
studies” (review in Secondo, Liu, & Lewinski, 2017). As the physical characterization of aerosols at high particle numbers and small
sizes is very challenging, Computational Fluid Dynamics (CFD) simulations were used to investigate and quantify the effect of flow
rate, aerosol particle density, and geometry on the aerosol deposition characteristics in trumpet-like systems of various size. Using
CFD results and experimental data from the available literature, we evaluated our generated deposition data, and based on this
knowledge, we developed a simple and robust analytical model for deposition efficiency. We concluded that in systems in which
aerosol deposition is driven by gravitation (sedimentation) and diffusion forces, simple, analytical physics-based formulae with only a
couple of assumptions gives accurate predictions of the aerosol deposition efficiency in the well chamber. They do not depend
particularly on the geometry of the well chamber but primarily on the capability of such systems to create a uniform concentration of
a flowing aerosol mixture above the tissue surface. The proposed model is validated against available experimental and simulation
data. We demonstrate its use for the practical computations of aerosol deposition efficiency for selected aerosol characteristics.

This paper is organized as follows: in Section 2, the Vitrocell 24/48 and Vitrocell AMES 48 exposure systems are briefly in-
troduced, followed by the presentation of both well chamber geometries. The results of simulations for various flows and aerosol
conditions are presented in Section 3. In Section 4, an analytical model predicting deposition efficiency is given and applied to
selected cases. Concluding remarks are given in Section 5.

2. Exposure system geometries and characteristics

We present the geometry and characteristic dimensions of two exposure systems developed by Vitrocell GmbH, namely, Vitrocell
24/48 (VC24/48) and Vitrocell AMES 48 (AMES48). The first is used to study exposure of human organotypic cell culture tissues,
whereas the second is used, for example, for mutogeneticity testing (in accordance with the modified OECD 471 guidelines OECD,
1997). These systems are built on concepts similar to those presented in the introduction concerning a step-wise approach and
modularity aimed at different biological targets. Both systems can expose 48 samples at different exposure levels in a matrix of six
samples by eight rows at similar conditions or each row can be controlled separately by modifying the input or dilution flow.

In Figs. 1 and 2, the geometries of the VC24/48 and AMES48 rows are presented. Note that the AMES48 well chamber is
significantly larger than the VC24/48 well. In both figures, the sampling pipes to the well chambers are visible. The VC24/48 row is
shown together with the double-tee dilution channels. The AMES48 row has a flow constriction at the inlet (left side of figure)
without dilution pipes. In both geometries, the diameters of these inlets are modifiable and can be varied in size for specific needs,
impacting the mixing efficiency depending on flow conditions. However, this is out of scope of the current work and a subject for
separate investigations.

Here, we concentrated on the simulations of aerosol flows in well chambers. The geometries of VC24/48 and AMES48 are
presented in Figs. 3 and 4. The chamber geometries and dimensions of the deposition plates situated at the bottom are substantially
different. Each well chamber includes a flared aerosol sampling pipe (called a trumpet/sampling pipe here). The biological insert is
located at the bottom but is not shown in Figs. 3 and 4. A simplification is made such that the bottom of the geometry represents the
deposition plate (NB, the membrane with the biological material (insert) is smaller in size than the whole deposition plate.).

The VC24/48 delivery line has diameter of 6mm with the sampling pipe having an internal diameter of 3mm. The inner diameter
of the trumpet pipe outlet is 5.4 mm; the deposition plate diameter is 8 mm. Each sampling chamber well is separated by 20mm. The
deposition plate is located around 2.5 mm below the trumpet pipe outlet in our exposure studies (this distance can be adjusted by the
selection of various removable trumpet pipes and sealing material thicknesses used in the system). The distance of the deposition
plate to the center of the delivery line is 55.7 mm. The AMES48 system has a delivery line diameter of 6mm with two increasing
sampling pipe inlet diameters of 4 and 8mm leading to a sampling pipe diameter of 12mm. The inner diameter of the trumpet pipe
outlet is 32mm, and the deposition plate diameter is 33.7 mm. Each well chamber is separated by 55mm. The deposition plate is
41.3 mm below the centerline of the delivery pipe.

The exposure well chamber geometries were meshed, and grid-independence studies were performed for flow simulations to-
gether with the aerosol. The average cell size was varied from 0.092 to 0.37 mm in the bulk flow along the sampling pipe together with
three distinct boundary layer thicknesses at the bottom of the plate, where the aerosol settles. All details concerning meshes and cell
sizes are listed in Table 1. Simulations were performed on the nine meshes described, taking into account various cell sizes and
resolution of the boundary layer at the deposition plate. We present snapshots of the meshed geometries for the VC24/48 in Fig. 5.
From these investigations, we selected the mesh used for all the parameter-study simulations presented in the next section. We note
that in studying the well chamber deposition efficiency, we assumed parabolic flow profiles at the inlet to the sampling pipes

Fig. 1. Single row geometry of the Vitrocell 24/48 system showing the dilution and sampling pipes along with well chambers.
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(trumpets) with uniform aerosol distributions. From this perspective, we could simplify the presented geometries, taking into account
the radial symmetry for simulation purposes. Considering sampling efficiency studies, we created this geometry in three dimensions,
cutting the sampling pipe in the middle of its length (VC24/48) and at the well chamber entry (AMES48).

3. Computational modeling of aerosol transport and deposition

We will now briefly describe the modeling approach and conditions used to simulate the aerosol flow and deposition within
VC24/48 and AMES48 systems. Afterwards, we present the simulation results, concentrating mainly on the deposition efficiency
dependence on certain parameters, such as flow rate, particle density, and geometrical distance between the trumpet and deposition
plate.

For the simulations, we employed the recently developed and publicly available AeroSolved simulation platform (AeroSolved,
2017). The AeroSolved code was developed to study aerosol dynamics starting from aerosol generation through its evolution,
transport, and deposition. The aerosol is described within an Eulerian-Eulerian framework, with the aerosol size distribution and
aerosol dynamics represented by the sectional method (and with two-moment approach not used here). The code is implemented
using the OpenFOAM (2015) open source software. AeroSolved solves the mass, momentum (Navier-Stokes), and energy con-
servation equations using a Pressure-Implicit with Splitting of Operators algorithm in the multispecies formulation for gas (vapor)
and liquid/solid (particle) phases. In this context, we have used it for non-evolving aerosols, simulating a large span of particles

Fig. 2. Single row geometry of the Vitrocell AMES 48 system showing the sampling pipes along with well chambers.

Fig. 3. Geometry of the aerosol delivery line and exposure well chamber, including aerosol sampling/trumpet pipes to the deposition plate for the
VC24/48 system. Component labels and dimensions with arrows indicating flow direction (a), computational domain (b).

F. Lucci et al. Journal of Aerosol Science 123 (2018) 141–160

144



ranging from nanometers to a couple of micrometers. The sectional model enables each section size to be separated without inter-
actions between them when processes such as coalescence and condensation/evaporation do not take place. Taking into con-
sideration the substantial time ( −5 15 s) between aerosol generation and the delivery to the well chambers, we have excluded
Brownian coagulation in the trumpet well as playing an important role. For deposition, we included inertial impaction, sedi-
mentation, and diffusion. The code was verified against a number of benchmark cases that are freely available in the code repository
(AeroSolved, 2017) and published (Frederix et al., 2018; Frederix, Kuczaj, Nordlund, Veldman, & Geurts, 2017).

We performed a separate cross-code comparison step using Fluent® v17.1 using the Lagrangian, one-way coupling, discrete phase
model. We analyzed the particle deposition in the VC24/48 exposure well chamber for different sampling flow rates. In the Fluent
v17.1 simulations, different sets of 10,000 glycerol ( =ρ 1.25 g/cmd

3) particles with different diameters ranging from 0.23 to 4.1 μm
were injected uniformly at the inlet after the flow reached steady state. For this particle diameter range, only gravitational forces and
Stokes drag were included in the particle equation, and hence, Brownian diffusion was neglected. The results of a comparison
between the Eulerian-Eulerian framework of AeroSolved and the Eulerian-Lagrangian framework of Fluent v17.1 are presented in
Fig. 6. The comparison shows a good agreement between the two frameworks.

Snapshots of velocity and aerosol concentrations are given in Fig. 7 for VC24/48 and in Fig. 8 for AMES48. Because the re-
commended flow rates for the sampling are very low (2ml/min for VC24/48 and 10ml/min for AMES48), the velocities in the well
chambers have very smooth profiles. The main role of these flows is to speed up aerosol delivery to the bottom of the chamber, where
it is mainly deposited through sedimentation and diffusion. The aerosol follows smoothly the flow streamlines until it is delivered to
the deposition plate representing the tissue/cell culture surface.

As already mentioned, we have concentrated on the deposition efficiency, assuming laminar flow and uniform distribution of
aerosols flowing into the exposure well chambers at the inlet. Separate computational studies will focus on sampling the aerosol from
the delivery line. Deposition efficiency η is defined for each particle size as the ratio between the deposited aerosol mass flow rate at
the trumpet plate to the aerosol mass flow rate at the trumpet pipe inlet:

Fig. 4. Geometry of the aerosol delivery line and exposure well chamber, including aerosol sampling/trumpet pipes to the deposition plate for the
AMES48 system. Component labels and dimensions with arrows indicating flow direction (a), computational domain (b).

Table 1
Details concerning mesh generation for the three mesh densities and three boundary layer thicknesses.

Mesh label C1 C2 C3 B1 B2 B3 F1 F2 F3

Description Coarse Base Fine
Bulk size [mm] 0.37 0.18 0.092
Trumpet pipe
Number of layers 4 4 4
Stretching 1.07 1.07 1.07
First layer [mm] 0.12 0.06 0.03
Prism layer [mm] 0.53 0.027 0.013
Deposition plate
Description plate Thin Normal Thick Thin Normal Thick Thin Normal Thick
Number of layers 4 7 9 4 14 22 4 14 48
Stretching 1.07 1.07 1.04 1.07 1.07 1.045 1.07 1.07 1.02
First layer [mm] 0.12 0.1 0.1 0.06 0.03 0.03 0.03 0.015 0.015
Prism layer [mm] 0.53 0.87 1.1 0.27 0.68 1.1 0.13 0.34 1.2
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Deposition efficiency delivers unique information concerning the size-dependent characteristics of the deposited particles on the
deposition plate, from which the total dose of the aerosol can be computed assuming a given particle size distribution arriving at the
deposition plate.

To check the numerical independence of the results, we simulated the given geometry of the VC24/48 at varying mesh densities
and boundary layer thicknesses (Table 1). Results from the nine simulations performed with meshes C (coarse), B (basic), and F (fine)
at three boundary layer thicknesses are presented in Fig. 9(a). We note slight dependence of the deposition efficiency on mesh
resolution, as shown in Fig. 9(b). In particular, with regard to deposition, there is no difference in accuracy between the basic and fine
meshes in the gravitational settling flow regime, whereas the mesh resolution plays the most important role in the regime dominated
by both the gravitational settling and diffusion. We decided to use mesh B2 in further investigations as the best compromise between
computational accuracy and computational cost. Based on these investigations concerning meshing, geometry, and accuracy, a mesh
of a similar quality was generated for the AMES48 system.

We start our detailed computational investigations with the VC24/48 system. In Fig. 10, the deposition efficiency profiles versus
the aerosol particle diameter d for three different sampling flow rates in the well chamber are shown for Glycerol particles. The
plotted diameter d represents the diameter of the average mass, assuming spherical particle shape of given density. For these si-
mulations, the density of glycerol was assumed =ρ 1.25 g/cmd

3. The deposition efficiency η follows the known v-shape profile
(Hinderliter et al., 2010), characterized by a minimum deposition separating a sedimentation regime for large particles and a

Fig. 5. Three meshes of selected grid density (Base) and varying boundary layer thickness (Thin (a), Normal (b), and Thick (c)), as described in
Table 1 for the VC24/48 well chamber.

F. Lucci et al. Journal of Aerosol Science 123 (2018) 141–160

146



diffusion regime for small particles. In our simulations, the minimum deposition efficiency is observed for particles of approximately
0.16 µm for the VC24/48 system.

For a typical sampling of 2ml/min and a 2.5 mm distance between the trumpet and the deposition plate for the VC24/48 system,
the deposition efficiency is around 90% for particles of average diameter of 4 µm. It decreases rapidly to under 10% for one-
micrometer sized particles and reaches a minimum of less than 1% for particles of approximately =d 0.16 μm. For smaller particles,
the deposition efficiency rises above 1% for particles smaller than 70 nm.

Moreover, the deposition efficiency decreases significantly with increasing sampling flow rate in the trumpet pipe. This might be
because of an increasing inlet flow rate of particles (as per the definition of deposition efficiency) or by a decreasing deposition. To
investigate this and find the reason for the observed decrease in efficiency rate for increasing flow rate in the VC24/48, it is useful to
analyze the particle rate ϕdep[#/s] at the deposition plate.

In Fig. 11, the deposition rate (i.e., the number of particles depositing on the plate per second) is plotted versus the particle
diameter for the various sampling flow rates. A log-log graph is plotted to better highlight the diameter dependence. Note that the
deposition rate represents in absolute terms what is deposited on the plate surface and therefore provides the predicted deposited
dose, whereas the efficiency η represents the ratio between the deposited dose and the aerosol available for deposition (administered
aerosol).

In Fig. 11, we observe a clear independence of the particle deposition rate in the sedimentation regime (i.e., for particle sizes
>d 0.3 μm) from the sampling flow rate. We can conclude that the deposited dose does not change by increasing the sampling flow

rate. In other words, the deposition in these conditions is driven mainly by the sedimentation force, and the impaction force does not
play a role at such low flow rates. In the diffusion regime (i.e., for particle sizes <d 0.1 μm), the deposition increases with increasing
sampling flow rate.

In Fig. 10, we have seen that particles larger than >d m3 μ reach 100% deposition at the lowest sampling flow rate of 1ml/min.
This is reflected in the plateau of the deposition particle rate reached for the same case and particles in Fig. 11. In this case, the
particle deposition rate does not increase with particle diameter, because all particles have already been deposited. We note here that
we injected the same particle count concentration for each particle size.

As already mentioned, the simulations were performed with polydisperse, non-evolving aerosols. In other words, particles of each
size initially entering the domain do not interact with other particles by any force. The results presented refer to an aerosol with total
mass fraction −10 5, which corresponds to the integral of the mass fraction along all particle size sections. Following the method
described in Frederix, Stanic, Kuczaj, Nordlund, and Geurts (2016), this results in a particle count concentration for each particle size
section of approximately 100#/cm3, which is constant for each section. For higher concentrations, the results in Fig. 11 need to be
scaled accordingly without any influence to the performed simulations.

Next, we turn our attention to the investigation of the dependence of the distance between the trumpet pipe outlet and the
deposition plate. This trumpet-plate distance may vary based on the various thicknesses of seals used for closing the geometry and
also based on the selection of trumpet-pipe size. In Fig. 12, the deposition efficiency simulated for four distances from 1.5 mm to 3mm
between the trumpet and deposition plate are shown. The sampling flow was kept constant at 2ml/min, and, as in the previous cases,
the particle density used is equivalent to glycerol ( =ρ 1.25 g/cmd

3). The results do not show any influence of this trumpet-plate
distance for aerosol in the sedimentation regime, whereas the deposition efficiency increases in the diffusion regime as the trumpet-

Fig. 6. Comparison between the deposition efficiency results for a VC24/48 system obtained using the Eulerian-Eulerian framework of AeroSolved
and the Eulerian-Lagrangian framework of Fluent v17.1.
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plate distance decreases.
In Fig. 13, the deposition efficiency plots for four different aerosol particle densities are presented. The results are plotted versus

particle size (Fig. 13a) and the characteristic settling velocity vs (Fig. 13b). The influence of density is analyzed in the range from
0.85 g/cm3 to 1.45 g/cm3, which covers aerosol particle densities of practical interest. In particular, the reference values of PSL par-
ticles, often used in validation experiments (1.05 g/cm3), and glycerol, a commonly used aerosol former (1.25 g/cm3), were included.
For this set of simulations, the sampling flow rate and the trumpet-plate distance were kept fixed at 2ml/min and 2.5 mm, respec-
tively. Results indicate that deposition is independent of particle density in the diffusion regime for smaller particles, although some
variability is present for large particles (Fig. 13a) due to the sedimentation force. The opposite is observed when the results are
plotted versus the settling velocity (Fig. 13b). This further confirms, that for the given conditions, large particles deposit only by
sedimentation, whereas small particles settle primarily by the diffusion dictated by Brownian diffusion, which depends on particle
diameter.

Next we evaluate the AMES48 system, for which similar computational studies were performed. In Fig. 14, the deposition rate
profiles versus the aerosol diameter are presented. This system is characterized by a plate area of 890 mm2 and a distance between the
trumpet pipe outlet and the deposition plate of 2mm. The same aerosol properties of those presented in Fig. 11 were used for these
simulations. Three sampling flow rates of 5, 10, and 20ml/min were used for simulations, based on manufacturer recommendations.

Fig. 7. Snapshot of the flow (velocity in [m/s]) (a) and aerosol concentration (mass fraction Z in [-]) (b) for simulated polystyrene latex (PSL)
particles in the VC24/48 system at 2 ml/min flow rate.
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Results presented in Fig. 14 also indicate that, for most evaluated particles sizes, the particle deposition in the AMES48 system is
independent from the recommended sampling flow rate to the well chamber, because the influence of impaction is negligible. At the
smaller flow rate of 5ml/min, 100% deposition is already attained for particles of about 2 μm in size. Overall, when compared with
the VC24/48 system, the AMES48 system is characterized by higher deposition, because the area of the deposition plate is bigger,
allowing the aerosol to travel radially along the plate and deposit under the driving forces. In comparison with VC24/48, this occurs
even for increased flow rates.

A direct comparison of the deposition in the VC24/48 and AMES48 systems is provided in Fig. 15. Here, we account for different
deposition plate areas of the two systems by plotting the deposition flux, defined as the flow rate weighted by the plate area (i.e.,
ϕ A/dep ). For clarity, the comparison is limited to typical operating conditions for each system: for the VC24/48, a sampling flow rate
of 2ml/min and a trumpet gap of 2.5 mm; for the AMES48, a sampling flow rate of 20ml/min and a trumpet gap of 2mm. The results
for PSL particles ( =ρ 1.05 g/m3) show a close overlap of the deposition flux profiles in the two systems, indicating that geometrical
effects play a minor role in the deposition. This observation prompted the development of a generalized deposition model, which is
presented in the next section.

4. Analytical model for aerosol deposition

We next present a review of the analytical models available in the literature that are used to estimate the deposition in the
exposure well chambers (Secondo et al., 2017). Subsequently, based on the simulations performed, we introduce our analytical model
followed by verification against results from published simulations and experiments. Finally, we apply the developed model to
compute the realistic aerosol characteristics and the effective deposition efficiency for selected aerosol size distributions.

4.1. Review of available analytical deposition models

Various analytical approaches have been used to estimate deposition (Comouth et al., 2013; Desantes, Margot, Gil, & Fuentes,
2006; Grabinski, Hussain, & Sankaran, 2015; Tippe et al., 2002). In Tippe et al. (2002), the deposition model introduced the concept
of critical radius Rcrit, defined as the radius of a cylindrical flow region inside the exposure inlet trumpet containing all those particles
with high probability of contacting the deposition plate. This enabled the prediction of the number of particles Np deposited within a
time t. Expressed mathematically, we have

=N R πc ut2 ,p crit p
2 (1)

where u is the bulk inflow velocity, and cp is the particle concentration. The critical diameter Rcrit in Tippe et al. (2002) was
determined by fitting the flow streamlines from flow images and extracting a relevant critical streamline. A similar approach, used in
Desantes et al. (2006), stems from the analysis of the deposition efficiency for each streamline as a function of the inlet radial position
(r R/ inlet). The deposition profiles versus r R/ inlet were then fitted (a,b,n) using
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Fig. 8. Snapshot of the flow (velocity in [m/s]) (a) and aerosol concentration (mass fraction Z in [-]) (b) for simulated PSL particles in the AMES48
system at 10ml/min flow rate.
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Finally, the total deposition η was obtained by integrating ηr along the circumferential direction. These methods can not be gen-
eralized, because Rcrit in Eq. (1) and the fitting parameters in Eq. (2) depend on both geometry and particle properties.

In Comouth et al. (2013), a fitting approach was taken in which the modeled deposition efficiency included particle-related
parameters (i.e particle diameter d) or well chamber geometry parameters (i.e. trumpet inlet radius RI)
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where a, b, c, e, d0 and m0 are fitting parameters. Hence, Eq. (3) is valid only for the configuration analyzed in the study.
A more general approach has been taken in Grabinski et al. (2015) by modeling the deposition efficiency using the Deutsch

equation (Deutsch, 1922) = − −η exp y h1 ( / ), which is the general equation for estimating the collection efficiency in plate elec-
trostatic precipitators. In this case, h is the distance between the interface and the trumpet, and y is the distance traveled by the
particle through diffusion or under gravity. Therefore, y can be modeled as Dτ2 for diffusion or v τs for gravity, where D is the
coefficient of diffusion, vs the settling velocity, and τ is the residence time of the flow equal to the exposure well chamber volume Vc
divided by the sampling rate qv. The final analytical model for the deposition efficiency was summarized as:

Fig. 9. Deposition efficiency for VC24/48 computed from various mesh densities (a) reported in Table 1, enlarged plot in the diffusion regime (b).
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Note that Eq. (4) uses the well chamber parameters (Vc and h), system settings (qv), and particles parameters (vs and D). The model
was verified against experiments (Fujitani et al., 2015), and against CFD simulations performed by the authors.

4.2. Deposition model for diffusion/sedimentation-driven flows

As already indicated from the analyzed results for the considered exposure conditions, deposition in the well chamber is driven
mainly by diffusion and sedimentation mechanisms, with negligible influence of impaction. Fig. 16 presents the isocontours com-
puted from the velocity vectors in a well chamber having a trumpet geometry. The jet formed in sampling the aerosol from the
delivery line and entering the trumpet appears to expand at the trumpet exit, creating a gentle flow over the deposition plate that
allows the aerosol particles to follow smoothly the flow. A layer of almost quiescent flow is created just over the deposition plate,

Fig. 10. Deposition efficiency versus particle size for three sampling flows of 1, 2, and 4ml/min in the VC24/48 well chamber for the particles of
glycerol ( =ρ 1.25 g/cmd

3).

Fig. 11. Particle deposition rate versus particle sizes for various sampling flow rates and a fixed distance of 2.5 mm between the deposition plate and
the trumpet.
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where the large aerosol particles settle at constant settling velocity (vs), whereas the smaller particles are transported by the flow and
Brownian motion.

Based on the aforementioned conclusions and assumptions, for each particle size di, the depositing flow rate from sedimentation
can be approximated by =ϕ N A v* *s i

dep
i s i, , , where N is the particle count per volume over the plate, A the area of the deposition plate,

and vs i, the settling velocity, which for spherical particles, is equal to (Hinds, 1999 page 49)

=v C
ρd

μ
g

18
,s i c

i
,

2

(5)

where ρ is the particle density, μ the gas viscosity, g the gravitational acceleration, and Cc the Cunningham correction factor. For this
purpose, Ni can be considered equal to the particle count per volume at the inlet of the trumpet pipe (Nin i, ), because the flow is able to
distribute the aerosol over the plate uniformly.

The deposition flow rate from diffusion can be approximated as =ϕ A D N δ* * /D i
dep

i i i, , where Di is the aerosol size-dependent coef-
ficient of diffusion,

=D C k T
π d3 μ

,i
c B

i (6)

kB is the Boltzmann constant, and N δ/i i is an estimation of the particle concentration gradient at the deposition plate, based on the free
stream concentration and characteristic thickness δi. In Figs. 11 and 12, we show the diffusion contribution to the deposition as a
function of both the sampling flow and the trumpet-plate distance. Including both dependencies in the thickness δi is reasonable. An
increase in the sampling flow pushes the flow closer to the deposition plate and brings the free stream concentration Ni closer to it,
resulting in an increase in the particle concentration gradient. At the same time, a decrease in the trumpet-plate distance accelerates
the flow over the plate, producing a thinner boundary layer and thus a smaller thickness δi. Combining these two contributions in the
deposition model, we obtain

= +ϕ A N v A D N δ* * * * / .i
dep

i s i i i i, (7)

The particle deposition flow rate estimated in Eq. (7) is the theoretical maximum allowed by the physical mechanisms and cannot be
higher than the sampled particle flow rate (N qi v). Therefore, the actual deposition is the minimum between these two fluxes. Finally,
the deposition efficiency is obtained by dividing the result by the sampled flow rate, leading to
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(8)

One approach to evaluate the thickness δi is to model it as the root-mean-square of the particle Brownian displacement during a
characteristic time tc (Hinds, 1999 page 157)

=δ D t(2 ) ,i
B

i c (9)

where the characteristic time tc is defined following Grabinski et al. (2015), as the ratio between the chamber volume and the

Fig. 12. Deposition efficiency versus particle sizes for various deposition plate distances from the trumpet pipe outlet (gap) and a constant sampling
flow rate of 2ml/min.
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sampling rate =t A h q* /c gap v. The comparison with the CFD results shows that the use of δi
B produces a lower dependence of the

deposition on the particle diameter in the diffusion regime.
An alternative approach uses the similarity between the general dynamic equation of the aerosol transport and the energy

equation. In this case, the thickness δi
H will be evaluated from the established work in the field of heat and mass transfer using the

boundary layer theory. By expanding the Blasius boundary layer solution to the energy equation (Pohlhausen, 1921), we expect heat
transfer for laminar flow over the flat plate scales with

∝q Pr T Re
x

Δ .T
1
3

1/2

(10)

By applying the Levesque analogy and after simple algebraic changes, the estimate of aerosol thickness is

= ⎛
⎝

⎞
⎠

δ D
ν

νx
u

,i
H i

1/3

(11)

where =x R2/3 , and u is the reference velocity inside the trumpet, estimated as =u q πxh/(2 )v gap . By expressing all the dependencies
of the two thickness formulations (Eqs. (11) and (9)) explicitly, we can see that they only differ by a factor =δ δ ν D/ 2/3( / )H B 1/6. This
correction is seen to improve the model behavior at small particle sizes, making δH the preferred choice of thickness.

Fig. 13. Deposition efficiency for different particle densities plotted versus particle diameter (a), and versus settling velocity vs (b).
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In Fig. 17, the deposition efficiency models of Eqs. (8) and (11) are compared with results from selected CFD simulations. Both
VC24/48 (Fig. 17a) and AMES48 (Fig. 17b) are represented as well as various material properties (particle density), distances from
the deposition plate to the trumpet pipe outlet (gap), and sampling flow rates to the trumpet. The model is able to predict all these
dependencies correctly without the need of fitting parameters. While the agreement between the model and simulations is excellent
in the settling regime ( >d 0.3 μm), further potential improvements can be achieved in the diffusion regime.

In Fig. 18, the percentage deviations between the model predictions and all simulation cases presented in Fig. 17 are shown. The
maximum error among all cases reaches 50%. For aerosol particle sizes around 1 µm, all cases presented errors below 10%, indicating
good accuracy for the model predicting the sedimentation contribution. As expected, the errors rise up to 20% for higher particle
sizes, where the maximum deposition flow rate (Eq. (7)) is higher than the inflow rate, and the switch to 100% efficiency is in-
troduced (see Eq. (8)). The maximum deviation is observed at the transition between the sedimentation- and diffusion-dominated
regimes, where the present model seems to overestimate the predicted deposition. At the lowest diameters, the error seems to
stabilize on average between the cases at the 20% level of underestimation.

The δi
H contribution could be improved further by relying on more sophisticated correlations (Liu, Gabour, & Lienhard, 1993;

Persoons, McGuinn, & Murray, 2011) derived for the stagnation-point flow configurations that may better describe the trumpet flow
than the boundary layer correlations. A correction of the form = −γ δ R(1 / ) could also be introduced to account for wall effects that

Fig. 14. Deposition particle rate versus particle size for sampling flow rates of 5, 10, and 20ml/min in the AMES48 system.

Fig. 15. Comparison between the VC24/48 and AMES48 systems of the particle deposition flux versus particle size under standard conditions.
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reduce the deposition at the deposition plate edges. However, such corrections may not produce a consistent improvement for all
cases and may require some customization.

In Fig. 18, the highest errors are obtained in the AMES48 geometry operated with the lowest sampling flow rate ( =q 5v ml/min),
which is the one with the smoothest flow and highest deposition efficiency among all cases simulated here (see Fig. 17). The present
model was constructed by assuming an approximately uniform particle concentration close to the deposition plate (Eq. (7)). How-
ever, high deposition efficiencies will result in a nonuniform radial aerosol concentration over the deposition plate, because the
aerosol is depleted radially.

4.3. Time scales and Stokes number

To supplement the model derivation, we present an additional analysis of the scales and non-dimensional characteristics of a flow
with particles. In Desantes et al. (2006) and Fujitani et al. (2015), two dimensionless parameters were used in analyzing the de-
position efficiency. One was based on the Stokes number and the Froude number

=St
Fr

gρ d C
V9μ

,d c

inlet

2

(12)

and the other on the Peclet number

=Pe ud
D2

. (13)

In Desantes et al. (2006), for > 0.001St
Fr , gravitational forces dominate, whereas for < 0.001St

Fr Brownian forces dominate. In Fujitani

et al. (2015), for > 0.001St
Fr , deposition efficiency tends to correlate linearly with St

Fr
, while for < 0.001St

Fr , a power-law correlation
−Pe 0.38 was observed.
Based on Eq. (8), we see that the Stokes numbers for gravitational settling or diffusion deposition can be defined as the ratio

between the characteristic flow velocity in the well chamber (q A/v ) and the settling velocity =Stg i
v

q A, /
s i

v

, or the diffusion velocity

=StD i
D δ
q A,

/
/

i i

v
. Note that compared with the definition used by previous authors (Eq. (12)), with the present Stg i, , only the reference flow

velocity has been changed, where the inlet velocity has been scaled by the ratio between the inlet and deposition plate areas
( =q A V A A/ /v inlet inlet ). With this definition, the deposition efficiency model (Eq. (8)) is written simply in terms of the Stokes number as

= +η min St St{ 1, }.i g i D i, , (14)

In Eq. (14), the correlation between the deposition efficiency and the Stokes numbers is shown, suggesting that the deposition
efficiency is proportional to the ratio between the time scale of the deposition mechanism and the flow residence time over the insert,
and thus, it is determined by the two competing phenomena of flow transport and deposition. However, when the time scale of flow is
larger than that of the deposition mechanism ( >St 1), only the deposition mechanism is relevant, and a total deposition is achieved,
resulting in =η 1(100%)i . Consistent with this formulation, the ratio between the settling velocity and the diffusion velocity can

indicate whether the deposition is dominated by gravity ( > 1v δ
D
s i i

i

, ) or by Brownian motion ( < 1v δ
D
s i i

i

, ).

4.4. Analytic model verification

In Figs. 19 and 20, the results of the deposition model introduced are compared against the available experimental data and

Fig. 16. Visualization of the flow in the well chamber. Vertical velocity isocontours ([m/s]) are plotted on the vertical plane.
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simulation results from various air-liquid exposure systems reported in the literature. The various settings of the exposure system
parameters are listed in Table 2. They cover deposition plates dimensions ranging from 5.5 to 17.5 mm in radius, sampling flow rates
from 7.8 to 100ml/min, the trumpet-plate distance from 1 to 7mm, and particle densities from 1.06 to 2.0 g/cm3. The comparison
shows that the model can be generalized to other studies and used with different system parameters without the need of any fitting
parameters. As seen in the comparison with the present simulations (Fig. 17), the model performs the best in predicting the de-
position efficiency in the settling regime.

4.5. Model application for realistic aerosol size distributions

The developed model can be applied to realistic particle size distributions, often measured experimentally. In this case, the
physical characteristics of the aerosol are often measured resulting in particle number density, mean mass particle size, and geo-
metrical size distribution (GSD) width, assuming a log-normal distribution. Examples of such size distributions are shown in
Fig. 21(a). The overall effective deposition efficiency for a given size distribution is obtained from the average over the deposition
efficiencies for each section and the amount of particles in each section, expressed in summation form

Fig. 17. Model calculations and simulation results of deposition efficiency for various settings in the VC24/48 geometry (a) and AMES48 geometry
(b).
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where mi, di, and Ni are the particle mass, particle diameter, and particle number density corresponding to the i-section in the overall
size distribution deposited with efficiency ηi.

We have computed the effective aerosol deposition efficiencies for various mean aerosol sizes and GSD widths. The monodisperse
aerosol (GSD = 1) gives the original deposition efficiency determined by the developed model, whereas for increasing GSD, the
overall effective deposition efficiency is influenced by the size-sensitive deposition efficiency for each section, as presented in
Fig. 21(b). An increased aerosol polydispersity has an influence on the deposition efficiency, as expected from the steepness of the
deposition plot.

4.6. Discussion of the analytic model limitations

In the previous sections we demonstrated that the analytic model (Eq. (8)) is able to predict aerosol deposition for various ALI
exposure deposition plates. Here we mention potential model limitations that can be derived from physical principles and critical
analyses of the deviations between the model predictions and CFD (Figs. 18 and 20) or experimental results (Fig. 19).

As discussed, the model was constructed by including only the gravitational settling and Brownian diffusion processes as the
impaction influence on the deposition was found to be negligible (see Section 3). Electrostatic forces were not included as we have
assumed that all particles are electrically uncharged and/or all materials are perfectly conductive. In case these forces become
relevant, they can be included by correcting the settling velocity (Eq. (5)). This can be obtained following the standard procedure of
equating the drag force to the gravitational and electrostatic force (Hinds, 1999 page 46). Furthermore, the Stokes flow with spherical
particles was assumed leading to the settling velocity formula (Eq. (5)). When dealing with microfibers or large non-spherical
particles such assumptions became critical. In such cases corrections to the drag force and thus to the settling velocity can be easily
found in the literature (Hinds, 1999 page 51 and 55).

The presented deposition model predicts deposition efficiency for each particle entering the well chamber with a specific dia-
meter. In other words, it takes as input the aerosol properties at the well chamber entrance and assumes equilibrium and uniform
conditions within the well chamber. From this perspective a careful evaluation is required when it is applied to aerosols that may
evolve or get filtered within the exposure system before entering the well chamber. Examples of such effects include aerosol evolution
in case of dilution with a dry air within the exposure system, between the aerosol generation (measurement point) and the well
chamber, and caused by complex unsteady flows or puffing protocols, etc. Note that additional losses in the system happen not only in
case of evolving liquid aerosols but also for solid particles like in case of filtering due to deposition along the system lines or due to

Fig. 18. Percentage deviation between model and simulated results.
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sampling. Obviously, for a reliable estimation of deposition all accompanied exposure effects and model assumptions need to be
evaluated prior to model application.

5. Conclusions

Detailed CFD simulations have been performed to analyze the aerosol deposition in two exposure systems. Simulations are based
on the developed Eulerian modeling framework for the simulation of polydispersed, multispecies aerosols. The solver was developed
and verified extensively to capture the aerosol physics, including aerosol formation, coagulation, and evaporation. For the present
study, a non-evolving aerosol was assumed, and the simulations focused on the aerosol transport and deposition, including drift,
diffusion, and gravity effects. Flow and deposition in the Vitrocell 24/48 and Vitrocell AMES 48 well chambers were simulated. In

Fig. 19. Comparison of the proposed model results (Eq. (8)) with the available experimental data.

F. Lucci et al. Journal of Aerosol Science 123 (2018) 141–160

158



addition, the results were cross-compared with a model developed applying the Lagrangian approach, using commercially available
software for simulations.

A parametric simulation study was conducted by varying sampling flow, aerosol particle density, and the distance between the
deposition plate and the trumpet in the well chamber. Parameters were kept in the relevant ranges, as recommended for the tox-
icological assessments. Under toxicological assessment ranges recommended by the manufacturer, the flow inside the well chamber is
gentle and slow, and particles in the sub-micrometer range are able to follow the flow streamlines smoothly. For particles
( >d 0.3 μm), the deposited dose is driven mainly by gravity scaling with the settling velocity and is found to be independent of the

Fig. 20. Comparison of the proposed model results (Eq. (8)) with the external CFD simulation data.

Table 2
Parameter settings of validation cases appearing in Fig. 19.

Case System Rp qv ρd hgap

[mm] [ml/min] [g/cm3] [mm]

Fujitani et al. (2015) Exp. Vitrocell 5.5 7.8 1.06 1.0
Comouth et al. (2013) Exp. Vitrocell PT-CF 12.2 100 2.0 2.0
Desantes et al. (2006) CFD perfusion cell 17.5 32.65 1.2 7.0

Fig. 21. Various log-normal size distributions for fixed count and related mass median diameters (CMD and MMD) and distribution width (GSD)(a).
Effective deposition efficiency calculated for varying MMD at selected distribution widths (GSDs) (b).
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distance between the deposition plate and the trumpet. More importantly, the deposited dose is independent of the sampling flow
rate. For small particles ( <d 0.1 μm), the deposited dose is diffusion-driven and is found to be dependent on the sampling flow rate,
particle diameter, sampling flow rate, trumpet-plate distance, and geometrical parameters. Between these two regimes, the de-
position efficiency is dictated by both sedimentation and diffusion forces.

A general physical-based model for the deposition efficiency has been proposed (Eqs. (8) and (11)). The model takes into account
geometry, flow, and material parameters and does not require any fitted parameters. The maximum deviation between model
predictions and results of simulations reaches 50% at the transition between diffusion and settling regimes ( ≈d 0.2 μm), where the
minimum of the deposition occurs. The model was verified against published results covering different exposure geometries, di-
mensions, and flow conditions. From the deposition efficiency model, the effective deposition of the actual aerosol with given size
distribution (mean aerosol size and distribution width) can be computed, as presented in the previous section of this manuscript. A
large sensitivity in effective deposition efficiency versus distribution width was found, which can be explained as arising from the
generally steep deposition efficiency curves spanning from 1% to 100% within a narrow window of mean aerosol diameters.

The simulations performed and the modeling in this study shed detailed insight into the deposition of aerosols in ALI exposure
systems, yielding practical outcomes and allowing for the estimations of the effective deposition efficiency of aerosols with given
physical characteristics (mean aerosol size and distribution width).
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