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ARTICLE INFO ABSTRACT

Keywords: Ventilation in confined spaces is essential to reduce the airborne transmission of viruses
Mean age of air responsible for respiratory diseases such as COVID-19. Mechanical ventilation using purifiers is an
Elevator cabin interesting solution for elevator cabins to reduce the risk of infection and improve the air quality.
Ventilation In this work, the optimal position and blowing direction of these devices to maximize ventilation
Inﬁ#_ration and minimize the residence time of the air inside two cabins (large and small) is studied. Special
(Pél(l)r\l/?;flg attention is devoted to idle periods when the cabin is not used by the passengers, in order to keep

the cabin ambient safe and clean, avoiding that the trapped air in the cabin (after its use) could
suppose a reservoir for contaminants. CFD numerical models of two typical cabin geometries,
including the discretization of small slots and grilles for infiltration, have been developed. A full
3D URANS approach with a k-epsilon RNG turbulence model and a non-reactive scalar to
compute the mean age of air (MAA) was employed. The CFD results have been also validated with
experimental measurements from a home-made 1:4 small-scale mock-up. The optimal position of
the purifier is on the larger sidewall of the cabins for a downward blowing direction (case 1 of the
database). Flow rates in the range of 0.4-0.6 m>/min, depending on the size of the cabin, are
sufficient to assure a correct ventilation. Upward blowing may be preferable only if interaction of
the jet core with the ceiling or other flow deflecting elements are found. In general, the contri-
bution of infiltrations (reaching values of up to 10%), and how these secondary flows interact
with the main flow pattern driven by the purifier, is relevant and not considered previously in the
literature. Though an optimal position can improve ventilation considerably, it has been proven
that a good choice of the purification flow rate is more critical to ensure an adequate air renewal.

1. Introduction

The emergence of COVID-19 has brought back into focus the importance of airborne transmission for the spread of viruses and
other respiratory diseases. Proper ventilation in confined spaces is essential to drastically reduce possible viral loads in the environ-
ment and thus minimizes the risk of airborne infection for people [1-3]. In particular, mechanical ventilation systems ensure the
replacement of polluted air and renew the quality of the environment through the injection of fresh air from the outside.
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Elevator cabins are confined spaces with small dimensions and high occupancy rates that are particularly susceptible to air renewal
problems. They do not usually incorporate any assisted ventilation element, so air renewal is mainly produced by the simple opening of
the cabin each time passengers are loading or unloading. Only reduced ventilation grilles and openings provide some minimum
ventilation rates when doors are closed. Under certain operating conditions, the cabins can become reservoirs of viral loads acting as
transmission sources [4-8]. Hence, the incorporation of additional ventilation systems in the cabins is an ideal solution to guarantee
the safety of users [9,10].

Leading cabin manufacturers (OTIS, TK Elevator, MitsubishiElectric, among others) are beginning to incorporate air conditioning
systems to ensure a safe, virus-free atmosphere. These include ionizers and UV light generators, able to remove viruses from the fluid
stream but still in the validation phase [11-14]. A more reliable and mature solution is the introduction of mechanical purifiers, which
are able to trap possible viral loads suspended in the environment through high retention HEPA and/or ultra-HEPA filters [15-18].

In order to maximize the performance of these purifiers, it is essential to choose an optimal position for their installation. It must be
guaranteed that renewal times are minimized and overall ventilation patterns are favored. In general, they should interact positively
with the existing infiltrations in the cabin through the grilles and slots, hence maximizing the overall ventilation and eliminating dead
volumes. The choice of the blowing direction, the point of emission of the purified air, as well as the operating parameters (activation
time, flow rate injected) must be also properly selected.

At present time, the amount of works analyzing the ventilation effectiveness in elevator cabins is quite reduced in the scientific
literature. Recent works have employed CFD methodologies to analyze thermal comfort of passengers, showing that mechanical
systems can enhance the ventilation and control the temperature inside the cabin. Typical velocities around 0.5 m/s for temperature
rise of 12 °C between the passengers and the ambient were simulated [19]. Complementarily, in the context of COVID 19 pandemic,
experimental works have also demonstrated the need for additional ventilation, pointing out that downflow ventilation is key to
guarantee healthy and safe air conditions [20]. Concentrations of virus particles can hover in the elevator cabin up to 20 min after use
[21], so mechanical ventilation should be working for long periods of time to be effective. Moreover, active particle control technology
(purifiers) can reduce contamination and aerosolized bioburden through effective air purification [22], requiring important reno-
vation flowrates. More recently, Nouri et al. have determined that aerosol disinfectant combined with air conditioning is mandatory to
reduce the number of infected particles by COVID-19 and control the disease spreading [23].

The study of indoor air quality inside elevators can be approached macroscopically by analyzing the behavior of the flow patterns
and evaluating the age of the air inside the cabins. Although there are not many elevator-specific works in the literature, references are
found for similar situations including ventilation in offices, in enclosed rooms or in aircraft cabins [24-27]. The ASHRAE standards
[28,29] define a series of metrics to determine whether the existing ventilation guarantees the effectiveness of the system. To apply this
methodology, a series of tracers must be used to estimate, on average, the residence time of the confined air volume in the elevator.
Experimentally, the references analyzed show that it is not possible (or it is very expensive and very limited) to perform reliable tests to
monitor the behavior of suspensions of particles with viral loads at long times (only works showing the behavior of mists and/or
droplets by means of visualization techniques, associated with sneezing and coughing, at short times after emission are available).
Consequently, numerical methods have emerged as an ideal tool for the study of this type of flows that are difficult to characterize in
the laboratory.

With CFD numerical tools, it is possible to simulate the evolution of particles of different microscopic sizes (distributions of
different diameters) that are expelled from an emitting point. Lagrangian particle methods, typically DPM, where particles are
passively transported by the bulk flow (i.e., assuming that they are sufficiently diluted and cannot modify the streamlines) provide very
interesting results, despite being computationally expensive simulations and with difficult overall extrapolations. On the contrary, the
evaluation of global flow patterns and the characterization of numerical tracers, either in the form of residence curves (RTD) or spatial
age of air distributions (MAA), offer a sufficient description of the overall performance of the ventilation system; especially if the
interest is devoted to compare different operating scenarios that determine the optimal solution [30-32].

In this work, the optimal position and blowing direction of a standard air purifier inside a typical elevator cabin has been studied.
Two typical cabins have been considered for the purpose, manufactured by TK Elevator and called Evolution (EVO) and Synergy (SYN).
They correspond respectively to cabins for intensive use, for large service buildings such as hospitals; and smaller cabins as those found
in residential buildings. This work is part of the project "INN-MEDICAL: Innovative Medical Industry enabling an Efficient and
Autonomous response against COVID-Like Pandemic", a multidisciplinary R&D consortium to promote pandemic protocols for hospital
centers.

For the study, a three-dimensional model of the cabins has been developed, with sufficient detail to discretize the grilles and the
small gaps between the cabin and the elevator shaft, on which the unsteady flow governing equations have been solved. In terms of
limitations and restrictions for the study, neither the modelling of heat transfer, nor the volume occupied by the passengers have been
considered systematically (a detailed discussion of their relevance in the present numerical database is provided in section 2).
Although some works emphasize the importance of the effects associated with the volume occupied by people on ventilation patterns,
these usually have a greater impact when they are in motion [33-35]. In the case of elevator cabins, travelers have an obvious lim-
itation of movement so their effect will be reduced. Furthermore, as the work focuses on the analysis of different position configu-
rations of the purifier, the effect of introducing solid bodies simulating the occupancy of people is assumed to have a similar (minor)
blocking effect in all cases, so it has been chosen not to model them. In addition, it would be arbitrary to consider an occupation of the
cabin with one or several people, or even one of them blocking the air outlet of the purifier with his/her body, forcing an impracticable
number of simulations.

The results obtained have allowed concluding which is the optimum position of the air purifiers in each cabin, indicating also the
most advisable blowing direction. The operating parameters of the purifiers have also been contrasted and characteristic air renewal
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times are provided in the most sensitive areas related to passenger occupancy.

2. Numerical methodology

2.1. General background

A three-dimensional model of the cabins has been developed, with sufficient detail to model the grilles and the small gaps between
the cabin and the elevator shaft, on which the unsteady RANS equations have been resolved using the commercial software ANSYS
Fluent v16.2. For the computation of the mean age of air in the cabins, a User-Defined Scalar (UDS) has been defined with a unit source
term in the whole domain to calculate the accumulated elapsed time for the fluid. Additionally, in order to correctly characterize the
pressure losses associated with the cabin grilles, complementary models have been built to simulate the air flow through the grilles,
obtaining the evolution of each loss coefficient for different Reynolds numbers (different flow velocities). These values have been
introduced in the elevator model to regulate the infiltration flows with the exterior, using an iterative procedure to calibrate the final
value of the coefficients as a function of the flow regime established in the grilles.

2.2. Basic cabin geometries

The inside areas of two elevator cabins manufactured by TK Elevator (TKE) have been modelled numerically. The first cabin,
designed for elevators installed in public service buildings (hospitals, administrative buildings, etc.), is the Evolution (EVO) cabin, with
a load capacity of up to 20 passengers (maximum load of 1600 kg) and an effective volume of 7.4 m>. The second cabin, the Synergy
cabin (SYN), is for use in residential areas, with a maximum capacity of 8 passengers (maximum load of 630 kg) and a practicable
volume of 3.4 m3,

2.2.1. Cabin geometrical parameters

The basic dimensions of the cabins are presented in Table 1. An overview of these cabin is shown in Fig. 1 (up).

The EN 81-1 standard [36] (as similar American regulations [37]) establishes a series of minimum ventilation requirements based
on the presence of openings and perforations that prevent the cabins from being hermetic. In particular, the cabins must have per-
forations in both upper and lower parts of the car, with a value of at least 1% of the cabin floor area in each zone (therefore 2% on
aggregate). In addition, the gaps and slots around the cabin are allowed to represent half of this total area.

Table 2 shows the values of the perforations (in the form of grilles) made in the EVO cabin to guarantee the existence of these
infiltrations, in relation to the total floor area of the cabin (140 x 240 = 33,600 cm?). The percentage of effective cross-section for these
grilles is given in brackets. In addition, the cross-sections of the small slots and gaps of the doors, typically with a clearance of about 4
or 5 mm, are also provided. The total infiltration area for the EVO cabin is about 3% of the cabin floor area.

In the case of the SYN cabin, infiltrations are more concentrated through a series of lateral grilles, with gaps only in the area of the
cabin doors. In this case, the total infiltration surface area represents 3.2% of the total area of the cabin floor (110 x 140 = 15,400
cmz), see Table 3.

Fig. 1 (down) shows a detail of the grilles zones and gaps associated with the clearances of the EVO cabin. On the right, it is shown
the simplification of the geometry to be modelled numerically, indicating the location of these slots (enlarged slot sections, not-to-
scale). The sketch on the right also shows the placement of the air purifier (small box near the ceiling) on the right sidewall of the cabin.

2.2.2. Air purifier geometrical parameters

Six possible positions of the air purifier in the elevator cabin have been considered for the study. These positions have been chosen
considering a series of practical restrictions for their installation: location in areas accessible to installers, at a certain height (at least
1.75 m above the cabin floor) to avoid undue manipulation by passengers -mainly children-, avoiding areas affected by lights, button
panels, etc., and preserving constructive elements of the cabins according to the manufacturer guidelines. Therefore, up to 12 different
cabin models have been generated (6 models for the EVO cabin and another 6 for the SYN cabin), placing the air purifier in the
positions shown in Fig. 2. Positions 1 and 2 shown in the figure correspond to the sidewall (centered and bottom); positions 3 and 4 are
on the backwall (centered and side) and positions 5 and 6 are azimuthal positions with longitudinal or transversal placement of the
purifier. In addition, the downward direction has been selected as the preferred blowing direction (following recommendations found
in the bibliography [19,20]), although inverted blowing situations have also been tested (see results later).

The purifier has been modelled as a parallelepiped, with maximum dimensions 168 x 93 x 275 mm, according to the supplier’s
specifications. The purifier consists of 3 filtering stages (pre-filtering, adsorption and ultra-efficiency filtering) and a small interme-
diate fan that generates the required recirculation flowrate. The blowing and suction sections of the purifier are 120 x 65 mm.

2.2.3. Operating parameters
Table 4 shows the operating conditions of the air purifiers for the two cabin geometries considered. Note that the internal flow in

Table 1

Cabin geometrical dimensions.
Dimensions EVO cabin SYN cabin
Width (mm) 1400 1100
Length (mm) 2400 1400
Height (mm) 2200 2200
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slots, in blue (right, down). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Opened areas to ensure infiltrations in the EVO cabin.

Elements Position Area (cm?) Total effective area (cm?)
Circular grilles Ceiling 349 (48%) 660 (1.96%)

Rectangular grilles Floor 29 (31%)

Vertical grilles Sidewalls 968 (50%)

Upper slots Ceiling 48 (100%) 362 (1.07%)"

Lower slots Floor 64 (100%)

Door gaps Sidewalls 250 (100%)

! Total grilles area, indicating in % the proportion of free opening (without louvers).
2 Aggregate opening sections for air infiltration.
3 Percentage with respect to cabin floor area (33,600 cm?).

the purifiers will not be simulated numerically, since the interest of the study is focused on the ventilation conditions of the elevator
cabins. Therefore, the purifiers simply represent both air inlet and outlet sections to the domain. The selection of the operating flow
rate in each geometry has been made to ensure a minimum rate of at least 5 air renewals per hour in the cabins, as indicated by the
project baseline data, which is coherent with similar guidelines of references [21,22].
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Table 3
Opened areas to ensure infiltrations in the SYN cabin.
Elements Position Area (cm?) Total effective area (cm?)
Circular grilles Ceiling 258 (50%) 266 (1.72%)
Rectangular grilles Floor 274 (50%)
Upper slots Ceiling 18 (100%) 226 (1.46%)
Lower slots Floor 48 (100%)
Door gaps Sidewalls 160 (100%)
1 Total grilles area, indicating in % the proportion of free opening (without louvers).
2 Aggregate opening sections for air infiltration.
3 Percentage with respect to cabin floor area (15,400 cm?).
Interior
(cabin) zone
Cases 1-4: =
Vertical blowing N \ Horizontal blowing
e
oot
|~ o |
Fig. 2. Sketch showing the positions considered for the air purifier in the case of EVO cabin (similar in the case of SYN cabin).
Table 4
Operating conditions of the air purifier in the cabins.
EVO cabin SYN cabin
Flow rate (m*®/min) 0.6 0.4
Blowing velocity (m/s) 1.30 0.85
Turbulence level (%) 5.0 5.0
740 510

Reference time (s)

2.3. Cabin mesh and grid distributions

The extremely reduced cross-sections for the flow infiltration complicate (and make very expensive) the generation of an accurate
mesh in those regions. In addition, the presence of secondary elements in the geometry, such as false ceilings, uneven steps and doors
corners, or the air purifier itself, implies the intersection of different mesh distributions, making the construction of a single conformal
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Fig. 3. Mesh sensitivity analysis (SYN cabin): local effect of the mesh in the infiltration rates (up) and global effect in the estimation of the mean age of air (down).
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mesh impracticable. To solve this drawback, several interfaces have been incorporated into the model, separating the simulation
geometry of each cabin into three blocks: false ceiling area, door area and interior area (real occupancy volume).

Taking advantage of the rectangular shape of the cabins, it has been possible to introduce a structured Cartesian mesh (not
equidistant), stacking the mesh against the walls for a better description of the flow gradients in such air boundary layers. A maximum
y*t value around 5-7 has been guaranteed on all cabin walls (including the smallest gaps), thus ensuring a good resolution of the flow
patterns in the most sensitive areas.

A mesh sensitivity analysis has been conducted over a slight simplified model of the SYN cabin for simplicity in the mesh generation
(only considering the vertical gaps of the doors but maintaining the main features of the purifier). In Fig. 3, the percentage of the
infiltration flow rate with respect to the purifier flow rate is given as a function of the cells number, showing that a typical mesh density
over 1.0 million cells for the whole cabin is sufficient to provide a convergent value of the local infiltrations (it already maintains the
numerical uncertainty below irrelevant differences). Note that stacking the mesh against the walls is essential to get accurate results
(preserving y + around 7 in all the situations) so the flow in the gaps can be resolved with sufficient fidelity. Fig. 3 also reveals that the
computation of the mean age of air is quite unresponsive to the mesh size, with marginal differences even below 1% for the coarser
meshes.

Finally, the total number of cells used was 2.1 million cells for the EVO cabin and 2.0 million cells for the SYN cabin. Fig. 4 shows a
detail of the mesh used, generated from the meshing generation program GAMBIT.

Note that an extra overset mesh configuration has been also developed to simulate the influence of the cabin occupancy in the
results. In particular, two mannequins within the SYN cabin have been discretized with a 5 mm mesh size on the body surfaces and
enclosed by an auxiliary volume. A total number of 0.55 million cells were adopted for this secondary domain (more details in section
2.8).

2.4. Grille modelling

In the case of the grilles modelling, it is not feasible to introduce their exact geometry (with all the detailed slots that compose them)
in the complete model of the cabin. The disparity of scales, between the global volume of the elevator and the existence in some cases of
more than 60 small steel plates per grille, make it impossible to simulate them together with practical computational resources.
Instead, the geometries of the existing grilles in the cabins have been simulated independently, in order to characterize their dynamic
fluid behavior at very low Reynolds numbers (the air flow velocities through these grilles will be significantly small, just a few cm/s).
Note that special care is necessary because we need to know their behavior in the transition zone from turbulent to laminar flow.
Afterwards, the characterization of the loss coefficient of these louvers will be used as a boundary condition for the equivalent surfaces
considered in the general model of the cabins.

It is very important to obtain a good characterization of these elements, since they drastically dictate the infiltration flow rates
established in the cabins based on the small pressure differences between the inside and the outside. It is not advisable, therefore, to
assign them a turbulent quadratic loss relating the head loss in the grilles as a function of the infiltration flow rate. Since this is valid
only at moderate or high Reynolds numbers in the case of ducted flow, it is therefore necessary to analyze in detail their behavior over a
wider range of velocities.

For that purpose, three different grille models have been completed, according to the existing arrangements in both EVO and SYN
cabins. Specifically, three additional numerical models have been developed, all of them incorporating progressive meshing:

Refinement
for outwards grilles Refinement

towards endwalls

Mesh: Detail of cabin doors

Refinement
for purifier

Mesh size: !
Cabin EVOLUTION  ___¥%___.1! Mesh: Detail of bottom gaps

Fig. 4. A) Overall view of the mesh for the EVO cabin. B) Discretization details in the doors area (the width of the lateral grids is identified).
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a) An axisymmetric and three-dimensional periodic model of a circular grille with 5 louvers and 36° of circumferential periodicity. It
is equivalent to an effective air opening of a 48.3% for a hydraulic diameter of 150 mm. This type of circular grille is installed on the
EVO cabin roof (two of them). It has been simulated with 1.73 million cells.

b) A longitudinal and three-dimensional model of a rectangular grille with 4 louvers, 60 mm in span and 9 mm spacing between the
louvers, resulting in a 30.9% of effective air opening for a hydraulic diameter of 48 mm. This rectangular grille, which is used on the
sidewalls of the EVO cabin doors, has been simulated with 1.35 million cells.

c) Alongitudinal and three-dimensional periodic model of 1 single louver, 8 mm span and 4 mm gap between louvers, corresponding
to a 50% effective air opening, for a hydraulic diameter of 50 mm. This type of extended grille, which covers up to 480 mm in span
and includes 60 louvers, appears on the sidewalls of the SYN cabin doors and also on the side closing folds of the EVO cabin (Fig. 1,
down right). It has been simulated with 1.35 million cells.

Fig. 5 shows the details of these grille models. On the left, a global view of the domains with the identification of the boundary
conditions is shown; while a detail of the mesh discretization used is shown on the right. To obtain the grilles behavior for a wide range
of Reynolds numbers, steady simulations have been performed for 9 different values of the inlet velocity, from 0.1 mm/s to 5 m/s.
Hence 27 cases in total have been executed to obtain an accurate fluid dynamic description of these elements. To determine the
pressure drop across the grilles, the average pressure values at a typical distance of one half of the hydraulic diameter, both upstream
and downstream of the grilles, were used. Table 5 shows the results obtained for the loss coefficient of each grille, defined as: K} =
2Ap/pv2.

Note that at high velocities through the grilles (greater than 0.5 m/s), the flow established is already turbulent, so the simulations
were solved using a k- RNG turbulence model for the RANS methodology. Fig. 6 shows graphically the results summarized in Table 6.
In addition, an example of the flow established in both circular and rectangular grilles is shown, for the case of a laminar flow with a
velocity of 10 cm/s (corresponding to the expected values for the operation of the grilles in the cabins).

As expected, the loss coefficient is extremely influenced by the flow regime, which clearly justifies the approach adopted. Although
no published values are available in the specific literature to contrast the results obtained at low Reynolds numbers, contrast values are
shown at high Reynolds numbers (when the coefficient turns to be insensitive to Reynolds number variations, taken from Ref. [38]).
They are shown in the figure as single points for grilles with equivalent opened cross-sections. These references fit perfectly with the

Detail of the grille meshes

a) CIRCULAR GRILLE (Cabin EVO)

Outer wall
Velocity-inlet Discharge
(atm. Press)

Grille walls

{include 5 slots)
Periodic boundaries

(1/7 domain)
b) RECTANGULAR GRILLE (Cabin EVO)

Lateral walls
Velocity-inlet

\

{atm. Press)

e
\ \\\ Grille walls

(include 4 slots)

Discharge

¢) EXTENDED GRILLE (Cabin 5YN/EVO
Lateral walls
Velocity-inlet

|
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Periodic  (atm. Pres:
boundaries

Grille walls
(include 1 slot)

Fig. 5. Simulation domains for the individual grilles. a) Circular grille in EVO cabin. b) Rectangular grille in EVO cabin. ¢) Extended grille in EVO/SYN cabins. On the
left, simulation domains; on the right, detail of the meshes used.
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Table 5

Results for the independent simulations of the grilles.
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Cases & Model

1. Circular grille

2. Rectangular grille 3. Extended grille

Velocity (m/s) Simulation type Re K; Re K; Re K;
5.0 k-¢ RNG 51100 5.00 16073 18.0 17114 5.01
1.0 k-¢ RNG 10200 5.03 3214 18.3 3422 5.04
0.5 k-e RNG 5100 5.11 1607 18.8 1711 5.07
0.1 Laminar 1020 5.86 321 20.5 342 5.81
0.05 Laminar 510 6.72 160 22.6 171 6.38
0.01 Laminar 102 10.8 32 46.0 34 17.9
0.005 Laminar 51 17.3 16 79.8 17 33.9
0.001 Laminar 10.2 77.6 3.2 385.4 3.4 165.1
0.0001 Laminar 1.0 776.4 0.3 3851 0.3 1645
10% T T

10°

—— a) Circular grille EVO (48%)
—— b) Rectangular grille EVO (31%)
Rectangular grille SYN (31%)
—— c) Lateral grille EVO/SYN (50%)
o K_@ 50% High Re (Blevins)
o K. @ 30% High Re (Blevins)

WTIAY ,
TURBULENT

Transitional velocity field
A (Circular grille @ Re=500)

e

asnnnss

Laminar velocity field
(Rectangular grille @

Re=160)

K
L
102 L
LAMINAR
101 L
100 b
10°

102 10*

Re

Fig. 6. Characterization of the grilles performance. A) Results for the circular grille at 0.1 m/s (laminar flow). B) Results for the rectangular grille at 0.1 m/s

(laminar flow).

Table 6
Comparison on averaged mean ages of air in the SYN cabin between empty and occupied scenarios.
MAA [s]
Zone “Cabin” C1 Cc2 C3 Cc4 C5 C6
Cabin with passengers (Occupied) 310 329 326 316 298 329
Cabin without passengers (Empty) 350 363 352 353 335 404
Difference (%) 11.4 9.4 7.4 10.5 11.0 18.6

values obtained in our simulations.

2.5. General numerical modelling

The full 3D model of the cabins has been implemented in the ANSYS-FLUENT solver to resolve the unsteady RANS equations using a
k-e RNG turbulence model. It was assumed incompressible, viscous flow of air at standard atmospheric conditions. Thermal effects, due
to buoyancy or heat transfer, have been neglected according to similar works for confined flows in the literature [39]. The whole set of

equations is:
e Continuity equation:

9a; _
ox;

e Momentum equation (Navier-Stokes):
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0x]~ B

ou; ,_ 07

ox, i ox, (i

i

@

(2)



L. Santamaria Bertolin et al. Journal of Building Engineering 63 (2023) 105466

Where the Reynolds Stress Tensor in the momentum equation has been modelled using an Eddy Viscosity Model, according to:

on;  Ou; 2
pu Ll =U, (ax + E) — gpké,] (3)
——

Sij

being = 3 pukuk , the turbulent kinetic energy and y, = pC,k, ® the turbulent viscosity, with C, = 0.0845. Moreover, the turbulence
closure has been considered using a two-equation k-epsilon RNG turbulence model, because of its robustness and versatility. In this
case, these equations are (neglecting buoyancy):

o okm) o
Por P ox, o

ok
{ k,u;a ] +2u,8;8; — pe 4

de  d(ew;) a de € &
% =2 il S (2uS8:S:) — nCor—
Pat P ox; o, {ae/lraxj +C€1k( ﬂrSrJSU) Pce_k 5)

Where the turbulent dissipation rate is defined as ¢ = 2u5.s, being s =1 (3“7] + 3x> and typical coefficients C,; = 1.42,C,2 = 1.68

i 11’
and ax = a, ~ 1.383 have been employed.

The equations have been discretized using the finite volume method with a second-order upwind scheme for the spatial convective
terms. Green-Gauss cell-based method for the computation of the spatial gradients over the diffusion terms in the momentum equation
was also selected. In addition, a second-order discretization scheme has been employed for the transport equations of the turbulent
kinetic energy and the turbulent dissipation rate of the turbulence model. The discretization of the temporal terms (when necessary) is
also of second-order accurate. For the pressure-velocity coupling, a classic SIMPLE algorithm has demonstrated a sufficient
compromise between stability and CPU time. A convergence criterion of 10~> was fixed for the continuity equation, with a minimum
threshold of 10~ for all the equations resolved. Default relaxation factor have been maintained in all cases (0.3 and 0.7 for pressure
and momentum equations and 0.8 for turbulent transport equations).

In addition, according to the level of refinement employed in the mesh of the wall adjacent cells, the scalable option has been
selected as the most appropriate wall function [40]. This wall treatment formulation is recommended for meshes having values of
y+>1 but below the transition zone between the viscous sublayer and the fully turbulent outer layer (y+<11). This selection matches
perfectly with the stacking grid distribution adopted in the sidewalls of the cabins (section 2.3), especially for the surfaces representing
the smaller grilles and slotted gaps.

Complementarily, to track the mean age of air unsteadily in the elevator cabin, an additional transport equation has been defined
for a non-reactive scalar. The equation governing this scalar follows the classic conservative expression:

op 0 [ _ dp|
pEJraixi [Pu[(l)*raixj =S, ©

where I"'y S, are, respectively, the diffusion coefficient and the source term for the scalar ¢ representing the mean age of air. It has been
also resolved with a second-order upwind discretization for a convergence criterion of 10~° and relaxation factor equal to unity. The
diffusion coefficient for the molecular transport is given by the equation proposed in Refs. [41,42], which is widely accepted as a good
approximation of the diffusive effects in air:

r=288-107p +p,/0.7 @)

Note that this formulation must introduce a unit source term for all the cabin volume (S, = 1), so that the scalar is directly ac-
counting for the cumulative time that has elapsed since the renewed air is injected from the purifier in the unsteady computations.

2.6. Boundary conditions

The following boundary conditions have been defined in the CFD model of the cabins: (1) the air inlet coming from the purifier, as
"velocity-inlet" (see values introduced in Table 4 above); (2) the air outlet (purifier suction), as "velocity-outlet" (with the same
negative value that guarantees the global mass conservation due to the equal-sized areas of both inlet and outlet sections) and (3)
atmospheric pressure conditions ("pressure-outlet" equal to zero, in relative terms) in all the gaps and slots connected to the outside.
Additionally, the grilles are defined as (4) outlet-vent boundary conditions, which introduce a loss coefficient, equivalent to the Kj,
obtained above. Finally, the rest of the solid walls and contours are defined as (5) stationary wall condition. As mentioned earlier, the
models also incorporate interfaces connecting the different blocks of the domain (door zone, false ceiling zone and occupancy zone).

For the scalar representing the mean age of air, a condition with a zero value is set at the entrance of the domain from the purifier.
By imposing this condition, it is assumed that the air that is recirculated to the interior, and that has just been sanitized in the purifier,
accounts as a fully renewed air, and with a quality like the outside air coming from the infiltrations. Similarly, the pressure-outlet
conditions impose a zero-valued boundary for the scalar, assuming that the incoming air from the outside is completely renewed
air (and, therefore, of zero initial age). Finally, in the velocity-outlet condition, a zero flux boundary condition is set, ensuring that
there are no longer diffusive effects of the scalar through the outlet, but with an age of air value that it is preserved to be convected
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towards the purifier.

2.7. Solution procedure, numerical stability, and convergence

Once the basic parameters, simulation models and boundary conditions of the problem have been set, the numerical procedure to
complete the required simulation program must be defined. Each of the 6 cases simulated per cabin has been solved following a
procedure comprising these two stages:

e Stage 1: Steady simulation of the internal flow in the cabins (closed doors), because of the inlet jet generated by the air purifier. This
type of simulation solves the flow equations and the turbulent variables in a steady fashion until the final asymptotic solution is
obtained. Note that, to obtain this final field, it was necessary to perform an additional iterative process over the value of the loss
coefficient in the grilles. It was started assuming loss coefficients corresponding to fully turbulent regime (the high Reynolds
number case). Typically, 2 to 3 intermediate simulations per case were necessary to determine the final Kj, value fitted to the
operating conditions.

e Stage 2: The transport equation for the mean age of air is activated, while further resolution of the flow equations is now set off, in
order to save computational resources. This allows the unsteady resolution of the scalar equation inside the cabin on the basis of the
flow field solved in the previous stage. Since the flow patterns have already reached their steady state at the end of stage 1, it is
possible to deactivate the resolution of the flow equations and only resolve the transport (convective and diffusive) of the scalar in
the permanent flow field. This unsteady evolution has been resolved for 3600 s, assuring that the mean age of air distribution has
also reached its own steady state. Time steps in the order of At =1 s have been chosen for the computation of the temporal terms.

The results of both stages are used to judge, in both cabins, which of the six positions is the most advantageous for a better
ventilation under minimum values of mean age of air.

2.8. Validation and modelling restrictions

2.8.1. Experimental validation

To validate the numerical modelling, we have constructed a 1:4 small-scale mock-up of the SYN cabin to reproduce the air flow
patterns in the real elevators for some representative cases. In particular, cases 1 and 3 corresponding to the air purifier placed in the
lateral sidewalls and blowing downwards have been considered for validation. To preserve similarity between the real geometry and
the small-scale model, Reynolds and Strouhal numbers are maintained.

The preservation of the Reynolds number for the scaled model at the lab (Re*) provides the following relationship for the velocity:
v* =v/A;; or, in terms of flow rate, Q* = Q ;.. Consequently, for a reduced scale 1:4 (4, = 1/4), the flow rate fixed in the model (0.1
ms/min) is four times lower than in the real cabin (0.4 m3/rnin). On the other hand, keeping similarity for the Strouhal number (St =
St*), the new reference time for the air renewal in the mock-up is obtained as brop = tref/lf , which results in 31.9 s, i.e., 16 times lower

than the reference time in the real SYN cabin (510 s).

After the design and construction of the experimental facility for validation, hot-wire anemometry has been employed to measure
the velocity horizontal distribution at the lower gaps of the cabin doors in the small-scale model (the locations with the highest ex-
pected velocities to reduce the uncertainty of the experimental data — note also that bulk velocities inside the cabin are excessively low
to be measured with the hot wire). A picture of the experimental set-up (note the realistic detail of the lateral grilles manufactured
using a 3D printer) with the hot-wire velocimeter is shown in Fig. 7. High precision has been assured with the anemometer, with a
frequency response of 1 KHz and acquiring measuring times of 10 s to guarantee signal stability. Hence, only a 0.6% fluctuation of the
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Fig. 7. Experimental set-up designed and constructed for validation.
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measured velocities at the required range (0.5-1.0 m/s) has been obtained, with typical uncertainties around 2.5-5% in the velocity
magnitude during the probe calibration [43]. The velocities are made non-dimensional with the jet velocity at the purifier outlet to
take into account the scaling effects of the similarity. The measured distributions along the doors width are shown in Fig. 8 comparing
numerical and experimental results for the most representative cases 1 and 3. A mean absolute percentage deviation of 9.8% and
11.6% has been respectively obtained between numerical and experimental values, which is a reasonable agreement for the validation
of the numerical dataset.

2.8.2. Impact of the passenger’s volumes

In the present investigation, the impact of the passengers’ volume over the global flow recirculation within the cabins has been
considered marginal. The average volume of a human body can be assumed to be around 0.08 m® (for a typical 80 kg-weight and
average density of 1010 kg/m> [44]). In the SYN cabin, with a maximum capacity for 4 people, this turns into 0.32 m>, which rep-
resents roughly a 10% of the total volume of the cabin (3.4 m3). Similar values are obtained if we consider frontal or lateral areas of the
human bodies instead of total volume to estimate a cross-sectional blockage (6.5% in the azimuthal direction or 11.7% in the lateral
direction). Additionally, for evident comfort considerations, the air purifiers are never blowing directly towards the passengers.
Instead, they are located on lateral walls (or in the cabin ceiling) injecting purified air (without age) along the cabin walls, thus
allowing a non-obstructed spreading of the jet flow. This also helps to make the blockage of the human bodies over the global flow
patterns even less relevant.

Whatever the case, additional simulations including two mannequin bodies in the SYN cabin have been executed for comparison
with respect to the original results with the empty cabin. This occupancy rate has been selected because it is one of the most typical
situations in the real operation of the cabin (as reported by the manufacturing company). The overset mesh utility of ANSYS Fluent has
been employed for a fast construction of the new model. Each mannequin is meshed within an enclosed volume and a 5 mm dis-
cretization on the mannequin surfaces with extra refinement in the mannequin boundary layers. Pathlines for cases 1, 3, 5 and 6 of the
purifier position have been considered for the comparison (see Fig. 9). The new simulations confirm that the volumetric effect of the
bodies is secondary for the establishment of the major recirculation patterns. Note that cases 5 and 6, with the purifier on the ceiling,
are particularly unaffected by the inclusion of the bodies. Only in case 1, there is a slight shadow effect of the bodies over some global
recirculation in the upper part of the cabin. Hence, the proximity of the bodies head to the suction inlet of the purifier hinders the
establishment of a more intense recirculation, though this is clearly dependant on the position of the bodies (in case 3, it is almost
marginal).

These visualization results are also confirmed with the direct comparison of the MAA values obtained from SYN cabins with
mannequins with respect to those found (see later section 3.2.2) in case of empty cabins, as shown in Table 6:

Firstly, a difference around a 10% (ranging from 7.4 to 18.6%) in the averaged values of the MAA between the empty and occupied
cabins is found. This is consistent with the roughly reduction of a 10% in the volume occupied by the air in the cabin (note that the
MAA is computed from the accumulative MAA in the fluid cells, with an absent 10% of cells). Secondly, the comparison between the
difference scenarios with passengers is also coherent with the general conclusions driven later for the empty cases: the highest MAA
values are found for cases 2 and 6, which were already disregarded (also case 3 is to be avoided); while best options are cases 5 and 1
(discussed in section 3.2.2).

Considering this prospective comparison and the fact that (1) the number of simulations and cases combining different positions
and number of passengers to be checked is intractable for practical reasons; and (2) the assessment of the purifiers is particularly
focused on those idle periods when the cabin is not being used but the purifiers are running (up to 45 min) to purify the inside air, the
assumption of empty cabins to perform the numerical study is reasonable.

2.8.3. Impact of the thermal load of the passengers

The passengers are supposed to stay inside the cabins only for a few moments during the elevator movement (let’s say around
20-30 s). Despite of that reduced period of time, compared to the operative cycle of the purifiers (45 min), the buoyancy-driven flows
generated by the thermal boundary layer around the bodies is rapidly established. In particular, an order of magnitude analysis of the
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Fig. 8. Comparison of velocity distributions measured and computed at the lower gaps of the cabin for cases 1 (high infiltration) and 3 (low infiltration).
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Fig. 9. Comparison of path lines, colored by velocity magnitude, between empty cabin (top) and occupied cabin with two people (bottom).

differential equations gives an estimation of the convective velocities around u ~ /gBATL ~ 0.6 m/s, for a typical metabolic heat
generation of 70 W/m? in case of a single passenger when standing relaxed. Here, g is the gravity acceleration, f is the thermal
expansion coefficient, L a characteristic length (height of the bodies) and AT corresponds to the thermal difference associated to the
metabolic heat rate. This result leads, in turn, to a boundary layer thickness of 5 ~ \/aL/u ~ 7.5 mm (a few millimetres), where a is
the air thermal diffusivity. Finally, the unsteady energy equation for a vertical thermal boundary layer promotes the following time
scale for the establishment of the vertical flow currents: t ~ 62/v ~ 2.5 sec, where v stands for the air kinematic viscosity. Effectively,
the buoyancy-driven flow is affecting the global flow patterns in the cabin since the very initial moments with relevant velocity values
(of the same order than the purifier jetflow). However, note that this is relevant only for the velocity field in the vicinity of the bodies,
since the temperature map is practically unaffected. During the total time occupied by the passengers, the global temperature rise
produced by the metabolic heat release can be estimated roughly in 1.5 °C for the whole cabin.

To confirm these estimations, and taking advantage of the previous mannequin cases performed for this rebuttal, an additional
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Fig. 10. Evolution of path lines for Case 1. a) Heat input from 0 to 20 s (top); b) Without heat input from 20 to 50 s (bottom).
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unsteady simulation has been performed to visualize the thermal plumes generated around the bodies. Hence, a surface heat flux of 70
W/m? has been introduced for each mannequin with a characteristic time step size of 0.05 s to resolve the transient evolution of the
flow in the cabin. Case 1 with the purifier placed at the middle of the lateral sidewall has been considered. Firstly, an initial stage for 20
s has been computed, checking the flow patterns after 1, 3 and 20 s. Following, and assuming that the passengers have already
abandoned the cabin so no more heat flux is released inside, a second stage without thermal input was resolved for 30 additional
seconds. Impact of the thermal buoyancy is then clearly shown in Fig. 10. After 1 s, the thermal boundary layer is still not developed.
However, as predicted by the inspectional analysis, significant vertical currents (>0.2 m/s) are induced around the bodies after 3 s
(although the initial global flow pattern is still preserved). Definitively, after 20 s, the global pattern is already changed by the
buoyancy-driven problem in the central part of the cabin, enhancing the overall mixing, completely modifying the original recircu-
lation and thus accelerating the air renewal. When the thermal input stops (bottom row, modelled as insulated bodies), the agitation is
rapidly decayed and the original pattern due to the mechanical-driven flow of the purifier is progressively restored. Effectively, at 23 s,
the thermal plume is quite weakened, while at 30 s is completely vanished. After 40 s, the resemblance of the present pathlines with the
originals is clear, and at 50 s, the final distribution is almost identical to the initial patterns.

Obviously, this confirms the relevance of the thermal effects, but reveals how these mechanisms are instantaneously triggered and
disabled. As expected, the simulation demonstrates that they are no longer affecting the flow after 50 s, when the passengers have
already left the cabin. Considering that the typical reference renewal time of the cabin is 510 s (with mean ages of air of the same
order), this means that only a 10% of the cycle is conditioned by the thermal problem.

In summary, despite of this significant restriction, the present set of non-thermal simulations is considered to be more represen-
tative and useful for the real goal of our research: the assessment of the purifiers focused on idle periods when the cabin is not being
used by passengers, but the purifiers are running (up to 45 min) to purify the inside air, justifying the simplifications adopted.

2.9. Air Change Effectiveness (ACE)

To evaluate the ventilation effectiveness, an additional metric proposed in the literature [30] and known as "Air Change Effec-
tiveness" (ACE) was used. It is defined as the ratio between the values of mean age of air (MAA) for a given region, and the reference
time (Trf) corresponding to the quotient between the cabin volume (V¢gp) and the purifier flow rate (Qo):

Vz‘ab
Ty = (8)
i
Trcf
ACE=—+—
¢ MAA ©)

The reference times for both EVO and SYN cabins are 740 and 510 s respectively (Table 4).
In this work, the ACE values have been obtained in three different zones:

e Local ACE: computed from the mean age of air in the aspirating section of the air purifier (cabin domain outlet).

e Global ACE: computed from the volume-averaged value of the mean age of air in the whole cabin domain.

e Occ. ACE: computed from the volume-averaged value of the mean age of air in the occupied volume (associated to an averaged
range of heights for the passengers’ heads, between 1.45 and 1.75 m).

As a reference, the literature refers to the unity as the threshold limit between the different ventilation modes. Thus, ACE values less
than 1 indicate poor ventilation caused by short circuits and stagnation zones; values close to 1 indicate perfect mixing of the purified
air with the "old" air and values greater than 1 indicate piston-type ventilation. The latter is the ideal situation for the cabin ventilation,
in which the purified air displaces the "old" air with almost no mixing, hence reducing possible exposure times.

3. Results
3.1. EVO cabin

3.1.1. Global flow patterns and infiltration flow rates

Firstly, the infiltration flow rates of the six cases studied for the EVO cabin have been analyzed (Table 7). It is observed that,
depending on the position of the purifier, there is a notable difference in the distribution of infiltrations. In general, the infiltrations are
greater in the gaps than in the grilles, due to the significant restrictions imposed by the grilles louvres. This indicates the need for a
good estimation of the loss coefficients in the grilles, as well as a good modelling of all the clearances and gaps, critical for the accurate
estimation of all the infiltrations. It is relevant the high infiltration levels achieved in the most favorable cases. The positions that

Table 7

Infiltration rates in the EVO cabin for the different positions of the purifier.
Q (m*/h) Cl1 C2 C3 C4 C5 C6
Example gap (under doors) —2.174 —1.243 —0.314 —0.457 0.747 —0.156
Example grille (back corner grilles) 0.132 —0.540 —0.464 —0.604 —0.545 0.975
Infiltration flow rate 3.507 2.258 1.236 1.642 3.975 2.978
Relative infiltration flow rate [%] 9.61 6.19 3.39 4.5 10.89 8.16
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provide a higher infiltration rate (around 10% of the mechanical flow rate) are 1 and 5, while cases 3 and 4 are found to provide the
lower ones (around 4%).

Fig. 11 illustrates the comparison between case 1 (high infiltration rate) and case 3 (lowest infiltration). The velocity field in all the
slots and gaps is represented with scaled vectors, which have been colored by the velocity magnitude. In case 1, most of the outgoing
flow escapes through the floor gap under the doors, while the rest goes out through the lower area of the gaps between the doors, as
well as through the corner gaps and side and top louvers. On the contrary, most of the incoming flow is found in the middle and upper
zones of the gaps between doors (with a maximum infiltration value in that zone of —2.17 m3/h, see Table 7), as well as the ceiling gap
of the doors and the corner grilles. On the other hand, in case 3, the highest outgoing flows correspond to the corner grilles area (value
—0.46 m>/h in Table 7) and also to the floor gap under the doors, while the largest source of incoming flow is observed in the circular
grilles of the ceiling.

Since the infiltration regions are generally concentrated in the door zone, the proximity of the air purifier to the cabin doors appears
to be a significant factor to enhance the infiltrations. In particular, the notable differences in the intensity of the velocity vectors
between case 1 and 3 shown in Fig. 11 support this hypothesis.

Following, the velocity distribution in a horizontal plane of the cabin, 1.6 m high from the floor, is shown in Fig. 12 for cases 1, 3
and 6. This plane has been taken as a reference for the typical height of the passengers’ heads. For a better representation, these
velocity maps have been limited to a maximum value of 0.2 m/s. The high velocity spots, corresponding to the jet core released from
the air purifiers, are located on the sidewalls of cases 1 and 3. For case 6, the high velocity region, found in the right lateral wall, is a
consequence of the downward change of direction of the initial horizontal jet (after impinging the sidewall). In addition, moderate-to-
low velocity regions (yellow and green zones) present some symmetries for the cases located in the walls. Likewise, the bulk flow is

concentrated in the corners and lateral sides, as a consequence of an upwards recirculation of the air coming from the floor.

3.1.2. Mean age of air distributions
Mean ages of air (MAA), computed from different zones of the EVO cabin, have been obtained for all the positions analyzed for the

air purifier (Table 8). Overall vales for the cabin area are found to be between 500 s and 540 s. Moreover, when the MAA at the outlet is
lower than the volume-averaged value in the cabin, short circuits and dead volumes are expected to be found in those cases. Precisely,
cases 2 and 6 present this detrimental characteristic. On the other hand, a direct comparison of the values obtained in the occupancy
volume with those obtained for the rest of the cabin also allows to identify the best-ventilated regions in each case. For example, cases 3
and 4 have a cabin MAA significantly lower than that of the occupancy volume, indicating its superior performance to ventilate the
lower zones of the elevator, while case 6 presents an opposite trend. Note that case 1 provides the lowest air age in all the zones.

Fig. 13 shows a 3D representation with contours of mean age of air in the EVO cabin, comparing the best case (1) with the worst
case (6). Note that this type of representation is a good tool to visualize how the cabin ventilation is performing.
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Fig. 11. Velocity vectors in the infiltration zones of the EVO cabin (colored by velocity magnitude. A) Case 1 (high infiltration rate). B) Case 3 (low infiltration rate).
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Fig. 12. Velocity distributions in the EVO cabin at 1.6 m high.

Table 8
Mean ages of air in the EVO cabin for the six different positions of the purifier.
MAA [s]
Zone Cl Cc2 Cc3 C4 Cc5 Cc6
Outlet 517 524 546 539 527 532
Cabin 501 531 505 505 510 536
Occupied zone 505 530 521 522 517 507

MAA [s]
220 260 300 340 380 420 460 500 540 580 620

Fig. 13. 3D representation (contours) of the MAA inside the EVO cabin for both best (case 1) and worst (case 6) ventilation scenarios.

It is revealed that case 1 makes better use of the natural infiltration elements (louvers and gaps), especially in the door area (more
intense blue zones than case 6). In addition, a significant homogeneous ventilation can be observed for the entire volume of the cabin.
On the other hand, case 6 presents a very unbalanced ventilation, with higher MAAs in general, and where dead volumes can be even
identified in the bottom central area of the cabin.

Concerning the most critical area (the occupancy volume for the users), contours of MAA have been plotted on the horizontal plane
at a height of 1.6 m (Fig. 14). Once more, the position of the air purifier is well identified by the darker blue areas. In cases 1 to 4, that
blue spot corresponds to the core jet coming from the purifier located on the sidewalls. For cases 5 and 6, the blue region is associated
to the recirculated air currents going downwards after impinging the lateral walls (at y = O for case 5 and x = 0.7 for case 6). The other
small dark blue spots correspond to the infiltration zones which are contributing marginally to the air renewal. Precisely, these
localized zones are not able to have a significant impact on the overall pattern of the cabin. However, it is also observed that they can
better contribute if they are properly reinforced by the jet core circulation. As shown previously, case 6 shows a very unbalanced



L. Santamaria Bertolin et al. Journal of Building Engineering 63 (2023) 105466

CASE1 CASE 2 CASE 3

CASE 6

-0.5 0 0.5 -0.5 0 0.5
x[m] x[m]

<350 400 450 500 550 600
MAA [s]

Fig. 14. Contours of MAA at the 1.6 m high horizontal plane for all the air purifier positions in the EVO cabin.

distribution of MAA in the cabin, presenting two distinct zones. Case 2, and even cases 3 and 4, also produce deficient distributions of
MAA. Conversely, cases 1 and 5 demonstrate their better ability to promote an efficient air renewal, although case 5 is notably less
homogeneous.

3.1.3. Air change effectiveness

ACE values obtained for the different cabin zones in all the cases studied for the EVO cabin are shown in Table 9. All cases present
ACE values higher than one in all the zones analyzed. Generally speaking, this reveals that all the positions studied are able to provide a
good air renewal. This conclusion is even valid for cases 2 and 6, which seemed to be bad candidates according only to their flow
patterns. Consequently, it can be affirmed that the performance of the air purifier is well matched to this type of cabin. In any case, a

:Z?Eliaglues in the EVO cabin for the six different positions of the purifier.
ACE [-]
Zone C1 C2 C3 C4 C5 C6
Local 1.43 1.41 1.36 1.37 1.41 1.39
Global 1.48 1.39 1.46 1.47 1.45 1.38
Occ. 1.47 1.40 1.42 1.42 1.43 1.46
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comprehensive analysis of all these results points out that the most recommendable positions for the purifier in the EVO cabin are:
firstly, and significantly better than the others, the position centered on the sidewall (case 1) and secondly, as an alternative position, in
the cabin roof, centered and blowing towards the door (case 5).

3.1.4. Blowing direction

Once the best positions have been identified, an additional set of simulations are performed to check the influence of the blowing
direction on the overall ventilation. Therefore, two new situations are executed for cases 1 and 5, but swapping inlet and outlet
conditions for the air purifier. These inverted cases imply blowing upwards to the ceiling (case 1inv) and blowing horizontally towards
the cabin backside (case 5inv).

Firstly, the flow patterns in the cabin are analyzed for these new scenarios. For that purpose, streamlines have been drawn from
both the inlet (suction) and outlet (discharge) boundaries of the purifier and colored with the values of the mean age of air (Figs. 15 and
16). This representation allows the identification of the air paths throughout the cabin and its progressive aging.

The comparison between case 5 and case 5inv can be seen in Fig. 15. In the conventional case 5, the air discharged by the purifier
impinges the upper zone of the doors where it finds a corner step that acts as a deflector. As a consequence, part of the flow is diverted
towards the center of the cabin while the rest is distributed towards the floor and along the side walls. All the flow is then progressively
driven to the opposite side of the cabin where it is suctioned towards the purifier inlet. On the other hand, in the inverted case, the jet
impacts onto the backside wall, bouncing back and returning to the purifier inlet without being sufficiently distributed throughout the
whole cabin. Thus, the lack of that deflecting geometry involves a very local evolution that prevents a correct ventilation. A large
region in the bottom part of the cabin is then recirculated, with the air progressively aging and leading to high MAA values.

Similar representations have been obtained in Fig. 16 for cases 1 and 1 inverted. In the conventional case 1, it can be clearly seen
how the jet core hits the floor and is distributed throughout the cabin following the sidewalls and doors, being more concentrated in the
corners. In the doors area, this recirculating pattern allows the reinforcement of the infiltration rates through gaps and slots. In the
upper region of the cabin, part of the air is captured by the purifier suction, while the remaining air goes towards the central zone
generating two large vortices. Note also a large portion of suctioned air coming from the left corner of the backside wall in the cabin,
where higher values of MAA are found.

Meanwhile, in case 1 inverted, the jet splits immediately after impinging onto the ceiling. On the one hand, two jets are generated,
bouncing back at both sides of the purifier, and redirected downwards to the central region of the cabin. On the other hand, the rest of
the jet enters into the false ceiling, enabling its further distribution throughout the rest of the cabin. Basically, the upper zone receives
renewed air from both sides of the false ceiling, with the two jets displacing the rest of the air; while the inlet of the purifier aspirates air
from the central zone of the volume where the air is more aged.

Finally, in order to have a quantitative indicator, the levels of ACE in all the relevant zones of the cabin were compared for both
conventional and inverted cases. The results are shown in Table 10. ACE values for case 5inv are particularly poor, due to the low levels
of Global and Occ. ACE, which indicate the existence of short circuits and dead volumes in the cabin. On the contrary, case 1inv reveals
a slight improvement with respect conventional case 1 in all the indicators. However, considering the comparison of MAA patterns in
the plane at 1.6 m high (Fig. 17), it can be observed that the air concentrated in the central area (most likely to be occupied) is the one
with the highest mean age for the inverted case. Moreover, since the false ceiling is the geometrical characteristic that it is conditioning
the flow patterns of the inverted case, and considering its simplified modelling (without luminaires, wiring, folds, supports, etc.), real
conditions for this element could obstruct the flow, making the purifier less efficient than the conventional case 1.

CASE 5inv

it see— 168

R

I
200 235 270 305 340 375 410 445 480 515 550

MAA [s]

Fig. 15. Comparison of flow streamlines (colored by MAA values) in the EVO cabin for cases 5 (left) and 5 inverted (right).

17



L. Santamaria Bertolin et al. Journal of Building Engineering 63 (2023) 105466

CASE 1inv
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Fig. 16. Comparison of flow streamlines (colored by MAA values) in the EVO cabin for cases 1 (left) and 1 inverted (right).

Table 10
ACE values in the EVO cabin for the best positions of the purifier and comparison with their corresponding inverted cases.
ACE [-]
Zone Cl Cl-inv C5 C5-inv
Local 1.43 1.38 1.41 1.37
Occ. 1.47 1.5 1.43 1.16
Global 1.48 1.55 1.45 1.14

CASE 1 CASE 1inv
2
15
. [
>
1
0.5
o
0.5 0 0.5 0.5 0 0.5
x[m] x[m]
EE 20 e
<350 400 450 500 550 600
MAA [s]

Fig. 17. Comparison of MAA contours at the 1.6 m high horizontal plane for cases 1 and 1 inverted in the EVO cabin.

3.2. SYN cabin

3.2.1. Global flow patterns and infiltration flow rates

The SYN cabin has a simpler geometry than the EVO, with fewer but larger infiltration zones. Complementarily, due to its lower
volume, the design flow rate for the purifier is reduced leading to smaller infiltration rates than in the EVO cabin. Despite of this
downscaling, the overall trends are similar in the SYN cabin, so cases 1 and 5 induce again the highest values of infiltration. Comparing
the relative flow rates of both cabins, it is observed a reduction in the flow rate for the sidewall cases (1 and 2) in this cabin, probably
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due to the absence of grilles and slots in the corners. On the contrary, the infiltration for the backwall cases (3 and 4) increases in
relative terms. This increase is easily attributable to the smaller length of the cabin, and the consequent shorter distance from the
purifier to the door area. Considering the cases with the purifier on the ceiling, the relative infiltration for case 5 is increased, due to the
upper zone louvers in the inlet frame, while for case 6 decreases, perhaps due to the absence of ceiling louvers and corner gaps.

The velocities in the infiltration zones for cases 1 and 3 are compared in Fig. 18. Although there is still a difference in magnitude
between the two cases, it has been now significantly reduced for the SYN cabin. Moreover, the behavior of both cases is much more
similar than in the EVO cabin, presenting the same inflow and outflow zones. Only the lower zone of doors gap, the upper right zone of
the door-elevator gap and the upper right grille (—0.203 m%/h compared to 0.014 m%/h in Table 11) present slight differences.

Fig. 19 shows the velocity distributions in the horizontal plane at 1.6 m high of the SYN cabin. In case 1, the distribution of the
ascending air currents (in the left sidewall) changes with respect to the same case of the EVO geometry, presenting two zones (instead
of three) and with their position shifted from the corners and center to intermediate locations. The symmetry of the pattern is also more
distorted in the SYN case. Conversely, cases 3 and 6 have distributions more similar to those observed in the EVO cabin, with special
homogeneity in case 6 of this cabin.

3.2.2. Mean age of air distribution

Mean ages of air (MAA), computed from different zones of the SYN cabin, are now presented for all the positions simulated in
Table 12. Typical values of MAA obtained in this cabin, between 335 and 404 s, are lower than those found in the EVO cabin. The lower
flow rate of the purifier does not fully compensate the volume reduction of this cabin, thus leading to ages of air significantly lower. In
other words, the significant reduction of the cabin volume makes the ventilation easier. Once again, case 6 has lower MAA values at the
outlet than inside the cabin, indicating the existence of dead volumes and/or internal short circuits. In addition, the MAA values in the
cabin for that case 6 are notably higher than other cases. The best options are again associated to cases 1 and 5, being case 5 the most
promising with the lowest MAA. Comparatively, cases 3 and 4 improve their results, in relative terms in the occupancy volume, with
respect to the EVO cabin values.

Now, three-dimensional contours of MAA have been represented for cases 1 and 6 in the SYN cabin (Fig. 20).

The figure reveals that the infiltration zones in case 1 are less active than those in the corresponding case for the EVO cabin
(Fig. 13). Nevertheless, the overall ventilation and air renewal is still quite homogeneous. On the contrary, in case 6 of the SYN cabin
(right image), the lower zones have very high MAA values and ventilation is only efficient in the upper region. This is also consistent
with the local sources of infiltration, excessively marginal to modify the overall pattern of ventilation.

This section is concluded with Fig. 21, showing MAA distributions in the horizontal plane at 1.6 m high for all the 6 cases studied in
the SYN cabin. These maps are consistent with previous results from the EVO cabin. Hence, case 6 presents ages of air notably higher
than other cases, especially in the central zone due to a large dead volume. Likewise, cases 2 and 3 present an unbalanced distribution
in the plane, where lower ages are found near the doors and higher values are accumulated in the backside wall. Besides, case 5 has the
best distribution in this plane, followed by cases 1 and 4. The infiltration zones provide a larger area of influence than in the EVO cabin,
mainly due to the difference in size of the cabins.

CASE 1

3 iana s

25228000

Sk 11

000 003 0.06 009 012 0.15 0.18 >0.20

Velocity magnitude [m/s]

Fig. 18. Velocity vectors in the infiltration zones of the SYN cabin (colored by velocity magnitude. A) Case 1 (high infiltration rate). B) Case 3 (low infiltration rate).
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Table 11
Infiltration rates in the SYN cabin for the different positions of the purifier.
Q (m*/h) C1 Cc2 C3 c4 C5 C6
Example gap (under doors) —0.989 -0.713 —0.850 —0.665 0.049 0.731
Example grille (top grille right) —0.203 —0.419 0.014 0.542 0.328 -1.769
Infiltration flow rate 1.927 1.402 1.508 1.412 2.684 1.403
Relative infiltration flow rate [%] 8.03 5.84 6.28 5.88 11.18 5.85
" CASE 1 CASE 3 CASE 6
5 L_)
1.2
1
0.8
E
=06
0.4
0.2
04
-0.5 0 5- 0 5 0 5- O 5
X[m] X[m] X[m]
0 0.04 0.08 0.12 0.16 >0.2
velocity magnitude [m/s]
Fig. 19. Velocity distributions in the SYN cabin at 1.6 m high.
Table 12
Mean ages of air in the SYN cabin for the six different positions of the purifier.
MAA [s]
Zone C1 C2 Cc3 Cc4 C5 Cc6
Outlet 372 380 382 383 369 377
Cabin 350 363 352 353 335 404
Occupied zone 360 376 364 358 341 379

CASE 1 CASE 6

MAA [s]
0 72 144 216 288 360 432 480

Fig. 20. 3D representation (contours) of the MAA inside the SYN cabin for both best (case 1) and worst (case 6) ventilation scenarios.
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Fig. 21. Contours of MAA at the 1.6 m high horizontal plane for all the air purifier positions in the SYN cabin.

3.2.3. Air change effectiveness

ACE values, as a function of the cabin zone in the different cases for the SYN cabin, are shown in Table 13. Once again, it is revealed
that the performance of the air purifier is well matched to this type of cabin, presenting ACE values higher than one for all the sce-
narios. The best results (highest ACE) correspond to cases 1 and 5, while the worst option is given by case 6.

3.2.4. Blowing direction

Finally, the influence of the blowing direction has been also studied for the SYN cabin. In particular, only the inverted case 1 (Case
linv) was studied. Case 5 inverted was not considered due to poor results observed for the EVO cabin (worse results that any other
case) and the presumable similarity expected now for the SYN cabin (note the overall similar results obtained for both cabins in
previous sections).

Firstly, the basic flow patterns in the cabin are analyzed with the same previous methodology. Fig. 22 shows the results for cases 1,
1 inverted and 5.

The flow patterns in these three cases of the SYN cabin are very similar to those presented earlier for the EVO cabin. It is worth
highlighting inverted case 1, which is more interesting now because of the absence of a false ceiling. This implies that the results
become more representative of the ceiling region. In particular, with the air purifier installed close to the ceiling, the jet core is roughly
mixed out, without suffering significant diffusion (unlike conventional case 1, where the jet widens as goes downward reducing its bulk
velocity) and conserving its momentum after impinging the ceiling. As a consequence, the roof itself diverts the air flows towards the

Table 13
ACE values in the SYN cabin for the six different positions of the purifier.
ACE [-]
Zone C1 C2 C3 c4 C5 C6
Local 1.37 1.34 1.34 1.33 1.38 1.35
Global 1.46 1.41 1.45 1.45 1.52 1.26
Occ. 1.42 1.36 1.40 1.42 1.50 1.34
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CASE 1 CASE 1inv CASE 5

200 220 240 260 280 300 320 340 360 380 400
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Fig. 22. Comparison of flow streamlines (colored by MAA values) in the SYN cabin for cases 1 (left), 1 inverted (middle) and 5 (right).

lateral sides, but also downwards with two bouncing jets. Moreover, as the jet preserves its momentum, the major part of the flow is
distributed from the ceiling; not only going downwards onto the lateral sides, but also going into the center of the cabin. Finally, the
suction contributes to the movement of air from the lower zone. This means that the aspirating region is contributing to a more intense
air movement in the lower zone.

In addition, Fig. 22 shows how both inverted case 1 (middle) and case 5 (right) are very likely to interact negatively with the
opening of doors, so this aspect should be studied in greater depth for a future work.

To conclude, the ACE levels of these three cases are shown in Table 14. Notice that case 1 inverted represents a slight improvement
over conventional case 1 (for the ACE Global level), and a notable improvement, especially in the occupancy volume where it even
improves case 5, the option with best results so far.

4. Conclusions

The optimal position of an air purifier for elevator cabins has been determined, in terms of ventilation and air renewal, using
advanced CFD techniques in a full 3D unsteady numerical model. The assessment of the purifiers has been mainly focused on idle
periods when the cabin is not being used by the passengers but the purifiers are still running during 45 min to avoid that the trapped air
in the cabin could suppose a reservoir for contaminants.

Neither the volume occupied by the passengers, nor the heat transfer released to the ambient has been considered in the study.
These modelling restrictions have been addressed carefully with additional simulations demonstrating that they can be reasonably
neglected for the objectives of the study. The results of preliminary simulations including the volumetric blockage of the passengers’
bodies are consistent with the major findings observed for empty cabins. Also, since thermal effects contribute to enhance the flow
mixing and reduce the MAA (preventing dead volumes), its absence leads to more conservative scenarios, with a major challenge for
the ventilation effectiveness.

A 3D resolution of the unsteady RANS equations for the air flows using a k-¢ RNG turbulence model, has provided a validated
estimation of MAA distributions inside the cabins, revealing that the contribution of infiltrations is significant for the global results,
with values of up to 10% of total recirculated flowrate of the purifier.

Regarding the results, six different locations for two different cabin geometries were studied. It has been found that the flow
patterns induced by the air purifier are similar for both cabins, so the conclusions of the present study can be generalized to other
cabins. Infiltration zones contribute to a better ventilation, but with less influence on the evolution of the overall pattern than ex-
pected. The enhancement of the flow exchange in these zones is very positive for ventilation, so the proximity of the purifier to the
infiltration zones can be concluded as a relevant factor. In both cabins studied, cases 1 and 5 are identified as the best positions to
maximize the air renewal, blowing downwards to the cabin floor and towards the cabin doors respectively.

Table 14
ACE values in the SYN cabin for the best positions of the purifier and comparison with their corresponding inverted cases.
ACE [-]
Zone Cl Cl-inv C5
Local 1.37 1.32 1.38
Global 1.46 1.48 1.52
Occ. 1.42 1.52 1.50
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The cases studied with the inverted blowing direction (EVO-C5inv, EVO-Clinv and SYN-C1linv) are only positive in case of position
1, mainly due to the closer proximity of the purifier to the ceiling (instead of the floor) and a superior conservation of the jet core
momentum. In addition, it has been observed that when the jet impinges onto some irregular geometry better results are achieved. This
indicates that the inclusion of diffusers or some type of deflector geometries at the outlet of the purifier could be beneficial for
improving its performance.

Finally, it must be advised that these global conclusions for the scenarios studied are likely to be significantly influenced by the
effect of the doors opening and closing in a typical cycle time of the elevator. This aspect, which is beyond the scope of this paper, is
proposed for future work in order to provide a more comprehensive picture of the ventilation and air renewal in this type of elevator
cabins using air purifiers.
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