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Abstract—Passive air pollution control devices known as
aspiration efficiency reducers (AER) have been developed using
aspiration efficiency (AE) concepts. Their purpose is to reduce the
concentration of particulate matter (PM) drawn into a building air
handling unit (AHU) through alterations in the inlet design improving
energy consumption. In this paper an examination is conducted into
the effect of installing a deflector system around an AER-AHU inlet
for both a forward and rear-facing orientations relative to the wind.
The results of the study found that these deflectors are an effective
passive control method for reducing AE at various ambient wind
speeds over a range of microparticles of varying diameter. The
deflector system was found to induce a large wake zone at low
ambient wind speeds for a rear-facing AER-AHU, resulting in
significantly lower AE in comparison to without. As the wind speed
increased, both contained a wake zone but have much lower
concentration gradients with the deflectors. For the forward-facing
models, the deflector system at low ambient wind speed was
preferred at higher Stokes numbers but there was negligible
difference as the Stokes number decreased. Similarly, there was no
significant difference at higher wind speeds across the Stokes number
range tested. The results demonstrate that a deflector system is a
viable passive control method for the reduction of ventilation energy
consumption.

Keywords—Aspiration efficiency, energy, particulate matter,
ventilation.
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I. INTRODUCTION

XPOSURE to elevated levels of PM has been identified as
a leading cause in respiratory and cardiovascular health
problems and mortality. PM exposure occurs in both indoor
and outdoor environments and relatively low concentrations
can lead to negative health effects [1]. Particle infiltration
from the ambient to the indoor environment results in a
reduction of the indoor air quality (IAQ) and this can vary
depending upon the ambient PM concentration. Particles are
transported by mechanical ventilation systems, cracks in the
building and through particle resuspension from the ingress/
egress of the building occupants [2]. A study by McCreddin et
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al. [3] found that office workers spend > 90% of their time in
enclosed environments and 30% within their office space.
The heating, ventilation and air conditioning (HVAC)
system of a commercial building is supplied with fresh air by
an AHU, typically located on the roof. To maintain an
acceptable IAQ, a filtration system is installed within the
AHU to prevent the transportation of ambient PM to the
indoor environment. A consequence of this passive method for
removing the particles from a ventilation system is an increase
in the pressure drop. Continuous PM deposition upon the filter
leads to an increase in energy consumption as this causes the
system resistance to rise until saturation [4]. Therefore, the air
filtration system has a significant impact on the fan
performance and building energy efficiency.
Filters are graded based upon their effective removal
efficiency of coarse, fine and ultrafine particles [5]. The use of
a finer filter with higher removal efficiency for fine and
ultrafine particles will increase the pressure drop and clog
faster but improve IAQ. Similarly, coarser filters will reduce
the pressure drop but lead to a decrease in IAQ. Significantly,
HVAC systems account for 40% of the total energy
consumption of a typical commercial building [6]. Therefore,
a passive PM control device that acts as a pre-filter could lead
to substantial long-term energy savings and a reduction in PM
concentrations within the AHU. The purpose of this paper is to
develop a passive PM control system using deflector plates
that will lead to the reduction in the AE of an AHU through
lower concentrations entering the HVAC system, and
consequently lower the building energy consumption.
AER has been designed based upon factors influencing AE.
AE is the ratio of particle concentration (C) sampled in the
orifice inlet to the undisturbed ambient air (C0) [7].
𝐴𝐸

100

(1)

The concept of AE was initially used on the design of
personal inhalable aerosol samplers where an efficient sampler
has an AE of 100%. Hangal and Wilke found that AE can
exceed this value with AE of up to 200% for a thin and thickwalled cylindrical sampler [8]. AE has also been used to
investigate the aspiration of particles into the human mouth
and nose. A recent study by Tao et al. [9] found AE to be as
high as 170% depending on the particle diameter for a moving
manikin due to an increase in the particle accumulation at
faster walking speeds. Although as the particle diameter
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increased AE could be lower than 10%. Variables that effect
AE include ambient wind velocity 𝑈 , ventilation velocity
𝑈 , orifice size, angle of orifice to oncoming wind, particle
size d , and the Stokes number (St). Typically, with a
thin/thick walled sampler, AE is analysed using a combination
of the velocity ratio 𝑅 and the Stokes number shown in (2)
and (3) respectively.
𝑅
St

positioning was varied depending on the orientation of the
AHU (i.e. rear-facing or forward facing) to the upstream
ambient wind. The ventilation velocity was set to 2.5 m/s
based upon maximum AHU flow rates by [11] and ambient
wind velocities of 2.5 m/s and 7.5 m/s were tested in order to
produce a velocity ratio, R, of 1 and 3 respectively. A range of
particle sizes was tested from 2.5-90 μm diameter, which are
represented by their corresponding Stokes number.

(2)

Ambient

(a)

(3)

where ρ and L are the particle density and characteristic
length. Two studies have been conducted on the development
of an AER. Both examined the effects upon AE of varying the
environmental and building operating conditions for large
aspirating systems [10], [11]. McNabola et al. developed a
scaled experimental AER prototype for an AHU that
incorporated an array of cylindrical blunt nosed inlets [10].
This showed the potential for PM control using AE concepts
across a range of wind speeds, flow rates and at different inlet
orientations relative to the wind direction. A follow up paper
was conducted field testing a full-scale AHU with multiple
blunt nosed inlets and a control AHU [11]. The number of
inlets for the full-scale AER was designed to maintain a
ventilation velocity < 1 m/s. The results indicated that the
control AHU reached filter saturation before the AER-AHU.
Based upon the pressure drop, this resulted in a 75% increase
in filter life or a 14% reduction in energy consumption. This
paper will examine the effect upon AE when deflector plates
are placed around an AER-AHU inlet. It is proposed that the
boundary layer separation caused by the deflectors will lead to
lower PM concentrations within the ventilation system
through ensuring the particles are diverted away from the
AHU inlet. It is expected that this will also lead to a reduced
concentration build up within the wake formation in front of
the AHU inlet.
II. MATERIALS & METHODS
A. Numerical Modelling Set-Up
A 2D numerical model was developed of an AHU to
simulate particle laden fluid flow using ANSYS Fluent 18.1.
The boundary conditions of the fluid domain are illustrated in
Fig. 1 (a). The upstream and downstream distances from the
AHU were set to a minimum of 5H and 10H respectively. The
height of the domain was set to 5H away from the top of the
AHU deflector or roof depending on the model. Wind flow
around an AHU is analogous to flow around a bluff body and
the fluid domain dimensions are based upon recommendations
for wind flow around a building [12].
An array of 25 mm orifices was used to represent the AERAHU. The array of orifices used was chosen as to build upon
findings from previous AER-AHU studies [10], [11]. Models
were created both without and with the new deflector plates as
shown in Figs. 1 (b) and (c) respectively. The deflector
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Fig. 1 (a) 2D computational domain for a rear-facing AER-AHU
relative to the ambient wind flow. (b) AER-AHU; (c) AER-AHU
with deflectors. Note A: Location of AER inlets for forward-facing
AHU

An Unsteady Reynolds Averaged Navier-Stokes (URANS)
turbulence model is required for a 2D simulation. The k-ω
SST model due to its effectiveness at modelling both near wall
flows and freestream flow in comparison to its standard
equivalent and the k-ε family [13] was employed to simulate
fluid flow around the AHU. Numerous studies have used this
model to analyze both natural and mechanical ventilation for
multi-story buildings [14], [15].
The turbulence model accounts for the fluid flow using an
Eulerian reference frame but the pollutant dispersion and
trajectory of the microparticles are modelled in a Lagrangian
reference frame. This is known as the discrete phase model
(DPM) where the particle trajectory is determined by
integrating the particle force equation as described in ANSYS
Fluent [16]. The particle force equation is dependent upon the
drag force of the particle. As the source of the pollutant can
vary region to region depending on the local natural or
anthropogenic sources, so too will the drag. Therefore, a shape
factor is used to model non-spherical particles [17]. To
account for the turbulent diffusion and the particle-eddy
interaction, the discrete random walk (DRW) model was
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B. Verification & Validation
The domain was meshed using quadrilaterals cells as these
are preferred due to reduced cell count and greater alignment
with the fluid flow [19]. A face cell size of 0.05 m was used
predominantly throughout the domain along with inflation
layers with the first cell height at 0.0001 m, which ensured the
appropriate Y+. Typically, the CFD process requires that mesh
verification is performed as to determine the quality of the
model. The grid convergence index (GCI) pioneered by [20] is
used extensively to quantify the spatial and temporal
discretization error. Verification confirmed that the finest grid
which contained approximately 220,000 cells had a GCIfine ≤
3%. Testing occurred at 150-point locations upstream,
downstream and around the AHU.
As far as we know no experimental wind tunnel studies
currently exist on the AE of an AHU. Validation of the CFDDPM model was achieved using available experimental wind
tunnel results conducted on the AE of a personal aerosol GSP
sampler at various particle diameters by [21]. The
experimental set up for testing the AE of personal aerosol
sampler is comparable to a scaled down version of an AHU
test within a wind tunnel. Therefore, the DPM model could be
calibrated and validated using this approach. A domain size of
0.1 m x 0.1 m was used where the GSP sampler had an inlet
orifice of 0.008 m and a body size of 0.03 m. A global cell
size of 0.001 m was used to discretize the domain with a
minimum cell height at the walls of 0.0001 m. A suction
velocity of 1.16 m/s and ambient wind speed of 0.5 m/s were
used as per [21].
The CFD model was in excellent agreement with the
experimental wind tunnel results as linear correlation with an
R2 of 0.97 was produced and within the error bar limits as
shown in Fig. 2 (a). This is illustrated further in Fig. 2 (b)
where the CFD results are typically within the spread of the
experimental results with the exception being 58 μm diameter
although the deviation is negligible. As the GSP sampler was
tested within a low air movement environment and at a low
Reynolds number flow, a second validation study was
conducted at a higher Reynolds number flow with PM
dispersion in an urban environment.
To ensure continuity between the validation models, the
boundary conditions, turbulence model and DPM set up were
maintained. An isolated urban canyon model was tested at a
height (h) and width (w) of 1.6 h giving an aspect ratio of one
where h = 0.1 m. An ambient width speed of 4 m/s and
pollutant line source width of 0.7 h was used as per [22]. A
cell size of 0.002 m was used for the global grid size and
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minimum of 0.0004 m at the walls to ensure Y+ approximately
equal to one. The pollutant concentrations within the canyon
were examined through a non-dimensional analysis where Cs
is the pollutant source which is representative of an emission
source from a line of cars in traffic. The results demonstrated
that the numerical models captured the effects of the actual
PM dispersal within a physical environment with an R2 of 0.95
and similar distribution of PM around the urban canyon as
seen in Figs. 3 (a) and (b) respectively.
120
Wind Tunnel AE (%)

chosen as the stochastic tracking method [16].
A transient flow field was used (URANS) with a time step
of 0.0005 s and the gradients were assessed with the GreenGauss node-based method. Second order upwind schemes
were chosen for the convective and diffusion terms and a
bounded second-order implicit scheme was used for temporal
discretization. The pressure-velocity coupling was achieved
using SIMPLEC algorithm [18] and the scaled residuals that
were set to a minimum of 10-4 for all models simulated.
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Fig. 2 CFD model comparison against wind tunnel tests on a
personal aerosol sampler [21] where (a) Linear correlation between
experimental and computational (b) effect of particle diameter on AE

III. RESULTS & DISCUSSION
A. Analysis of the AE of an AER-AHU with/without
Deflectors at Equivalent Ambient Wind Speed and Ventilation
Velocity
An analysis was conducted at varying velocity ratio, R, to
determine the effect on AE for an AER-AHU, both with and
without deflectors. The model was tested at both forward and
rear-facing orientations (relative to the wind direction) and
across their respective range of Stokes numbers, that varied
depending on the wind speed and particle diameter. The
velocity ratio was chosen based upon previous literature where
differing flow dynamics were observed for ambient wind flow
around an operating AHU where R ≤ 1 and R > 1 [23].
The results in Fig. 4 demonstrate the effectiveness of
placing deflectors around the AER-AHU inlet for both AHU
orientations at R = 1. The AE of the forward-facing AERAHU with deflectors was found to experience lower AE
values as the Stokes number increased above one. At St < 1,
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difference in AE with decreasing Stokes numbers with and
without deflectors. Where 2.5 μm (D2.5) and 10 μm (D10)
diameter particles were modelled, there was 18% and 29%
difference respectively at their corresponding Stokes numbers.
This will result in lower concentrations drawn into the
ventilation system at the AHU inlet. This implies significant
gains in energy savings from a reduced particle loading upon
the filters and lower harmful PM emissions within the indoor
environment. As the Stokes number exceeds a magnitude of
three the difference in AE is negligible but again significant
energy saving will occur up to St = 3. The rear-facing AERAHU without deflectors demonstrated similar results for D2.5
AE of 80% at an equivalent ambient wind speed as the
original AER-AHU prototype developed and tested by [10].
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there is no major difference in AE with or without the
deflectors. The rear-facing AHU is also far more effective at
reducing the particle concentrations within the ventilation
system in comparison to the forward-facing AHU.
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Fig. 3 CFD model of pollutant dispersal within an 2D isolated urban
canyon against wind tunnel tests [22] at Uref=4m/s where (a) Linear
correlation between experimental and computational (b) Distribution
of PM within the urban canyon
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Fig. 4 AE of an AHU-AER with/without deflectors at R =1, where
the ventilation velocity is 2.5 m/s

Critically, with the rear-facing AHU there is a considerable

(a)

(c)

Ambient
wind flow

Ambient
wind flow

(b)

Ambient
wind flow

(d)

Ambient
wind flow

Fig. 5 Velocity vectors (m/s) of ambient wind flow around an AER-AHU at R=1 where (a) forward-facing without deflectors (b) rear-facing
without deflectors (c) forward-facing with deflectors (d) rear-facing with deflectors
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The variation in AE can be attributed to the change in the
aerodynamics around the AER-AHU inlet. The results from
velocity vectors of AER-AHU in Figs. 5 (a) and (b) without
deflectors are analogous to the study by Considine et al. where
similar flow patterns were observed for AHU commercial
rainhoods [23]. The ambient wind flow for the forward-facing
AER-AHU without deflectors is drawn directly into all ten
orifices. For the rear-facing counterpart model, the ambient
flow detaches at the back of the AHU and reattaches directly
in front of the AHU inlet.
Examining both the forward and rear-facing models with
the deflectors in Figs. 5 (c) and (d) shows that they have had a
profound impact on the flow dynamics around the AER-AHU
inlet. An increase in the magnitude of the velocity can be seen
for the lower inlet orifices and a stagnant zone has formed
between the upper inlets and the roof deflector. This in
combination with the ground deflector has diverted a portion
of the flow upwards and around the roof deflector. The most
significant difference was detected in the rear-facing AERAHU with deflectors. The reattachment of the boundary layer
has occurred further downstream and consequently the size of
the wake zone has increased greatly in front of the AER-AHU.

(a)

(b)

(c)

(d)

Fig. 6 Contours of D2.5 particle concentrations (μg/m3) at R=1 where
(a) forward-facing without deflectors (b) rear-facing without
deflectors (c) forward-facing with deflectors (d) rear-facing with
deflectors

The flow similarly to its forward-facing counterpart has
split upwards and downwards at the deflectors, although the
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flow is not diverted around the AHU but is associated with the
eddy formation in front of the ground deflector.
The results from the contours of D2.5 particle concentrations
demonstrate the variation in the particle distribution for each
model as shown in Figs. 6 (a)-(d). A larger proportion of the
orifices in the forward-facing AER-AHU without deflectors
were exposed to more ambient PM in comparison to with
deflectors. This led to the slight decrease in AE with the
deflectors that gradually became larger as the Stokes number
increased. A more far-reaching effect of the deflectors can be
seen when comparing Figs. 6 (b) and (d).
The large eddy formation and increase in the height of the
detached boundary layer has resulted in lower D2.5 particle
concentrations around the AHU. The interface between the
boundary layer and the freestream flow has also experienced
an increased mixing effect resulting in higher concentrations
than the ambient environment concentration. This higher
concentration is deposited closer to the AHU inlets without
deflectors which are then drawn into the orifices. The
significant difference in the concentration gradients led to very
large difference in AE.
B. Analysis of the AE of an AER-AHU with/without
Deflectors at Larger Ambient Wind Speed in Comparison to
the Ventilation Velocity
The ambient wind speed was increased to examine the
effect of the deflectors upon the AE of the AER-AHU at R =
3. The results illustrated in Fig. 7 show that the deflector
plates have no major effect on AE for a forward-facing AERAHU. The trendline shows that the performance of the AERAHU with and without deflector system are undifferentiated
across the Stokes number range examined but can vary at
specific individual Stokes number. Inspection of the rearfacing AER-AHU results show similar performance levels at
lower Stokes numbers. A 14% and 22% difference in AE
occurred for D2.5 and D10 particles respectively with the
deflector system compared to without. Again, as the Stokes
number becomes larger the deviation in AE between both
models is reduced and performance levels are similar. There is
not much variation in the velocity vectors at R = 3 for both
configurations of the forward-facing AER-AHU in Figs. 8 (a)
and (c) in comparison to their equivalent configuration when
R=1
Although the magnitude of the velocity flow field is larger,
the stagnant zone underneath the AER inlets without
deflectors has increased in size and an equal ventilation
velocity for each orifice exists. There has been significant
change to the rear-facing AHU without deflectors as a large
eddy has now formed in front of the AER-AHU inlet as
illustrated in Fig. 8 (b). Similarly, to R = 1 with deflectors and
rear-facing, the eddy has formed but increased in size and
magnitude as shown in Fig. 8 (d). The results suggest that for
both orientations increasing the velocity magnitude generates
lower AE for equivalent particle sizes due to difference in
magnitude of the Stokes number. For the rear-facing AHU, in
combination with the Stokes numbers, the wake effect is also a
dominant factor in controlling the trajectory of the
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100

microparticles. The D2.5 particle concentrations showed a
similar magnitude to the ambient concentration for the
forward-facing AHU without and with deflectors as shown in
Figs. 9 (a) and (b) respectively. The bottom three orifices
without deflectors are positioned within a wake zone and
where the particle concentrations are lower.
Where the deflectors were installed, the bottom orifices also
appear to be exposed to lower concentrations in comparison to
the upper orifices. Hence, there was no significant difference
in AE between both models. The variation between the rearfacing AER-AHU models is evident in the particle
concentration gradients within the wake zone for both models.
Without the deflectors, there is higher concentration of D2.5
particles in the center of the eddy in comparison to with the
deflectors as observed in Fig. 9. This caused the lower AE
values in combination with the deflectors directing the
particles away from the AER-AHU inlet.
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Fig. 7 AE of an AHU-AER with/without deflectors at R = 3, where
the ventilation velocity is 2.5 m/s

(b)

Ambient
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(d)

Ambient
wind flow

Fig. 8 Velocity vectors (m/s) of ambient wind flow around an AER-AHU at R=3 where (a) forward-facing without deflectors (b) rear-facing
without deflectors (c) forward-facing with deflectors (d) rear-facing with deflectors

IV. CONCLUSION
The results from this paper demonstrate the potential for
deflectors around the AHU inlet as a form of energy efficient
pollution control technology for PM. This could lead to
significant savings through a reduction in the built
environment energy consumption. This paper can be
considered a proof of concept and demonstrates that further
examination of this technology is warranted. Potential future
research will require the following:
1. Parametrized study of the deflectors angle and lengths,
2. Active control system based on wind angle to control
orientation,
3. 3D CFD study that includes side deflector,
4. Large eddy simulation (LES) study in place of RANS,
5. Both experimental and field studies to confirm viability of
deflectors.
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Fig. 9 Contours of D2.5 diameter particle concentrations (μg/m3) at
R=3 where (a) forward-facing without deflectors (b) rear-facing
without deflectors (c) forward-facing with deflectors (d) rear-facing
with deflectors
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