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ABSTRACT
In this study, we developed a compact low-speed wind tunnel. First, we computationally analysed
the flow quality of different wall shapes for the contraction section, the most critical part of a
wind tunnel, and selected the design exhibiting minimal boundary layer separation at simulated flow
velocities of 2 and 8 km h−1. Then, after constructing the wind tunnel, we experimentally evaluated
its overall performance based on different parameters per the United States Environmental
Protection Agency (U.S. EPA) guidelines (40 CFR 53.62). The air velocity and turbulence profiles
were uniform, displaying ≤ 10% variation in the section we tested. Additionally, we measured the
mass concentrations and size distributions of polydisperse dust particles, which were generated
by a custom-made rotary dust feeder to ensure the homogeneity of the aerosol, inside the wind
tunnel at air velocities of 2 and 8 km h−1 and found ≤ 10% deviation for the mean values across
the test section relative to those for the central sampling point. We also assessed the
effectiveness of the Well Impactor Ninety-Six (WINS) and Very Sharp Cut Cyclone (VSCC) in the
wind tunnel at an air velocity of 8 km h−1 by determining the D50 cutoffs, which, being 2.44 ± 0.05
µm and 2.54 ± 0.05 µm, respectively, fulfilled U.S. EPA’s criteria. Furthermore, we compared the
performance of a low-cost sensor against that of a reference instrument in measuring PM2.5
concentrations, and our results agreed with those from previous studies.
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Rapid urbanisation, industrialisation and steep population growth have led to the significant
degradation of air quality in countries like China and India. Most of the time air quality, especially
of megacities shows poor index (Greenstone and Hanna, 2014). In fact, in one of the major
findings, it is estimated that more than half of India’s population is exposed to ambient PM2.5
concentration that do not comply with India’s National Ambient Air Quality Standards (NAAQS)
(Purohit et al., 2019). In November 2019, the air quality index (AQI) of Delhi hit 500 indices for
the first time which denotes poorest air quality of all time (Mansoor, 2019).
Ambient particles are important pollutants and therefore to assure air quality compliances,
PM2.5 is used to monitored continuously in most of the air quality monitoring stations. As per
NAAQS, present days in India, PM2.5 is measured by gravimetric and beta gauge mass measuring
methods, where PM10 inlet and PM2.5 cyclone or impactor are used as a separation device (NAAQS,
2009). Sampler effectiveness is overall dependent on sampler inlet and separation devices.
Evaluation of PM samples is important before they deploy for field sampling (Aggarwal et al., 2013).
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Also, PM measurement affects the intended purpose of the sampling, like chemical composition
of PM2.5 (Kumar et al., 2020). Varying meteorology and composition of ambient environment
makes it difficult to evaluate these samplers on field itself.
Therefore, aerosol wind tunnels are typically used for the evaluation of sampler effectiveness
studies, e.g., D50 cutoff of PM sampler, where aerosol of different sizes is dispersed in controlled
manner to sampler under test at different unidirectional wind speeds (Wagner and Leith, 2001).
Table 1 summarises different types of aerosol wind tunnels with their characteristics and for the
purposes they have been used in literature. The aerosol wind tunnel is not limited to use only to
PM sampler effectiveness testing but also used for studying filter and cloth penetration efficiency
(Jaques et al., 2011), respiration study (Hinds and Kuo, 1995), etc. (Table 1).
Wind tunnels can be classified majorly into two or different types such as open or closed type
and compact or large wind tunnels. The design of a wind tunnel with the sole objective of keeping
uniform distribution of particles in the test section is critical for evaluation of PM samplers. Each
type of wind tunnel has its own advantages and disadvantages, which are described in detail in
Cattafesta et al. (2010). The basic design configuration consists of several parts which include
settling chamber, contraction section, stability section, test section, exit diffuser and fan section
with the purpose of maintaining constant air uniformity and low turbulence in test section using
honeycomb flow straightener and screens (Cattafesta et al., 2010) in settling chamber. The design
of each part is critical to the performance of a wind tunnel.
Furthermore, the designing of the contraction section is one of the most critical tasks as
contraction increases the flow velocity of air and hence controls the air turbulence in wind tunnel.
Thus, poor design of contraction often contributes to turbulence in a wind tunnel. Design based
on high contraction ratio (CR; inlet/outlet area), and without any curvier designing to smoothly
reduction in cross-section area of inlet to outlet often leads to boundary layer separation at the
inlet which may create turbulence or eddy near the wall of wind tunnel (Mehta and Bradshaw,
1979). Moreover, because of this instability, the dust mixing and dispersion inside the tunnel may
vary from position to position at the test section. As mentioned in Table 1, in most of the studies
of low-speed aerosol wind tunnels, the performance of the tunnel was tested according to U.S.
EPA-specified requirements without giving much of the necessary information on the development
of these wind tunnels, especially the contraction section of the tunnel.
Moreover, Table 1 also shows various methods for aerosol generation, dosing and distribution
systems. Basically, it can be classified into two types, (1) moving and (2) static type. Ranade et al.
(1990) used counter-rotating mixing fan and Cheng et al. (2004) adapted air blender which are
the example of static-type particle dosing and distribution systems. On the other hand, Lee et al.
(2013) used vertically moving aerosol distribution system to maintain aerosol uniformity inside
the test section. Moreover, it is important to note that moving-type aerosol distribution system
may cause irregularity in wind speed stability at the test section (Hinds and Kuo, 1995). Apart
from contraction and aerosol distribution system designing, settling chamber configuration is
equally important task. It is a place where high-efficiency particulate air (HEPA) filters and flow
straighteners (honeycomb and screens) are placed. More importantly, its dimension is dependent
on contraction inlet (Mehta and Bradshaw, 1979).
Therefore, in this work, we reconsider the problems associated with the design of low-speed
aerosol wind tunnel and developed a compact low-speed aerosol wind tunnel, where design of
contraction is studied by comparing the contraction design model equation side by side. Accordingly,
a wind tunnel is developed and uniformity of desired wind speed and aerosol homogeneity inside
test section is validated experimentally. Finally, the objective was to meet the requirements of
wind tunnel as specified in U.S. EPA (2006) guidelines (40 CFR 53.42: Generation of test atmospheres
for wind tunnel tests) for the calibration of PM samplers which are as follow:
1) The wind speed measured at any test point in the test section shall not differ by more than
10% from the mean wind speed in the test section.
2) An array of not less than 5 evenly spaced isokinetic samplers shall be used to determine the
particle concentration uniformity in the sampling zone. If the particle concentration measured
by any single isokinetic sampler in the sampling zone differs by more than 10% from the
mean concentration, the particle delivery system is unacceptable in terms of uniformity of
particle concentration.
Our theoretical and experimental evaluation suggested that design of the developed wind
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0.38 m (diameter) Test speed = 0.4 and 2.8 m s–1, Atomiser
coefficient of variation (CV)
< 6.2% at lowest speed
1.8 m × 1.5 m
Test speed = 2–24 km h–1, TI < Polydisperse aerosol generator
12.2% at lowest speed
(Venturi pump) mixing and
aligning aerosol flow: counterflow mixing fan and oscillating
cross-flow mixing fan
4.3 m × 3.7 m
Test speed = 0.56–6.67 m s–1, VOAG and mixing by static air
TI < 5% at lowest speed
blender

Test speed = 0.56-6.67 m s–1,
TI < 4.4% at lowest speed

Test speed = 2–24 km h–1, TI <
10% lowest speed

Test speed = 0.2–2 m s–1, TI <
14% at lowest speed

0.9 m × 0.9 m

2.4 m × 2.4 m

1.6 m × 1.6 m

Closed

Open

Open

Open

Open

Application

Oleic acid aerosol size: 2–
20 µm (monodisperse)

Arizona Test Dust (ATD)
Polydisperse (up to 40
µm in 3 size class)

Iron oxide: 50–450 nm
(polydisperse)

Polystyrene latex

Wiener et al.
(1988)

Ranade et al.
(1990)

References

Hinds and Kuo
(1995)

Chen et al.
(2004)

Lee et al.
(2013)

Cheng et al.
(2004)

Mannequin
Chung et al.
inspiration
(1992)
experiments
Penetration through Jaques et al.
protecting
(2011)
clothes
PM10 sampler inlet Dart et al.
aspiration
(2018)
efficiency test

NH4OH: 3–25 µm
PM10 sampler: D50
Oleic acid: 3–25 µm
cutoff point
(monodisperse)
Oleic acid (monodisperse) Sampling inlet
efficiency

Test aerosol

Sampling efficiency
of massive
volume air
samplers (500–
700 m3 h–1)
VOAG and distribution by vertically Oleic acid (monodisperse) PM10 sampler: D50
cutoff point
moving aerosol distribution
system
Screw-type dust feeder, mixing by Fly ash and Arizona Road PM sampler
static air mixer (generic tee
Dust (polydisperse)
performance
plenum system)
Three gear-feed aspirating (NBSAluminium oxide: 10–
Inhalability and
145 µm (polydisperse)
type) dust feeder, mixing and
performance of
distribution by vertically moving
PM10 sampler
manifold inside tunnel frame

Test speed = 0.6 and 0.9 m s–1, 4-hole aerosol injector collision
absolute variation = 3%
type nebuliser

60 cm × 80 cm

Open

Closed

Test speed = 25–1000 cm s–1,
TI = 1.4–7.5%

30 cm × 30 cm

Aerosol Generation, mixing and
distribution
Top-mounted Vibrating Orifice
Aerosol Generator (VOAG) and
counter-rotating mixing fan
VOAG and mixing fan

Open

Test speed = 0–24 km h–1, TI <
5%

Wind uniformity

Test section
dimension
1.22 m × 1.52 m

Tunnel
type
Closed

Table 1. Characteristics of different types of aerosol wind tunnel.
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tunnel is well agreed to the above criteria. We also discussed the results of D50 cutoff determination
of a PM2.5 WINS impactor and VSCC cyclone and performance check of a PM sensor using this
wind tunnel, which are in agreement with the reference studies.

2 MATERIAL AND METHODS
2.1 Wind Tunnel Design and Description

The developed wind tunnel is of open type. It consists of settling chamber, contraction section,
flow-stabilising duct, test section, exit diffuser and blower (fan) section. The test section dimension
is 0.34 m × 0.34 m and with overall length of the tunnel is 4.2 m. In this work, a square-shaped
test section and other sections were preferred to design to achieve the best possible flow quality
similar to that in a circular-shaped test section. In addition, the current square-shaped test section
overcomes the impracticability of circular-shaped test section, e.g., in our case, it is needed to
place additional aerosol instruments, and thus the alignment and arrangement for holding the
instruments are convenient in square-shaped test section without the use of supportive system,
i.e., without any obstacles which can create pressure gradients and thus affect the flow
quality.
The tunnel is compact, easy to operate and performance is similar to a conventional wind
tunnel but at the same time requires less capital to operate on a day-to-day basis. The test section
dimension is not enough to test the large PM inlets and the aerosol-measuring instruments, but
it has certain advantages over large-sized wind tunnel (test section), e.g., (1) easy to maintain
and stabilise the flow quality, (2) requires less test particles or certified reference materials (CRMs)
to maintain the same concentration as in the large wind tunnels, (3) enough particle number and
mass of bigger-sized particle can be achieved and maintained in the test section as elutriation is
reduced, and also (4) the construction is cost-effective and need a less space for installation. The
layout of the tunnel along with different external equipment used is shown in Fig. 1(a), whereas
a photograph of developed aerosol wind tunnel is shown in Fig. 1(b).
The settling chamber draws room air inside the tunnel (room size is L = 14 m, W = 4 m, H = 2.7 m).
It consists of a pre-filter and HEPA filter which filter the incoming air. Performance of filters were
measured by pressure drop across the filter and accordingly cleaned/changed. The flow Reynolds
number at wind speed of 8 km h–1 inside the test section is ~4.9 × 104. The settling chamber also
consists of honeycomb flow straightener which helps in breaking up the larger scales of unsteadiness
of incoming air. The selected honeycomb has a porosity of 0.9, which is slightly greater than the
recommended porosity of 0.8 (Mehta and Bradshaw, 1979).
The contraction is the second part of wind tunnel which is in continuation to the settling
chamber. The contraction increases the mean flow velocity and it aligns the flow into the test
section. The design of contraction is critical to overall wind tunnel flow performance.
In present design, we first simulated the design of contraction wall shape for low-speed tunnel.
Design Eq. (1), given by Bell and Mehta (1988), is a fifth-degree polynomial equation, and has
been the most widely used equation for designing of low-speed wind tunnels, while Eq. (2) was
given by Fang et al. (2001), and was derived especially for contraction of square-to-square shape
and obtained from Morel (1975) design procedure. The design equation consists of two subequations, i.e., combination of two matched cubics, which were divided at Xm (xm/L) point called
matched point. Both design equations were used to design a contraction wall shape as shown in
Fig. 2 after fixing the inlet and outlet dimensions.
In Fig. 2, the hydraulic dimensions of inlet (2Hi) and outlet (2Ho) are 68 cm and 34 cm,
respectively. The total length of contraction (L) is of 68 cm (0 cm ≤ x ≤ 68 cm). The inlet of
contraction is continuous to settling chamber (68 cm ≤ x ≤ 148 cm). From the outlet (–20 cm ≤ x
≤ 0 cm) is extended to investigate flow quality after the increase in wind speed. A contraction
area ratio of 5 is used to design the contraction. The given dimensions along with honeycomb of
length 10 cm inside the settling chamber is used as computational domain to simulate the flow.
Based on simulated flow performance, we developed the contraction design and performed the
experimental characterisation of air flow and dust uniformity. To maintain the simplicity, the
results of flow simulation given by Bell and Mehta (1988) and Fang et al. (2001) were called as
D1 and D2, respectively and explained accordingly.
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Test section

Fig. 1. (a) Schematic of aerosol wind tunnel with all arrangements. (b) A photograph of developed aerosol wind tunnel.
Design Eq. (1):
4
3
  x 5
x
x 
Y =Hi − ( Hi − Ho ) 6   − 15   + 10   
L
L 
 L

(1)

Design Eq. (2):
3

1 x 
Y=
( Hi − Ho ) 1 − 2    + Ho , x < xm
 X m  L  
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Y
=

( Hi − Ho )  x 3 
 1 −   + Ho , x > xm
(1 − X m )2  L  

(3)

The detailed equations and important parameters of contraction are given in Table 2 (also see
Fig. 2). From contraction, air enters to flow-stabilising duct where flow is stabilised; after that air
further travels to test section. Downstream to test section, air passes through exit diffuser which
has gentle expansion (< 5°) to decelerate the speed of flow from test section, thereby achieving
static pressure recovery and reducing the load on blower. The drive system or fan section follows
the exit diffuser at the end which consists of direct drive backward curved fan.
A turntable-type dust feeder is used to dispense the dry polydisperse dust inside the tunnel
using Venturi nozzle. The Venturi pump outlet consists of 4-conical nozzle system inside the
settling chamber of wind tunnel for dosing and distribution of test aerosols (Fig. 1(a)).

2.2 Numerical Simulation of Contraction Design

The basic steps for computational fluid dynamics (CFD) simulation were followed which

Fig. 2. Schematic of computational domain and contraction designs D1 and D2.
Table 2. Contraction important design parameters.
Contraction length (L)

68 cm

Contraction wall shape design
D1 Equation

Height of inlet (Hi) (half symmetry plane)

34 cm

Height of outlet (Ho) (half symmetry plane)

17 cm

Contraction area ratio

5

4
3
  x 5
 x 
 x  
Y =34 − ( 34 − 17 ) 6   − 15   + 10   
 68 
 68  
  68 

D2 Equation
3


( 34 − 17 ) 1 − 1  x   + 17, x < xm
Y=
2
 X m  68  

=
Y

3
( 34 − 17 ) 
x  
−
1

 + 17, x > xm


(1 − X m )2  68  

where Xm (matched point between two cubics) = 0.5.
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Fig. 3. Schematic of structured hexahedral mesh. Red-coloured part is porous zone present in
settling chamber.
includes (1) the geometry generation, (2) meshing of fluid domain, (3) numerical solution, and
(4) post-processing of fluid flow. The CFD simulation is carried out by Ansys Fluent Solver Release
18 (Ansys, 2017). A 3-D geometry is designed and computational mesh is generated in fluid
domain with quadrilateral element which is denser at near the wall to capture the boundary layer
effect as shown in Fig. 3. The distance to the first node point above the wall is set such that nondimensional y+ is less than 1. The computational domain is already explained in Section 2.1 and
Fig. 2. The flow is assumed to be steady, three-dimensional, incompressible and turbulent. A
turbulence is modelled by Shear Stress Transport (SST) k-ω model with double-precision option.
The model is capable of predicting the flow near the wall more accurately as it is combination of
standard k- ε model in the free stream and Wilcox k -ω model in wall regions. The working fluid
is air and assumed as an ideal gas. The SIMPLE algorithm is used for pressure velocity coupling
and second-order upwind scheme is applied for the equation of momentum, turbulent kinetic
energy and dissipation rate. At the inlet of settling chamber, instead of designing honeycomb
flow straightener as a whole, we used porous zone model to observe the effect of honeycomb
structure, since it is difficult to mesh the finer details and size of honeycomb structure. Moreover,
meshing and simulating the honeycomb structure require more computational power and time.
In porous zone model, the values of inertial and viscous resistance are critical (Ansys, 2017). The
values of resistance are calculated empirically by plotting the experimentally determined curve
between different air velocities and corresponding pressure changes for honeycomb flow
straightener. The inertial loss factor, C2 (m–1), is calculated according to the equations given in
Fluent documentation (Ansys, 2017).
Model validation and mesh independency study was also performed. In this, experimental and
numerical results of contraction design studied by Zanoun (2018) and Kao et al. (2017) using
Design Eqs. (1) and (2), respectively were replicated in CFD model. Each model shows the basic
features, which are prevalent in contraction fluid flow such as at central region of contraction
has maximum velocity. Inside and near to the wall region, a low region velocity is observed due
to frictional shear stress with wall.
The D2 model was chosen and simulated at outlet velocity of ~0.56 m s–1 to identify the
suitable mesh density to capture the sensitive details near the centre, and wall of contraction.
Four different mesh density were structured, and simulation were performed. The coarse,
medium, fine and extra fine mesh has 2.2 × 104, 6.3 × 104, 3.6 × 105 and 1.1 × 106 number of cells,
respectively. The parametric study results are shown in Fig. 4 in terms of axial velocity across the
contraction, velocity distribution at contraction outlet (x/L = 0) horizontal and diagonal respectively.
Fine and extra fine mesh have almost similar results as compare to coarse and medium mesh.
The medium and fine mesh have small differences in axial and horizontal velocity distribution.
The diagonal velocity shows sharp changes in velocity at corners of wall in medium and fine mesh
setting as compare to that of coarse mesh. The contour Fig. 4(d) at different mesh setting of
contraction outlet (x/L = 0) also shows same pattern near the wall and corners. Overall, fine mesh
setting is consistent and predict the fluid flow behaviour well with very little differences in
comparison to medium mesh is used in present study of contraction design.
Aerosol and Air Quality Research | https://aaqr.org

7 of 20

Volume 21 | Issue 7 | 210006

ORIGINAL RESEARCH
https://doi.org/10.4209/aaqr.210006

(a)

(b)

(c)

(d)

Fig. 4. Velocity profiles at different mesh density settings: (a) centreline, (b) horizontal at contraction outlet (x/L = 0), (c) diagonal
(corner to corner) at contraction outlet (x/L = 0), (d) contour plot at contraction outlet (x/L = 0).

2.3 Air Velocity Assessment Test

Experimental determinations of air velocity uniformity and turbulence are carried out inside
the test section. Air velocities are measured at wind speeds of 2 km h–1 and 8 km h–1 using a
calibrated hotwire anemometer (Model 405i; Testo India Pvt. Ltd.). The data are recorded at
25 locations in a cross-sectional area of test section as shown in Fig. 5. At each location, the wind
speed data is recorded at 2 s interval for 3 min in duplicate sets. Turbulence intensity is estimated
by dividing the standard deviation of the measured wind speed by the mean wind speed at each
location (Weiner et al., 1988; Lee et al., 2013).

2.4 Aerosol Uniformity Test

A customised turntable-type dust feeder, which is based on the design given in Reist and Taylor
(2000) is used for dust dosing in the wind tunnel. It has a circular groove of multiple size (2 mm
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Fig. 5. Test section grids (1–25) for wind speed uniformity, and the circular marks are isokinetic
sampler location for aerosol uniformity test.
and 3 mm in width) and 1.5 mm in depth. The rotation of turntable (2 rpm) was controlled using
the stepper motor by ATmega-based microcontroller (Rev3; Genuino, Italy). In groove, the dust
gets deposited and Venturi pump (Model JS90M; Vaccon Co., Inc., USA) used to dispense it inside
the tunnel. The Venturi pump outlet is divided into 4-conical nozzle system, which is placed at
the centre of the settling chamber. The dust used in this experiment was collected using a
customised high-volume cyclone sampler (Okuda et al., 2015). The dust feeding rates inside the
tunnel is 3–5 g min–1. The mean particle size of collected dust was 1.5 µm, and particle size
distribution range was in between 0.5 to 6.5 µm.
To measure particle distribution, both gravimetric and real-time methods was used. Five
isokinetic probes were placed inside the test section as shown in Fig. 5. A 47 mm filter (PTFE;
Micro Separations, India) is used to collect the dust for a time duration varied in between 20–
40 min. This time duration is enough to collect measurable dust onto the filter to weigh on
microbalance (MT5; Mettler Toledo, USA) of 0.001 mg sensitivity which is coupled with an
electrostatic charger (PRX U Set; Haug GmbH & Co. KG, Germany). For real-time measurement of
concentration distribution, an Aerodynamic Particle Sizer (APS) (Model 3321; TSI Inc., USA) was
used. This APS can count particles in size ranges from 0.5–20 µm in 54 size bins. The samples
were collected using multiple isokinetic probes at the marked locations in test section as shown
in Fig. 5. The probe was connected directly to APS one at time. The time interval for sampling at
each marked location was 5 min. The samples were taken in triplicate, and average particle count
is calculated.
Since the dust feeder is custom-made, its particle dosing variability was calculated in terms of
particle concentration stability in a probe inside the test section, i.e., the standard deviation of N
number of samples taken from an isokinetic probe to APS. In general, when this standard
deviation within N number of samples taken from a probe is calculated to be almost the same,
the dust feeder dosing is believed to be stable.

2.5 Impactor Penetration Efficiency and Low-cost Sensor Performance Testing
2.5.1 Testing of PM2.5 sampler

Federal Reference Method for sampling of PM2.5 requires the use of PM2.5 WINS impactor as
size segregator. Its design is prescribed by U.S. EPA (1998). In addition, PM2.5 VSCC cyclone (Mesa
Laboratories, Inc., USA) is another size segregator which is verified by U.S. EPA and equivalent to
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WINS impactor also tested. PM2.5 WINS impactor was developed as per U.S. EPA (Kentek Inc.,
Korea). The experimental wind tunnel setup is depicted in Fig. 1(a). The test wind speed was
2.22 m s–1 (8 km h–1). PM10 inlet was kept inside the test section for particle sampling and WINS
impactor or VSCC cyclone was placed outside and was connected to pump. The isokinetic
sampling probes A, B and C as shown in Fig. 1(a) were used to sample the test aerosol to APS.
These probes were connected to APS one at time to determine the penetration efficiency (PE)
(Eq. (8)). The fitting of plot between PE versus aerodynamic particle size is used to determine the
D50 cutoff size, and the results are explained and discussed in “Results” Section 3.4.1:

 Nafter _ WINS (D) 
=
PE 
 × 100
 Nbefore _ WINS (D) 

(4)

where, Nafter_WINS(D) and Nbefore_WINS(D) are the particle number concentration of size D after and
before impactor or cyclone (measured by Probe C and B in Fig. 1(a)), respectively.

2.5.2 Testing of low-cost PM sensor

Low-cost PM sensors are now becoming a choice of air quality community, and these sensors
have been deploying for wide range of monitoring applications, e.g., in close network for better
trace the emission sources and hotspots, biomass burning and forest fire emission measurements,
in indoor environment, such as cooking emission measurement (Kelleher et al., 2018; Coffey et
al., 2019; Li et al., 2020). There are several models of PM sensors available which can reasonably
measure very high particle concentration, therefore appropriate to use at emission source also.
Therefore, for testing their performance, we need a particle generator which can generate
very high particle concentration in wind tunnel application. Also as discussed above, because
sensors are widely used for smoke emission measurements, we also used incense sticks (dhoop
batti) to generate smoke test particles in our wind tunnel application for testing of performance
of PM sensors. A custom Venturi smoke generator is used for smoke generation.
For this study, we used Plantower PM sensors (PMS3003). The maximum concentration which
can be measured using this sensor as per specification is 1000 µg m–3. The response rate of
PMS3003 is of 1 s. The PMS3003 works on the principle of laser scattering; it has laser, a particle
chamber and photodiode to detect the scattering of light by particle. The outlet of PMS3003
consists of small fan to draw air out from particle chamber. The PMS3003 data was handled using
microcontroller (Rev3; Genuino, Italy) by a serial communication. The PM2.5 data was recorded
at interval of 1 min average. The aerosol intake flow is low in PMS3003; therefore, all experiments
related to PMS3003 were conducted at wind speed of 0.56 m s–1 (2 km h–1).
In wind tunnel testing, first two PM sensors were placed at the centre of test section to check
any manufacturing defect. Then single sensor was tested against the APS for particle concentration.
Isokinetic probe was used to sample particle inside the test section of the tunnel. The isokinetic
outlet and APS were connected using dilution chamber. The dilution chamber was used to dilute
the particle number concentration because APS is sensitive to particle number concentration;
the coincidence error caused by high particle concentration may decrease the measurement
accuracy (Model 3321 Aerodynamic Particle Sizer Spectrometer Instruction Manual, 2012). The
use of such particle dilution system minimizes the errors associated with APS measurement at
high particle concentration. A dilution factor of 7 is determined experimentally. The sampling
time interval for both APS and PM sensor is set to 1 min. The performance of PM sensor inside
the tunnel against the reference APS is discussed in “Results” Section 3.4.2.

3 RESULT AND DISCUSSIONS
3.1 CFD Simulation

To validate the theoretical equation-based design (D1 and D2) of contraction section of lowspeed wind tunnel, flow simulation was performed as mentioned in Section 2.2 using a CFD
model. The D1 and D2 contraction model were validated for outlet wind speeds of 0.56 m s–1 and
2.22 m s–1, since given wind speeds are required as per U.S. EPA to determine the collection
Aerosol and Air Quality Research | https://aaqr.org
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D1

D2

D1

D2

(b)

(a)

Fig. 6. The side-by-side view of velocity profiles at longitudinal centre plane for designs D1 and D2 at outlet wind speeds of
(a) 0.56 m s–1 and (b) 2.22 m s–1, respectively.
efficiency of PM samplers. The contraction designs, D1 and D2 were validated in two ways. First
the design difference based on contraction wall shape, and secondly its effect on flow quality at
the outlet of contraction, i.e., cross-section shape.
Figs. 6(a) and 6(b) show the longitudinal cross-section of designs D1 and D2 at wind speeds of
0.56 m s–1 and 2.22 m s–1, respectively. The D1 and D2 at both wind speeds show the smooth
increase in speed. Both designs take different approaches to reach at desired wind speed. The
D2 starts early gain in speed as compared to D1, and also at outlet it starts attaining desired wind
speed before D1 design.
Figs. 7(a) and 7(b) show the cross-section of outlet at position of x = –20 cm for the designs D1
and D2 at wind speeds of 0.56 m s–1 and 2.22 m s–1, respectively. Both designs indicate the
uniform wind speed in majority of area. However, at corner of the wall a “backward C”-shaped
boundary is visible. This phenomenon is generally observed in square-shaped wind tunnel. This
irregularity at corner is mostly localised and does not affect the flow quality at the test section
(Mehta, 1978).
Figs. 8(a) and 8(b) show the longitudinal cross-section centreline wind speed of D1 and D2
designs at wind speeds of 0.56 m s–1 and 2.22 m s–1, respectively. At position x/L = 0.5, i.e., halfwidth of square contraction, the D1 has flow speed of ~0.27 m s–1, while D2 has flow speed of
0.3 m s–1. The D1 design attains approximately half of desired wind speed of 0.56 m s–1 as
compared to D2 design. This indicates that D1 design is better following the design equation,
where x/L = 0.5 is middle point for wall design change in both the designs. Similar phenomenon
is also observed for wind speed of 2.2 m s–1.
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Fig. 7. The side-by-side view of velocity profiles for designs D1 and D2 at outlet position of x = –20 cm for wind speeds of
(a) 0.56 m s–1 and (b) 2.22 m s–1, respectively.

Fig. 8. Velocity profiles along longitudinal centrelines for designs D1 and D2 at wind speeds of (a) 0.56 m s–1 and (b) 2.22 m s–1,
respectively.
Figs. 9(a) and 9(b) show the cross-sectional flow speed at three points, i.e., x = 34 cm (x/L =
0.5), x = 0 and x = –20 cm positions. Both designs D1 and D2 show different approaches for
attaining the flow speeds. The design D2 at any position attains higher wind speed as compared
to design D1. At half-way of contraction, i.e., x/L = 0.5, D1 and D2 both show different approaches
to achieve the desired flow speed. The design D2 is attaining higher wind speed than D1 but at
the corners, the design D2 has lower wind speed than that of D1. Similar phenomenon as
described in Figs. 7(a) and 7(b) of doubling of wind speed for design D1 from position x/L = 0.5 to
x = –20 cm can also be observed here for both the wind speeds. At x = 0 position both designs
show higher wind speeds at corners than at the centre. This could be result of adverse pressure
gradient near the curved wall close to outlet of contraction. However, at x = –20 cm, the desired
wind speed is maximum and uniform in majority of area for both D1 and D2 design cases. Also,
D1 shows lower boundary layer thickness than that of D2 design at position x = –20 cm.
It also shows that the thickness of the boundary layer at the lowest speed of 0.56 m s–1 is more
and gets thinner as flow increases to 2.22 m s–1 at contraction ratio of 5 to 1 for both of the
designs. Similar type of flow study on contraction design which has CR of 9.88 to 1 was chosen
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Fig. 9. Boundary layer profiles at different horizontal centre x positions for design D1 and D2 at wind speeds of (a) 0.56 m s–1 and
(b) 2.22 m s–1, respectively.

Fig. 10. (a) Pressure coefficient and (b) skin friction coefficient profiles near the wall for designs D1 and D2 at wind speeds of
0.56 m s–1 and 2.22 m s–1.
and different contraction wall shape was designed and modelled by Kao et al. (2017). In another
study on a square contraction, the entrance and exit having CR of 8 to 1 was modelled, and later
it was experimentally observed that at lowest testing speed, in about 85% of total cross-sectional
area of the test section, the air velocity is uniform with low turbulence intensity at the centre of
test section (Leifsson and Koziel, 2015).
Two other parameters that are indicator of boundary layer separation are pressure coefficient
and skin friction coefficient near the wall of contraction. Figs. 10(a) and 10(b) show pressure
coefficient at the centre near the wall (first grid level) of contraction (longitudinal) at wind speeds
of 0.56 m s–1 and 2.22 m s–1, respectively. In both the cases at first, pressure coefficient was
constant up to x = 34 cm position i.e., x/L = 0.5. Down to x/L = 0.5, a monotonic decrease in the
pressure coefficient with steeper slope was observed, and it was reducing smoothly. Figures also
show that D2 is reducing the pressure much faster than D1. At outlet, both show slight adverse
pressure gradient but later reached to zero (position: –5 cm ≥ 0 ≥ 5 cm). Skin friction coefficient
as shown in Figs. 10(c) and 10(d) for design D1 and D2 at both wind speeds does not reach to
zero which indicates no flow separation. On observing carefully at near position x = –20 cm, D1
show higher skin friction coefficient value than that of D2 design.
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Based on above contraction design evaluation of D1 and D2, D1 design was chosen for
development of contraction, because of better flow stability in both wind speeds at outlet,
smoother increment in flow velocity, lower boundary layer thickness, higher pressure coefficient
and skin friction coefficient than that of D2 design.

3.2 Flow Uniformity inside Test Section

Along the cross-section of test section, at 25 locations wind speed was measured (Fig. 3). At a
wind speed of 2 and 8 km h–1, the uniformity inside the test section is consistent at the centre of
the test section. The plots of velocities measured at different locations inside the test section are
shown in Figs. 11(a) and 11(b). It indicates that the mean velocity at 2 km h–1 and 8 km h–1 is
uniform across 90–95% of cross-sectional area. The contour plots given as Figs. 11(c) and 11(d),
show that the coefficient of variation (CV) for wind speed of 2 km h–1 is maximum of 4%, whereas
for 8 km h–1, it is decreased to maximum of 1.5%, respectively at the centre of test section. As
per U.S. EPA guidelines, the mean deviation of wind speed inside the test section is permitted to
lie within the range of 10%.
The turbulence intensity (TI) contours inside the test section for wind speeds of 2 and 8 km h–1
are shown in Figs. 11(e) and 11(f), respectively. It shows the fluctuation of wind speed is
maximum at 2 km h–1, i.e., 4% while at 8 km h–1, it decreased to 1.2%. At the centre of test section,
the TI is low in both wind speeds while at wall, the TI increases but lies far below the range of
10%. These results agree with the study conducted by Leifsson and Koziel (2015) as described in
Section 3.1. Moreover, it is well known that the TI decreases with increase in wind speed. In
another comparison with a previous study conducted by Hinds and Kuo (1995) where TI was
reported to be as maximum as 14% at wind speed of 0.2 m s–1, the developed wind tunnel at its
lowest wind speed is agreed well.

3.3 Aerosol Uniformity Test

For determining the effectiveness of PM samplers, most of the researchers have used
monodisperse aerosol. As shown in Table 1, several researchers (Weiner et al., 1988; Ranade et
al., 1990; Cheng et al., 2004; Lee et al., 2013) have used Vibrating Orifice Aerosol Generator
(VOAG) for generation of monodisperse test particles. U.S. EPA guidelines also recommend the
use of VOAG for monodisperse test particle generation for accurate confirmation of sampler
effectiveness and D50 cutoff. However, Dart et al. (2018) stated that monodisperse test particle
generation and testing is time-consuming and labour-intensive, and even if valid test results are
obtained during wind tunnel operation, a comprehensive evaluation of a sampler inlet can require
many weeks or months to complete the exercise. Moreover, aerosol concentrations generated
by VOAG are low; thus, test parameters such as particle loading effect on sampler effectiveness
cannot be determined. On the other hand, ambient aerosols are polydisperse in nature. Polydispersity
of test aerosol enables us to check the performance of PM instrument system under similar-toambient condition as real case. Therefore, to evaluate the uniformity of particle distribution in
wind tunnel test section, we used polydisperse test dust particle, i.e., ambient dust collected as
discussed above.
With the aim to get low turbulence (and for this a static aerosol distribution system inside the
tunnel is preferred), at first instance we installed the single Venturi pump at the centre of settling
chamber. The Venturi pump is good enough for breaking down the loosely bound dust particles
and their uniform mixing (Krug et al., 2017). The arrangement of conical nozzles is based on
troubleshoots in the experiments.
Dust concentration was measured using gravimetric method at 5 test points (Fig. 5). Fig. 12(a)
shows that the mean deviation in mass concentration measured at 0.56 m s–1 (2 km h–1) in all
surrounding 4 isokinetic samplers (relative to the centre test point) is in the range of –6.7% to
5%, while at 2.22 m s–1 (8 km h–1) this is calculated to be in the range of –8% to –0.3%. This shows
that the dust concentration is reasonably homogeneous throughout the test section and is within
the 10% limit range (U.S. EPA guidelines).
The gravimetric method can give only an average mass concentration of dust. The deviation in
mass concentration may or may not be measurable even when the particle number concentration is
changed reasonably. Therefore, we also measured the particle size distribution of dust using APS

Aerosol and Air Quality Research | https://aaqr.org

14 of 20

Volume 21 | Issue 7 | 210006

ORIGINAL RESEARCH
https://doi.org/10.4209/aaqr.210006

Fig. 11. Wind speed profile in different test grids at (a) 0.56 m s–1 and (b) 2.22 m s–1; mean deviation (coefficient of variation) at
set wind speeds of (c) 0.56 m s–1 and (d) 2.22 m s–1; turbulent intensity at set wind speeds of (e) 0.56 m s–1 and (f) 2.22 m s–1.
at all isokinetic sampling locations at wind speeds of 0.56 m s–1 and 2.22 m s–1. The ratio of particle
size distribution between centre isokinetic sampler and isokinetic sampler at sides is used to
calculate the coefficient of variation, and the results are shown in Fig. 12(b). The CV is 7.3% and
4% at 0.56 m s–1 and 2.22 m s–1, respectively and it is well below 10% on an average. This shows
the acceptable homogeneity of test dust and also the spatial uniformity of number concentration
distribution inside the test section. The only requirement as mentioned in U.S. EPA guidelines to
determine sampler effectiveness or D50 cutoff of PM sampler is the aerosol uniformity. Inside the
test section, it should not deviate more than 10% from the co-located isokinetic samplers. Thus,
the developed aerosol wind tunnel meets this requirement.
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Fig. 12. Percentage deviation from mean (absolute deviation) of dust concentration measured using (a) gravimetric method and
(b) a reference instrument (APS).

3.4 Compact Wind Tunnel Application
3.4.1 Penetration efficiency testing

Calibration of PM2.5 impactor using wind tunnel as specified in U.S. EPA requires the use of
monodisperse aerosol as testing material and fluorometre to quantify the penetration efficiency
(40 CFR 53.62). As stated above, this method is time-consuming and tedious to perform (Dart et
al., 2018). Therefore, we followed the method suggested by Maynard and Kenny (1995) and
Kenny and Liden (1991) for the determination of penetration efficiency of PM2.5 WINS impactor
using developed wind tunnel. We used polydisperse aerosol (dust particle properties) as testing
material and a real-time particle sizer to measure particle size and number concentration as
discussed above. In present study, the measured D50 cutoff diameter of PM2.5 WINS impactor and
VSCC cyclone is determined to be 2.44 ± 0.05 µm (where ± 0.05 µm is the expanded uncertainty
of measurement which is about 2%) and 2.54 ± 0.05 µm respectively. The results agree to the
several other experimental D50 cutoff testing results conducted by Peters et al. (2001) and
Vanderpool et al. (2001) using U.S. EPA-specified method (Fig. 13).

3.4.2 Low-cost sensor testing results

Developed wind tunnel was also used for performance evaluation of low-cost PM sensor using
smoke particles following the method as discussed above. Firstly, two PM sensors are intercompared
for PM2.5 mass concentration measurement in wind tunnel, and results are plotted as shown in
Fig. 14(a). The results on 1:1 scale shows excellent linearity in between these PM sensors (R2 =
0.99 and slope = close to 1). This also indicates the uniformity of test aerosols inside the test
section of developed wind tunnel. Secondly the sensor is also evaluated using a calibrated APS
(refer as “reference instrument”). The reference instrument (the particle sizer) gives accurate
sizing and individual particle size bin number concentration. Therefore, we compared PM2.5 mass
concentration measured by the sensor to corresponding PM2.5 cumulative particle number
concentration measured by reference APS. Fig. 14(b) inset shows an excellent correlation between
PM sensor and APS data. The correlation coefficient (R2) achieved for this PM2.5 mass concentration,
i.e., up to 150 µg m–3 is 0.99, while at wider concentration, i.e., of 5–900 µg m–3 both the
measurements are moderately correlated, but the second-order polynomial fit is again highly
correlated with R2 value of 0.99, Fig. 14(b). These results agree to similar research conducted by
Kelly et al. (2016) using alumina oxide as test particles and Levy Zamora et al. (2019) which were
used smoke particles (generated using incense sticks), and both concluded that the differences
observed between low-cost sensor and research-grade instrument like APS data are mostly
because of particle properties and ambient measuring conditions.
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Fig. 13. Penetration efficiency curves of PM2.5 WINS impactor and VSCC cyclone at wind speed of
2.22 m s–1 (8 km h–1).

Fig. 14. Low-cost PM sensor performance results: (a) comparison between sensors and (b) at wider concentration (5–900 µg m–3)
with inset figure of comparison between sensor and reference instrument (APS) at low concentration (up to 150 µg m–3).

4 CONCLUSIONS
We developed a compact low-speed wind tunnel (total length = 4.2 m, test section = 0.34 m ×
0.34 m) that can be used to conduct performance checks of aerosol-measuring/sampling instruments.
To minimize boundary layer separation, we based the geometry of the critical contraction section
on theoretical design principles and numerical simulations. We also customized the generation
and delivery system for the test aerosol and demonstrated the application of the wind tunnel for
different cases.
We conducted CFD simulations of the theoretical contraction design, which incorporated a porous
model to mimic the flow straightening of a honeycomb, at wind velocities of 2 and 8 km h–1. The
virtual contraction exhibited minimal boundary layer separation and a smooth flow at the outlet
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of the contraction. An assessment of the flow quality at multiple sampling points inside the test
section showed maximum mean deviations of 4% and 1.5% and turbulence intensities of 4% and
1.2% at 2 and 8 km h–1, respectively, which fall well within the 10% limit specified by U.S. EPA.
Additionally, we measured the particle stability and uniformity of polydisperse aerosol at air
velocities of 2 and 8 km h–1 in the test section with multiple isokinetic samplers. The particle mass
ranged from –6.7% to 5% and from –8% to –0.3% at 2 and 8 km h–1, respectively, whereas the
number–size distribution varied by 10%. Importantly, when using polydisperse aerosol as test
particles, particle counts for a given size must be stable in order to determine the efficiency of a
sampler.
Following U.S. EPA-specified requirements for PM2.5 measurement, we evaluated the penetration
efficiencies of the WINS and VSCC at a wind speed of 8 km h–1 and obtained 50% cutoff diameters
of 2.44 ± 0.05 µm and 2.54 ± 0.05 µm, respectively, fulfilling the calibration and performance
criteria. Furthermore, we investigated the performance of a low-cost PM sensor, the Plantower
PMS3003, at particle concentrations of 5–900 µg m–3 at a wind speed of 2 km h–1 in the test
section by comparing the measurements between different units and between a PMS3003 and
a reference instrument. Although the former displayed a strong and perfectly linear correlation
(R2 = 0.99), the latter showed a linear correlation (R2 = 0.99) at low concentrations but a
polynomial fit at higher concentrations as well as for wider ranges of concentration.
Our findings suggest that the developed wind tunnel is suitable for various applications in
aerosol research, including sampler testing, aspiration and deposition estimation, and low-cost
PM sensor assessment. Finally, maintaining the homogeneity and stability of the test aerosol at
higher air velocities for longer durations is easier for this wind tunnel, owing to its compactness,
than for larger ones.
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