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Abstract: Yellow rust spores currently blight commercial and domestic wheat production in areas of
East Africa such as Ethiopia. Yellow rust is a hazard to crops which appears asymptomatic for a time,
but inevitably causes significant losses in yield once symptoms of infection manifest themselves to
the point where they can be readily observed by the naked eye. Regionally recurrent losses of up
to 5% are common and reach as high as 25% in rare cases. Historically, spore sampling has been
undertaken by large, cumbersome devices that require heavy power supplies and significant expertise
to reliably operate. Moreover, tools for the design and development of such devices are currently
limited. This paper, therefore, proposes design and testing processes to develop a spore sampling
device that is compact, passive (requires no power to operate), and can better direct spores onto a
biomimetic sensor platform enhancing the capture and detection of pathogens. This represents a novel
design context for fluidic devices. Performance of the device has been simulated using Lagrangian
particle tracking embedded into computational fluid dynamics (CFD) simulations, demonstrating
significant improvements across a range of spore Stokes numbers. Experimental validation of
numerical simulations was performed using wind tunnel testing and practical performance such
as weathervaning was demonstrated. Results show that that the developed sampler is capable of
enhancing the probability of yellow rust spores interacting with an internal sensor by a factor of
between 20 and 25; demonstrating the effectiveness of the developed design.
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1. Introduction

Wheat yellow rust (Puccinia striiformis f. sp. tritici), also known as wheat stripe rust, is a fungal
micro-organism which blights wheat crops worldwide. It is so named due to the yellow striations it
forms along venations on leaf blades, which resemble the surface texture and discolouration attributed
to oxidation in ferrous metals. Though the spores primarily target leaf blades, leaf sheathes and spikes
can also be affected in conditions of high humidity and rainfall, or during epidemics. The onset of
disease typically occurs early in the growth season, when the ambient temperature falls within a range
of 2 to 15 ◦C, but can occur up to a maximum of 23 ◦C [1]. Symptoms include stunted development and
weakening of affected crops, reduced numbers of spikes, shriveled grains occurring in fewer numbers
per spike than on healthy plants, and losses in grain mass [1]. Temperatures during the time of winter
wheat emergence and the coldest period of the year are crucial for the development of epidemics.
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As such, in countries where wheat is grown during the winter or at high elevations, yellow rust is a
common threat.

We consider Ethiopia as an example to highlight how yellow rust affects harvested wheat crops.
Ethiopia’s climate is amenable to wheat cultivation all year round, and 81% of its exports are accounted
for by agricultural products, which constitute 34.8% of its gross domestic product [2]. In addition,
close to 72.7% of its labor force work in the agricultural sector. More specifically, its annual wheat
production accounts for the dominant share (41.6%) of that of all Sub-Saharan African (SSA) countries.
Yellow rust routinely destroys, or otherwise renders unusable, between 5% and 25% (in rare instances)
of wheat crop harvested [3]. Thus, there exists significant scope for developing a low-cost, low-power,
user-friendly technological means for early-warning spore detection in the region. Many of the
symptoms described earlier are not apparent to the naked eye until after the infection has progressed to
a point where intervention is ineffective, leading to inevitable crop degradation or losses. Furthermore,
whatever remedial action is taken has deleterious ecological effects and is costly.

This project, named Sentinel, aims to provide a cheap, reliable, and globally networked “24/7”
in-field bio-alarm system to detect, within a matter of hours, fungal and, potentially, bacterial pathogenic
attacks on crops. This system would effectively act as a proxy extension worker with an analytical lab,
positioned day and night in all susceptible fields. The data then form a reliable dynamic feed into
existing mechanistic spore transport models providing a ground-truth and dramatically increasing
the temporal and spatial surveillance accuracy for disease outbreak management. The Sentinel
sensor-nodes will be located in the “hot spots” as identified by those models [4]. Parallel ongoing
research by the authors has demonstrated that a disposable 1 cm2 biomaterial structure and volatile
release mechanism can be produced for volume manufacture, with extended-life (i.e., a full growing
season), within a biosensor film cartridge. The roadmap being to deliver, within each sub-US10¢
film cartridge, an array of independently addressable “biomimic” detection elements that are “tuned”
to specifically trigger the germination, directional growth, and hyphae penetration mechanism of
specific fungal species and families. In this way one small coin-sized cartridge can simultaneously
detect multiple spore germination events, minimizing false positives, and enabling the Sentinels to
identify numerous fungal and bacterial diseases. The resulting wireless Sentinel networks, and data
services, can then be developed for delivery as a sustainable SSA business model initially exemplified
in Ethiopia against Puccinia striiformis f. sp. tritici (Pst) followed by P. graminis f. sp. tritici (Pgt),
i.e., wheat yellow and stem rusts, respectively.

Due to the limited number of tolerant cultivars to Pst and Pgt, the use of triazole fungicides
remains the most widely used solution in SSA, following crop infection, with some alternates, such as
succinate dehydrogenase inhibitor (SDHI) and strobilurin fungicide, which have varying degrees of
cost and effectiveness which reduce their suitability for use in lower-to-middle income countries (LMIC).
Of particular concern is the prospect of rust tolerance developing to single and mixed combinations of
triazoles, and other fungicides, through genetic mutation of the pathogens, which is exacerbated by their
over usage [5]. As the curative and preventative modes of actions of the range of fungicidal treatments
are both highly dependent on the accurate spatial and temporal application on affected or susceptible
crops, respectively, the Sentinel network, in combination with spore transport forecasting, enables
precision optimized application of the crop protection chemistries. For all farming nations, and in
particular LMICs, the reduced usage of fungicides enables inventory control to be effectively managed
such that adequate chemical and labor resources are available to effect the treatments. The quantitative
monetary value and yield security, per growing region, from such a policy may be projected but
will be highly dependent on a range of factors such as seasonal variations in climate, giving rise to
pathogen growth, as well as the nature of daily spore transport giving rise to acute or chronic disease
development. Suffice to say in Ethiopia alone, the partner country for this research, over a quarter
of a million smallholder farming families are reliant on their wheat production for subsistence and
livelihood security and government-funded text messaging system had to be introduced as an interim
measure to attempt to stem the potential for a major disease event [6]. In partnership, this research
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underpins the future strategy for crop protection and supports the introduction of traceable integrated
pest management (IPM) policies to minimize the likelihood of genetic tolerance of the pathogens to the
limited suite of regulatory-approved fungicidal actives.

A recent example design for a spore sampler is the so-called “Spornado” device [7]. The sampler
aims to detect fungal disease such as late blight, sclerotinia, fusarium head blight, and powdery and
downy mildews. The sampler has a funnel like shape with a vane to allow weathervaning. Spores are
trapped into specialised filters hosted in the sampler which can then be removed and sent to a lab for
targeted DNA testing [7]. This is different from our proposed Sentinels which can provide faster and
more representative information on spores, as described above. Another example is the latest model
of spore traps manufactured by Burkard Manufacturing Ltd. operating using 25 W vacuum pumps
running on either a 240 V alternating current supply or 12 V batteries [8]. This Burkard spore trap
is shipped within a case measuring 570 × 650 × 650 mm, where its nominal working area is 0.89 m2

through a 530 mm radius, with an overall height of 940 mm once fully constructed and installed [9].
It is evident that this approach requires large power supplies, maintenance of moving machinery,
and training of users to operate reliably. A key objective, therefore, is to eliminate these requirements
by designing a system that can operate with little-to-no human intervention beyond simple installation
within a crop to be monitored, whilst requiring considerably less input power.

This communication will focus on the design and testing processes involved in the development
of a passive particle sampler in order to increase the probability of spores interacting with an artificial
biomimetic surface. This passive sampler will act as an air multiplier, increasing the effective number
of spores impinging on the measurement area. This constitutes a novel design objective as most of
fluidic devices are usually designed to modulate flow behavior such as tailoring adverse pressure
gradient along a device [10]. A prototype preliminary design was developed and simulated using
computational fluid dynamics (CFD) with additional Lagrangian particle tracking and the performance
was validated using wind tunnel testing. Particle interaction probabilities with the biomimetic sensor
for different Stokes number values were estimated to evaluate the added value of employing the
developed sampler design.

It is anticipated that this developed sensing technology would bring about a sizable positive
impact, both to East Africa and beyond. Possible benefits of the successful application of this technology
include easing economic and commercial hardship in nations whose markets and development are
underpinned by exports of agricultural products, reducing the deleterious ecological impact of
spraying fungicide through more effective targeting by limiting use to crops which require such
intervention, as well as improving the overall quality and amount of crop harvested, increasing food
stocks and availability to populations worldwide. Moreover, such sensing technology could also be
generalized to detect many forms of airborne pathogen, even those which are harmful to humans. As a
result, one possible future application beyond that which is currently being pursued is monitoring of
bacterial, fungal, or viral illnesses in enclosed environments such as hospital wards that spread via
airborne transmission.

The rest of the communication is organized as follows: Section 2 explains the methods used;
results are then presented and discussed in Section 3; and, finally, some concluding remarks are
highlighted in Section 4.

2. Materials and Methods

2.1. Sampler Configuration

A schematic of the complete spore detector system is shown in Figure 1. The main design
requirement for the sampler (i.e., housing device including funnel and cylinder) of the spore sensor
is to improve the rate of particle capture when compared with the sensor being placed in affected
areas alone. Additionally, the biomimetic sensor surface needs to always point into the direction of
the incoming wind. This is achieved by adding a guide vane at the rear, such that the sensor freely
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rotates on a bearing and weathervanes into prevailing winds at all times. The sensory part of the
system contains the biomimetic sensor chip to detect pathogens and the camera system. The camera
system employed is the Sony Spresense™ (edge computer) coupled to a low power wide area (LPWA)
sub-system (Sony ELTRES™). The microcontroller and electronics of the system can be housed within
the vane whereas the coin-size sensor chip and camera are mounted at either end of a short cylinder
known as the “bullet” section in reference to its resemblance to the drive section of some wind tunnels.
The bullet section has a length of 125 mm and a diameter of 15 mm. Note that the sampler involves
the “cylinder” and “funnel” geometries. The sampler cylinder wraps the bullet section, hence has
the same length of 125 mm and a radius equal to the outlet radius of the funnel. The sampler funnel
precedes the cylinder and involves radius variation designed to enhance spore capture as will be
described in the following sections. It should be noted that the funnel-like layout together with the
weathervaning vane represents an intuitive starting point for configuring a spore sampler device.
As such, our presented sampler external configuration shares some similarities with the external
configuration of the Spornado sampler [7]; however, the details of our configuration are unique for
our design requirements. More importantly, throughout this work, we provide a design framework
together with testing and verification tools that form the basis to develop this class of devices.

Fluids 2020, 5, x FOR PEER REVIEW 4 of 14 

(LPWA) sub-system (Sony ELTRES™). The microcontroller and electronics of the system can be 

housed within the vane whereas the coin-size sensor chip and camera are mounted at either end of a 

short cylinder known as the “bullet” section in reference to its resemblance to the drive section of 

some wind tunnels. The bullet section has a length of 125 mm and a diameter of 15 mm. Note that 

the sampler involves the “cylinder” and “funnel” geometries. The sampler cylinder wraps the bullet 

section, hence has the same length of 125 mm and a radius equal to the outlet radius of the funnel. 

The sampler funnel precedes the cylinder and involves radius variation designed to enhance spore 

capture as will be described in the following sections. It should be noted that the funnel-like layout 

together with the weathervaning vane represents an intuitive starting point for configuring a spore 

sampler device. As such, our presented sampler external configuration shares some similarities with 

the external configuration of the Spornado sampler [7]; however, the details of our configuration are 

unique for our design requirements. More importantly, throughout this work, we provide a design 

framework together with testing and verification tools that form the basis to develop this class of 

devices. 

 

Figure 1. Schematic of the spore sampler configuration adopted in this study. A cross-section of the 

sampler is shown in the side view for better clarity of components. 

2.2. Numerical Simulation 

Numerical simulations were conducted using the finite elements method-based COMSOL 

Multiphysics software package through which a combination of computational fluid dynamics and 

Lagrangian particle tracking techniques has been employed. A cubic domain with a side edge length 

of 500 mm representing an open field of air around the sampler was simulated. As a baseline 

reference, we used meteorological data for Ethiopia which experiences average wind speeds up to 

5.4 m/s (12 mph) [11]. As such, an inflow velocity of 5 m/s at the cube inlet was set as the inlet 

boundary condition. On the outlet face of the cubic computational domain, a zero-pressure gradient 

outlet boundary condition was implemented. The remaining faces enclosing the domain utilised 

open boundaries, where the exterior walls behave as zero-shear stress boundary layers. The sampler 

geometry was then inserted in the centre of the cubic domain. The sampler was suspended in mid-

air and represented by solid walls. The decision to have the geometry hover was made consciously, 

as the supporting rod upon which it will rest in reality will not have a major effect on either the 

internal or external flow of the sampler. Moreover, inclusion of this rod would have large 

repercussions from the perspective of mesh complexity without any expected effect on the intended 

fluid simulations. 

Figure 1. Schematic of the spore sampler configuration adopted in this study. A cross-section of the
sampler is shown in the side view for better clarity of components.

2.2. Numerical Simulation

Numerical simulations were conducted using the finite elements method-based COMSOL
Multiphysics software package through which a combination of computational fluid dynamics
and Lagrangian particle tracking techniques has been employed. A cubic domain with a side edge
length of 500 mm representing an open field of air around the sampler was simulated. As a baseline
reference, we used meteorological data for Ethiopia which experiences average wind speeds up to
5.4 m/s (12 mph) [11]. As such, an inflow velocity of 5 m/s at the cube inlet was set as the inlet
boundary condition. On the outlet face of the cubic computational domain, a zero-pressure gradient
outlet boundary condition was implemented. The remaining faces enclosing the domain utilised
open boundaries, where the exterior walls behave as zero-shear stress boundary layers. The sampler
geometry was then inserted in the centre of the cubic domain. The sampler was suspended in mid-air
and represented by solid walls. The decision to have the geometry hover was made consciously, as the
supporting rod upon which it will rest in reality will not have a major effect on either the internal or
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external flow of the sampler. Moreover, inclusion of this rod would have large repercussions from the
perspective of mesh complexity without any expected effect on the intended fluid simulations.

The sampler funnel geometric shape was developed based on creating the 3D geometry from a
2D work plane. A Bézier curve was used to define the funnel cross-sectional shape in the 2D plane.
A cubic Bézier curve is defined based on four control points P0, P1, P2, and P3 as follows [12]:

B(t) = (1− t)3P0 + 3(1− t)2tP1 + 3(1− t)t2P2 + t3P3, (0 ≤ t ≤ 1). (1)

The control points are taken as P0 = (0, Ro), P1 =
(

L f
3 , Ro

)
, P2 =

(
2L f

3 , Ri

)
, P3 =

(
L f , Ri

)
in sequence,

where L f is the funnel length, Ri is the inlet radius of the funnel, and Ro is the outlet radius of the
funnel. The 3D geometry is then constructed by using a simple revolve operation along the central axis.

The finite element mesh used is an unstructured tetrahedral mesh for simplicity of set-up.
A mesh-independence study was completed for all simulations using three mesh densities labelled
“coarse”, “normal”, and “fine”. Figure 2 shows example mesh densities with their corresponding
number of elements. These mesh densities are tested to ensure that the obtained solution is independent
of the mesh resolution (as demonstrated in Section 3.2). The velocity field is solved for using a stationary
incompressible flow solver. The solver is based on the Reynolds-averaged Navier-Stokes (RANS)
equations for conservation of mass and momentum. The flow equations are solved in conjunction
with the k-ω turbulence model known to give a good compromise between accuracy and numerical
stability [13]. The k-ω turbulence model used is based on the Wilcox revised model with realizability
constraints whose equations could be found in [14]. As for the wall treatment, the model applies an
automatic wall treatment, meaning that it switches between low-Reynolds-number treatment and wall
function based on how the flow near to the wall is well resolved. This allows a good compromise
of the benefits of the two treatments including accuracy of the low-Reynolds-number treatment and
robustness of the wall function.
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Figure 2. Visualization of the mesh densities employed in the current study: coarse, normal, and fine.
The meshes shown are for the simulations of the sampler without the bullet section. The number of
elements is 231514, 321569, and 454247 for the coarse, normal, and fine meshes, respectively.

With regards to particle treatment (representing spores) in the flow domain, a number of
approaches can be taken. These options include making particles attach themselves to solid surfaces
upon collision, disappear upon touching them, or be reflected off. Here, we employed reflective
boundary conditions on the walls. The particles were seeded into a static, averaged velocity field.
Seeding was performed using a random dispersion across the inlet face of an average number of
particles for the area. Analogous to a light gate, an internal face located at the sampler outlet was
implemented using an accumulator boundary condition, which allows particles to pass through it
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while tallying up their aggregate number over the course of the simulation. In total, 5000 particles were
seeded into the flow domain orthogonally through the inlet face. This is a conservative estimate based
on the 1012 urediniospores released per hectare on a diurnal basis [15] and the mass flux of inlet air
through the 500 × 500 mm2 area of the inlet face. Studies have historically focused more on the brown
wheat and wheat stem rust spores, rather than the yellow rust (Pst) spores under investigation here,
but prior work suggests that the spores of individual species are similar enough that their atmospheric
dispersal characteristics are comparable [16].

Numerical simulations were implemented to quantify the effect of changing the sampler geometry
on particle capture performance (including for the case in which no sampler is present). A parameter
sweep exercise was conducted permitting a sensitivity analyses on simulation inputs. This allowed us
to iterate the sampler geometry in terms of inlet and outlet radii as well as funnel length, all of which
were varied independently, until acceptable geometric dimensions were reached that allow convenient
enhancement in the capture of particles. Once the sampler geometry was decided, the bullet section
was then introduced so that its center-line is coincident to the sampler cylinder center-line. Particle
interaction probability was then estimated using another internal accumulator boundary to assess the
effect of this bullet section on particle capture performance.

2.3. Experimental Testing

The aim of experimental testing is to validate the findings obtained through simulation and assess
the weathervaning performance of the sampler due to the guide vane. A half-scale version of the
identified geometry from numerical simulations was prototyped through 3-D printing in polylactide
(PLA) thermoplastic using in-house facilities. This smaller scale was deemed appropriate because it
minimizes the tunnel blockage ratio whilst ensuring a scaled Reynolds number to the CFD simulation.
A second half-scale model, allowing for the placement of a bullet section at the rear of the sampler
using an interference fit, was also constructed to evaluate the effects of the bullet section on the flow.

Figure 3 shows the wind-tunnel setup used for experimental measurements. The model was
mounted to an overhead bearing plate using a 10 mm threaded rod, allowing free rotation in yaw as
would be experienced in field tests. The angular position was measured using an incremental optical
encoder (incremental shaft encoder type RI 58 by Hengstler). The encoder was then connected to a
National Instruments myRIO data acquisition card running LabVIEW software, recording the angular
time-histories of the model with respect to the freestream velocity vector through the test section.
The model was placed at the centerline of a 455 × 455 mm2 cross-section low-speed open-circuit wind
tunnel that can be driven up to 20 m/s by a centrifugal fan.
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A wake traverse was employed 60 mm downstream of the sampler outlet to examine the velocity
profile of flow at the rear region. The traversing pressure probe was connected to a pressure transducer
(SENSIRION SDP600, measurement range ± 500 Pa) that was also connected to the same wind tunnel
static pressure as that measured by the pitot-static probe upstream of the model. The wake traverse
data was recorded continuously as the traverse was moved slowly in a manual fashion.

2.4. Spore Capture Assessment

The question of assessing the interaction probability of a given spore captured by the sampler with
the inserted bullet section is a key aspect to be addressed. This is somewhat analogous with attempting
to quantify the fouling and deposition mechanisms of particulate matter ingested by aero-engines [17],
where Stokes number is used to characterise the aerodynamics of particles suspended in the fluid.
The tendency of particles to follow a flow’s streamlines is determined by their Stokes number,
Stk, which is defined as [17]:

Stk =
ρPd2

PU

18µ f L
, (2)

where ρP is the particle density, dP denotes particle diameter, µ f is the dynamic viscosity of the fluid
in which the particles are suspended, U is a characteristic velocity, L is a characteristic length of the
overall system, chosen here to be the funnel inlet diameter following [18]. Note that particles with
Stokes numbers less than unity tend to follow fluid streamlines, whilst those of Stokes numbers larger
than unity have more significant inertial characteristics.

To assess the capture efficiency of the sensor surface of interest within the sampler, a new
accumulator boundary is placed at the face of the sensor in order to detect the number of particles
which impacted it, so that a capture efficiency (similar to that defined in [17]) could be quantified
based on:

ηint =
Nimpact

Nreleased
, (3)

where ηint denotes the capture interaction efficiency, Nimpact and Nreleased denote the number of particles
interacting with the face of the surface and the total number released, respectively. As mentioned
in Section 2.2, the total number of particles released is set at 5000. As will be shown in Section 3.3,
this evaluation permits insights into how well the device performs in capturing particles that actually
interact with the biomimetic surface of the sensor.

3. Results and Discussion

3.1. Sampler Geometry

The sampler main function is to act as an air multiplier concentrating the airborne particles
through the sampler contraction. To demonstrate this functionality of the sampler, Figure 4a–c show
the normalized rates of particle capture compared with a baseline case of particles passing through
an equivalent area at the sampler outlet (without the presence of the sampler). For given average
wind speeds and particle counts (as defined in Section 2.2), a parameter sweep was conducted for the
inlet radius, outlet radius, and funnel length changing one parameter at a time whilst keeping the
other two parameters at constant values. Note that these parameter sweeps were conducted with
no bullet section included. However, the starting point for this parameter sweep exercise was the
known dimensions for the bullet section as these dimensions were imposed by the sensory system
requirements. Each parameter was varied over an extended range until no significant enhancement in
performance could be obtained.
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A parameter sweep was conducted for the inlet radius whilst fixing the outlet radius and overall
length to baseline values of 37.5 and 200 mm, respectively. Figure 4a shows the result of this sweep
exercise where an inlet radius value of 90 mm provided the best improvement giving a six fold increase
in particles captured compared to the case without sampler. It is worth re-iterating that we employed
reflective boundary conditions on the walls of the sampler. As such, for sampler geometries with
drastic curvature, particles may bounce around and escape the sampler. This explains why as the inlet
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sampler radius increases, particle capture increases up to a point beyond which increasing the inlet
radius does not necessarily increase particle capture.

An outlet radius parameter sweep was conducted whilst fixing the inlet radius to the 90 mm
dimension obtained from the previous sweep and the overall length to the baseline value of 200 mm.
Figure 4b shows the result for this sweep exercise. There is a slow increase in the particle capture
improvement as the outlet radius increased above its base line value (i.e., 37.5 mm) and a small
improvement could be achieved going from six fold to seven fold improvement in particle capture for
an outlet radius of 50 mm. The funnel length parameter sweep exercise held the inlet and outlet radii
values to the 90 and 50 mm values obtained from the previous two sweep exercises. Results of this
parameter sweep are shown in Figure 4c. There is very little variation in terms of the particle capture
improvement for the different lengths simulated, and the increase in particle capture performance
(occurring at a funnel length value of 225 mm) is minimal compared to the previous two sweep exercises.

Following the aforementioned parameter sweep exercises, the final sampler geometry is set to
90 mm for the inlet radius, 50 mm for the outlet radius, and 225 mm for the funnel length. Figure 4d
shows the main geometric dimensions of the whole sampler device including the dimensions for the
adopted vane whose weathervaning performance will be highlighted in Section 3.4. It is understood
that the inlet radius, outlet radius, and funnel length were not determined based on a full optimization
exercise where all variables are allowed to vary in a simultaneous fashion. Whilst not ideal, this was
considered acceptable within the current context as the conducted sweep exercises showed that an
additional significant increase in the number of particles that could be captured is unlikely, hence not
justifying the computational cost for a full optimization exercise.

3.2. Comparison between Simulation and Experimental Results

Figure 5a,b show the simulation results for the x-velocity field map for the sampler device without
and with the bullet section, respectively. More importantly, Figure 5c,d show the combined results
for a mesh-independence study for the simulation and the experimental findings from wake traverse
measurements. In this demonstration, the horizontal axis shows the velocity profile ratio (i.e., velocity
normalized by the freestream value). The vertical axis represents the normalized position from the
sampler centerline, using the outlet radius as reference. The case of an empty outlet with no bullet
carrying sensor instrumentation is shown in Figure 5c. Comparison of numerical and experimental
wake profiles is shown 60 mm behind the sampler outlet where the traverse experimental measurements
were taken. Mesh independence is broadly achieved with the normal mesh, though the fine mesh
agrees more closely in the mid region with the values obtained experimentally. For the fine mesh,
the overall wake profile from the simulation agrees well with that obtained experimentally showing a
deviation of less than 5% throughout, validating the methodology adopted.

Figure 5d shows the effect of the bullet section on the flow at the rear of the sampler. There is
a generally acceptable agreement between the velocity profiles obtained from simulation and those
obtained from the experiment. All simulation results appear to corroborate the locations of maximized
and minimized velocity. There is a very good agreement between results from all meshes at the
center-line. The normal and fine meshes both capture the peaks of velocity ratio in the unobstructed
regions of flow through the sampler outlet to within 5% difference. The maximum difference between
simulation and experiments is 20% but that only happens in the locations close to the sampler wall
(i.e., y→ −R0 ). These discrepancies may be due to the simplified setup within the simulations
(e.g., no bullet supports or model supports), experimental set-up imperfections, errors in experimental
measurement, or a combination of these. Nevertheless, given that our aim is to conduct a preliminary
assessment of the performance of the device, this discrepancy is considered to be of minor concern for
practical applications.
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Figure 5. (a,b) Simulation results of the x-velocity field (velocity component in centre-line direction)
together with streamlines demonstration for the sampler device without and with the bullet
section, respectively. (c,d) Normalised velocity profiles at a station located 60 mm behind the
sampler outlet obtained from simulation (demonstrating mesh independence) and from pressure
transducer experimental measurements for the cases without and with the bullet section, respectively.
(e,f) Demonstration for the effect of the computational domain size on the obtained numerical simulation
results for the cases without and with the bullet section, respectively.
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To assess the effect of the computational domain size, Figure 5e,f show the numerical simulation
results when employing a cube solution domain with edge lengths of 500, 550, and 600 mm. All these
simulations were conducted whilst using a fine mesh setup. It could be seen that for both cases,
with and without the bullet section, the length of the computational domain edge (and hence domain
size) has a minor effect on the obtained results, providing confidence in the simulation results obtained
with a domain edge length of 500 mm.

3.3. Spore Capture Performance

Once numerical simulations of the underlying velocity field were completed and validated using
experimental testing, Lagrangian particle tracking was then introduced to model the spore trajectories
and hence the sensor interaction efficiency. As the velocity field and particle Stokes number are the
relevant factors for particle tracking, it was important to ensure the validity of the velocity field in the
numerical simulations as demonstrated in the previous section.

Numerical particles Stokes numbers were changed by varying their diameter and simulations
were repeated numerous times allowing the evaluation of the interaction efficiency, ηint, defined
in Section 2.4. This evaluation permits insights into how well the sampler performs in capturing
particles that actually interact with the biomimetic surface. Figure 6 shows the interaction efficiency
percentage against particle Stokes number for the cases where the sampler is used and where the
bullet section is allowed to hover without the sampler. The Stokes number range considered was
Stk = [0.01; 0.05; 0.1; 0.5; 1; 5; 10; 50; 100]. It is evident from Figure 6 that when no air multiplier
(i.e., sampler) is used, the probability of interaction is relatively insensitive to Stokes number (note that
the y-axis is plotted using a logarithmic scale). This insensitivity suggests that those particles whose
streamlines at the inlet are aligned with the sensor surface will strike it, and that these make up
approximately 0.1–0.2% of those initially released. On the other hand, when the sampler is deployed,
the odds of interaction significantly improve to between almost 3% to 3.5% before sharply increasing
to 7.4% and 14% for Stokes numbers of 50 and 100, respectively. Note that, Pst spores are known to be
almost spherical and to possess a Stokes number of approximately 0.15 [19] (green line in Figure 6)
suggesting that the interaction probability odds can be improved by a factor between 20 and 25 times,
demonstrating the effectiveness of the developed device.
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Figure 6. Percentage of interaction efficiency plotted against the Stokes number of particles in both
cases where a sampler was and was not present.

The results in Figure 6 show an increase in sensor interaction efficiency with increasing Stokes
number. Particles with higher Stokes number are more inertial in nature and less accurate in following
the streamlines of the flow, particularly where these streamlines are highly curved. The gradual
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curvature of the funnel contraction helps effectively direct particles toward the stagnation region in
front of the sensor. In this area the particles with higher Stokes number will not be able to follow
the strong velocity gradients in the stagnation region and are more likely to impact onto the surface.
Particles with lower Stokes number will be less likely to impact the surface of the sensor as they are less
inertial in nature and are capable of accurately following highly curved streamlines and strong velocity
gradients. This phenomenon is well known amongst the aerosol flow community and is known as
deposition by inertial impaction [20,21].

3.4. Weathervaning Performance

Figure 7 documents the angular time history measured for the sampler to assess its weathervaning
performance. The blue lines track the movement of the sampler from initial setting angles relative to the
oncoming flow in the range of 130

◦

≤ θ ≤ 170
◦

, with the maximum considered, highlighted in bold and
dashed. Red lines indicate the cases where the funnel was initially set in the range of 70

◦

≤ θ ≤ 110
◦

,
and green lines document those cases where the initial angle falls between 10

◦

≤ θ ≤ 50
◦

. Note that θ
denotes the sampler angular position relative to the free stream velocity. It was found that during the
start-up process of the wind tunnel, as the sampler gets subjected to cross-flows between 3.5 and 4 m/s,
it will re-orient itself to face the oncoming flow typically within 2 to 3 s in all cases, demonstrating a
convenient response time.
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Figure 7. Measured angular position of the sampler relative to the freestream velocity vector against
time. The inset shows the sampler during testing in the wind tunnel.

Figure 7 also shows that the sampler has a tendency to overshoot the set-point at high setting
angles; however, the vane generates sufficient restoring force to return it to the zero angle as desired
within 1 to 1.5 s. In summary, the system exhibits a high degree of sensitivity to oncoming flow, due to
its low rotational inertia and lightweight characteristics. In fact, definitively identifying a minimum
flow speed below which no rotation occurs is challenging, as reorientation begins even while the tunnel
is spooling up.

4. Concluding Remarks

This study considered the design and testing processes for a passive spore sampler device to
enhance the ability to capture airborne spore pathogens. The aim of the designed sampler device is to
direct the spores onto a sensor platform ensuring a sufficient increase in the interaction probability
which, in turn, improves the chances of detection for these pathogens by the sensor. Baseline CFD
simulations were conducted and validated using wind tunnel tests showing consistent velocity profiles.
Lagrangian particle tracking demonstrated that interaction probability, assessed over a range of spore
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diameters representing different Stokes numbers, increased by a factor of 20 for a Stokes number of 0.01
up to a factor of 70 for a Stokes number of 100. This increase in interaction probability demonstrates
an enhanced ability to sample spores passively whilst providing a robust structure within which to
mount a sensor device, leading to a reduced complexity and cost of the overall sampling system.
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read and agreed to the published version of the manuscript.
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