
Introduction

Indoor fungal pollution has become an increasing 
concern [1, 2]. Fungi are closely related to the 
respiratory tract diseases of indoor occupants [3, 4]. 
Allergy, infection and inflammation caused by fungal 
exposure account for more than 30% of people’s 
incidence rate [5]. Fungal exposure includes inhalation 
and skin exposure, primarily caused by aerosolized 
fungal spores or mycelial fragments [6].

Approximately 40% of the indoor fungal pollution 
originates from the heating, ventilating, and air 
conditioning (HVAC) system [7]. When nutrients are 

available and environmental conditions are suitable, 
microorganisms can multiply on the ventilation duct [8]. 
After the air conditioning system runs for a long time, 
a large amount of dust and fungal particles accumulate 
on the surface of the ventilation duct [9]. The dust can 
provide nutrients for the growth of fungi. In addition, 
the temperature and humidity in the ventilation duct are 
benign for reproduction of fungi [10]. The concentration 
of dust accumulated fungi on the bottom of the return 
air duct was found to be as high as 8 × 105 CFU/g [11].

The aerosolization of fungal spores occurs when 
the external force exceeds the binding force between 
spores and the colony [12]. Take Aspergillus, one of 
the most common fungi in the indoor environment, as 
an example, its life cycle includes: spore germination, 
hypha formation and production of spore chain [13, 14]. 
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For a spore chain, the junction between two adjacent 
spores is a septum. Because the septum is brittle, it is 
easy to be broken by external disturbances. The spores 
are then detached from the colony and form fungal 
aerosols [15].

The factors that affect the aerosolization of 
fungal spores can be divided into internal factors and 
environmental parameters. For the internal factor, the 
age of the colony has a significant impact on spore 
aerosolization [16]. As the colony grows, the septum 
between two spores becomes brittle and is then broken 
more easily. The force required to detach spores of the 
older colony is smaller than that of the younger colony 
[17]. Hence, the spore release potential for the older 
colony is higher than that for the younger colony.

For the environmental parameter, airflow is the main 
factor that drives the aerosolization of fungal spores 
[18]. As the blowing air speed increases, the drag force 
exerted on the spores becomes greater. The quantity of 
released spores was found to be positively correlated 
with the air speed from 1.7 m/s to 10 m/s [19].  
The airflow generated by footsteps was considered to 
be the main reason for the detachment of microbial 
particles from the floor material [20]. Gusts, which have 
higher turbulence intensity, have better promotion in 
spore aerosolization [21].

Note that when airflow sweeps the inner surface 
of a ventilation duct, a boundary layer forms and then 
develops continuously with the flow development 
[22].  The height of a fungal colony is usually a few 
millimeters, and the colony is prone to fall into the 
boundary layer. Because the local air speed inside the 
boundary layer varies with the flow development, the 
drag forces on spores at different positions on the inner 
surface also vary. Spore detachment then varies with 
the growing position of the colony on the ventilation 
duct subjected to the airflow.

The above review shows that fungal spores can 
be aerosolized from the ventilation duct, and the age 
of colony and the air speed have significant impacts 
on spore aerosolization. Up to now, the differences in 
the aerosolization potential of spores from different 
positions on a ventilation duct remain unknown. This 
study investigated the aerosolization potential of fungal 
spores at different positions on the inner surface for four 
typical ventilation ducts. Both experimental tests and 
numerical simulations have been applied to investigate 
the aerosolization potential of fungal spores. The local 
airflow near the duct was numerically solved in order 
to compare the air speed distribution at the spores for 
the colony with the threshold speed to detach spores at 
different ages.

Materials and Methods

In this section, the schematic of the aerosolization 
tests of fungal spores is presented first, followed by the 
numerical simulation of airflow in the ventilation duct 

to obtain the local air speed distribution at the height 
of the growing fungi. The experimental test is used to 
estimate the correctness of the numerical modeling.

Experimental Study

For the experimental study, the rectangular duct 
was adopted to investigate the aerosolization potential 
of fungal spores from the duct. The fungal colony was 
exposed by the airflow in a wind tunnel, as illustrated in 
Fig. 1. The wind tunnel was composed of a centrifugal 
fan, a high efficiency particulate air (HEPA) filter,  
a ventilation duct, and an exhaust filter. After 
incubation, a fungal colony was placed at the center 
or corner (2 mm away from the side surface) of the 
bottom surface of the rectangular duct. The air was 
forced through the HEPA filter by the centrifugal 
fan, and the clean air swept the colony. The air speed  
could be adjusted by regulation of the electric  
frequency to the fan. The speed values ranged from  
0.5 to 12 m/s and were measured by a hot-wire 
anemometer (Model VT110; KIMO Corp., France) 
with the resolution of 0.01m/s. Some of fungal spores 
were detached from the colony and were then collected  
by a sterile glass slide located downstream from the 
colony. The exhaust filter was used to collect airborne 
spores in the wind tunnel to prevent contamination  
of the indoor air.

The Aspergillus niger (A. niger) is one of the 
indicator fungi for indoor fungal contamination, and 
thus this study chose A. niger as the test fungal species 
[23]. To ensure the experiment was accurate, a pure 
species (CICC, 2089) was obtained from the Center of 
Industrial Culture Collection, China. Approximately  
0.5 mL of the spore suspension with a concentration 
of 106 spores/mL was uniformly inoculated on the 
Sabouraud dextrose agar (SDA) plate. The incubation 
temperature for the test colony was 28ºC and the 
relative humidity was close to 100%. The incubation 
time of the test colony was seven days. The detailed 
cultivation method of the A. niger colony was reported 
in our previous study [17]. The spore density of the test 
colony was (4.15±0.79) × 106 CFU/cm2 based on five 
repeated measurements. The dimensions of the test 
colony were 5 mm × 5 mm.

The rectangular duct had a length of 150 cm, and the 
cross-sectional area was 30 cm × 30 cm. Honeycombs 
were installed at the inlet of the rectangular duct to 
make the inlet airflow uniformly. The honeycombs 
had a cell size of 3.175 mm and the thickness was  
25.4 mm. The microscope slide was vertically installed 
3.5 cm downstream from the colony. This value was the 
shortest distance from the colony, which the flow field at 
the position of the test colony was almost not influenced 
by the microscope slide based on the computational 
fluid dynamics (CFD) simulation. The dimensions of 
the microscope slide were 26 mm × 76 mm. To ensure 
the released spores adhere to the glass slide, Tween 
20 was coated on the surface of the glass slide. Tween 
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20 is a liquid surfactant that is viscous and soluble  
in water. Before each aerosolization test, it was 
uniformly smeared to the surface of the microscope 
slide by the sterile swab. The collected spores were 
suspended in the sterile water, and the spore suspension 
was then inoculated onto SDA plates to quantify 
the collected spores. Each experiment lasted 5 min.  
The results were reported as the spore release rate 
(CFU/(cm2 min)).

Before each experiment, the ventilation duct 
was sprayed by 70% ethanol and purged by HEPA-
filtered air, until the spore count was zero. Each 
test for a specific location was repeated five times.  
The inlet air speed in the rectangular duct was  
5 m/s. The temperature and relative humidity inside 
the rectangular duct were 16-18ºC and 30-35%, 
respectively. Testing data were statistically analyzed 
using ANOVA model. Differences of P<0.05 were 
considered statistically significant [24].

CFD Modeling

Except for the experimental test, the numerical 
simulation was also applied to estimate the 

aerosolization potential of fungal spores. The simulated 
results for the rectangular duct were compared with the 
experimental data to validate the numerical simulation 
methodologies. In addition, another three typical air 
ducts, i.e., circular duct, elbow and reducer, were 
further investigated to estimate the spore aerosolization 
potential from the duct surface. Fig. 2 shows the three-
dimensional physical model of the four typical air ducts 
commonly used in the HVAC system. The length of 
the circular and rectangular ducts was 5 m. The inner 
diameter of the circular duct was 0.3 m, and the cross-
sectional dimensions of the rectangular duct were  
0.3 m × 0.3 m. For the elbow, the bending angle  
of 90o was adopted, as shown in Fig. 2c). 
The β values of the ratio of the curvature radius (R) to 
the inner diameter (D) of the elbow were 1.0 and 1.5. 
Six representative positions in the elbow were adopted 
to estimate the air speed distribution at the height of the 
growing fungi. For the reducer, the contraction angles 
(θ) were 20º and 50º. The inner diameters of the duct 
before and after contraction were 0.3 m and 0.15 m, 
respectively.

Hexahedral grid cells were generated by a commercial 
preprocessing software program, integrated computer 

Fig. 1. Schematic diagram of wind tunnel for fungal spore aerosolization.

Fig. 2. Physical models of four typical air duct: a) circular duct; b) rectangular duct; c) elbow; d) reducer.
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and concluded that the simulation results for the RNG  
k-ε model were closest to the experimental data [25].

In order to resolve the viscosity-affected region 
of the boundary layer, the enhanced wall treatment 
was adopted. The wall boundary was treated  
as a no-slip condition for flow. The pressure and velocity 
were coupled by the semi-implicit method for pressure 
linked equations (SIMPLE) algorithm. The convergence 
of numerical calculation was completed when the 
relative residuals were less than 1.0 × 10-5. This study 
adopted the commercial CFD software, Fluent (version 
18.0.0; ANSYS Corp., USA), to conduct the simulation 
work.

Results

Grid Size Independence Analysis

Table 2 presents the local dimensionless air speed 
(U/U0) at the six representative positions of the elbow 
with the β value of 1.0 when the inlet air speed was 
6.00 m/s. Where U is the local air speed at the height of 
the spores (m/s), U0 is the inlet air speed of the circular 
duct (m/s). Here, the height of the A. niger colony was 
assumed to be 2 mm, because the colony height was 
measured as approximately 2 mm (in five repeated 
measurements) by an optical microscope. There was 
a little difference in the local dimensionless air speed 
between the three grid sizes, and the differences were 
within 5%. Therefore, the grid size of 5.7 mm was 
enough for the numerical investigation.

Spore Release Rate and Validation of Simulation 
and Measured Data

Fig. 3 shows the spore release rate of the A. niger 
colony at different positions on the bottom surface 
of the rectangular duct under the inlet air speed 
of 5.00 m/s. The spore release rate decreased with  
the dimensionless displacement (X/D). Where, X is 
the axial displacement of the circular duct (m), D is 
the inner diameter of the circular duct (m). The spore 
release rate at the center of the bottom surface for  
the dimensionless displacement of 2.0 was 6.44 × 103

CFU/(cm2 min), while the release rate for the 
dimensionless displacement of 4.0 decreased to 

engineering and manufacturing (ICEM) (version 
18.0.0). The average grid size for the four air ducts 
was approximately 5.7 mm. The grid cells near the 
solid wall were refined to capture the near-wall effect. 
All the y+ values of the first near-wall grid cells 
were less than five. In order to verify that the grid 
size meets the requirements of grid independence,  
the grids were refined and enlarged, and new grid sizes 
of 4.8 mm and 6.9 mm were generated. The distribution 
of the local air speed near the duct wall was compared 
for the three grid sizes.

To assess the aerosolization potential of fungal 
spores, the air speed distribution at the height of the 
spores for the colony on the duct wall was solved by 
CFD. The core task of the numerical simulation was 
to solve the continuity, momentum and turbulence 
equations of fluid flow. The general scalar format can be 
summarized as:

   (1)

where ρ is the air density, φ is a scalar variable, t is 
time, uj is the velocity component in three directions 
(xj, j = 1, 2, 3) of the Cartesian coordinate system, 
Γφ,eff is the effective diffusion coefficient, and Sφ is the 
source term. By varying φ, Equation (1) can be used 
to represent the continuity, momentum and turbulence 
equations. In this simulation, the air temperature in the 
ventilation duct was basically constant, thus, the energy 
equation was not resolved.

The boundary conditions for CFD simulations 
are shown in Table 1. The inlet boundary was set as 
velocity inlet, and the outlet boundary was free flow 
outlet. This study adopted the typical air speeds ranged 
from 3 m/s to 6 m/s as the inlet air speeds. According 
to the above air speed values, the airflow inside the air 
duct was turbulent. The renormalization group (RNG) 
k-ε model was used for turbulence simulation. Previous 
study has compared a set of eddy-viscosity models 

Table 1. Boundary conditions for CFD simulations.

Item Value

Inlet boundary Velocity inlet

Inlet air speed 3 m/s - 6 m/s

Exit boundary Free flow outlet

y+ values of the first near-wall 
grid cells <5

Turbulence model RNG k-ε model

Wall treatment Enhanced wall treatment

Wall boundary of fluid No-slip condition

Discretization scheme Second-order upwind

Pressure and velocity coupling SIMPLE algorithm

Table 2. Local dimensionless air speed at the spores of six 
representative positions on the inner surface of the elbow under 
the inlet air speed of 6.00 m/s.

Average grid size 
(mm)

U/U0

1 2 3 4 5 6

4.8 1.10 0.29 1.06 0.21 0.12 0.63

5.7 1.10 0.29 1.06 0.21 0.12 0.63

6.9 1.11 0.29 1.07 0.22 0.12 0.64
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4.70 × 103 CFU/(cm2 min). In addition, the spore 
release rate at the center of the bottom surface for 
the duct was significantly higher than that at the 
corner of the bottom surface (P<0.001). The results 
indicate that there was obvious dependence of the 
spore detachment on the growing position of the 
colony on the ventilation duct. There were significant 
differences in the local air speed at different positions 

of the duct surface due to the boundary layer.  
The profile of the local dimensionless air speed at the 
height of spores on the inner surface of the rectangular 
duct can be seen in Figs 6 and 7. The simulation results 
of the spore aerosolization potential were in accord with 
the experimental results, which indirectly illustrated 
the rationality of grid division, model selection and 
parameter settings in the CFD simulation.

Aerosolization Potential of Fungal Spores 
from the Ventilation Duct

After the numerical simulation was completed, 
the speed distribution of the airflow in the ventilation 
duct was known. The spore aerosolization potential 
was estimated by the profile of the local air speed at 
the height of fungal spores on the inner surface of the 
ventilation ducts.

Spore Aerosolization Potential on the Inner 
Surface of the Circular Duct 

Fig. 4 shows the profile of the local dimensionless 
air speed at the height of A. niger spores on the inner 
surface of the circular duct under different inlet air 
speeds. The local dimensionless air speed decreased 
with the dimensionless displacement when the 
dimensionless value was less than 15. Fig. 5 presents 
the variation of the local dimensionless air speed with 

Fig. 3. Spore release rate of the colony at different positions 
on the bottom surface of the rectangular duct when the inlet 
air speed was 5.00 m/s, where error bars represent the standard 
deviations of five repeated experiments.

Fig. 4. Variation of the local dimensionless air speed (U/U0) at the height of A. niger spores with the dimensionless displacement (X/D) 
under different inlet air speeds: a) 3.00 m/s; b) 4.00 m/s; c) 5.00 m/s; d) 6.00 m/s.
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the Z/D value at different dimensionless displacement 
values under the inlet air speed of 6.00 m/s. Where Z 
is the vertical distance from a certain position to the 
bottom surface of the duct (m). The nominal thickness 
of the boundary layer is the vertical distance from the 
outer edge of the boundary layer to the object surface. 
Generally, the position where the air speed reaches 99% 
of the mainstream speed is deemed as the outer edge 
of the boundary layer. The thickness of the boundary 
layer increased with the dimensionless displacement. 
In the boundary layer, the local dimensionless air 
speed decreased with the dimensionless displacement. 
The results indicate that the boundary layer had  
a significant effect on the local air speed at the spores of 
the colony and thus the spore aerosolization. The lower 
the dimensionless displacement, the easier it was for the 
detachment of fungal spores from the circular duct. The 
spores were detached more difficultly with the increase 
of the dimensionless displacement.

The profile of the local dimensionless air speed 
was compared with the threshold air speed for spore 
detachment of the A. niger colony at different ages. 
The threshold speed for spore detachment had been 
investigated in our pervious study [17]. The ages of 
the colony used for comparison were 4, 10, and 16 
days, and the corresponding threshold air speeds were  
3.50 m/s, 2.75 m/s and 2.00 m/s, respectively.  
In Fig. 4a), the local air speeds at the height of spores 
were 2.75 m/s and 2.00 m/s when the values of the 
dimensionless displacement were 0.17 and 1.90 under  
the inlet air speed of 3.00 m/s, respectively. Therefore, 
the colonies which were younger than 10 and 16 days 
could not be detached when the dimensionless 
displacements were larger than 0.17 and 1.90, 
respectively. Under the inlet air speed of 4.00 m/s, 
the spores of the 4-day-old and 10-day-old colonies  
could not be detached when the dimensionless 
displacements were larger than 0.27 and 2.43, 

respectively. When the inlet air speed reached to 5.00 
m/s, the spores of the 4-day-old colony could not 
be detached when the dimensionless displacement 
was larger than 2.51. The results show that although 
the inlet air speed was higher than the threshold air 
speed for spore aerosolization of the A. niger colony 
at a certain age, the local air speed at the height of 
the spores might decrease below the threshold speed 
with the development of boundary layer. Significant 
aerosolization of spores would not be generated.

Spore Aerosolization Potential on the Inner Surface 
of the Rectangular Duct

Fig. 6 shows the variation of the local dimensionless 
air speed at the height of spores with the dimensionless 
displacement at different Y/D values for the rectangular 
duct under the inlet air speed of 6.00 m/s. Where D is 
the equivalent diameter of the rectangular duct which 
was four times the hydraulic radius, and the value 
was 0.3 m. The Y/D value was 0 meant that the colony 
was located at the center of the bottom surface of the 
rectangular duct, while the Y/D value was 0.493 meant 
that the colony was located at the corner of the bottom 
surface that was 2 mm away from the side surface. The 
simulation results of the air speed distribution at the 
height of spores under the Y/D value of 0 was consistent 
with that for the circular duct (Fig. 4), while the 
simulation results for the Y/D value of 0.493 had a large 
difference compared with the Y/D value of 0. When 
the Y/D value was 0.493, the local dimensionless air 
speed decreased more rapidly with the dimensionless 
displacement than that when the Y/D value was 0. 
For the same dimensionless displacement value, the 
local dimensionless air speed at the Y/D value of 
0.493 was much lower than that at the Y/D value of 0. 
The above results indicate that the spores of the colony 
growing at the center of the rectangular duct surface 
were aerosolized more easily than that growing at the 
corner.

Fig. 7 indicates that due to the boundary layer, the 
local dimensionless air speed at the spores increased 
from the side surface of the rectangular duct to the 
center. In addition, the thickness of the boundary 
layer increased with the dimensionless displacement. 
The results show that the larger the dimensionless 
displacement, the more significant the effect of 
boundary layer on spore aerosolization from the inner 
surface of the rectangular duct.

Spore Aerosolization Potential on the Inner Surface 
of the Elbow Duct

Fig. 8 shows the velocity distribution of the airflow 
in the elbow duct when the β value was 1.0 under 
the inlet air speed of 3.00 m/s. In the bending section, 
the high-velocity zone was located on the inner side, 
and the low-velocity zone was located on the outer side. 
There was also a low-velocity zone at the posterior 

Fig. 5. Variation of the local dimensionless air speed (U/U0) with 
the Z/D value at different dimensionless displacements (X/D) 
under the inlet air speed of 6.00 m/s.
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Fig. 6. Effect of the Y/D value on the air speed distribution at the height of the colony on the inner surface of the rectangular duct: a) 
variation of the local dimensionless air speed (U/U0) with the dimensionless displacement (X/D) at different Y/D values under the inlet 
air speed of 6.00 m/s; b) schematic diagram of the location of the colony for different Y/D values.

Fig. 7. Effect of the Y/D value on the air speed distribution at the height of the colony on the inner surface of the rectangular duct: 
a) variation of the local dimensionless air speed (U/U0) with the Y/D value at different dimensionless displacement (X/D) values under 
the inlet air speed of 6.00 m/s; b) schematic diagram of the location of the colony for different dimensionless displacements.

Fig. 8. Velocity distribution of the airflow in the elbow duct under the inlet air speed of 3.00 m/s when the β value was 1.0: a) planar view; 
b) local enlarged view of the dotted area of the elbow.



Li X.4184

of the inner side of the bending section, as shown  
in Fig. 8. The above showed that the spores of the 
colony growing on the inner side of the bending section 
were detached more easily than that on the outer side 
and at the posterior of the inner side. Fig. 9 presents the 
velocity distribution of the airflow in the elbow when 
the value of β was 1.5. Compared with Fig. 8, the range 
of the high-velocity zone in the elbow increased with 
the value of β. In addition, as the value of β increased, 
the low-velocity area at the posterior of the inner side 
of the bending section became smaller. Therefore, the 
spore release potential increased with the value of β.

Table 3 presents the simulation results of the 
local dimensionless air speed at the spores of six 
representative locations of the elbow (Fig. 2c)) when the 
value of β was 1.0. The local dimensionless air speeds 
at location 1 were all greater than 1.0. This indicates 
that the local air speed at the spores was greater than 
the inlet air speed, and the fungal spores therein 
were aerosolized more easily. While location 5 was  
in the low-velocity zone at the posterior of the 
bending section, thus the local air speed was lowest,  
and the fungal spores therein were aerosolized most 
difficultly.

When the inlet air speed was 3.00 m/s, the local air 
speeds at locations 1 and 3 (3.24 and 2.94 m/s) exceeded 
the threshold air speed for spore detachment of the 
10-day-old colony (2.75 m/s), while the local air speeds 
at locations 2, 4, 5 and 6 were all less than the threshold 
air speed of the 16-day-old colony (2.00 m/s). Thus, 
the spores of the 10-day-old colony at locations 1 and 
3 could be aerosolized, while the spores of the 16-day-
old colony at other four positions could not be detached. 
Similar results were obtained at other inlet air speeds. 
The results indicate that the local air speed at different 
positions of the elbow could differ greatly, which caused 
significant differences in the aerosolization potential of 
spores.

Spore Aerosolization Potential on the Inner Surface 
of the Reducer

Fig. 10 shows the distribution of the local 
dimensionless air speed at the spores on the inner 
surface of the reducer with different contraction angles. 
In the contraction section, the local dimensionless 
air speed increased rapidly with the dimensionless 
displacement. This was because the cross-sectional 
area of the duct became smaller. At the end of the 
contraction section, the local dimensionless air speed 
reached the maximum value, thus the fungal spores 
were detached most easily. After contraction, although 
the local dimensionless air speed gradually decreased 
with the dimensionless displacement, the local air speed 
had increased significantly compared with that before 
contraction.

In the contraction section, the larger the contraction 
angle, the faster the local dimensionless air speed 
increased with the dimensionless displacement. The 
maximum value of the local dimensionless air speed 
for the contraction angle of 50º (4.5) was greater 
than that for the contraction angle of 20º (4.0). After 

Fig. 9. Velocity distribution of the airflow in the elbow under the inlet air speed of 3.00 m/s when the β value was 1.5: a) planar view; 
b) local enlarged view of the dotted area of the bend.

Table 3. Local dimensionless air speeds at the spores of six 
representative locations on the inner surface of the elbow under 
different inlet air speeds when the β value was 1.0.

U0 
(m/s)

U/U0

1 2 3 4 5 6

3.00 1.08 0.24 0.98 0.18 0.11 0.61

4.00 1.09 0.27 1.03 0.19 0.12 0.63

5.00 1.11 0.28 1.06 0.21 0.12 0.65

6.00 1.12 0.30 1.07 0.22 0.13 0.66
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contraction, the local dimensionless air speed for the 
lager contraction angle decreased more rapidly than that 
for the smaller contraction angle. The duct resistance 
increased with the contraction angle, and thus the air 
speed decreased. The above shows that the larger the 
contraction angle, the easier it was for fungal spores 
aerosolization from the contraction section, and the 
more difficult it was for that from the duct after 
contraction.

Discussion

Main Findings of this Study

The results indicate that the spore aerosolization 
potential varied greatly with the growing position of 
the colony on the ventilation duct in relation to the 
boundary layer. The potential of aerosolization of fungal 
spores from contaminated surfaces was assessed by 
Sivasubramani et al [26]. The spore release rate ranged 
from 102 to 103 cm2/min, which was in accordance with 
the experimental results in this investigation. Previous 
literatures reported fungal contamination in the HVAC 
system. Bakker et al. quantified associations between 
microbial loads and air conditioning unit or building 
operational parameters [27]. Fungal concentrations 
varied among units, coil moisture, environmental and 
building characteristics with seven orders of magnitude. 
Fungal loads on copper surfaces in heat exchangers 
were found to be lower than on aluminum surfaces. 
However, there was not significant difference in the 
release of fungal spores between copper and aluminum 
heat exchangers [28]. Although previous literatures 
reported that fungal spores were released from the 
HVAC system into the air, no prior public reports have 
considered the effect of the local air speed on the spore 
aerosolization from the surface of the ventilation duct 

[7, 9, 11]. The great difference of the local air speed 
in proximity of the fungal spores at different positions 
of the ventilation duct were revealed in this study. 
Such information would contribute to the indoor mold 
contamination control.

Fig. 4 illustrates that the spore aerosolization 
potential decreases with the displacement. In order to 
minimize spore aerosolization, the ventilation duct shall 
maintain a large length instead of dividing into several 
short air ducts. Fig. 6 shows that the spores of the 
colony growing at the center surface of the rectangular 
duct are much easier to aerosolize than that growing at 
the corner. Hence, the center surface of the rectangular 
duct should be cleaned more often than the corner. 
Meanwhile, the spore release potential increased with 
the value of β for the elbow and the contraction angle for 
the reducer, as shown in Figs 8, 9 and 10. Low β value 
and contraction angle are the good choice for furnishing 
to prevent spores from detaching into the air. However, 
for ventilation duct cleaning, opposite strategies should 
be adopted. The above provides a general outline of the 
limited example application of the finding in this study.

Limitation of the Current Study and Outline 
of Future Research

Aerosolization of fungal spores is affected by fungal 
species. The difference can be explained by the structure 
of the colony [12]. The height of the conidiophore for 
Aspergillus versicolor (A. versicolor) is larger than that 
for Cladosporium cladosporioides (C. cladosporioides). 
Thus, the local air speed at the spores of A. versicolor 
is higher than that of C. cladosporioides. The spores 
of A. versicolor were thus easier to detach than that of 
C. cladosporioides. The findings of this study are only 
applicable for A. niger.

In this study, the growth substrate of the test 
colony was Sabouraud dextrose agar. The realistic 
environmental factors were not considered. To estimate 
spore release from general duct materials, other works 
need to be completed. A researcher may have to test the 
spore release rate of the colony growing on the general 
duct material. Nevertheless, one may use the results 
for a rough estimation, because spore aerosolization is 
mainly subject to the airflow.

For the aerosolization experiment, although the 
microscope slide spanned a certain area, some released 
spores might escape and were not collected by the 
microscope slide. Thus, the spore release rate might 
be underestimated. The aerodynamic diameter of 
the A. niger spores was approximately 3.2 μm. The 
collection efficiency of spores onto the microscope slide 
was approximately 93% based on relevant evaluation 
equations [29]. Further research is needed to measure 
the spore release rate more accurately.

In this study, the experimental test was used to 
estimate the correctness of the numerical modeling.  
The rectangular duct was taken as an example to 
illustrate the rationality of grid division, model 

Fig. 10. Variation of the local dimensionless air speed (U/U0) at 
the spores with the dimensionless displacement (X/D) at different 
contraction angles under the inlet air speed of 3.00 m/s.
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selection and parameter settings in the CFD simulation. 
The variation of the spore release rate with the growing 
position of the colony was in accordance with the 
profile of the local dimensionless air speed at the 
height of spores on the inner surface of the rectangular 
duct, which indirectly illustrates the rationality of the 
numerical modeling.

When the airflow swept the outer side of the 
bending section for the elbow (Figs 8 and 9), the angle 
of the erectly growing colony with the incoming airflow 
changed from 90º and 0º. The angle of 0º indicates that 
the colony was aligned with the upstream airflow, while 
the angle of 90º signifies that the colony was tangential 
to the upstream flow. For the angle of 90º, both drag 
and lift forces are among the major driving forces of 
spore detachment, while the impact force is the major 
driving force for the angle of 0º [26]. This study did not 
take into account the above variations. Further efforts 
are required to clarify these issues.

Conclusions

This study conducted the investigation of 
aerosolization potential of Aspergillus niger spores 
from the colony growing on the inner surface of the 
ventilation duct in relation to the boundary layer. 
Aerosolization tests and numerical simulations of the 
airflow in four typical ventilation ducts were performed 
to determine the air speed distribution at the height 
of spores and the spore release potential. It was found 
that the aerosolization potential of spores decreased 
with the development of the boundary layer in the 
circular and rectangular ducts. When the inlet air speed 
was 5.00 m/s, the spores of the 4- and 10-day-old 
colonies could not be detached when the dimensionless 
displacements of the circular tube were larger than 
0.27 and 2.43, respectively. The spores of the colony 
growing at the center of the rectangular duct surface 
were aerosolized more easily than that growing at the 
corner. The local air speeds at different locations of 
the elbow could differ greatly, which caused significant 
differences in the spore aerosolization. When the inlet 
air speed was 3.00 m/s, the local air speeds at locations 
1 and 3 (3.24 and 2.94 m/s) exceeded the threshold air 
speed for spore detachment of the 10-day-old colony 
(2.75 m/s), while the local air speeds at locations 2, 4, 
5 and 6 were all less than the threshold air speed of 
the 16-day-old colony (2.00 m/s). The aerosolization 
potential of spores increased with the β value of the 
ratio of the curvature radius to the inner diameter of the 
elbow. The maximum value of the local dimensionless 
air speed for the contraction angle of 50o (4.5) was 
greater than that for the contraction angle of 20º (4.0). 
The larger the contraction angle, the easier it was for 
spore aerosolization from the contraction section of the 
reducer. Such information is useful for controlling the 
indoor mold contamination.
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