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Abstract

Indoor respirable suspended particles may accumulate on textured surfaces such as sofa
surfaces and office partitions via particle deposition. Previous studies mainly focus on particle
deposition on non-patterned rough surfaces or patterned surfaces with texture scale larger than
millimeters, and it is generally concluded that deposition rate increases due to the roughness.
However, many indoor surfaces are patterned textures with scale in the order of 100 um and
there is a lack of study of particle deposition behavior in this regime. This study investigates
the effect of patterned microstructured surfaces on particle deposition in a turbulent chamber.
Different shapes (triangular, rectangular, semi-circular convex and semi-circular concave
ribbed structures) and pitch-to-height ratios (i.e. ratio of spacing to height) of patterned
structures were studied. Particle sizes ranging from 0.3 um to 5 um in diameter were tested. It
is found that for submicron particles, deposition velocity was increased by the patterned

microstructures, and triangular-ribbed surfaces achieved the highest deposition velocity, which
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was 10 times higher than that on a non-patterned surface. For micron particles, it is found that
deposition velocity was lower than that of a non-patterned surface. Our results show that
particle deposition is not always enhanced by roughness and it is possible to be reduced by a

suitable length scale of patterned structures.

Keywords

Indoor air quality, Particle deposition, Microstructured surface, Shape, Pitch-to-height ratio,

Turbulence

1. Introduction

Indoor air pollution has been drawing increasing attention over the past few decades as a result
of increasing concern about the effects of particle exposure on human health (Jones, 1999;
Pope et al., 1991). The knowledge of particle deposition onto surfaces can contribute to the
decrease in indoor airborne particle concentration, as well as exposures (Lai, 2002). Particle
deposition in indoor environments or experimental chambers has been widely studied (Cheng,
1997; Lai et al., 2008; Lai, 2006; Thatcher and Nazaroff, 1997; Thatcher et al., 1996; Thatcher,
et al., 2002; Xu et al., 1994; Yu et al., 2017), most of which focus on non-patterned surfaces
with different roughness. Hussein et al. (2009) studied the deposition rate of aerosol particles
(diameters between 0.03 and 5 um) on rough surfaces like wallpapers, wall-plaster, and two
types of carpets in a chamber environment. The deposition rate of the aerosol particles was
affected by surface roughness, mixing intensity, and particle size. The highest deposition rate

on those rough surfaces was up to 20 times as that on a smooth aluminum surface. Abadie et
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al. (2001) also studied the effect of wall textures on particle deposition and they found that the
deposition on rough wallpapers was more than that on smooth surfaces. Lai and Nazaroff (2005)
studied the monodisperse particles deposition onto smooth and rough vertical chamber surfaces
using sandpapers. They found that the deposition velocity increased moderately with increasing
surface roughness. Shimada et al. (1987) found that for monodisperse particles of 0.01-0.2 um
in diameter, the deposition rate of particles onto the rough surface was enhanced, compared
with that onto a smooth surface, and as the roughness increased, the deposition rate increased.
The rough surfaces in their experiments were sandpapers with different roughness. All these
studied surfaces were non-patterned surfaces with different roughness. However, many indoor
decoration surfaces in modern office buildings have patterned textures, e.g. surfaces of some
wallpapers, nylon decoration surfaces on the sofa and office partitions. Results obtained from
the previously mentioned studies on non-patterned surfaces might not be fully applied to

patterned surfaces.

Previous studies have found that a small obstruction on a surface will affect the deposition rate
on the surface. By repeating the obstruction on the surface in a regular pattern, it becomes a
patterned surface. The shape of the obstruction (repeating unit) and the pitch-to-height ratio of
the pattern (defined as the ratio of the spacing between two successive repeating units to the
height of the repeating unit) are two important factors affecting particle deposition on a
patterned surface. Lai et al. (1999, 2001, 2002) investigated the effects of 2D and 3D square-

shaped obstructions on particle deposition. It was found that the deposition velocity was
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significantly increased due to these obstructions. Li et al. (1994) studied the deposition on
surfaces with rectangular and trapezoidal obstructions. Their results indicated that the
obstructions significantly enhanced particle deposition. The numerical study from Lu and Lu
(2015a) also demonstrated that the particle deposition on various shapes of ribbed surfaces was
different. They compared the deposition on squared, triangular and circular ribbed surfaces and
found that the maximum deposition occurred on the squared ribbed surface. Another result
from Lu and Lu (2015b) indicated that particle deposition enhancement increased with
decreasing rib space. The maximum enhancement ratio reached to about 400 compared to a
flat surface. Rashidi et al. (2017) also emphasized that the particle deposition could be

enhanced with a larger pitch-to-height ratio of the two obstructions.

These studies successfully correlated the particle deposition with properties of the patterned
surface, however, the scale of structures studied was in millimeter scale or larger, while many
indoor decoration surfaces are in the scale of 500 um or below, as shown in Figure 1. The
influence of these smaller-scale patterned structures on particle deposition is unknown.
Therefore, the objective of this research is to investigate the effect of microstructured surfaces
in this length scale regime with different shapes and pitch-to-height ratios on particle deposition
in chamber flow. This study can provide a better understanding of the role of microstructured

surfaces on indoor particle deposition.
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Figure 1 The surface structures on (a) office sofas and (b) partitions (b).

2. Methodology

2.1 Experimental setup

A small-scale chamber (300 mm X 300 mm X 300 mm) was fabricated by poly(methyl
methacrylate) plates. A small boxer fan (SUNON, EE8025251-0000-A99), suspended from the
center of the chamber and blowing air towards the ceiling, was employed to mix the air inside.
The experimental setup is illustrated in Figure 2. Before each experiment, the inner surfaces of
the chamber and the fan were cleaned by acetone and ethanol, followed by an air flushing for
about 3 minutes. Sample surfaces with different microstructures were put inside the chamber
to investigate their effects on particle deposition. The samples surfaces were fabricated using
a photopolymer material called VeroBlue by 3D printing on a substrate with the size of 250 x
250 x 0.5 mm (length x width x thickness). The surface roughness of our samples, including
patterned and nonpatterned ones, was 1.65 pum, which was measured by a Veeco 3300 profiler.
Four different microstructured ribs were investigated, including rectangular ribs, triangular ribs,

semi-circular convex ribs and semi-circular concave ribs as shown in Figure 3. The height of
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the rib was fixed as # = 500 um. The width of the rib (i.e. the width of the base in the triangular
rib or the diameter of the semi-circular convex or semi-circular concave ribs) was w =24 = 1
mm. The pitch p is the separation distance between two successive microstructured ribs. For

each rib shape, at least 5 different ratios of the pitch to the height p/h were studied.

Particles were generated by particle generators and introduced into the test chamber. Two kinds
of aerosols were generated for testing, polydisperse particles and monodisperse particles. The
particle concentration inside the chamber was monitored by a particle counter. The
polydisperse particles were Arizona test dust with diameter ranges of 0-5 um. A tailor-made
aerosol generator was designed and constructed to aerosolize the dust. It was a test bottle
containing a moderate amount of dust and connected with two tubes. One tube was connected
to the supply inlet of compressed air, which aerosolized the dust in the bottle, and the other
tube guided the aerosolized dust to the test chamber. The dust concentration in the test chamber
was monitored by an optical particle sizer (Model 3330, TSI, USA). The particles with
diameters from 0.3 to 5 um were measured in the polydisperse experiment. The generation was
stopped when the particle concentration reached 3000 #/cm?®. Monodisperse particles were
generated by a condensation monodisperse aerosol generator (Model 3475, TSI, USA). In this
study, two particle sizes were tested, 0.4 um and 2 pum in diameter. The material of the particle
was di-2-ethyl hexyl sebacate (DEHS). For the 2 um particles, the measurement device was a
portable aerosol spectrometer (Model 1.108, Grimm, Germany), and a scanning mobility

particle sizer spectrometer (Model 3080, TSI, USA) was used to measure the 0.4 um particles.
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By using a concentration decay method, the deposition velocity due to the patterned surface
can be determined by the continuously measured particle concentration. Measurement was
stopped either when the concentration was less than 200#/cm?® (for polydisperse particles), or
the deposition process had lasted for 1 hour (for monodisperse particles). In both cases, the
durations were long enough for an accurate decay method to be conducted. Each experiment

was repeated at least 3 times.

Chamber

27 L Cube
Particle counter Particle generator

—1 L Fan

4\

N Compressed air

Microstructured surface

Figure 2 Schematic diagram of the experimental setup

P
h..J:{:l:L rectangular p/h=1

_I_l_I_L rectangular, p/h=1 triangular, p/h=1

rectangular p/h=2

I 1_TL rectangular p/h=3
Figure 3 Schematic diagram for samples with rectangular shapes and photos for samples of

1T L rectangular p/h=4

J1__TL rectangular p/h=5

all shapes with p/h=1.
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2.2 Flow field measurement

In this study, the flow field in the middle plane of the chamber and a near-wall field on the
chamber floor were measured by a particle image velocimetry (PIV) technique (LaVision,
Germany). The tracer particles were olive oil in diameter smaller than 1 um. The capturing

frequency was 1 kHz. The setup is shown in Figure 4.

seeder

N

__chamber

laser

laser sheet ’

computer

camera synchronizer

Figure 4 Schematic diagram of the PIV setup

2.3 Deposition effect calculated by decay method

For a well-mixed enclosed chamber with no particle generation, the particle concentration
inside the chamber will decay with time and the governing equation can be expressed as
C(t) = CpeH) (1)
where ¢ is the time, Cy is the initial particle number concentration (particle number per unit
volume) and 4 is the net particle decay rate with the dimension of 1/time. Thus, Eq. (1) can also
be expressed as
InC(t) =—At +1nC, (2.)

and 4 can be separated into two parts
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A= Ailr + Ad (3)
where Ai- 1s the loss rate due to the instrumental sample flow rate, which is the instrumental
sample flow rate divided by the chamber volume, and As is the deposition rate. Based on the

above model and the known parameters, the deposition rate 44 could be calculated.

To better compare the effect of different microstructured surfaces, relative deposition rate,

denoted as ¢, was employed:

deposition rate with a microstructured surface put inside the chamber

(4)

The relative deposition rate is a dimensionless parameter and that of a non-patterned surface is

E =
deposition rate with a non — patterned surface put inside the chamber

equal to 1.

It should be noted that the deposition rate is a parameter to describe the overall deposition
inside the chamber including all surfaces in the chamber, patterned or not. To study the
deposition on a specific surface, deposition velocity is more useful. In the experiment of a
patterned sample surface placing on the floor of the chamber, the relationship between the
deposition rate of the chamber with a sample installed (A4s) and the deposition velocity on the

sample surface (Uaus) can be described as

AgsV — Ugwolw — UgaoAg — U, A,—A
Udus — ds awoiw c;(lio da duO( u s) (5)
s

where A,,,Ag4, A,,As are the area of the four vertical walls, the area of the downward
horizontal surface, the area of the upward horizontal surface, and the area of the patterned
sample surface, respectively, Ugyo, Ugqo and Ugyo are the deposition velocity of the vertical
walls, the deposition velocity of the ceiling surface, and the deposition velocity of the floor
area that was not covered by the patterned sample surface, respectively, and V is the volume of

the chamber.
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In the experiment without any sample surface inside, the relationship between the deposition

rate (Aao) and the deposition velocities is

AaoV = UgyoAy + UgwoAw + UgaoAa (6)

The ratios of Ugyg, Ugwoand Ugzge for monodisperse particles of 2 um and 0.4 pm
respectively will be obtained as described in section 2.4. By using the experimental result of
Ado and substituting the ratio into Equation (6), the values of Ugy0, Ugwo Ugqo can be obtained.

Then the deposition velocity on the sample surface (Ug,s) can be determined by Equation (5).

2.4 Deposition effect measured by microscope

Experiments were conducted to investigate the particle deposition on different orientations
inside the chamber. In each experiment, three non-patterned samples were placed on the middle
of the floor, wall and ceiling surface, respectively. The particles of 2 um and 0.4 pm were
tested respectively. Images before and after experiments were captured as shown in Figure 5(a)
and further processed as shown in Figure 5(b). The black dots represent particles or defects.
The total black area, and the whole image area were counted through the microscope. By
subtracting the total black area before the experiment from those after the experiment, the

deposition area was calculated. The deposition rate by the microscope was defined as

deposition area after experiments — deposition area before experiments

- (5)

investigated area

As shown in Figure 5(a), for 2 um particles, after deposition for 1 h, it was clear that the

deposition mainly occurred on the floor surface. The deposition rate by the microscope of 2



219  um particle on the floor, wall and ceiling surface was 2.28%:0%:0.05%, which was essentially
220  1:0:0. Using the same method, the deposition rate by the microscope of 0.4 um particles on the

221  floor, wall and ceiling surface was essentially 1:1:1.
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experiments (top) and after experiments (bottom); (b) Processed images before experiments

(left) and after experiments (right).

3. Results and discussion

3.1 Flow characteristics

The flow characteristic was investigated first because the particle deposition is affected by the
flow. Two kinds of flow fields were measured: the middle plane of the whole chamber and a
near-wall field at the bottom of the chamber immediately above the sample. For the whole

chamber, two symmetric circulations were observed and illustrated as shown in Figure 6(a).

A near-wall flow field, as indicated by a yellow rectangle in Figure 6(a), was also investigated
in detail. The mean vorticity contours in the near-wall flow field for two cases, with a
microstructured surface and with a non-patterned surface, were compared in Figure 6(b).
Stronger vorticity was produced on the bottom microstructured surface, compared to the non-
patterned case. Besides, the enhanced vorticity showed a symmetrical distribution along the
vertical centerline of the symmetric circulation flow. As shown in Figure 6(c), the turbulence
kinetic energy (TKE) of the microstructured case was significantly higher than that of the non-
patterned case, especially when the distance from the bottom surface was smaller than 5 mm.
The enhanced TKE and vorticity are expected to affect the particle motions and shall be the
reasons why the particle deposition was enhanced by the patterned surface as suggested in other

studies (Lu and Lu, 2015c¢; Lu and Lu, 2016; Lu and Lu, 2017; Xu et al., 2020; Xu et al., 2020).
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Figure 6 (a) Illustrative diagram of the flow condition in the middle plane; (b) Comparison of
the vorticity on a non-patterned surface (left) and a patterned surface (semi-circular convex,
p/h=1) (right); (c) Comparison of the turbulence kinetic energy in the near-wall field between
the cases with a non-patterned surface and a microstructured surface. Y axis represents the

distance between the investigation point and the bottom surface.
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3.2 Effect of microstructured surfaces on submicron particle deposition

The results of how different pattern shapes affect submicron particle deposition are shown in
Figure 7. Polydisperse particles were used in the experiments. The relative deposition rate for
each shape was the average value of 5 samples with the same shape and different pitch-to-
height ratios (p/h = 1, 2, 3, 4 and 5). The relative deposition rates for all shapes were larger
than 1, which indicated that all microstructures enhanced submicron particle deposition,
compared with non-patterned surfaces. Among the investigated shapes, triangular
microstructures have the largest enhancement of deposition, followed by semi-circular convex,
rectangular, and concave microstructures. This indicated that the submicron particle deposition

rate on a surface was related to the shape of microstructures.

According to a numerical study carried out by Xu et al. (2020), the particle deposition of the
same four patterned shapes was investigated in a fully developed turbulent duct. They found
that all patterned shapes enhanced the particle deposition, while the enhancement of triangular
and semi-circular convex shapes was higher than that of the rectangular and concave
microstructures in a simulated duct flow. It should be noted that the pattern height in their
simulation was 2 mm, but the finding on the effect of shape was consistent with our
experimental results. The particle deposition mechanism was explained by the disturbance of
TKE at near-wall region and separation flow mechanism between two consecutive patterns.
Submicron particles followed the flow and were trapped into the cavity between two successive

ribs with the recirculation. However, the particles would not deposit on the surface, unless there



275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

was a strong enough turbulent diffusion applied so that the submicron particles could diffuse
through the near-wall boundary layers. There was a high-turbulence-kinetic-energy region at
the top of the cavity, which is consistent with our experimental measurement, and this provided
a suitable condition for submicron particles to deposit. The high-turbulence-kinetic-energy
zone covered the whole cavity for the triangular shape, and only half of the cavity for the
rectangular shape. This difference explained why the deposition of triangular microstructures
was stronger than that of rectangular microstructures. It should be noted that a fully developed
channel flow was studied by Xu et al. (2020), while a chamber flow, which is less unidirectional,
was investigated in the current study. Therefore, the enhancement effect of a chamber flow is

less significant than that of a channel flow.

The effect of p/h ratios on submicron particle deposition is shown in Figure 8. Monodisperse
particles with 0.4 um in diameter were used in the experiments. For 0.4 um particles, deposition
velocity decreased when p/h ratio increased. The magnitude of enhancement effect of
microstructured surfaces decreased as the p/h ratio increased, until the p/h ratio was large

enough and the effect eventually disappeared, compared with non-patterned surfaces.
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Figure 8 Comparison of deposition velocity of 0.4 um particles for different p/A ratios

3.3 Effect of microstructured surfaces on micron particle deposition

The effect of shapes of microstructures on micron particle deposition is shown in Figure 9.
Polydisperse particles were used in the experiments. The relative deposition rate was in the
range of 0.79-1.07 in all cases. Unlike the cases of submicron particles, there was no obvious
difference in the micron particle deposition rate for different microstructure shapes, and the
variance of deposition rates for different shapes was within 3% (variance was calculated as

the standard deviation divided by average relative deposition rate), which suggested that the
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effect of microstructure shape on deposition rate was insignificant for micron particles.

The effect of p/h ratios on micron particles deposition is shown in Figure 10. Particles with a
highly monodisperse size of 2 um were used in the experiments. Deposition velocity increased
with increasing p/h ratio, closing to the deposition velocity of the non-patterned surface. This
trend indicated that the microstructured surfaces have a reduction effect on micron particle
deposition, which was different from the cases of submicron particles. To further investigate
this reduction effect, the particle deposition on the cavity floor (i.e. the flat surface between
two successive microstructures) for different p/h ratios, was observed under a microscope. As
shown in Figure 11, for p/h = 1, there was no deposition on the cavity floor; for p/h = 3, and
p/h = 10, more particles were deposited on the cavity floor, while the deposition for p/A = 10
was as much as that of the non-patterned surface. The deposition distribution on the cavity
floor was also studied in Figure 12. Five locations on the cavity floor were observed under the
microscope. The deposition rate by microscope showed a centrally symmetric distribution; it
was nearly constant in the middle of the cavity floor, while at the corner sides it was lower,

where according to the simulation (Xu et al., 2020), separated shear flow occurred.

A similar observation was made by Wang et al. (2018), who investigated particle deposition
on textile surfaces and found a particular case that the deposition of 1.6 um particles on textile
material decreased with the increase in surface roughness when the angular velocity of the

ceiling fan was the lowest in their experiments. Besides, in the experiments of Usui et al. (2004),
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they investigated the effect of rib design on fouling from diesel particulate and found micron
particle deposition on a semi-circular ribbed surface was reduced at a factor of 38% in the rib
height of 500 um, compared with a flat and smooth surface. While extending the rib height
from 500 um to 1 mm and 2 mm, the deposition was increased and for the largest riblets, they
found micron particle deposition was enhanced up to about 9% compared with a flat and
smooth surface. Concluded from their microscopic images, they attributed the reduction
deposition effect to the minimal deposition onto the valley of the riblet. These findings are

consistent with our experimental results.

In general, a rough surface, which generates more turbulent eddies, would enhance micron
particle deposition significantly (Hussein et al., 2012). However, micron particle deposition on
patterned micron structures is reduced as demonstrated by our experiments. Particles in micron-
size (1-10 pm) fall into the eddy diffusion—impaction regime (Lai et al., 2002; Li et al., 1994)
in which the turbulent eddies in the turbulent core and buffer layer induce enough inertia for
particles to cross the viscous sublayer and deposit on the surface. As indicated by Hinds (1999),
diffusion mechanism in micron-sized particles is not as important as in the submicron particles.
It is suspected that the additional turbulent eddies generated by the microstructures in the
setting of the current study are not strong enough for the micron particles to diffuse across the
boundary layer. On the other hand, the recirculation at the upstream and downstream of the
cavity prevent the particle from moving close to the wall surface. As observed in Figure 12,

the vortexes, which prevented the particles from reaching the wall surface, were located at the
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upstream and downstream of the cavity. Thus deposition cannot occur in the region covered by
the vortices, and the area for particle deposition was reduced. Therefore the effective area for
particle deposition is smaller and the deposition rate decreases when compared to a non-

patterned surface.
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Figure 9 Comparison of relative deposition rate on different shapes, rectangular, semi-

circular convex, triangular, semi-circular concave, for micron particles
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3.4 The influence of microstructured surfaces on indoor particle concentration

In determining exposures to indoor particles, the particle concentration of a room is commonly
modeled by a well-mixed mass-balance equation (e.g. Abadie et al., 2001; Lai, 2002; Thatcher
et al., 2002), in which the deposition loss rate due to indoor surfaces is an essential parameter.
Since patterned texture surfaces are common in modern indoor environments, it is important
to consider the effect of micropatterns on the disposition loss rate. A comparison between a
hypothetical room with microstructured surfaces (rectangular shape and p/h=1) and a control
room with smooth surfaces was conducted and the result is shown in Table 1. The two rooms
are denoted as “patterned room” and “control room” respectively. The room sizes were the
same as 10 m? in area, and 2.5 m in height, as a normal living room size in Hong Kong (Lee et
al., 2002). The initial particle number concentration, Cy, was assumed to be 2x10'! #/m> which

was the particle concentration in a living room during cooking (Wan et al., 2011). The ratio of
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particle concentration in the patterned room to that of the concentration in the control room,
was calculated by the mass-balance equation. It was found that the submicron particle
concentration in the patterned room was 70% of that in the control room after 1-hour deposition,
and only 0.02% of that in the control room after deposition for 1 day, which indicates the strong
reduction effect of microstructured surface on indoor submicron particle concentration. For
deposition of micron particles, the particle concentration in the patterned room was 1.24 times
that in the control room after 1 hour’s deposition, and was 178 times that in the control room
after deposition for 24 hours, which suggests that the microstructured surfaces have a strong
adverse effect on micron particle deposition, and the general impression that deposition loss
increases with roughness does not apply. It should be noted that in this comparison, an ideal
case with particle deposition as the only effect in the mass-balance equation was considered,
but it is enough to demonstrate the importance of taking the effect of microstructured surfaces

into account when calculating indoor particle concentration.

Table 1. Comparison of particle concentration in the control room and patterned room

Submicron particles (0.4 pm) Micron particles (2 pm)
Time Particle number concentration Particle number concentration
(#/m?) v (#/m?) Y
Control room Patterned room Control room Patterned room
T=0 2x10" 2x10" 1 2x10" 2x10" 1
T=1h 0.961 Gy 0.673 Cy 70% 0.316 Gy 0.392 Gy 1.24
T=24h 0.387 Gy 7.46e-5 Cy 0.02% 9.83e-13 Cy 1.75e-10 Cy 178

4. Conclusion

The deposition of particles on microstructured surfaces in a chamber flow was investigated in
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this study. Effects of the shape and p/k ratio of the microstructures were examined. The

following conclusions can be drawn:

(1) An enhancement effect of the microstructured surfaces on submicron particle deposition
was found, while a reduction effect was found on micron particle deposition. Both effects
gradually vanished with the increasing p/h ratio.

(2) For submicron particles, the deposition enhancement was the strongest in triangular
microstructures, followed by semi-circular convex, rectangular, and semi-circular concave
microstructures respectively. On the other hand, for micron particles, the reduction of
deposition did not show a significant difference among different shapes.

(3) This study provides insight into particle deposition on microstructured surfaces and

contributes to indoor particle concentration control.
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