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particles removal with
diffusiophoresis and thermophoresis in a gas–
liquid cross-flow array

Zhijian Zheng, *a Zhong Chen,b Guoxuan Xionga and Jiahua Zhuc

A gas–liquid cross-flow array (GLCA) system is proposed for fine particles (diameter between 0.1 mmand 2.5

mm, simplified as PM2.5) removal in exhaust gas, where the continuous and smooth wastewater films,

providing huge specific surface area, each act as independent traps to remove PM2.5. The removal

efficiency of PM2.5 is important for evaluating the performance of a GLCA, and the trajectory across the

films determines the migration and ultimate fate of PM2.5. An analytical model based on a single film is

developed to analyze the critical removal trajectory with diffusiophoresis (DP) and thermophoresis (TP) in

the thermal boundary layer to calculate the efficiency, where the role of each force is examined. And

experiments with a lab-scale GLCA are carried out with different vapor concentration and temperature

gradients to verify the model. They both reveal that the removal efficiency can be increase sharply by

increasing the humidity gradient between the bulk gas and film surface, while it increases slowly as

temperature gradient increasing. Thus DP and TP have important effects on PM2.5 removal in the GLCA,

and DP has a much more important effect than TP. A GLCA with appropriate humidity and temperature

gradient can remove PM2.5 in a costly and efficient manner.
1 Introduction

In recent years, the removal of ne particles, emitted by coal
combustion, has received great attention, since they oen
consist of toxic components and heavy metals, which can easily
enter the human respiratory tract to create numerous health
problems.1,2 To control the problem of particle pollution, the
Chinese government has implemented the environmental
standard for limiting the amount of ne particles in air, the
target of which is an annual average of 35 mg m�3 for particles
diameter dp smaller than 2.5 mm (PM2.5).3 To meet this air
quality limit, high efficiency electrostatic precipitators (ESPs),
followed with the wet ue gas desulfurization (WFGD) systems,
have been widely equipped and applied to remove particles
from coal combustion,4 which can remove particles efficiently
in the size range dp > 2.5 mm and dp < 0.1 mm due to inertia and
interception, and Brownian diffusion respectively.5 Meanwhile
it is still a challenge to achieve this emission standard, because
particles in the size range between 0.1 mm and 2.5 mm cannot be
removed effectively by ESPs and WFGD. Even worse some new
aerosols (0.1 mm < dp < 2.5 mm) are generated due to the
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decreasing temperature of gas in a WFGD system, which will be
then emitted into air.6 Thus the key point to limit particles
pollution is to control the emission of particles diameter in the
size range 0.1 mm < dp < 2.5 mm, and they are simplied as
PM2.5 in this paper.

A gas–liquid cross-ow array (GLCA) system is proposed for
PM2.5 removal in exhaust gas from coal combustion, the three
dimensional, front and vertical views of which are shown in
Fig. 1.7–9 It is formed by numerous vertically down-owing waste
water lms along numbers of triangularly congured ropes,
which are installed in the middle of holes through a perforated
distributor. The continuous and smooth wastewater lms,
providing huge specic surface area, act as independent trap
each to remove PM2.5 suspending in the exhaust gas owing
perpendicularly across it.

Compared to the conventional dust collectors, a GLCA has
signicant advantages of self-renewable dynamic surfaces
Fig. 1 GLCA system.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Thermal boundary layer around a single film.
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formed by cost-free wastewater without volatile contaminations
and much suspended solids, which will be anyway cleaned in
the downstream sewage treatment plant.10 And a GLCA creates
besides interception, inertia and diffusion, also diffusiopho-
resis (DP) and thermophoresis (TP) mechanisms, which can
signicantly improve PM2.5 removal efficiency without addi-
tional energy input, where DP is a result of vapor concentration
gradient; which cause vapor condensation onto the lm
surfaces, thus dragging PM2.5 along,11 and TP is the result of
temperature gradient, which makes PM2.5 experience a net
force pushing them to move in the direction of colder temper-
ature.12 The vapor concentration and temperature gradients
between the bulk gas and the surfaces of wastewater lms are
formed because exhaust gas emitted from WFGD, always
approaches to be vapor saturated at about 40–60 �C, while the
wastewater is at normal temperature of about 20 �C.13 Thus
another implicit advantage of a GLCA is recovering low-grade
heat and water from exhaust gas. Thereby it is promising to
be taken as a cost technology for PM2.5 removal of exhaust gas
by a GLCA.

The removal efficiency of PM2.5 is very important for eval-
uating the performance of a GLCA, and only when the mecha-
nism of PM2.5 removal is known, and then by increasing the
effect of main mechanism, the removal efficiency can be
increased effectively. Zheng's work7–9 has developed a suitable
method for the design of the GLCA and a complex model to
calculate the removal efficiency, while the research about how
DP and TP work and the main removal mechanism in a GLCA
are still not clear. The purpose of this paper is to study the
trajectory of PM2.5 with DP and TP across the water lms in
a GLCA to know how DP and TP work and the main removal
mechanism by analysing the trajectory of PM2.5 across the
wastewater lms, which determines the migration and ultimate
fate of PM2.5 (ref. 14–16) and then get a simple model to
calculate the removal efficiency.

Because of the vapor concentration and temperature gradi-
ents between bulk gas and surfaces of lms, there exists
a thermal and a vapor boundary layer around it, just once PM2.5
enter into the boundary layer, they will experience the force of
DP and TP, and have the possibility to be captured by the lms,
thus rst, thickness of the boundary layer is analysed. Then the
trajectory of PM2.5 in the boundary layer is studied by stress
analysis, and the role of each force is examined to reveal the
main removal mechanism of PM2.5. Next the model is used to
calculate the PM2.5 removal efficiency of a GLCA, and experi-
ments with a lab-scale GLCA are carried out with different vapor
concentration and temperature gradients to verify the model.

2 Model descriptions
2.1 Boundary layer

Consider an incompressible dusty gas ow normal to a GLCA
(far away gas velocity u0), as shown in Fig. 1, where a and b are
the transverse and longitudinal pitch between each lms, and
rw and dw is the radius and diameter of a lm, respectively, it
will form a stable thermal and vapor condensation boundary
layer around every single lm due to the temperature and vapor
This journal is © The Royal Society of Chemistry 2019
concentration gradients. And rst a model based on single lm
is developed to analyse thickness of the thermal boundary layer.
There a cylindrical coordinate system (r, q) xes at the centre of
the lm and the angle q is measured from the front stagnation
point, as shown in Fig. 2.

The energy integral equation from the lm surface to the
thermal boundary layer outside edge with the isothermal
boundary condition can be written as:17

d

dw=2dq

ðdTðqÞþdw=2

dw=2

ðT � TwÞuqdr ¼ �a
�
vT

vr

�
r¼dw=2

(1)

The above terms on the le and right side represent heat
transfer to the lm by convection and conduction respectively.
dT(q) is the thickness of thermal boundary layer, uq is the gas
velocity in r component, a is the thermal diffusion coefficient.
In a GLCA, the volume ow rate of the recycled water is much
larger than the volume ow rate of gas, thus temperature of
water lm Tw is assumed to be constant. And temperature of the
gas in the boundary layer T is assumed to have a linear distri-
bution, shown as follow:

T ¼ Tg � Tw

dTðqÞ
�
r� dw

2

�
þ Tw (2)

where Tg is temperature of bulk gas, which is assumed to have
a constant value before every single lm. Thus combined eqn (1)
with eqn (2), one can obtain

d

dq

ðdTðqÞþdw=2

dw=2

r� dw=2

dTðqÞ uqdr ¼ ðdw=2Þa
dTðqÞ (3)

Concerned the treatment of the neighboring lms interfer-
ence effects in a GLCA, the Kuwabara–Happel velocity prole is
used to solve eqn (3). Under very thin boundary layer condition,
the stream function of the Kuwabara–Happel ow j can be
approximated as ows:18

j ¼ u0ð1� bÞ
rKu

ðr� dw=2Þ2 sin q (4)

The velocity in r and q directions (ur, uq) can be got from the
stream function in the following way:

uq ¼ �vj
vr

¼ 2ð1� bÞu0
Ku

ð1� dw=2rÞsin q (5)
RSC Adv., 2019, 9, 26748–26756 | 26749
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ur ¼ 1

r

vj

vq
¼ ð1� bÞu0

Ku
ð1� dw=2rÞ2 cos q (6)

where Ku is the Kuwabara hydrodynamic factor (Ku ¼�1/2 ln b

� 3/4 + b� 1/4b2), dened by the blockage ratio of a GLCA b (b¼
dw/(2a � dw)). Then substituting eqn (5) into eqn (3), and inte-
grating it from the lm surface at r ¼ dw/2, to the outer edge of
the boundary layer at r ¼ dw/2 + dT(q), eqn (3) becomes:

dT
3ðqÞcos qþ 2dT

2ðqÞsin q
ddTðqÞ
dq

¼ 3Kudw
2
a

8ð1� bÞu0 (7)

Using the assumption of thermal boundary layer thickness
being 0 at q ¼ 0, thus one can obtain local boundary layer
thickness:

dTðqÞ ¼ 0:83

�
Kudw

3

ð1� bÞRegPr

�1=3 Ð q
0
sin1=2

qdq

sin3=2
q

!1=3

(8)

where Pr is gas Prandtl number and Reg is the gas Reynolds
number, which can be shown as:

Reg ¼ rgdwu0/mg (9)

rg and mg are the gas density and viscosity, respectively.
Simultaneously with thermal boundary layer, it also presents
a thin vapor concentration boundary layer along the lm.
Because of low gas Reynolds number, the stream ow can be
seen as laminar ow, thus the vapor concentration boundary
layer can be calculated based on similarity criterion:19

d(q)/dT(q) ¼ Pr1/3 and d(q)/dv(q) ¼ Scv
1/3 (10)

where d(q) and dv(q) are the thickness of velocity and vapor
concentration boundary layer respectively, and Scv is the
Schmidt number of vapor. Thus combined with eqn (8) and (10),
we can obtain the local vapor concentration boundary layer
thickness:

dvðqÞ ¼ 0:83

�
Kudw

3

ð1� bÞRegScv

�1=3 Ð q
0
sin1=2

qdq

sin3=2
q

!1=3

(11)

And the thermal and vapor concentration boundary layer
thickness are almost equal to its value, because of the almost
same value of the gas Prandtl number and the vapor Schmidt
number.20 It means that PM2.5 enter into thermal and vapor
concentration boundary layer at the same time, which can
greatly simplify the model description, then just one boundary
layer will be considered in the following analysis.
Fig. 3 Schematic of the model used for analysing particle trajectory.
2.2 Trajectory of PM2.5 through a boundary layer with DP
and TP

The trajectory is vitally important to evaluate PM2.5 will be
captured or not. Some of PM2.5 will enter the boundary layer,
which have the possibility to be captured by the lms, and some
will not, of course, which can't be captured. Thus our work is
focused on PM2.5 entering the boundary layer. Once these
26750 | RSC Adv., 2019, 9, 26748–26756
PM2.5 move into the layer, DP and TP act radially onto them
towards to lm surface, they will have sharply different
streamlines as the gas. Because vortex shedding phenomena
happens with ow separation from the boundary layer, and the
heat andmass transfer aer the separation point can be ignored
at low Reynolds numbers, if PM2.5 entering the boundary layer
cannot be removed by the lm before the separation point, they
will escape,21 thus there exists a critical PM2.5 trajectory that
just grazes the lm surface on the boundary layer separation
point, as shown in Fig. 3. It means that between centreline of
the lm and the critical trajectory, all PM2.5 can be removed by
the lm before the separation point, or PM2.5 will escape.
Therefore the research can be simplied to get the critical
trajectory of PM2.5 with DP and TP, as the gas ow across the
lms through the boundary layer in a GLCA.

Because particles discussed in this work are in the size range
0.1–2.5 mm, Brownian force is much less than the forces of DP
and TP for them, which can be ignored.22,23 Particle growth by
heterogeneous condensation can be also ignored, because
a critical degree of supersaturation of vapor is not achieved.24

Thus non-dimensional motion equations of PM2.5 with DP and
TP in the boundary layer with R and q components are:25

d2R

ds2
¼ 1

2K

�
Ur � dR

ds

�
� ðFTP þ FDPÞrw

mpu02
(12)

d2
q

ds2
¼ 1

2K

�
Uq � dq

ds

�
(13)

where R(r/rw) is non-dimensional radius, s(tu0/rw, tmotion time)
dimensionless motion time, UR(ur/u0) and Uq(uq/u0) the dimen-
sionless gas velocity in R and q components which can be obtain
from eqn (5) and (6), FDP and FTP force of DP and TP in the
boundary layer, and mp the PM2.5 mass. And K is the Stokes
number, which is dened as follow:

K ¼ Crpu0dp
2/36mgrw (14)

where rp, is PM2.5 density and C is Cunningham correction
coefficient, which is a function of the gas mean free path l and
PM2.5 diameter dp:

C ¼ 1þ 2:514þ 0:08 exp
��0:55dp�l�

dp
�
l

(15)

FDP in eqn (12) is obtained by the Stokes–Cunningham
equation:
This journal is © The Royal Society of Chemistry 2019



Table 1 Operation parameters used for the model calculations

Gas, particle density, rg, rp/kg m3 1.128, 3900
Gas viscosity, mg/Pa s 1.91 � 10�5

Gas, particle thermal conductivities, kg, kp/W (m K)�1 0.028, 3
Single lm radius, rw/mm 1.05
Blockage ratio, b 0.25
Transverse and longitudinal pitch, a, b/mm 5.2, 4.5 mm
Water vapor diffusion coefficient, Dv/cm

2 s�1 0.26
Separation angle, qs 2p/3
Kuwabara factor, Ku 0.174
Gas mean free path, l/mm 0.093
Schmidt number, Scv 0.7
Prandtl number, Pr 0.7
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FDP ¼ 3pmgdpuDP

C
(16)

where uDP is the diffusiophoretic velocity, which can be calcu-
lated independently of the particle diameter (once particle
diameter is larger than 0.1 mm) and is given as follows:26

uDP ¼ �1.29Dv(Hg � Hw)/dv (17)

where Dv is vapor diffusion coefficient, Hg and Hw is absolute
humidity at bulk gas and the water lm surface.

Similarly, FTP in eqn (12) is given by:

FTP ¼ 3pmgdpuTP

C
(18)

The thermophoretic velocity uTP for particles larger than the
gas mean free path is given by:24

uTP ¼ � 3mg

2rgTg

�
kg
�
kp þ 4:36l

�
dp
��

1þ 4:56l
�
dp
��
1þ 2kg

�
kp þ 8:72ldp

� Tg � Tw

dTðqÞ
(19)

where kp and kg are the thermal conductivities of PM2.5 and gas,
respectively.

Then by substituting the stream velocity of eqn (5) and (6),
and the forces of DP in eqn (16) and (17) and TP in eqn (18) and
(19) into the trajectory equations of PM2.5 in eqn (12) and (13),
where the thickness of thermal boundary layer in eqn (8) needs
to be substituted, we can get the analytical solutions of trajec-
tory equations of PM2.5 with the initial conditions (s¼ 0, q¼ q0

and R ¼ r0/rw) as follow, which means that only once PM2.5
enter into the thermal boundary layer, then the trajectory
equations of PM2.5 will just be considered.

RðsÞ ¼ r0=rw þUR|R¼r0=rw
s� 1

2

ðFTP þ FDPÞrw
mpu02

s2

þ 1

12

ðFTP þ FDPÞrw
Kmpu02

s3 � 1

96

ðFTP þ FDPÞrw
K2mpu02

s4 (20)

qðsÞ ¼ q0 þUq|q¼q0
sþ 1

12

Uq
2|
q¼q0

K tanðq0Þs
3 (21)

As we have described, there exists a critical PM2.5 trajectory
that just grazes the lm surface on the boundary layer separa-
tion point, if PM2.5 cannot be removed by the lm before
separation point, they will escape, then the terminal condition
for eqn (20) and (21) is (s ¼ s, q ¼ qs and R ¼ 1). The separation
angel qs was given by Ming-Hsun, shown as followed:27

qs ¼ 95.7 + 267.1Reg
�0.5 � 625.9Reg

�1 + 1046.6Reg
�3/2 (22)

Eqn (20) and (21) need to be solved by calculating the forces
of DP and TP for a given particle diameter and allowing it to
move for a small time interval, during which the forces are
assumed to be constant, and aer every time interval, the forces
need to recalculate until this particle gets to separation point,
then critical trajectory can be obtain, which means in turn that
the initial position of point B for this particle (r0, q0) in Fig. 3 can
This journal is © The Royal Society of Chemistry 2019
be calculated. Finally the calculating process is repeated for all
the particle diameters of interest.
2.3 Role of each force in critical trajectory of PM2.5

To analyse the role of each force in critical trajectory of PM2.5,
values of r0 and q0 for a single lm in a GLCA with different
temperature and humidity gradients for a given particle diam-
eter (dp ¼ 1 mm) and constant gas velocity (u0 ¼ 0.6 m s�1, Reg ¼
72.2) are calculated. The inlet gas and water parameters used in
calculations are shown in Table 1. When PM2.5 just enters the
thermal boundary layer, and then will be captured by the lm at
the separation point (the terminal condition of eqn (20) and
(21)), the calculation results can draw PM2.5 critical removal
trajectory.

Fig. 4 shows critical removal trajectory of particle (dp¼ 1 mm)
in thermal boundary layer along a single water lm with
different force conditions when the temperature Tg and relative
humidity 4g of gas are 41.2 �C and 0.85 respectively, and the
temperature Tw of water lm is 5 �C. In Fig. 4(a), the semicircle
represents one single water lm, where the cylindrical coordi-
nate system (r, q) is given to show the particle critical trajectory.
Fig. 4(b) is the enlarge view of Fig. 4(a), where the water lm is
narrowed as a centre point to see the trajectories more clearly.
First during the calculation process of eqn (20) and (21), DP and
TP are supposed to be zero, which means DP and TP are not
considered, the critical removal trajectory almost overlap the
water lm surfaces. Because the distance between the critical
trajectory and the lm surface represents the particle removal
region, thus the PM2.5 removal efficiency is almost zero. Then
during the calculation process, just DP or TP is supposed to be
zero, and one of them is considered, the critical trajectories are
both far away from the water lm surface, and especially the
distance between the critical trajectory and the lm surface
increases sharply when only DP is considered, which is almost
double as the distance when only TP is considered. Finally, DP
and TP are both considered for the calculation, the critical
trajectory has a furthest distance from lm surface, while the
distance changes slightly as distance when only DP is consid-
ered. Thus it reveals that mechanisms of DP and TP play vitally
important role for PM2.5 removal, and DP has much more
important effect than TP.

To further validate it, DP and TP are both considered, while
the temperature and humidity of the inlet gas are changed for
RSC Adv., 2019, 9, 26748–26756 | 26751



Fig. 4 Critical removal trajectory of particle (dp ¼ 1 mm) in thermal
boundary layer along a single film with or without DP and TP ((b) is the
enlarge view of (a)).

Fig. 6 Critical removal trajectory of particle (dp ¼ 1 mm) in thermal
boundary layer along a single film with different temperature gradient
and same humidity gradient (Tw ¼ 5 �C).

RSC Advances Paper
the calculation. First to validate the effect of DP, eqn (20) and
(21) are calculated with different humidity gradient and same
temperature gradient.

Fig. 5 illustrates the enlarge view of critical removal trajec-
tory of particle (dp ¼ 1 mm) in thermal boundary layer along
a single lm with different humidity gradient and same
temperature gradient (Tg ¼ 41.2 �C, Tw ¼ 5 �C). It shows, when
temperature gradient between the gas and water lm is
constant, while as the relative humidity of gas 4g increases from
0.2 to 1, the distance between critical trajectory and lm surface
increases clearly, which means the removal efficiency of PM2.5
improve heavily by increasing the effect of DP.

And then to validate the effect of TP, similarly, eqn (20) and
(21) are calculated with different temperature gradient and
same humidity gradient. Fig. 6 illustrates the enlarge view of
critical removal trajectory of particle (dp ¼ 1 mm) with different
temperature gradient and same humidity gradient (Tw ¼ 5 �C).
As the temperature of gas Tg increases from 41.2 to 71.2 �C,
where the relative humidity of gas 4g is 1 as Tg¼ 41.2 �C and the
absolute humidity stays the same, the distance between critical
trajectory and lm surface just increases slightly, which means
TP has a small inuence on PM2.5 removal as DP.

Once the critical removal trajectory for a given particle
diameter (dp ¼ 1 mm) was calculated, the calculations were
repeated for all the particle sizes of interest.

Fig. 7 shows the enlarge view of critical removal trajectory in
the thermal boundary layer along a single water lm for
different particle sizes when the temperature Tg and relative
humidity 4g of gas are 41.2 �C and 0.85 respectively, and the
Fig. 5 Critical removal trajectory of particle (dp ¼ 1 mm) in thermal
boundary layer along a single film with different humidity gradient and
same temperature gradient (Tg ¼ 41.2 �C, Tw ¼ 5 �C).

26752 | RSC Adv., 2019, 9, 26748–26756
temperature Tw of water lm is 5 �C. It shows that the distance
between critical trajectory and lm surface almost has no
change when particle size changes from 0.1 mm to 2.5 mm,
which is because DP is independent of particle size, and TP has
a small relationship with particle size. Thus the inertial force,
which has described as a function of Stokes number (the
function of particle diameter shown in eqn (14)) in eqn (20) and
(21), has little inuence for PM2.5 removal.

2.4 PM2.5 removal efficiency

As described, between the critical trajectory and centreline of
the lm, all the particles can be removed by the lm. And the
initial position of point B for one particle has calculated with
eqn (20) and (21), it is the position for one particle on the critical
trajectory which just enters the thermal boundary layer. Hence
PM2.5 removal efficiency by a single lm E is dened by using
the ratio of the gas volume ow rate between the critical
trajectory and centreline of the lm qA–B to the total gas volume
ow rate across a lm au0,28 as shown in Fig. 3, where PM2.5 are
assumed to have a uniform concentration distribution in bulk
gas. And qA–B can be obtained by stream function j, as follow:29

qA�B ¼
ðB
A

dj ¼ jB � jA ¼ jB (23)

where jA and jB are the stream function of point A and B, and
the point A is on the lm surface, where the gas velocity is zero,
thus jA is zero. Thus PM2.5 removal efficiency by a single lm E
can be shown as:
Fig. 7 Critical removal trajectory in the thermal boundary layer along
a single water film for different particle sizes (Tg ¼ 41.2 �C, 4g ¼ 0.85,
Tw ¼ 5 �C).

This journal is © The Royal Society of Chemistry 2019
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E ¼ 2ðjB � jAÞ
au0

¼ 2jB

au0
¼ 2½ð1� bÞ=Kur0�ðr0 � rwÞ2sin q0

a
(24)

It means once values of r0 and q0 for a single lm in a GLCA
are calculated with eqn (20) and (21), the removal efficiency can
be got. Then the calculation of r0 and q0 for increasing lm row
numbers n in a GLCA can be repeated for all the lms one by
one using the same way. Thus the efficiency by a GLCA with all
the lms EGLCA can be got as ow:

EGLCA ¼ Cp-in � Cp-out

Cp-in

¼ 1� ð1� E1Þð1� E2Þ.ð1� EnÞ (25)

where Cp-in and Cp-out are the PM2.5 number concentration at
the inlet and outlet of a GLCA, and E1, E2 and En are PM2.5
removal efficiency by a single lm at the rst, second and n-th
row in a GLCA, respectively.
3 Experiments

The experimental setup for PM2.5 removal is shown in Fig. 8,
where Fig. 8(a) is the ow chart and Fig. 8(b) is the picture of the
experimental system.8,9 First a compressor with a silica gel drier
and lyophilizer in sequence are used to provide clean gas for the
system. A part of clean gas mixes with water vapor, which is
generated by the vapor generator and then the mixed gas is
heated by a heater, thus it can obtain the gas to be at a certain
temperature and humidity. Meanwhile the other part of the
clean gas proceeds across a powder dispersion generator (RBG
2000, Pales GmbH), to supply a stable PM2.5 concentration to
the hot and humidity gas, thus the simulated ue gas with
PM2.5 is obtained, nally it goes across the GLCA to make
PM2.5 removal with DP and TP. And the essential component of
PM2.5 used in the experiment is aluminium-oxide-hydroxide
(Al2O3).

The structure of the GLCA is a cuboid with 60 � 12 � 80 cm
in length, width, and height, respectively, which is formed by
wastewater vertically down owing along the outside edge of
a mass of wires in diameter 2 mm, which are installed in the
middle of the staggered arrangement holes in diameter 3.2 mm
Fig. 8 Experimental set up for PM2.5 removal: (a) flow chart of
a GLCA, (b) picture of the experimental system.

This journal is © The Royal Society of Chemistry 2019
on a distribution board to form 20 water lms in line and 100
water lms in row respectively, and during experiment, to avoid
some unnecessary interferences of wastewater, the clean water
is used instead. The PM2.5 size distribution and concentration
are tested at the inlet and outlet of the GLCA respectively by
a Welas digital 2000 (Palas GmbH) device with an isokinetic
sampling point. And also a dilutor (VKL 10, Palas GmbH) with
a dilution ratio of 1 : 10 is used to avoid too much high PM2.5
concentration. And the temperature and humidity of the gas at
the inlet and outlet of the GLCA are measured by Dwyer RHT-D-
LCD. During every experiment, the inlet gas velocity of the GLCA
u0 is 0.6 m s�1 (Reg ¼ 72.2) at atmospheric pressure and the
volume ow rate of the recycled water is 5 m3 h�1, the inlet gas
ow rate is 180 m3 h�1. And an experiment without DP and TP is
done rst to investigate PM2.5 removal efficiency, where the
bulk gas and the water lm have no temperature and humidity
gradients. Then the temperature of the inlet gas and water lm
is constant at 41.2 �C and 5 �C respectively, and the relative
humidity changes from 0.2 to 1 to measure PM2.5 removal
efficiency with different humidity gradients, where the
temperature gradients are constant. And then the temperature
of water lm is constant at 5 �C, while the gas temperature
changes from 41.2 �C to 71.2 �C, and the relative humidity
changes to promise that there is no humidity gradient between
gas and lm, which can test PM2.5 removal efficiency with
different temperature gradients, where the humidity gradients
are constant.

4 Results and discussion

Fig. 9 gives the particle number concentration density distri-
bution dCp/Cp at the inlet and outlet of the GLCA, between
which the distribution just has a slight and negligible change,
thus it is reasonable to support the assumption that particle
growth up due to heterogeneous condensation can be ignored.
The total number concentration of PM2.5 at the inlet of a GLCA
is 9690 P cm�3, and during every experiment it keeps stable.

Fig. 10 illustrates the experimental results of particle
number concentration at the inlet and outlet of a GLCA with 100
lms in row with different humidity gradient and same
temperature gradient (Tw ¼ 5 �C, Tg-in ¼ 41.2 �C, Reg ¼ 72.2).
First when the bulk gas and the water lm have no temperature
and humidity gradients (Tw¼ 20 �C, Tg-in ¼ 20 �C), it means that
there is no DP and TP, the particle number concentration
Fig. 9 Particle number concentration density distribution dCp/Cp at
the inlet and outlet of the GLCA.
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Fig. 11 Particle number concentration at the inlet and outlet of
a GLCA with 100 films in row with different temperature gradient and
same humidity gradient (Tw ¼ 5 �C, Reg ¼ 72.2).
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between the inlet and outlet of a GLCA almost has no change.
And then the inlet gas is heated and humidied to be 41.2 �C
with relative humidity 4g-in 0.2, and the water is cooled to be
5 �C, the particle number concentration decreases sharply at the
outlet of a GLCA with 100 lms. And to further verify the role of
DP, the gas and water temperature are constant at 41.2 �C, 5 �C
respectively, while the relative humidity of inlet gas increases
from 0.2 to 1, particles number concentration also decreases
signicantly. Thus it shows DP has an important effect causing
the particles removal in the GLCA for PM2.5.

Fig. 11 illustrates the experimental results of particle number
concentration at the inlet and outlet of a GLCA with 100 lms in
row with different temperature gradient and same humidity (Tw
¼ 5 �C, Tg-in ¼ 41.2 �C, Reg ¼ 72.2). Similarly when the bulk gas
and the water lm have no temperature and humidity gradients
(Tw ¼ 20 �C, Tg-in ¼ 20 �C), particles number concentration
between the inlet and outlet of a GLCA almost has no change.
And then the inlet gas is heated and humidied to be 41.2 �C
with relative humidity 4g-in 0.853, and the water is cooled to be
5 �C, the particle number concentration decreases sharply at the
outlet of a GLCA with 100 lms. And to further verify the role of
TP, the water temperature is constant at 5 �C, while the gas
temperature changes from 41.2 �C to 71.2 �C, and the relative
humidity also changes to promise that there is no humidity
gradient between gas and lm, particles number concentration
just decreases slightly. Thus it shows TP has a small effect
causing the particles removal in the GLCA for PM2.5.

Once the particle number concentration at the inlet and
outlet of a GLCA are known, the experimental result of PM2.5
removal efficiency can be calculated as follow:

EGLCA ¼ Cp-in � Cp-out

Cp-in

(26)

And also PM2.5 removal efficiency by a single lm can by
calculated using eqn (24), once the values of r0 and q0 are
calculated with eqn (20) and (21). Then the calculation of effi-
ciency by a single lm for increasing lm row numbers n in
a GLCA can be repeated for all the lms one by one using the
same way, the theoretical result of PM2.5 removal efficiency by
a GLCA with 100 water lms can be calculated using eqn (25).

Fig. 12 illustrates the theoretical and experimental results of
PM2.5 removal efficiency by a GLCA with 100 water lms as the
Fig. 10 Particle number concentration at the inlet and outlet of
a GLCAwith 100 films in rowwith different humidity gradient and same
temperature gradient (Tw ¼ 5 �C, Tg-in ¼ 41.2 �C, Reg ¼ 72.2).
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relative humidity of inlet gas 4g-in increasing from 0.2 to 1, when
the temperature gradient keeps constant (Tw ¼ 5 �C, Tg-in ¼ 41.2
�C). It shows that PM2.5 removal efficiency is only about 3% at
average without DP and TP, while as the relative humidity of
inlet gas increases from 0.2 to 1 (Tg-in ¼ 41.2 �C, Tw ¼ 5 �C), the
efficiency increases sharply from about 24.5% to about 63.5%.
And also the efficiency increases slowly as particle diameter
increase, it is because the effect of inertial impaction is still not
very strong at this particle size range and DP is independent of
particle diameter. And the theoretical results (lines without
points) approximately consist with experimental results (lines
with points), but at both ends of the experimental results, there
exists a large uctuation, which may mainly result from lack of
sufficient particles, as shown in Fig. 9.

Fig. 13 illustrates the theoretical and experimental results of
PM2.5 removal efficiency by a GLCA with 100 water lms as the
temperature of inlet gas Tg-in increasing from 41.2 to 71.2, when
the humidity gradient keeps constant which is solved by
precisely changing the relative humidity. It shows that as the
temperature gradient increase from 36.2 �C to 66.2 �C (Tw ¼ 5
�C), the efficiency increases slowly from about 55.5% to about
63.2%. And the theoretical results (lines without points)
approximately consist with experimental results (lines with
points), but also at both ends of the experimental results, there
exists a large uctuation, which is also mainly resulted from
lack of sufficient particles.

Thus both the experimental and theoretical results, shown in
Fig. 12 and 13, indicate that DP and TP have themore important
Fig. 12 PM2.5 removal efficiency by a GLCA after 100 films with
different humidity gradient and same temperature gradient (Tw ¼ 5 �C,
Tg-in ¼ 41.2 �C, Reg ¼ 72.2).

This journal is © The Royal Society of Chemistry 2019



Fig. 13 PM2.5 removal efficiency by a GLCA after 100 films with
different temperature gradient and same humidity gradient (Tw ¼ 5 �C,
Reg ¼ 72.2).
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effect causing the particles removal in the GLCA for PM2.5, and
by increasing humidity gradient, the PM2.5 removal efficiency
by a GLCA can be improved sharply, and by increasing
temperature gradient, the efficiency just improves much
smaller than the result by increasing humidity gradient. Thus it
shows DP and TP are the main removal mechanisms, and DP
has much more important effect than TP in a GLCA.
5 Conclusions

A gas–liquid cross-ow array (GLCA) system is proposed for PM2.5
removal in exhaust gas. Using boundary layer theory and limiting
trajectory equation of PM2.5, a theoretical model with dif-
fusiophoresis and thermophoresis is worked out based on a single
lm to study critical PM2.5 trajectory, where the role of each force
is a researched separately, by which PM2.5 removal efficiency of
a GLCA can be evaluated. The experiments on a lab-scale test rig
are carried out with different humidity and temperature gradients.
The theoretical and experimental results both show that PM2.5
removal efficiency is only about 3% without DP and TP, while as
the relative humidity of inlet gas increases from 0.2 to 1 with
constant temperature gradient (Tg-in ¼ 41.2 �C), the efficiency
increases sharply from about 24.5% to about 63.5%, and as the
temperature gradient increase from 36.2 �C to 66.2 �C (Tw ¼ 5 �C)
with constant humidity gradient, the efficiency increases slowly
from about 55.5% to about 63.2%. And the efficiency increases
slowly as particle diameter increases for PM2.5. It indicates that
diffusiophoresis and thermophoresis have more important effect
causing PM2.5 removal in the GLCA, and diffusiophoresis has
much more important effect than thermophoresis. Therefore
a GLCA with appropriate humidity and temperature gradient can
remove PM2.5 costly and efficiently.
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Abbreviations
a, b
This journ
Transverse and longitudinal pitch between each lm
[cm]
al is © The Royal Society of Chemistry 2019
C
 Cunningham correction factor [—]

Cp
 Particle number concentration [P cm�3]

Dv
 Water vapor diffusion coefficient [cm2 s�1]

dp, dw
 Diameter of particle and lm [cm]

E
 PM2.5 removal efficiency [—]

FDP,
FTP
Force of diffusiophoretic and thermophoretic [g cm
s�2]
Hw, Hg
 Absolute humidity of the surface lm and bulk gas [kg
kg�1]
K
 Stokes number [—]

Ku
 Kuwabara factor [—]

kg, kp
 Thermal conductivity of gas and particle [W m�1 K�1]

mp
 Particle mass [g]

n
 Films number in a GLCA [—]

Pr
 Prandtl number [—]

q
 Gas volume rate between critical trajectory and

centreline of the lm [m3 s�1]

R
 Dimensionless distance in the R direction [—]

Reg
 Gas Reynolds number [—]

r
 Dimensioned distance in the r direction [cm]

rw
 Radius of a single lm [cm]

Scv
 Schmidt number [—]

Tg, Tw
 Temperature of bulk gas and lm [�C]

t
 Particle motion time [s]

Ur, Uq
 Dimensionless gas velocity of in R and q components

[—]

u0
 Inlet gas velocity [m s�1]

ur, uq
 Gas velocity in r and q components [m s�1]

a
 Thermal diffusion coefficient [m2 s�1]

b
 Blockage ration [—]

q
 Angle measured from the front stagnation point [rad]

qs
 Separation angle [rad]

d
 Boundary layer thickness [cm]

l
 Gas mean free path [mm]

mg
 Gas viscosity [Pa s]

rg, rp
 Density of bulk gas and particle [kg m�3]

s
 Dimensionless motion time of particle [—]

4
 Gas relative humidity [—]

j
 Stream function [m3 s�1]
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