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This paper investigates the problem of gas-liquid ﬂow SO2 removal in nonquiescent ﬂue gas. Using venturi scrubber as the
prototype, the population balance model (PBM) combined with the CFD is implemented to characterize the droplets behaviors.
Discrete methods as class model (CM) and various quadrature-based moment models (QBMMs) are applied to numerically solve
the population balance equations (PBEs). Taking NaOH solution as the reaction kinetics, the sulfur removal eﬃciency simulation
with CM and diﬀerent QBMMs methods is validated through the operation measurements. The comparison results show that the
CM can achieve better accuracy with more bins, which showed the minimal error 3.6%, consisting 30 bins. However, the
computational time of the CM is approximately 19.3 times as long as QBMMS. Among the QBMMs, the ECQMOM approach
enjoys the best balance between the simulation eﬃciency and accuracy, while EQMOM shows the least computational load and
CQMOM wins the minimal calculation precision. This result will provide suﬃcient reference for engineers working in the ﬁeld of
the droplets distribution in the venturi scrubber design.

1. Introduction
As the main pollutant in the petroleum industry, exhaust gas
from fuel contains a signiﬁcant amount of SO2 owing to the
sulfur contained in fossil fuels [1]. The emissions of SO2
severely cause atmosphere pollution and ecosystem damage,
which signiﬁcantly threatens the human life. Also, the increase of the emission is one of the principal causes of the
acid rain [2]. With the stringent emission standards of SO2,
the improvement of currently used methods is essential.
Currently, wet ﬂue gas desulfurization coupled with selective
catalytic reduction is popular for the simultaneous SO2
removal [3, 4].
The venturi that is investigated in this paper is a device
used to absorb sulfur dioxide, which is installed at the end of
production line as an equipment to clean the ﬂue gas.
Venturi scrubber is a two-phase reactor with low-energy
input and good-mixing eﬀect. Now most of the relevant
studies are based on experiments, which require a long time

and a lot of cost to verify the correctness of the designs. The
ﬂow ﬁeld inside venturi is complex, and the ﬂuid velocity is
fast, which make the experiment diﬃcult to observe. These
above make numerical simulation indispensable in venturi’s
research. So this paper aims at ﬁnding the most suitable
simulation method of the venturi. Due to the high ratio of
gas to liquid, the result of CFD with multiphase model
cannot meet the rate measured in factory. Thus, PBM is
needed to compute a correct result. And most reactors use
low-density medium as the discrete phase to study the
dynamics characteristics of particles. Besides, the discrete
phase of the venturi selected in this paper is liquid. In this
case, the behavior of particles such as growth, breakup, and
aggregation is more aﬀected by its own stress, which is
diﬀerent from the situation of gas as the discrete phase. So
the paper studies the condition of the internal ﬂow ﬁeld and
adaptability of diﬀerent discrete methods to the venturi
ﬁrstly. The condition of the ﬂow can show the process of the
mass and energy transfer, which could indicate the direction
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of redesigns. And the choices of the discrete methods should
consider both accuracy and time cost, which could provide
the basement with subsequent investigations and designs.
As for energy transfer between two phases, Bhutada et al.
[5] investigated the relationship between throat structure
and the change of pressure and velocity. Dopkin et al. [6]
considered that longer multiphase-mixed tube could make
consumption of momentum increased due to friction force.
In contrast, shorter tube which cannot meet requirement of
complete exchange of energy is also averse to mixture. Sun
et al. [7] presented an analysis model to optimize venturi
based on constant pressure mixing theory. Galanis et al. [8]
proposed a thermodynamic mode to calculate critical
pressure and structure parameters of venturi. To study the
process of reaction happening in venturi, Guerra et al. [9]
thought that there is a strong dependence of the dispersed
phase distribution on the parameter values used in the
droplet size distribution model. Majid et al. [7] studied gas
velocity in throat, volume faction, and removal eﬃciency to
analyze performance of venturi scrubber. As for the multiphase ﬂow model, Lehr et al. [10] fully characterized and
described the behavior of the discrete phase. Ishii et al. [11]
studied the interaction of discrete phases with surrounding
media. Ameras et al. [12] discussed turbulence and mixing
caused by discrete phases. Due to a series of studies on
multiphase ﬂow, numerical simulations can be used for
satisfactory simulation work in many cases. The volumetric
mass transfer coeﬃcient kl a is the key parameter in mass
transfer model in venturi scrubber. However, there are some
deﬁciencies in the direct prediction of kl a, since its theoretical correlation of the microscale hydrodynamics and
microscale interfacial phenomena is very complex.
The mass transfer coeﬃcient kl is commonly predicted
by the penetration model [10] and eddy cell model [11]. a
depends on the behavior of dispersed phase, such as breakup
and aggregation, which will change the area between two
phases and the transfer of mass and energy. As shown in
Figure 1, the liquid in the venturi reactor atomizes small
particles under pressure after injection into the concentration. The particles will grow, break up, and aggregate due
to the inﬂuences by internal and external factors. The external stress of continuous phase leads to deformation to
particles. Nevertheless, the surface stress of particles and
viscous stresses result in a stable shape of particles [13]. In
multiphase, the particles would grow by adsorbing deposited
liquid and spreading itself [14]. At the same time, the collision of droplets and vortex in ﬂow ﬁeld would make
droplets breaking under turbulent conditions. And the
viscous stress of continuous phase can cause the velocity
gradient at the interface around the particles, which would
also lead to deformation and even breakage. As for aggregation, the eddy will cause the collision of particles less than
8 mm in size. The diﬀerence in speed on particles and wake
eddy of big droplets would also cause aggregation happening
(Figure 1).
In the simulation of the multiphase ﬂow, the population
balance model (PBM) have a good performance to describe
the process of reaction and the Sauter Mean Diameter
(SMD) of droplets, which can be used to analyze the
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Figure 1: Schematic of dynamic evaluation of particles.

behavior of the population of droplets from the single
droplet in their local environment [15–17]. Danckwerts [18]
ﬁrst used population balance theory to describe the residence time distribution (RTD) of the process of ﬂowing and
mixing. Hulburt et al. [19] built PBM matrix equations, used
to show the behaviors of particle about nucleating, growing,
and aggregating in chemical engineering. Coulaloglou [20]
set up phenomenological model about breakup and aggregation of droplets. Lee et al. [21] presented functions of
breakup and aggregation, which made probability density
distribution replaced by number density distribution. On the
basis of this, Lehr et al. [22] investigated the distribution of
particle size in bubble-bed reactor and presented aggregation function basing on the experiment. Olmos [23] used
bubble-bed reactor to study SMD and gas volume fraction.
Venneker et al. [24] researched local gas holdup and volume
mass transfer coeﬃcient in stirred tank reactors by PBM.
To simulate the discrete phase distribution, the population balance equation (PBE) is used to describe the
particles behaviors as breakage and aggregation. Several
numerical methods are commonly applied, such as the class
method (CM) [25, 26] and method of moments (MOM)
[27, 28]. The CM can descript the description of the particles
with a highly computational resource demanding. It needs a
number of bins as the amount of discretized sections, which
is larger leading to a more accurate model with a longer
calculate time. The MOM is able to predict the SMD as
accurately as the CM, which cannot drawback the description about diameters of particles. The MOM calculates
the PBE by tracking the time dependence of the lower-order
moments of the SMD rather than the distribution of particle
size. Because of the balance between complexity of calculation and accuracy, the simulation methods that are based
on the MOM are very popular, of which the methods that
used Gaussian quadrature to close the source terms are
grouped into the so-called quadrature-based moment
methods (QBMMs).
To extend the area adopted by the MOM, McGraw [29]
proposed the quadrature method of moments (QMOM) to
solve the problems in simulation by PBE. In the QMOM, the
moments of the SMD are approximated by the n-point
Gaussian quadrature, which converts the integral form of the
number density function to the sum of characteristic
abscissas and weights that can be computed by product-
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diﬀerence (PD) algorithm [30]. And the SMD can be approximated by the abscissas with a delta function [30].
However, there are some restrictions in use of the QMOM;
for example, it is only applicable to univariate distributions
due to the limitations of Gaussian quadrature. As the result,
the conditional quadrature method of moments (CQMOM)
was came up to solving the multivariate system. It uses
conditional probability function theory to calculate the
multivariate SMD. In the CQMOM, the velocity of particles
is treated as a separate “internal coordinate,” and the
quadrature approximation is used to overcome the closure
problem, which consists of diﬀerent abscissas or nodes that
can be considered as separate particle classes. This method
was mainly used to predict particle trajectory crossing [31].
Another method is the extended quadrature method of
moments (EQMOM), which was developed by Yuan et al.
[32]. The QBMMs that were referenced above only predict a
discontinuous value of SMD, which would lead to problems
in the situation where the PBE cannot explain the loss of
particles of zero-size well. To evaluate the problem, the value
of the particle size for a zero-size particle is required [33].
One possible solution is to increase substantially the number
of abscissas so that the phase space is adequately discretized.
Besides, the EQMOM was presented to simulate the distribution of the particles from a moment set using continuous kernel density functions, which has heavier
computation compared to QMOM and CQMOM [34]. The
ECQMOM was presented by Chalons [35] et al., of which
calculations of the source terms and the moment transport
equations are similar to the CQMOM and the EQMOM.
In this contribution, four type of QBMMs, as QMOM,
CQMOM, EQMOM and ECQMOM as well as the CM, have
been presented to solve the multiphase reaction with multivariate SMD and mass transfer, which are described in
Section 2. In Section 3, the apparatus setup and the numerical strategy are introduced about the proposed venturi
scrubber. In Section 4, the experiment and the CFD-PBM
simulation results are compared with CM and QBMMs,
which the balance between the calculation eﬃciency and
model accuracy are analyzed. Finally, conclusions are drawn
in Section 5.

2. Numerical Methods
The sulfur dioxide content before and after the ﬂue gas
passes through the venturi scrubber with the NaOH solution
injection, where the mass transfer eﬃciency of wet desulfurization is simulated throughout the venturi scrubber
chamber [36]. The CM and QBMMs are adopted in the
simulation of this paper to simulate the change of droplets
size inside the venturi scrubber, so as to calculate the average
speciﬁc surface area of droplets and mass transfer eﬃciency
and compare with the measured data to calculate the error
and measure the accuracy of the model in this work.
The population balance model is adopted for modeling
the droplets behaviors in the venturi scrubber, which describes the processes of the natural growth and decrease of
droplets and the birth and death of particles occur due to
aggregation and breakage. And the breakup kernel which
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was presented by Hengel et al. [36] and aggregation kernel
which was presented by Vigil and Ziﬀ [37] was applied in the
simulation. The governing equations for PBM model [38, 39]
are shown in Table 1.
After the procedure given above, the SMD is worked out
by the simulation, which is used to calculate the contact
surface between gas and liquid phases. Then the removal rate
of sulfur dioxide is reckoned based on the mass transfer
equation, which are shown in Table 2 [44–47].

3. Experiment and Simulation
This section may be divided into subheadings. It should
provide a concise and precise description of the experimental results and their interpretation as well as the experimental conclusions that can be drawn.
3.1. Apparatus Setup. In this work, a sulfur removal scrubber
with a capacity of 4000 tons/year is taken as the prototype
(refer to Figure 2). In venturi, sodium hydroxide solution is
used to absorb sulfur dioxide from the ﬂue gas, thus
achieving the purpose of cleaning the gas. And at the same
time, the liquid transmits some energy to the gas by crashing.
The venturi scrubber is composed of gas-liquid two-phase
inlet, receiving chamber, throat, and diﬀusion section. The
inlet diameter of gas that the device involved in this work is
d1, which is 750 mm. The diameter of the liquid sparger is d2,
which is designed by requirement of spray. The convergence
has a diameter of dcon, which is 1.3 times as long as d1, with
a length of l2 (1.9d1). The throat has a diameter of dthroat
(0.85d1), and a length of l4 (0.48d1). The diameter of the
outlet of the diﬀusion section is dout, which is the same
length as d1. The contraction angle from the convergence to
the throat is θ1, and the expansion angle after the throat is θ2.
In ﬁeld equipment, SGA94-SO2 ﬂue gas analyzer made
by KANE corporation (refer to Figure 3) is used to measure
sulfur dioxide concentration at the gas phase inlet and outlet
of the scrubber respectively, refer to Figure 3. After the
analyzer is calibrated in normal air, the probe of the analyzer
is dipped into the venturi through the three holes on the wall
at the monitoring locations (inlet, throat, and outlet) marked
in Figure 2(a). The sensor measures the concentration of
sulfur dioxide through the degree of oxidation reaction on
the electrode, and converts it into a current signal and
demonstrates the result on the portable device. Field data
measured by sensors are shown in Table 3 (refer to Table 3).
3.2. Numerical Strategy. In this section, the model in the
previous section is simulated and veriﬁed. Three-dimensional
transient and steady simulations are carried out with the
commercial CFD software Ansys FLUENT 18.0. The iteration
time step is set to be 1e − 5 s. In this study, Tomiyama’s model is
chosen to describe the drag force [48] between the multiphase.
The Universal-drag model is used to the lift force [49]. The wall
lubrication force [50] chose Antal et al model. And the turbulent dispersion force [51] chose Burn et al model. The realizable k-epsilon model is added to simulate the turbulence
kinetics [52]. Besides, the stagey of convergence adopts a
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Table 1: The equations for PBM model.

Name

Equ.
num.
(1)
(2)
(3)
(4)
(5)

Equations
→
z/zt[n(V, t)] + ∇ · [ μ n(V, t)] + ∇v · [Gv n(V, t)] � D,
D � (Brag − Drag ) + (Brbr − Drbr ),
Gv � 3Kv L2 G,
Kv � L3 /V,

Bubble source equation
Bubble growth equation

V

Brag � 1/2 0 β(Vi − Vj , Vj )n(Vi − Vj , t)n(Vj , t)dVj ,
∞

(6)
(7)
(8)

Drag � 0 β(Vi − Vj )n(Vi , t)n(Vj , t)dVj ,
β(Vi , Vj ) � ω d (Vi , Vj ) · p d (Li , Lj ),

Aggregation equation [40] (ωij is the distance
ratio of the bubble and its turbulence path
length; ε refers to the turbulent energy)

2/3 1/2 1/3
ω d (Vi , Vj ) � π/4ωij (d2i + d2j )ni nj (d2/3
i dj ) ε ,
P d � (2kB T/3μ)((Li + Lj )2 /Li Lj ),

(9)
(10)

Brbr � Ω pg d (Vj )c(Vi | Vj )n(Vj , t)dVj ,
v
Drbr � gd (Vi )n(Vi , t),
gd (Vj ) � 0.923(1 − αg )nB ε1/3 ((dB + λe )2 /λ11/3
e ),
k
φ
L
,
mk � N
i�1 i i
N
3
3 k/3
Bra,QM � (1/2) N
i�1 φi j�1 φj (Li + Lj ) β(Li , Lj ),

Breakage equation [40] (λe is particle eddy
size; ϵ is the energy dissipation)
QMOM model equation [41]

(11)
(12)
(13)
(14)

N
k
Dra,QM � N
i�1 Li φi j�1 φj β(Li , Lj ),

(15)

Brb,QM � N
i�1 φi 0 Lk g(Li )c(L | Li )dL,
k
Drb,QM � N
i�1 φi Li g(Li ),
m(L, w) � m(w | L)m(L),

(16)
(17)
(18)
(19)

∞

CQMOM [42]

L

W

3

3

Bra,CQM � (L2 /2) 0 0 (a((d3 − d′ )1/3 , d′))/(d3 − d′ )2/3 n(d, wL )L dwL ,
i
i
Dra,CQM � N
i�1 La g(La )φa (j�1 wa,c φa,c ),

Brb,CQM �

EQMOM [42]
Bra,EQM

L
0

w
0

(20)

g(d)β(d, w | L, wL )n(d, wL )L dwL ,
Drb,CQM � g(Li )m(L, w),
mk � N
i�1 φi β(L, Li ),
N
N
N
k/3
3
3
� (1/2) i1 �1 j1 �1 φi1 φi1 j1 i2 �1 N
j2 �1 φi2 φi2 j2 (Li1 j1 + Li2 j2 ) β(Li1 j1 , Li2 j2 ),

(21)
(22)
(23)
(24)

N
N
N
k
k
Dra,EQM � N
i1 �1 j1 �1 Li1 φi1 φi1 j1 i2 �1 j2 �1 Li2 φi2 φi2 j2 β(Li1 j1 , Li2 j2 ),

(25)

N
k
Brb,EQM � N
i�1 j�1 φi φij 0 Lij g(Lij )c(L | Lij )dL,

(26)

N
k
Drb,EQM � N
i�1 j�1 φi φij Lij ,

(27)

N
(i) l
mk � N
i�1 j�2 φi φij m∀,k Sij ,

(28)

BrECQM � 0 0 Vk Sl β(V − V′ , V′ S − S′ , S′ )n(V − V′ , S − S′ )n(V′ , S′ )dVdS,

(29)

∞

ECQMOM [43]
∞

∞

∞

∞

DrECQM � 0 0 β(V, V′ , S, S′ )n(V, S)n(V′ , S′ )dVdS.

(30)

Table 2: The equations for mass transfer.
Name

Equations

∗
Mass transfer equation (Vl and Vg are the volume ﬂow
) � 0,
(dVg cs,g /dx) − S(1 − εl )Es,g (d2 cs,g /dx2 ) + Skl a(cs,g − cs,g
rate of liquid and gas respectively; cs,l and es,g are the
2
2
∗
− (dcs,l Vl /dx) + εl Es,l (d cs,l /dx )S + Kl aS(cs,l − cs,l ) − SKεl cs,l ch,l � 0,
molarity concentrations; ch,l is the molarity concentration
− (dch.l Vl /dx) + Sε1 Eh,l (d2 ch,l /dx2 ) − 2SKεl cs,l ch,l � 0,
of sodium hydroxide; ε1 is the volume fraction of the
liquid phase; Es,l and Es,g are eddy current diﬀusion
d � (0.0422 + 5.776 × 10− 3 (Vl /Vg )1.932 )/u1.602
g0 ,
�������������
coeﬃcients of sulfur dioxide in liquid and gas; Eh,l is the
kl � 2cp Ds,g (Vl /Vg )/πd,
eddy current diﬀusion coeﬃcient of sodium hydroxide in
∗
liquid phase; cs,g
for the equilibrium concentration of
α � ((Vl /(1/6)πd3d )πd2 /(Vl + Vg )) � (6Vl /d(Vl + Vg )).
sulfur dioxide in liquid phase interface)

Eq.
Number
(31)
(32)
(33)
(34)
(35)
(36)
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d1
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flue gas analyzer

Throat
θ1

l1

l3

dout

dthroat
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d2
Convergence
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l5
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Y
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Figure 2: (a) Schematic diagram. (b) Meshing diagram.

Resolution: 1 mg/m3
Measurement accuracy: +2% >100ppm
Measuring range: 0~5000 ppm
Stabilization time: 30 to 40 seconds

Figure 3: SGA94-SO2 ﬂue gas analyzer.

Table 3: Field data of the venturi scrubber.
Liquid ﬂow rate
Liquid temperature
Liquid pressure
NaOH concentration

Venturi scrubber measurement data
Gas ﬂow rate
33 m3/h
58.3°C
Gas temperature
0.72 MPa
SO2 concentration
0.125 mol/l
Sulfur removal eﬃciency

4000 Nm3/h
155°C
765 mg/Nm3
48.76%
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logarithmic descent direction algorithm, which was presented
by Wu et al. [53]. The proposed algorithm is based on the
Karush–Kuhn–Tucker necessary optimality condition and the
damped Newton method. At last, the iteration residual errors
are set to be 1e − 5.
On the basis of the simulation, the PBM model is adopted
to use the CM. According to Kazakis et al. [54], the mean
Sauter diameter of droplets performances at the liquid sparger
is initialed as equation (37), and the distribution is compiled
in UDF. In the process of CM simulation, diﬀerent numbers
of bins and diﬀerent ratio exponents are set to change the
diameter range and accuracy of droplets calculated by simulation, so as to ﬁnd the most suitable simulation parameters
for the reactors and reaction conditions involved in this
paper. The QBMMs are implemented for the case comparison
study. The maximum and minimum particle sizes of the inlet
droplets are set as 2 mm and 0.05 mm, respectively. And the
calculation results of the above model are compared for
simulation accuracy of diﬀerent QBMM models.
1/5

d32

⎣W− 1.7 R0.1 F1.8 
� 7.35ds ⎡
e
e
r

dp 1.7
 ⎤⎦ ,
dd

(1)

where d32 is the mean Sauter diameter and ds is the diameter
of sparger. And the distribution of particle is calculated as
follows:
d
d � − a 3 2− b h .
(2)
kRe We f
When the atomized medium is water, a � − 0.097,
b � 0.392, and h � − 0.177.
In the above simulation model, sodium hydroxide is
added to absorb sulfur dioxide, and the reaction model
proposed by Uchida [55] is used:
SO2 (A) + 2NaOH(B) ⇌ Na2 SO3 (C) + H2 O(D),
K � 1 × 106 m3 /(mol·s).

(3)

As the results of simulation, the concentration of sulfur
dioxide is compared with the measure value of experiment to
obtain the errors of diﬀerent models and the simulation
model of venturi reactor which is the most suitable for the
working environment mentioned in the paper is found by
the comprehensive consideration of calculation time and
calculation accuracy.

4. Results and Discussion
In this section, the results of above experimental and simulation are introduced, and the results are compared and
analyzed to draw relevant conclusions.
4.1. Mesh Size Analyze. Firstly, this paper discusses the inﬂuence on the results by mesh size, which compares the
simulation results of velocity under diﬀerent sizes of mesh. In
the simulation, more accurate results need the smaller mesh,
which would increase the computation and prolong the
simulation time. Bhutani et al. ﬁrstly applied mesh adaptivity to
population balance equation for modeling the multiphase ﬂow

and presented the mesh at two-phase mixing area should be
smaller [56]. This paper adopts a ﬁxed mesh strategy. Because
the process of transfer mainly occurs at the injection area, the
mesh of the venturi central area is set to half of the maximum
mesh size. When smaller size does not improve accuracy, the
size should be chosen. The velocity distribution at the outlet of
venturi is studied when the size of mesh is 8, 10, 15, and 20 mm,
respectively. It can be seen from the results of simulation that
when the size of mesh is 15 mm and 20 mm, the velocity at
center of the outlet is larger and the circumference is smaller,
which has more errors. When the mesh size is less than 10 mm,
there is no signiﬁcant ﬂuctuation in the simulation results. So,
10 mm is adopted as the diameter of mesh in the subsequent
simulation in this paper (refer to Figure 4).
4.2. Velocity Distribution. After determining the mesh size,
the process of reaction mass transfer is added on the basis of
the cold mode ﬂow ﬁeld to calculate the concentration of
sulfur dioxide, and the PBM is also added to investigate the
distribution of droplet size. The velocity and pressure distribution of the ﬂow ﬁeld in the reactor is shown in Figure 5,
which shows the velocity at the top, middle, and bottom
parts of the reactor and the pressure distribution on the axis.
The change of liquid pressure and velocity reﬂects the change
of liquid energy. It can be seen that on the central axis of the
reactor, the liquid entrances convergence at a high speed to
atomize into droplets, and the speed gradually decreased
during the mixing process with the gas. The speed on the top
line is a little faster than the speed on the bottom line due to
the gas that ﬂows into convergence from top inlet. In
convergence, the pressure of liquid drops slightly due to
diﬀusion and friction with the gas. When the ﬂow passes the
contraction section, the pressure decreases due to the narrowing pipe with the liquid accelerating. In this section, the
pressure drops nearly 300 kPa, and the velocity changes to
19.8 m/s from 9.5 m/s. According to the Bernoulli equation,
nearly 50% of pressure decrease does work to accelerate. Wu
et al. [57] thought that reduction in pressure due to friction
with the pipe is 40% of that resulting in acceleration. So the
remaining 30% of the pressure loss works to transfer energy
to the gas. And there is sudden change of pressure decrease
and velocity increase at the entrance of the throat because of
the geometrical mutation between the tail of convergent and
throat entrance, which was also mentioned by Wu et al. [57].
Near the exit of throat, the velocity begins to decrease because of backﬂow, which is made by negative pressure. In the
diﬀuser, the velocity of the mixed phase decreases gradually
and the pressure increase due to the wider pipe. The process
of change about energy of gas and liquid can be seen by the
change of pressure and velocity from Figure 5. The loss of
liquid energy is partly due to the conversion of its energy. As
the pipe narrows, the pressure drops with an increased
velocity. At the same time, the work done by the liquid in the
process of collision with the gas also causes the drop of liquid
pressure and the increase of gas energy (refer to Figure 5).
4.3. Phase Volume Faction. Figure 6 shows the concentration
distribution of liquid and SO2 in venturi, which can directly
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Figure 4: The results of velocity in diﬀerent mesh size.
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Figure 5: The velocity of diﬀerent part in the venturi scrubber.
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Figure 6: (a) concentration of liquid in venturi; (b) concentration of SO2 in venturi.
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4.4. Experimental Veriﬁcation of Diﬀerent Methods. In the
experiment, because the venturi reactor mentioned in this
paper is a working equipment, it is impossible to directly
obtain the state of the internal ﬂow ﬁeld by using PIV and
other devices. Therefore, only the measured value of sulfur
dioxide can be used to verify the correctness of the simulation. So sulfur dioxide concentrations at diﬀerent locations
in the reactor are measured using the sensors mentioned in
Figure 3. During normal operation of venturi, the concentration of SO2 is measured on the inlet, throat, and outlet
sections of the venturi scrubber in 10 groups. Each group is
measured for 10 minutes, and the average value of the meter
reading is calculated within 10 minutes as the measurement
result. According to the results, the amounts of mean
concentration at inlet, throat, and outlet are 633,550 and
392 mg/Nm3, respectively. It indicates that the removal
reaction of sulfur dioxide mainly occurs in the convergence
and throat, while the interaction between the two phases in
the contraction section is mainly dominated by collision and
mixing. In the convergence, the concentration of sulfur
dioxide decreases by 132 mg/Nm3, which may be because the
two phases have higher concentrations of sulfur dioxide and
sodium hydroxide at the beginning of the reactor entry, so
the reaction happening is larger. In the contraction section,
the concentration of sulfur dioxide dropped by 83 mg/Nm3,
but the mixture is more uniform. In the throat, where the

700
Concentration of SO2 (mg/Nm3)

reﬂect the simulation of mixing. It can be seen that the liquid
is atomized and vaporized under high pressure after entering
venturi and the mixing begins to occur at the interface of
gas-liquid. In the contraction section, due to the dramatic
change of pressure and velocity, the gas distribution tends to
be uniform rapidly. When the liquid accelerates, the break
frequency of droplets would increase. It is easier to mix the
gas with dispersed droplets. So, there is only a little difference in concentration because of the reaction. In the
throat, the fastest speed and the eﬀect of negative pressure
make the turbulence intensity stronger and the ﬂow ﬁeld
more complex. And under the inﬂuence of the above reasons, the droplets are broken more violently and dispersed
more evenly. So the throat is where most of the reaction
happens in venturi. Finally, the ﬂow entrances the diﬀuser.
In the process of pressure and velocity change, the velocity
around the pipeline decreases fast and the velocity in the
center decreases slowly due to the inﬂuence of friction on the
reactor wall. The diﬀerence in velocity would create the
diﬀerence in pressure, which was called collapse pressure by
Zhang [58] et al. Also, the collapse pressure makes the cloud
of droplets moving inward, which can be seen from
Figure 6(a). On the whole, when the gas enters venturi, the
concentration of sulfur dioxide is 2 v%. The reaction is
basically balanced when the multiphase is mixed. As a result,
the concentration of sulfur dioxide at the outlet is 1.097 v%.
According to the simulation results, it can be seen that the
reaction mainly occurred in the throat section. After entering the diﬀuser section, the concentration of sulfur dioxide basically does not change, so the throat should be the
focus of venturi reactor research (refer to Figure 6).
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Figure 7: The value of measurement.

reaction is most concentrated due to the degree of mixing
and the intensity of turbulence, the concentration of SO2
drops by 158 mg/Nm3. Because of the other component in
the gas (e.g., H2S and CO) and the accuracy of sensor, there
is a 5% error in the measurement. The removal rate by
measurement is 48.76%. And the sulfur dioxide is removed
20.66% during the throat (refer Figure 7).
In this paper, venturi is simulated by CM and QBMMs,
respectively. And the results of simulation are compared
with those of experiment to obtain the most suitable method
(refer to Figure 8).
As for the CM, the quantity of bins would inﬂuent on the
accuracy and time cost consumption. Bannari [59] et al.
studied the relation between bins and simulation about gas
hold-up and liquid velocity. And Bannari thought 25 bins
would a good choice for simulating gas-liquid ﬂow, because
using more than 25 bins gave also good results but the
computational eﬀorts became prohibitive. But Laakkonen
[46] et al. found that more than 80 bins should be used to
minimize errors. In this case, the CM method in 5, 10, 20,
and 30 bins are used to simulate the ﬂow in venturi. The
results of simulation are shown in Figure 8(a). It can be seen
that the more the bins, the more accurate the result of
simulation is. But a more accurate result could cost more
time, which can be seen from Table 4. When the number of
bins is chosen as 30, the error is 3.2% (removal rate is
45.59%). However, the simulation by 30 bins spends nearly
10 times as much as that by 5 bins (error of 14.99%) (refer to
Table 4).
As for the QBMMs, the most signiﬁcant advantage is the
fast and accurate potential, which becomes more important
as the number of bins used in the CM is increased [60]. The
QMOM served as the simplest of QBMMs only need few
abscissas, which can change the weights to minimize the
committed error [61]. And the error of QMOM is 7.75%.
Compared with the QMOM, the EQMOM could be slower
than QBMMs [62], because an additional parameter is
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Figure 8: (a) The results of simulation by CM in diﬀerent bins. (b) The results of simulation by QBMMs.
Table 4: Computational time and error of simulation in diﬀerent
models.
Model
Error (%)
Cost

CM (5 bins)
14.99
3.2

10 bins
11.54
8.7

20 bins
7.63
12.3

30 bins
3.2
19.3

Table 5: Computational time and error of simulation in diﬀerent
models.
CM
QMOM EQMOM CQMOM ECQMOM
(30 bins)
Error (%)
3.2
7.75
4.05
6.34
5.28
Cost
19.3
1
1.5
0.8
1.2
Model

calculated to reconstruct a continuous number density
function, and most of the computational resources are spent
on the calculation of the source terms. So the EQMOM
spends 1.5 times as much as the QMOM with the error of
4.35%, with is the most arcuate method among QBMMS.
The distinctive advantage of CQMOM is the speed of
computation, which is suitable for simulating the multiphase
system with mass transfer [63, 64]. The time, the CQMOM
costs, is eight-tenths of what QMOM does with the error of
6.34%. Finally, the ECQMOM has a balance between accuracy and consumption, of which the result is 43.48%, with
an error of 5.28% (refer to Table 5).

5. Conclusion
The SMD of droplets plays a fundamental role in the CFD
study of multiphase ﬂow via venturi scrubber under industrial
operating conditions. PBM is coupled with CFD simulations to
account for dispersed phase behavior. The results of velocity,
pressure, and volume faction can illustrate the accuracy of the
simulation. And it also can be seen that the CM and QBMMs

approaches can predict the gas/liquid ﬂow dynamics, mass
transfer, and the SO2 removal rate in the venturi scrubber.
The CM can compute SMD of droplets in venturi and
describe the distribution about diameter of droplets. And the
accuracy of CM heavily depends on the quantity of bins.
There is 3.2% gap between the results of experiment and
simulation by the CM with 30 bins, while the simulation by
CM with 5 bins has an error of 14.99%.
However, the QBMMs do not pay attention to the
process of aggregation and breakage of each droplet, which
are eﬀectively able to save the time consumed in the simulation of multiphase, which only costs about 5% of time
spent by CM. Among the various QBMMs, the CQMOM
computes the result of simulation in a shortest time and the
EQMOM adapts venturi most satisfactorily. The ECQMOM
can calculate the result of simulation fast under a higher
accuracy (5.28%). So the ECQMOM can become the best
choice for the optimization design.
The application of QBMMs to simulate the condition of
ﬂow in the venturi could be an important evolution of investigation in this work. And the QBMMs methods could
calculate an accurate result under a faster speed, especially
ECQMOM. But this method cannot calculate the distribution of the particle size. So if you want to study quantitatively the size of particles, such as the size of the daughter
particle after breakup or the proportion of small particles in
the discrete phase, it could not be used. And the error of the
QBMMs can be accepted in engineering projects. However,
if a higher accuracy is required in the experimental study, the
CM method with a large number of bins would be the only
choice. In this paper, the PBM-CFD is proved to predict the
ﬂow ﬁeld in venturi at diﬀerent methods and provide a basis
for optimization. A comparison on cost and accuracy between CM and QBMMs in this paper and the reduction of
high gas-liquid ratio ﬂow ﬁeld would be useful, in order to
highlight advantages and drawbacks.
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Gaussian extended quadrature method of moments for turbulent disperse multiphase ﬂow,” Siam Journal on Multiscale
Modeling & Simulation, vol. 15, no. 4, pp. 1553–1558, 2016.
[36] E. I. V. Van den Hengel, N. G. Deen, and J. A. M. Kuipers,
“Application of coalescence and breakup models in a discrete
bubble model for bubble columns,” Industrial & Engineering
Chemistry Research, vol. 44, no. 14, pp. 5233–5245, 2005.
[37] R. D. Vigil and R. M. Ziﬀ, “On the stability of coagulationfragmentation population balances,” Journal of Colloid and
Interface Science, vol. 133, no. 1, pp. 257–264, 1989.
[38] J. C. Lamont and D. S. Scott, “An eddy cell model of mass
transfer into the surface of a turbulent liquid,” AIChE Journal,
vol. 16, no. 4, 1970.
[39] S. Zhang, Z.-Y. Lv, D. Müller, and G. Wozny, “PBM-CFD
investigation of the gas holdup and mass transfer in a lab-scale
internal loop airlift reactor,” IEEE Access, vol. 5, pp. 2711–
2719, 2017.

11
[40] H. Luo and H. F. Svendsen, “Theoretical model for drop and
bubble breakup in turbulent dispersions,” AIChE Journal,
vol. 42, no. 5, 1996.
[41] D. L. Marchisio, R. D. Vigil, and R. O. Fox, “Quadrature
method of moments for aggregation-breakage processes,”
Journal of Colloid and Interface Science, vol. 258, no. 2,
pp. 322–334, 2003.
[42] E. Askari, P. Proulx, and A. Passalacqua, “Modelling of bubbly
ﬂow using CFD-PBM solver in OpenFOAM: study of local
population balance models and extended quadrature method of
moments applications,” ChemEngineering, vol. 2, no. 1, 2018.
[43] M. Pollack, S. Salenbauch, and D. L. Marchisio, “Bivariate
extensions of the Extended Quadrature Method of Moments
(EQMOM) to describe coupled droplet evaporation and heatup,” Journal of Aerosol Science, vol. 92, pp. 53–69, 2016.
[44] T. Hasse and J. Wang, “Numerical simulations of gas-liquid
mass transfer in bubble columns with a CFD-PBM coupled
model,” Chemical Engineering Science, vol. 62, no. 24,
pp. 7107–7118, 2007.
[45] T. Hibiki and M. Ishii, “Two-group interfacial area transport
equations at bubbly-to-slug ﬂow transition,” Nuclear Engineering and Design, vol. 202, no. 1, pp. 39–76, 2000.
[46] M. Laakkonen, V. Alopaeus, and J. Aittamaa, “Validation of
bubble breakage, coalescence and mass transfer models for
gas-liquid dispersion in agitated vessel,” Chemical Engineering
Science, vol. 61, no. 1, pp. 218–228, 2006.
[47] Z. Wu, H. R. Karimi, and C. Dang, “A deterministic annealing
neural network algorithm for the minimum concave cost
transportation problem,” IEEE Transactions on Neural Networks and Learning Systems, pp. 1–13, 2019.
[48] Z. Y. Duan, J. B. Hu, and R. K. Zong, “Mass transfer model for
SO2 absorption by NaOH solution in venturi scrubber,”
Journal of Tianjin University, vol. 39, no. 10, pp. 1180–1183,
2006.
[49] R. H. Boll, L. R. Fiais, P. W. Maurer, and W. L. Thompson,
“Mean drop size in a full scale venturi scrubber via transmissometer,” Journal of the Air Pollution Control Association,
vol. 24, no. 10, pp. 934–938, 1974.
[50] Y. Wei, J. Qiu, H. R. Karimi, and M. Wang, “Model approximation for two-dimensional Markovian jump systems
with state-delays and imperfect mode information,” Multidimensional Systems and Signal Processing, vol. 26, no. 3,
pp. 575–597, 2014.
[51] Z. Naumann and L. Schiller, “A drag coeﬃcient correlation,”
V.d.i.zeitung, vol. 77, no. 1, pp. 51–86, 1935.
[52] M. Xiang, Z. Xiang, and H. R. Karimi, “Asynchronous L1
control of delayed switched positive systems with mode-dependent average dwell time,” Information Sciences, vol. 278,
pp. 703–714, 2014.
[53] Z. Wu, B. Jiang, and H. R. Karimi, “A logarithmic descent
direction algorithm for the quadratic knapsack problem,”
Applied Mathematics and Computation, vol. 369, p. 124854,
2019.
[54] N. A. Kazakis, A. A. Mouza, and S. V. Paras, “Experimental
study of bubble formation at metal porous spargers: eﬀect of
liquid properties and sparger characteristics on the initial
bubble size distribution,” Chemical Engineering Journal,
vol. 137, no. 2, pp. 265–281, 2008.
[55] S. Uchida and C. Y. Wen, “Gas absorption by alkaline solutions in a venturi scrubber,” Industrial & Engineering
Chemistry Process Design and Development, vol. 12, no. 4,
pp. 437–443, 1973.
[56] G. Bhutani, P. R. Brito-Parada, and J. J. Cilliers, “Polydispersed ﬂow modelling using population balances in an

12

[57]
[58]

[59]

[60]

[61]

[62]

[63]

[64]

Complexity
adaptive mesh ﬁnite element framework,” Computers &
Chemical Engineering, vol. 87, pp. 208–225, 2016.
H. Wu, Y. Xu, J. Wang, T. Zhang, and H. Wang, “Study on the
similarity of wet gas pressure drop in long-throat Venturi,”
Flow Measurement and Instrumentation, vol. 68, 2019.
X. Zhang, Y. Fu, Z. Li, and Z. Zhao, “The numerical simulation
of collapse pressure and boundary of the cavity cloud in
venturi,” Chinese Journal of Chemical Engineering, vol. 17,
no. 6, pp. 896–903, 2009.
R. Bannari, F. Kerdouss, B. Selma, A. Bannari, and P. Proulx,
“Three-dimensional mathematical modeling of dispersed
two-phase ﬂow using class method of population balance in
bubble columns,” Computers & Chemical Engineering, vol. 32,
no. 12, pp. 3224–3237, 2008.
B. Selma, R. Bannari, and P. Proulx, “Simulation of bubbly
ﬂows: comparison between direct quadrature method of
moments (DQMOM) and method of classes (CM),” Chemical
Engineering Science, vol. 65, no. 6, pp. 1925–1941, 2010.
D. Li, Z. Li, and Z. Gao, “Quadrature-based moment methods
for the population balance equation: an algorithm review,”
Chinese Journal of Chemical Engineering, 2018.
A. L. Dale, G. V. Lowry, and E. A. Casman, “Accurate and fast
numerical algorithms for tracking particle size distributions
during nanoparticle aggregation and dissolution,” Environmental Science Nano, vol. 4, no. 1, pp. 89–104, 2016.
M. Petitti, M. Vanni, D. L. Marchisio, A. Buﬀo, and
F. Podenzani, “Simulation of coalescence, break-up and mass
transfer in a gas-liquid stirred tank with CQMOM,” Chemical
Engineering Journal, vol. 228, pp. 1182–1194, 2013.
A. Buﬀo, D. L. Marchisio, M. Vanni, and P. Renze, “Simulation of polydisperse multiphase systems using population
balances and example application to bubbly ﬂows,” Chemical
Engineering Research and Design, vol. 91, no. 10, pp. 1859–
1875, 2013.

