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AbstractThe synthesis of vinyl acetate (VAc) from ethylene is a strongly exothermic reaction that might easily cause
catalyst deactivation and reduce selectivity of VAc. Research at the bed scale helps to improve the conversion of C2H4
and the selectivity of VAc. In this study, the discrete element method (DEM) was used to construct a fixed-bed struc-
ture model via simulating the filling process of catalyst particles in the reactor. The inlet section of a reaction tube was
studied, and its length was 10 cm. The temperature distribution, and the effects of particles size, inlet velocity, inlet tem-
perature and the feed ratio of C2H4 to O2 on the reaction process were studied. Simulated results show that the bed
temperature gradually increased from the wall to the center, and the temperature gradient gradually decreased along
the radial direction. The maximum temperature was 438.68 K and the temperature difference from the inlet tempera-
ture was 5.54 K. Comparing the composite particle packed bed with the single particle size packed bed, the composite
packed bed has higher vinyl acetate selectivity. Increasing inlet velocity from 1.5 m/s to 3.5 m/s, the selectivity of vinyl
acetate increased from 91.71% to 92.60%. Adding an inert gas to the feed gas can increase the oxygen concentration
and reduce the explosion interval of C2H4, the conversion of C2H4 and the selectivity of vinyl acetate increased.
Keywords: DEM, CFD, Fixed Bed Reactor, Synthesis Of Vinyl Acetate, Selectivity

INTRODUCTION

Vinyl acetate (VAc), an unsaturated carboxylic acid ester, is an
important organic chemical raw material used in the production
of polyvinyl acetate (PVAc), polyvinyl alcohol (PVA), vinyl acetate-
vinyl copolymer emulsion (VAE), copolymer resin (EVA), vinyl
chloride-vinyl acetate copolymer (EVC), polyacrylonitrile copoly-
mer and acetal resin. These products are widely used in the chem-
ical industry, light industry, machinery, agriculture and other fields
[1-4]. In recent years, the production capacity of VAc has shown
steady growth. According to current projections, the worldwide pro-
duction capacity of VAc will reach 9 million tons by 2020.

At present, the production route of VAc is mainly divided into
two types: vapor phase synthesis of vinyl acetate from acetylene
method and vapor phase synthesis of vinyl acetate from ethylene
method. The vapor-phase synthesis of vinyl acetate from ethylene
has the advantages of high product quality, fewer environmental
hazards and high energy efficiency. Consequently, it occupies a
dominant position in the VAc industry [5-8]. In the fixed-bed reac-
tor, the exothermic reaction of ethylene synthesis of vinyl acetate
faces three major problems: (1) The temperature distribution of the
catalyst bed is not uniform, so that the catalyst in the high tem-
perature region is first deactivated; (2) Improper design or opera-
tion can cause a decrease in the selectivity of the catalyst in the

reactor; (3) To prevent intense combustion and explosive limit of
ethylene in the reactor, the O2 content of the feed gas is limited,
which in turn affects the single pass conversion of C2H4 [9]; the
chemical reaction equation for the main reaction is [10]:

CH3COOH+C2H4+0.5O2=CH3COOC2H3+H2O,
H=176.53 kJ/mol,

and the side reaction is:

C2H4+3O2=2CO2+2H2O, H=1,339.8 kJ/mol.

The key step in the production process is to improve the selec-
tivity of the catalyst and ensure the timely removal of the reaction
heat. In the reaction of synthesis of vinyl acetate from ethylene, the
molar ratio of C2H4 to O2 is 2 : 1. However, C2H4 is always exces-
sive, which is mainly affected by the explosion interval of C2H4 in
actual production. According to the index of oxygen partial pressure
in the reaction kinetic equation established by researchers [11,12],
it can be concluded that the main reaction is more sensitive to the
change of oxygen concentration than the side reaction, the activa-
tion energy of the side reaction is higher than that of the main reac-
tion, and the side reaction is more sensitive to temperature changes
[13].

Packed beds of particles are widely used in chemical reactors,
separators, filters, dryers and heat exchangers [14,15]. Research and
optimization of its internal flow and heat transfer are of great sig-
nificance to improve energy efficiency. When the tube-to-particle
diameter ratio (D/dp) is small, the pressure drop in the bed is reduced
and the heat transfer efficiency is improved. These advantages have
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attracted more and more attention. The small tube-to-particle diame-
ter ratio (2D/dp<10) is the latest development trend of a tradi-
tional particle packed bed [16]. Logtenberg and Dixon [17] used
CFD to simulate a fixed bed of tube to particle ratio 2.86 and ob-
tained the temperature field and the heat transfer coefficient between
the fluid and tube wall in the bed. Jiang et al. [18] predicted the parti-
cle-to-fluid heat transfer coefficients and provided details of the
fluid flow inside the miniporous media using lumped capacitance
method and CFD method. Guardo et al. [19] used CFD simulation
to investigate the effect of turbulence model on fluid-wall heat trans-
fer coefficient. Gunjal et al. [20] studied fluid flow through the array
of spheres using the unit-cell approach, in which different periodi-
cally repeating arrangements of particles such as simple cubical, 1-D
rhombohedral, 3-D rhombohedral, and face-centered cubical geome-
tries were considered.

The synthesis of vinyl acetate from ethylene generally occurs in
a tubular fixed-bed reactor [21-23]. These reactors have the advan-
tages of large heat transfer area, high heat transfer efficiency and good
operation performance. Therefore, they are widely used in strong
exothermic and strong endothermic chemical reaction processes
[24,25], such as oxidation of n-butane to maleic anhydride [26],
phthalic anhydride from o-xylene [27], the synthesis ethylene oxide
[28], and methane steam reforming [29,30]. The accumulation of
catalyst particles in a fixed-bed reactor is complicated, and the con-
struction of the bed structure is the basis for accurately simulating
the properties of the flow field and temperature field. Vollmari et al.
[31] calculated pressure drops in packings of spherical and non-
spherical particles of varying sizes by DEM-CFD approach. Simu-
lated results from the DEM-CFD are benchmarked against the ex-
periments, the results are in very good agreement for spheres. Zhou
et al. [32] used CFD to simulate a coupled acetone hydrogenation

reaction in a fixed bed. The results show that the smaller particle
size is beneficial to accelerate the reaction rate, but it will increase
the bed pressure drop. Mandar et al. [33] used CFD-DEM method
to simulate the packed bed. Two segments, a cut segment and a wall-
segment, have been proposed to represent the core central region
of packed bed and near wall region of packed bed, respectively,
which offer a computationally efficient way of understanding the
transport phenomena in an industrial scale reactor. Gregor et al. [29]
simulated dry reforming of methane over nickel in a fixed-bed reac-
tor of spheres which was studied with CFD simulation, and the
result predicted the area where the catalyst surface is first deacti-
vated in the fixed bed.

In this paper, the simulation tool used was STARCCM+12.02
commercial software developed by CD-adapco. The process of
spherical catalyst particles filling in the reaction tube was first sim-
ulated by the DEM method. A three-dimensional fixed bed reac-
tor model was employed. The inlet section of reaction tube with a
length of 10 cm was studied. The CFD physical model of the flow,
heat transfer and reaction process in the bed was established by add-
ing the reaction kinetics model on the catalyst. The distribution of
the temperature field and the concentration field in the bed was
obtained. The causes of the local high temperature position were
studied, and the effects of particle size, inlet velocity, inlet tempera-
ture and feed ratio of the raw material on the reactor temperature
and selectivity of VAc were investigated.

PHYSICAL AND MATHEMATIC MODEL

1. Geometric Model
A fixed-bed reactor is composed of thousands of reaction tubes,

so it is feasible to select one reaction tube for simulation due to the

Fig. 1. The geometric structure of catalyst bed in reaction tube and the fluid domain.
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similar internal conditions of different reaction tubes. In this study,
the bed structure was constructed by DEM. To avoid the boundary
effect, it was increased by 10 mm in the upper stage and the lower
stage of the tube, respectively. The catalyst bed and fluid domain
are as shown in Fig. 1(a) and Fig. 1(b). Fig. 1(a) is the geometric
structure of catalyst bed, and Fig. 1(b) is the fluid domain. As shown
in Fig. 1(a), the inlet section of a reaction tube is studied and the
bed height is 100 mm, The total length of the reaction tube model
is 120 mm. The inner diameter of the tube is D=32.9 mm, the par-
ticle diameter is dp=5 mm, and the tube-to-particle diameter ratio
is N=6.58. The parameters of the reaction tube and catalyst in the
DEM model are shown in Table 1. The mass flow rate of the par-
ticles was set to 0.01 kg/s. When the height of particle accumula-
tion is 100 mm and the velocity of all particles is lower than 107

m/s, when the particles no longer fall, the bed structure is in a sta-
ble state. The number of particles is 749, the average void ratio 
is 0.427, and the error associated with the empirical correlation (1)
proposed by Dixon [34] is 2.37%.

(1)

p'

P'   0.4   0.05 dp/dt    0.412 dp/dt 2 dp/dt 0.5

Table 1. Parameters in the DEM model
Material properties Parameter

Density of catalyst particles (kg/m3) 1500
Poisson’s ratio of catalyst 0.17
Young’s modulus of catalyst (GPa) 73.105
Coefficient of friction 0.4
Rolling drag coefficient 0.001

Table 2. Physical properties of the inlet gas mixture and boundary
conditions

Physical property Vslue
Inlet molar ratio C2H4 : CH3COOH : O2 12 : 4 : 1
Density (kg/m3) 1.45
Thermal conductivity of gas (W/m·K) 0.065
Specific heat (J∙kg1∙K1) 2104
Dynamic viscosity (m2∙s1) 1.06E-5
Molecular diffusivity (m2∙s1) 2.53E-6
Inlet velocity (m∙s1) 2.5
Inlet temperature (K) 433.15
Wall temperature (K) 433.15
Operating pressure (MPa) 0.8

Fig. 2. Effect of number of cells.

2. Physical Model
The boundary conditions of the inlet section of the reaction tube

are set as: velocity inlet, pressure outlet, and the wall surface is con-
stant temperature. The physical properties of the inlet gas and operat-
ing parameters are shown in Table 2. In this paper, it is assumed
that the physical properties of the gas phase are not a function of
temperature.
3. Grid Independence Test and Model Validation

To ensure that the simulation results were independent of the
grid system, the grid independence was checked. Unstructured poly-
hedral meshes were made in the fluid domain and the grid size was
set to 2 mm, 1 mm, 0.5 mm, 0.4 mm, respectively. The number of
cells was 1.08 million, 3.12 million, 5.58 million 6.21 million, respec-
tively. The number of prism layers was set to 2. To improve the mesh
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quality of contact-points between particles, the particles were locally
flattened [35,36]. As shown in Fig. 2(a), the average temperature at
the outlet first increases correspondingly with the number of cells,
and finally stabilizes at 436.7 K. It is also clear in Fig. 2(b) that the
mole fraction of ethylene decreases first as the number of cells
increases, and finally stabilizes at 0.641 72. The above results indi-
cate that when the basic size of the cell is 0.5 mm, with the increase
of the number of cells, the results no longer change. Considering
the simulation accuracy and computer time consumption, the grid
division method with the basic size of 0.5 mm was selected. The
CFD model in this work was validated by comparing the predicted
results of pressure drop against Ergun equation. Fig. 2(c) shows
that the numerical results agreed well with the empirical correla-
tions, the numerical results deviate by less than 5% from the Ergun
equation, which allowed us to apply the numerical method to the
studies in the present work.
4. Governing Equations

For the simulations in this study, full three-dimensional govern-
ing equations were applied. In the calculation domain, the veloc-
ity, pressure, temperature, and component concentration of the gas
are solved by the control equations. The ethylene synthesis of vinyl
acetate in the fixed bed reactor can be described by the following
control equations [37]:

Conservation of mass:

(2)

Mass conservation equation of gas phase component:

(3)

where the first term on the right of the equals sign represents the
mass diffusion, and the second term represents the reaction source
term.

Conservation of momentum:

(4)

Energy conservation equation:

(5)

5. Reaction Kinetics Model
In this paper, we chose a method of adding one-step main reac-

tion and one-step side reaction to couple the reaction source term,
which was proposed by Zhao et al. [38] and it can be written as:

CH3COOH+C2H4+0.5O2=CH3COOC2H3+H2O

Reaction rate of main reaction:

(6)

C2H4+3O2=2CO2+2H2O

Reaction rate of side reaction:

(7)

In the main reaction, the index of oxygen partial pressure is 1.

In the side reactions, the index of oxygen partial pressure is 0.5. In
this paper, the chemical reaction is modeled to occur only to the
surface of the catalyst particles.
6. Turbulence Model

(8)

When Rep>300, the flow is highly unstable and chaotic, close to
turbulent. Therefore, this flow regime can be approximated by Reyn-
olds-Average Navier-Stoke (RANS) turbulence: 

The turbulence equation is as follows:

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

RESULTS AND DISCUSSION

1. Temperature Distribution
The synthesis of vinyl acetate from ethylene is an exothermic

reaction. To prevent the local temperature from being too high, it
is necessary to remove reaction heat in the production process.
Therefore, the investigation of the temperature distribution in the
reaction tube helps to understand the formation of high tempera-
ture and low temperature regions. In this study, the inlet tempera-
ture and wall temperature were set to 433.15 K. Fig. 3(a) shows the
axial temperature contours of fluid. The maximum temperature is
438.68 K and the temperature difference from the inlet temperature
is 5.54 K. Fig. 3(b) shows the radial temperature contours of fluid.
In the same cross section, the temperature near the contact points
of the particles is higher, and the maximum temperature difference
from the wall temperature is about 5 K.

As shown in Fig. 4(a), the radial average temperature of the fluid
gradually increases from the wall to the center of the tube. The tem-
perature gradient is the largest near the wall and smallest near the
center of the tube. The radial maximum average temperature dif-
ference is 0.98K. Fig. 4(b) shows the axial average temperature distri-
bution of the fluid. It can be seen that the average temperature
gradually increases along the axial direction, and the highest tem-
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perature is at the outlet of the reaction tube. Fig. 5 shows the tem-
perature profile at the surface of the catalyst particles, it can be seen
that the temperature of the surface of the catalyst particles also in-
creases along the radial and axial directions, and the temperature
of the particles at the bottom of the bed is the highest. At different

positions on the surface of the same catalyst particle, the flow rate
and the reaction rate are different, resulting in uneven tempera-
ture distribution on the surface of the particle. Stagnation occurs
when the gas flows through the bottom of the particle, so the tem-
perature at the bottom of the particle is the highest; therefore, the

Fig. 3. The temperature distribution of the fluid in the cross section.

Fig. 4. The average temperature distribution of the fluid.

Fig. 5. The temperature distribution at the surface of the catalyst particles.
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catalyst at this position is easily deactivated.
2. Concentration Distribution

Fig. 6 shows the mole fraction distribution of the reactant C2H4,
the target product VAc, and the by-product CO2. As shown in Fig.
6(a), the molar fraction of C2H4 gradually decreases along the axial
and radial direction. Comparing Fig. 6(b) with Fig. 6(c), the con-
centration of the target product VAc and by-product CO2 gradu-
ally increases in both the radial direction and the axial direction.
The molar fraction of CO2 is 0.16-times that of the target product
VAc at the outlet of the tube.
3. Reaction Rate Distribution

In the kinetic model, two key factors limit the reaction rate: the
temperature of the gas and the partial pressure of oxygen. As the
reaction progresses, the released heat causes an increase in tempera-
ture, which accelerates the reaction rate. On the other hand, the oxy-
gen concentration decreases, resulting in a decrease in the reaction
rate. Therefore, the reaction rate is affected by the combination of
temperature and partial pressure of oxygen.

The distribution of the reaction rate at the surface of the cata-
lyst particles is shown in Fig. 7. The inlet temperature and wall tem-
perature were set to 433.15 K. Because of the symmetry of the

structure of the bed, a half-volume bed is selected to show. The
simulation results are close to the results of Zhao [36], who stud-
ied the synthesis of vinyl acetate from ethylene-gas by single-reac-
tion tube experimental research. It can be seen that the reaction
rate gradually increases along the axial and radial direction. The
reaction rate at the center of the outlet is the highest. The reaction
rate is also different on the surface of the same catalyst particle.
Comparing Fig. 5 with Fig. 7, it can be found that the reaction rate
distribution is similar to temperature distribution. Therefore the
reaction rate is greatly affected by temperature.
4. Effects of Single Particle Size

All other parameters remain unchanged, the diameter of cata-
lyst was set to 3 mm, 4 mm, 5 mm, 6 mm, respectively. It can be
concluded from Fig. 8(a) that the radial average temperature grad-
ually increases from the wall to the center of the tube. As the parti-
cle diameter increases, the radial average temperature gradually
decreases. Fig. 8(b) shows the effect of particle diameter on the axial
temperature distribution. As the particle diameter increases, the axial
average temperature is also gradually increased. Therefore, prop-
erly increasing the particle diameter contributes to the transfer of
heat and prolongs the catalyst lifetime. Because the larger catalyst

Fig. 6. The distribution of mole fraction of C2H4, VAc, and CO2 in the fixed bed.

Fig. 7. Distribution of the main reaction rate at the surface of catalyst particles.
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pellets have a higher void fraction, this presents less area for reac-
tion and generates less heat. High porosity also helps heat transfer
and reduces bed temperature.

Table 3 compares the mole fraction of each component at the
outlet and the selectivity of vinyl acetate at different particle sizes.
It can be seen that as the particle diameter increases, the molar
fraction of ethylene at the outlet increases, the molar fraction of
vinyl acetate decreases, and the selectivity of vinyl acetate increases
from 90.32% to 92.42%. The result indicates that increasing the
particle diameter helps to reduce the temperature rise of the fluid,
thereby increasing the conversion of ethylene and the selectivity of
vinyl acetate.
5. Effects of Composite Particle Size

To compare the equally proportioned packed bed of 5 mm and
6 mm particles with 5.5 mm single particle size packed bed, Table
4 shows the mole fractions of each component at the outlet and
the selectivity of vinyl acetate at the outlet. It can be concluded that
the composite packed bed has lower conversion of C2H4, lower bed
temperature and higher vinyl acetate selectivity than single diame-
ter packed bed.

Fig. 8. The average temperature distribution at different single particle sizes.

Table 3. Molar fraction and VAc selectivity on the outlet of the fixed-
bed at different particle diameters

Particle diameter
(mm)

C2H4 

(101)
VAc

(104)
CO2

(104)
Selectivity

(%)
3 7.0445 8.7562 1.8768 90.32
4 7.0476 6.8830 1.2182 91.87
5 7.0499 5.2324 0.8674 92.35
6 7.0512 4.2507 0.3486 92.42

Table 4. Molar fraction and VAc selectivity at the outlet with different bed structure
Particle diameter

(mm)
C2H4

(101)
VAc

(104)
CO2

(104)
Selectivity

(%)
Highest

temperature (K)
5.5 7.0502 4.9946 0.8240 92.38 438.25
5+6 7.0506 4.7424 0.7801 92.40 438.13

Fig. 9. Influence of Reynolds number and particles on temperature
distribution.

6. Effects of Inlet Velocity
Inlet velocity has an important influence on fluid flow and heat

transfer. To study effects of inlet velocity on temperature distribu-
tion, first, the temperature distribution on the surface of a single cata-
lyst particle was investigated. As can be seen from Fig. 9, at lower
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Re, the highest temperature is directly below the particle. When the
Re is increased from 72 to 1714, the highest temperature gradu-
ally moves to the position on both sides of the bottom of the par-
ticle, indicating that inlet velocity affects not only the magnitude of
temperature but also the temperature distribution. The reason for
this phenomenon is that when the Re=74, the inlet velocity0.1
m/s, and the flow type is laminar flow. The fluid flows along the
surface of the particles, then converges at the bottom of the parti-
cles and forms a high temperature zone at the bottom of the cata-
lyst particles. When the Re=1714, the inlet velocity is 2.5 m/s, the
flow type is turbulent flow. As shown in Fig. 10, when the flow
velocity is high, after the fluid bypasses the top of the catalyst par-
ticles, it flows to both sides of the particles and forms a high-speed
area. A significant low-speed area appears directly below the bot-
tom of the particles, and it is easy to cause retention or back flow.
So the highest temperature appears on sides of the bottom of the
particle. Fig. 9(d) shows the temperature field of the cross-section
of the bed. Since the bed is composed of many particles, the tem-
perature distribution around a particle is affected by the surround-
ing pore structure. Comparing Fig. 9(b) with Fig. 9(d), one can find
that the temperature distribution of the surface of the particles in
the bed is similar to that of a single particle, but there is no strict
symmetry.

All other parameters remain unchanged, the inlet velocity of the
raw gas is increased from 1.5 m/s to 3.5 m/s with a step size of 0.5
m/s. The fluid domain of the inlet velocity of 2.5 m/s is shown in
Fig. 1(b). The fluid first maintains a stable axial flow through the
upper extension of the bed, and then flows into the catalyst bed.
According to the streamline, the flow direction is tortuous and the
velocity distribution is uneven. The highest velocity of the gas phase
is 16.81 m/s, which is 6.72-times the inlet velocity of 2.5 m/s. After
that, the fluid flows out the bed. Fig. 11 shows the radial and axial
distribution of the mean temperature, respectively. Increasing the
inlet velocity helps to reduce the mean bed temperature in the axial
and radial directions. As shown in Fig. 12, the maximum bed tem-
perature is inversely proportional to the inlet velocity; it gradually
decreases with an increase in inlet velocity. The maximum bed tem-
perature in the bed is 443.62K at the inlet velocity of 1.5m/s, which
is 10.47 K higher than inlet temperature. The maximum tempera-
ture is 440.51 K at the inlet velocity is 2 m/s; it is 3.11 K lower than
the maximum temperature of 1.5 m/s. The maximum temperature
is 438.68 K at the inlet velocity of 2.5 m/s; it is 1.68 K lower than
the maximum temperature of 1.5 m/s. Therefore, as the inlet veloc-

Fig. 10. The distribution of flow field around a single particle at Re=
1714.

Fig. 11. The average temperature distribution of fluid at different inlet velocity.

Fig. 12. The maximum temperature in the bed at different inlet
velocity.
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ity increases, the temperature difference gradually decreases.
Table 5 shows the mole fractions of C2H4, VAc and CO2 at the

outlet and the selectivity of vinyl acetate at different inlet velocities.
As the velocity increases, the conversion of ethylene in the reactor
decreases and the selectivity of vinyl acetate increases from 91.71%
to 92.60%. Increasing the inlet velocity results in shorter contact
time between the reactants and the catalyst, which in turn reduces
the conversion rate and reduces the amount of heat released by
the reaction. On the other hand, a higher inlet velocity is benefi-
cial for the removal of heat, resulting in a lower bed temperature
and a higher selectivity of vinyl acetate.
7. Effects of Inlet Temperature

The inlet temperature is a dominant parameter in the synthesis
of vinyl acetate from ethylene, which directly affects reaction rate,
conversion, selectivity and bed temperature. To study the effect of
inlet temperature on the reactor performance, the inlet tempera-
ture was set to 423.15 K, 428.15 K, 433.15 K, 438.15 K, and 443.15 K.
Fig. 13 shows that the axial average temperature gradually increases
at different inlet temperatures, and the temperature difference in-
creases with increasing inlet temperature. As can be seen from Fig.
14, with the inlet temperature increasing, the maximum bed tem-
perature also increases gradually.

Table 6 shows the mole fractions of C2H4, VAc and CO2 at the
outlet and the selectivity of vinyl acetate at different inlet tempera-
tures. The C2H4 conversion rate and the yield of VAc increase with
the increase of the inlet temperature, the by-product CO2 content
increases and the selectivity of VAc decreases with the increase of

the inlet temperature. The main reaction apparent activation energy
(EVAC=71.94 kJ/mol) is less than the side reaction apparent activa-
tion energy (ECO2=109.37 kJ/mol). The reaction rates of the main
reaction and side reaction both increase, but the reaction rate of
side reaction increases more than the main reaction. Therefore, if
the inlet temperature is increased, the selectivity of VAc will decrease.
Our finding led us to conclude that lower temperature will reduce
the space-time yield and is not conducive to productivity improve-
ment. Therefore, in the production process, because the activity of
the catalyst is higher, a lower inlet temperature can be selected in
the initial stage of the reaction. As the reaction progresses, the activ-
ity of the catalyst gradually decreases; in order to ensure the space-
time yield, it is necessary to increase the inlet temperature appro-
priately.
8. Effects of the Feed Ratio of Ethylene to Oxygen

To keep the ethylene from exploding, the ethylene content in the
feed gas must be greatly excessive in the synthesis of vinyl acetate
from ethylene. For example, the ratio of ethylene to oxygen is at least
12 :1 at 0.8Mpa and 433.15K. However, the partial pressure of oxy-
gen is a dynamic term which accelerates the reaction rate. There-
fore, in this work the effect of the feed ratio of the feed gas was
studied. All other parameters remained unchanged; the molar ratio
of ethylene, oxygen and acetic acid was set to 12 : 1 : 4, 13 : 1 : 4,
14 : 1 : 4, respectively. And in order to increase the oxygen content
in feed gas, nitrogen was added to the feed gas; the molar ratio of
ethylene : oxygen:acetic acid : nitrogen was 8 : 1 : 2.5 : 1.

Table 5. Molar fraction and VAc selectivity on the outlet at differ-
ent space velocities

Velocity
(m/s)

C2H4

(101)
VAc

(104)
CO2

(104)
Selectivity

(%)
1.5 7.0441 9.4217 1.7038 91.71
2.0 7.0478 6.7268 1.1511 92.12
2.5 7.0499 5.2324 0.8674 92.35
3.0 7.0511 4.2799 0.6945 92.50
3.5 7.0521 3.6182 0.5780 92.60

Fig. 13. The axial average temperature distribution at different tem-
peratures.

Fig. 14. The maximum temperatures in the fixed-bed at different
inlet temperatures.

Table 6. Molar fraction and VAc selectivity on the outlet at differ-
ent inlet temperatures

Reaction
temperature (K)

C2H4

(101)
VAc

(104)
CO2

(104)
Selectivity

(%)
423.15 7.0531 3.0230 0.2485 96.05
428.15 7.0526 3.3353 0.3976 94.37
433.15 7.0499 5.2324 0.8674 92.35
438.15 7.0472 6.9597 1.5254 90.12
443.15 7.0450 8.3305 2.1423 88.61
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Fig. 15 shows the bed temperature profile at different feed ratios.
When the ratio of ethylene to oxygen is between 12 and 14, the
bed temperature does not change much with the oxygen content
increasing. When the ratio of ethylene to oxygen is raised to 8 : 1,
the bed temperature is significantly increases, and the maximum
temperature is 441.06K. From Fig. 15 and the reaction kinetic model,
we conclude that when the oxygen content in the feed gas is low,
the reaction rate is greatly affected by bed temperature. When the
oxygen content in the feed gas is high, the reaction rate begins to
be mainly affected by the oxygen concentration.

Table 7 shows the molar fraction of C2H4, VAc and CO2 at the
outlet and VAc selectivity at different feed ratios. From Table 7, one
can know that when the ratio of ethylene to oxygen is decreased
from 12 : 1 to 8 : 1, the conversion of C2H4 and the molar fraction
of VAc both increase, and the selectivity of vinyl acetate increases
from 91.57% to 94.22%. Since the oxygen partial pressure indices
are 1 and 0.5 in the main and side reaction kinetic equations,
respectively, the main reaction is more sensitive to oxygen concen-
tration than the side reaction. Therefore, to accelerate the reaction
rate and increase the conversion of C2H4 and the selectivity of VAc,
we can add nitrogen to feed gas to reduce the explosion interval of
C2H4 and increase the partial pressure of O2.

CONCLUSION

The synthesis of vinyl acetate (VAc) from ethylene was studied
by CFD. The results show that in the early stage of the reaction,
the catalyst activity is high. To increase the selectivity of VAc, a lower

inlet temperature can be selected. As the reaction proceeds, in order
to ensure the space-time yield, the inlet temperature can be appro-
priately increased. Another way to increase selectivity is to increase
the catalyst particle diameter or use a composite packed bed. As
the inlet velocity increases from 1.5 m/s to 3.5 m/s, the conversion
rate of vinyl acetate increases from 91.71% to 92.60% benefit from
the removal of heat. Adding an inert gas to the feed gas can increase
the oxygen concentration and reduce the explosion interval of C2H4.
The stable area of the reaction system is enlarged. This method
helps to improve the selectivity of vinyl acetate and conversion of
C2H4.

NOMENCLATURE

 : divergence
cg : specific heat capacity of vapor phase [J·kg1·K1]
cp : specific heat capacity of fluid [J·kg1·K1]
cs : specific heat capacity of solid phase [J·kg1·K1]
dp : particle diameter [m]
dt : tube diameter [m]
C1, C2, C3 : empirical constant
Di : diffusion coefficient of component i [m2·s1]
ECO2 : the apparent activation energy of side reaction
EVAC : the apparent activation energy of main reaction
F : catalyst surface area [m2]
Gb : the turbulent kinetic energy generation term caused by buoy-

ancy gives rise
Gk : the turbulent kinetic energy generation term caused by mean

velocity gradient
H : standard enthalpy of formation [kJ·mol1]
h : the height of the bed [m]
hd : the section increased in the lower stage of the tube
hg : gas phase mass transfer coefficient [W/m2·K1]
hs : solid phase mass transfer coefficient [W/m2·K1]
hu : the section increased in the upper stage of the tube
Mi : mass fraction of component i
N : the tube-to-particle diameter ratio

: the average void ratio
r1 : reaction rate of main reaction [mol·g1min1]
r2 : reaction rate of side reaction [mol·g1min1]
Rep : particle Reynolds number
S : turbulent kinetic energy source items [J]
S : turbulent dissipation rate source term
T : temperature [oC]
Tc : the temperature of the volume near the wall [K]
Tg : the temperature of vapor phase [K]

: mean velocity component of i direction [m·s1]
u'i : fluctuation velocity of i direction [m·s1]
VAc : vinyl acetate
wi : molar mass of component [kg·mol1]
yc : the normal distance of the volume near the wall [m]
YM : contribution of pulsating expansion in compressible turbu-

lence

Greek Letters
 : turbulence kinetic energy [J]

p'

ui

Fig. 15. The axial average temperature distribution in the bed at dif-
ferent feed ratios.

Table 7. Molar fraction and VAc selectivity on the outlet at differ-
ent feed gas ratios

C2H4 : O2 : CH3COOH : N2
C2H4

(101)
VAc

(104)
CO2

(104)
Selectivity

(%)
14 : 1 : 4 : 0 7.3599 4.6561 0.8577 91.57
13 : 1 : 4 : 0 7.2129 4.9276 0.8629 91.95
12 : 1 : 4 : 0 7.0499 5.2324 0.8674 92.35
8 : 1 : 2.5 : 1 6.2872 7.4247 0.9114 94.22
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 : turbulent dissipation rate
 : density [kg·m3]
v : velocity [m·s1]
vin : inlet velocity [m·s1]
 : dynamic viscosity [Pa·s]
 : Prandtl number corresponding to the turbulent dissipation

rate
 : Prandtl number corresponding to turbulent kinetic energy

REFERENCES

1. N. Panda and S. A. Yadav, Asian J. Chem., 8, 296 (2019).
2. H. F. Rase and M. Hayes, Platin Met. Rev., 45, 83 (2001).
3. S. Geng, M. U. Haque and K. Oksman, Compos. Sci. Technol., 126,

35 (2016).
4. T. V. Panova, A. A. Efimova and A. V. Efimov, Colloid Polym. Sci.,

7, 1 (2019).
5. A. R. G. Caranton, J. Dille, J. Barreto, F. Stavale, J. C. Pinto and M.

Schmal, ChemCatChem, 10, 5256 (2018).
6. Y. F. Han, J. H. Wang, D. Kumar, Z. Yan and D. W. Goodman, J.

Catal., 232, 467 (2005).
7. Y. F. Han, D. Kumar, C. Sivadinarayana and D. W. Goodman, J.

Catal., 224, 60 (2004).
8. X. Dong, Y. Wang, Y. Yu and M. H. Zhang, Ind. Eng. Chem. Res.,

57, 7363 (2018).
9. K. Motahari, H. Atashi, F. Fazlollahi and M. Sarkari, Jind Eng. Chem.,

18, 266 (2012).
10. K. Motahari, G. Rempel, S. Lashkarara, K. Ghaseminezhad, A. Boru-

mandnejad and B. Hatami, Can. J. Chem. Eng., 94, 506 (2016).
11. D. Stacchiola, F. Calaza, M. Neurock and W. T. Tysoe, J. Am. Chem.

Soc., 132, 2202 (2010).
12. S. Nakamura and T. Yasui, J. Catal., 54, 605 (1982).
13. Q. L. Pham, Y. Haldorai and V. H. Nguyen, Korean J. Chem. Eng.,

31, 2101 (2014).
14. A. Talebian, A. R. Keshtkar and M. A. Mohammad, Korean J. Chem.

Eng., 33, 2205 (2016).
15. S. A. Jafari and A. Jamali, Korean J. Chem. Eng., 33, 1296 (2016).
16. A. G. Dixon, M. Nijemeisland and E. H. Stitt, Adv. Chem. Eng., 31,

307 (2006).

17. S. A. Logtenberg and A. G. Dixon, Chem. Eng. Process., 37, 7 (1998).
18. P.X. Jiang, R.N. Xu and W.I. Gong, Chem. Eng. Sci., 61, 7213 (2006).
19. A.Guardo, M. Coussirat, M. A. Larrayoz, F. Recasens and E. Egus-

quiza, Chem. Eng. Sci., 60, 1733 (2005).
20. P. R. Gunjal, V. V. Ranade and R. V. Chaudhari, AIChE J., 51, 365

(2005).
21. H. Atashi, M. Sarkari, K. Motahari, F. F. Tabrizi and F. Fazlollahi, J.

Korean Chem. Soc., 55, 92 (2011).
22. K. Motahari, G. Rempel, S. Lashkarara, K. Ghaseminezhad, A. Boru-

mandnejad and B. Hatami, Can. J. Chem. Eng., 94, 506 (2016).
23. Y. F. Han, D. Kumar and D. W. Goodman, J. Catal., 230, 353 (2005).
24. B. Partopour, AIChE J., 63, 87 (2017).
25. B. Partopour and A.G. Dixon, Ind. Eng. Chem. Res., 55, 7296 (2016).
26. D. Ying, F. J. Keil, O. Korup, F. Rosowski and R. Horn, Chem. Eng.

Sci., 142, 299 (2016).
27. R. Y. Hong, W. Yang, Y. Q. Zhuang and H. Z. Li, Comput. A. Chem.,

23, 481 (2006).
28. P. Behnam and A. G. Dixon, AIChE J., 63, 87 (2017).
29. G. D. Wehinger, M. Kraume, V. Berg, O. Korup, K. Mette, R.

Schlogl, M. Behrens and R. Horn, AIChE J., 62, 4436 (2016).
30. G. D. Wehinger, T. Eppinger and M. Kraume, Chem. Eng. Sci., 122,

197 (2015).
31. K. Vollmari, T. Oschmann, S. Wirtz and H. K. Emden, Powder Tech-

nol., 271, 109 (2015).
32. X. M. Zhou, Y. J. Duan, X. L. Huai and X. F. Li, Particuology, 11,

715 (2012).
33. V. Mandar, S. T. Johansen and S. Amini, Ind. Eng. Chem. Res., 52,

12041 (2013).
34. A. G. Dixon, Can. J. Chem. Eng., 66, 705 (1988).
35. G. D. Wehinger, T. Eppinger and M. Kraume, Chem. Eng. Sci., 122,

197 (2015).
36. A. G. Dixon, M. Nijemeisland and E. H. Stitt, Comput. Chem. Eng.,

48, 135 (2013).
37. S.H. Cheng, H. Chang and Y.H. Chen, Computational fluid dynam-

ics-based multiobjective optimization for catalyst design, 21st Interna-
tional Symposium on Chemical Reaction Engineering, Philadelphia,
PA, 13-16 July (2010).

38. Z. X. Zhao, Q. L. Dai, S. D. Wang, B. Y. Lin and G. T. Chen, Chem.
React. Eng. Technol., 2, 128 (1995).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


