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In this paper, a new combustor with an output of 5 t/h is designed based on a computational particle
fluid dynamics (CPFD) model. The flow field simulation is combined with the combustion simulation to
analyze the internal two-phase flow, temperature field, and combustion products. The combustor structure
was optimized. The simulation results show that the recovery efficiency of the waste sand and the energy
utilization of the combustor can be improved under the original structure. The sand bed has a significant
effect on flow field characteristics. The increase in particle temperature in the combustor increases the
efficiency of waste sand recovery by increasing the height of the sand bed by 50 mm. The utilization rate
of natural gas is increased and the economic efficiency is improved. The feasibility of the CPFD method
can simulate the flow field characteristics inside the combustor very effectively.
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INTRODUCTION

3D printing is a new technology that uses data recor-
ded in the computer and then accumulates the material
layer by layer to produce physical objects, which has
been used as an additional material manufacturing by
academia. 3D printing involves a variety of equipment,
materials, etc., and has been widely used in various
industries such as biology, aerospace and so on'. Sand
molds play a crucial role in 3D printing technology?.
Sand casting is an economical and practical metal-
-forming process, which has been used since the Shang
Dynasty in China®. The benefits of 3D printing for the
casting industry were identified early**. Foundry sand is
commonly used in casting processes. In China’s foundry
industry, an average of 40 million tons of castings are
produced annually. However, about 1.3 tons of solid
waste will be produced by one ton of castings, of which
sand and cores account for 40%—-60%?°. These used sand
are found to be recyclable, minimizing production costs
and environmental impact’.

The reclamation of used sand is necessary, whether
from the aspects of resource conservation or environ-
mental protection. At present, the main reclamation
processes of used foundry sand include dry, wet, and hot
reclamation processes, thermal reclamation is the most
widely accepted mode of sand reclamation®. Moreover,
thermal reclamation is the most effective method for
using sand with binders attached to the surface. This
recycling method is based on the thermal degradation of
the binder under high-temperature conditions to remove
the binder on the surface of the used sand and achieve
the effect of recycling the used sand” !*. Meanwhile, the
thermal regeneration process is a method of utilizing used
molding and core sand that is more expensive than other
recycling processes, but in most cases, it provides higher-
-quality recycled sand''. Temperature and the structure
of the equipment are the two main factors affecting the
thermal regeneration process'?. Therefore, the structural
optimization of the combustor is very important to save
the energy consumption of sand recovery. Although it
is difficult to achieve the above objectives, numerical
calculation is an effective method.

The Computational Particle Fluid Dynamics (CPFD)
model is used to simulate the combustor flow field, which

is an Euler-Lagrangian model of two-phase gas-solid
flow. In the CPFD method, the gas phase is considered
a continuous phase and calculated in a single computa-
tional grid by the local average Navier-Stokes equation,
while the solid phase is considered a discrete particle
phase. The particle momentum model is based on the
numerical description of the multiphase particle-in-cell
(MP-PIC), which can handle the particle type and par-
ticle size distribution well™*'6, Computational particles,
also known as “parcel of particle”, were introduced.
Computational particles in the CPFD model were defi-
ned as combinations of a large number of real particles
with similar properties, such as particle type, size, and
density. The model traces a single “parcel of particle”
rather than a single particle and calculates collisions
between a large number of “parcel of particle” rather
than between particles. Therefore, a small number of
particles can be used to represent a gas-solid system
with a large number of particles, which can significantly
improve the simulation efficiency'”~". In recent years, the
CPFD scheme has been widely used to analyze fluidized
beds?, bubbling beds?"?* and cold pilot calciner® due to
the superiority of the CPFD model in particle simulation.
Liu et al*. investigated the gas-solid flow characteristics
of circulating fluidized beds, which has reference signifi-
cance for further research on circulating fluidized beds.
Shi et al.*® pointed out that the outlet geometry of the
riser can significantly affect flow hydrodynamics and
solids back-mixing behaviors. Wang et al.*® showed that
the main benefit of the CPFD method was its capability
to accurately predict the particle size distribution. In
addition, extensive work compares the simulation data
under different models (drag models, turbulent models,
etc.) and model parameters (coefficients for particle-
-particle interactions and particle-wall interactions, etc.)
in detail, indicating that it has a significant impact on
the final simulation results? 2.

CPFD method has been used in gas-solid flow studies
many times and has also been proven to be applicable
to various equipment. Although research on the com-
bustors’ performance has been carried out, these resear-
ches were mainly focused on the flow characteristics of
combustors. The fluidization and combustion are rarely
studied and have not been described in detail. In this
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paper, the internal flow field of the combustor in the
thermal regeneration system of waste sand is simulated
by the CPFD method on the basis of considering the
combustion characteristics. The characteristics of the
internal flow field are revealed, the structure of the
combustor is changed, and the internal flow fields un-
der different structures are compared. The significance
of these works is to optimize the combustor structure
and combustion process. The purpose is to improve the
recovery efficiency of used sand and the combustion
efficiency of natural gas. Meanwhile, the feasibility of
using CPFD for gas-solid flow predictions was verified.
CPFD model was used for combustor simulation and
was compared with the experiment.

THE CPFD MODEL

Governing equations

The volume average mass conservation equation for
the continuous gas phase is
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The volume-average momentum conservation equation
for the continuous gas phase is
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Where u, represents the gas phase velocity, 6, is the
gas volume fraction, g, means the gas phase density, P is
the gas phase pressure, g is the gravitational acceleration,
and F is the unit volume gas-solid phase momentum
exchange rate, which can be expressed as:
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Where V), is the particle volume, u, is the particle
velocity, @, is the particle density, and D is the drag
function at the particle position.

Since the particle phase is described by the Lagrangian
method, the particle is packaged using the concept of
calculating particles, wherein the properties of the par-
ticles are the same. Therefore, the momentum equation
of the particle can be expressed as:

du
P=D (u —u )—LVP+
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Where each represents gas phase drag, pressure gra-
dient force, gravity, T, is normal stress gradient between
particles.

The particle normal-stress model is described as®
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Where Pg is the pressure and f is a constant (usually
ranging from 2 to 5), 6, is the particle volume fraction,
g is a small number of the order of 107, and 6, is the
particle volume fraction at close packing.

Gas-particle drag model

In the simulation of gas-solid two-phase flow, the
drag model is used to describe the momentum exchange
between gas-solid phase. Therefore, selecting the appro-
priate drag model is the key to accurate simulation of
gas-solid phase flow. There are several commonly used
drag models, namely the Wen&Yu model, the EMMS-
-Yang model, the Ergun model, and the Wen& Yu/Ergun
model. It is reported that the Wen&Yu equation is
confined to particle volume fraction from 0.01 to 0.61,
while the Ergun equation is usually used from 0.47 to
0.7*'. In the present work, the interphase gas-particle
drag model is the Wen&Yu model. The corresponding
drag model correlations are summarized as follows:
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Where R, is the Reynolds number, D, is Ergun inter-
phase traction coefficient, d, is Particle diameter.

NUMERICAL METHODS

The process flow diagram of the thermal reclamation
system is shown in Figure 1. The whole process of the
thermal regeneration system includes pretreatment of
old sand, sand regeneration process, post-treatment of
regenerated sand, and dust removal process, the most
critical process is the sand regeneration process. The
combustor is the most important equipment in the sand
I'eCovery process.

Structure of the combustor

The combustor used for simulation in this paper comes
from a thermal reclamation of the used sand system. The
three-dimensional diagram is shown in Figure 2. The
lower part of the combustor is a pipe for transporting
natural gas and air, and the upper part is a dust removal
port. On the right side of the combustor is a sand inlet,
and on the other side, a sand outlet is arranged at the
lower part, and the whole combustor is very complicated.

Grid independence and comparison with experimental
results

According to the characteristics of the multiphase flow
of the combustor, Barracuda software based on CPFD
method was used for simulation. The pipe model is me-
shed with a mesh number of 1.34 million, and the nozzle
part and the smaller diameter part are locally encrypted
to ensure the mesh quality as shown in Figure 3.

The main factors affecting the combustion process are
temperature, time, reactants and combustion-supporting
substances, etc., and temperature is also one of the two
main factors affecting the heat recovery process. The
simulation results are compared with the experimental
results to demonstrate the feasibility of using CPFD to
simulate the combustor as shown in Figure 4. The re-
lationship between temperature and combustor position
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Figure 1. Process scheme of the thermal recovery system

1 — Combustor; 2 — Vibrating screen; 3 — Insulation; 4 — Air duct; 5 — Natural gas inlet; 6 — Combustion nozzle; 7 — Sand outlet;
8 — Air outlet; 9 — Dust removal port; 10 — Air cooling system; 11 — Cold air source; 12 — Screen; 13 — Water tower; 14 — Cyclone
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Figure 2. Three-dimensional structure of the combustor

is obtained by simulation results. The temperature on
the right side is lower than the left side, which is due to
the fact that the right side of the combustor is the sand
inlet and has a lower temperature. By comparing with
the experimental data, it can be seen that they have the
same trend and the value is close, the temperature is
maintained at about 800 K. Figure 4 indicates that the
temperature is in good agreement with the experimental
data. The experimental data are reference data obtained
by comprehensive literature research. At x =1.335 m, the
simulated temperature is 848 K and the experimental
temperature is 835 K, which is 15 K higher than the
experimental temperature and the relative experimental
temperature error is 1.8%. At x = 3 m, the simulated

Figure 3. Meshing schematic of natural gas pipeline
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Figure 4. Temperature comparison for the numerical and expe-
rimental results in the combustor

temperature is 791 K and the experimental temperature
is 806 K, the difference between experimental and si-
mulated is 15 K, and the maximum difference between
experimental and simulated is 15 K, the relative simula-
tion error is 1.9%, which is within the theoretical error
acceptance range, and it can be considered that there
is good agreement between simulation and experiment
to verify the simulation results.

Numerical procedures

The numerical simulation of the turbulent flow is so-
lved by Large Eddy Simulation (LES), Euler-Lagrange
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Table 1. Simulation parameters

Parameters Vale

Particle close pack volume fraction 0.68

Normal-to-wall momentum retention coefficient 0.30

Tangent-to-wall momentum retention coefficient 0.99
Initial pressure 101325 Pa

Gas Natural gas and Air
Gas density 0.65 kg/m°® and 1.205 kg/m®
Natural gas inlet velocity 7.56 m/s
Natural gas temperature 430K
Air inlet velocity 21.25m/s
Thermal air 480K
Inlet used sand flow rate 0.97kg/s
used sand temperature 425K

Chemistry coefficient

K=2.119e + 11e 7%

Chemical equation

CH4 + 202 d COZ + 2H20

Chemical reaction rate

R=K(CH4)°'2(OZ)1'3

Sand inlet velocity

0.97 kg/s

Time step

0.003

method for gas-solid two-phase flow, and the calcula-
tion of the coupled pressure and velocity fields. The
SIMPLE algorithm was chosen. The turbulent flow and
combustion of the boiler are simulated and analyzed.
The simulation parameters are shown in Table 1. The
particles used the particle size distribution (PSD) shown
in Table 2 which is used in the experiment. The particles
are round to simplify the calculation. Most of the used
sand particles are distributed between 109 and 270 um
in diameter. The bulk density of used sand is 1500 kg/
m® and its density is 2200 kg/m®. The used sand is laid
in the lower part of the combustor in advance, and the
height is about 50 ~100 mm below the sand outlet, the
gas entering the combustor is preheated in advance. Air
and natural gas react completely to form carbon dioxide
and water (gaseous water at high temperatures) during
combustion, the chemical reaction rate coefficient equ-
ation is as follows:

Pg |ug - up|
pde
Among them, C, C,, C,, C;, and C,, are all coefficients,

and E is activation energy.

Based on previous research and the setting of natural
gas combustion in Fluent software, C, = 2.119¢ + 11,
E = 24380.6. It is automatically saved every 20 steps
during the simulation.

D1=O.75Cd (7)

Table 2. Particle size distribution of the used sand

Diameter of the used Accumulative fraction of weight
sand (ém ) for particle with diameter (%)
270 100
109 10
85 5
62 0
The density of the used sand,
2200 kg/m®

RESULTS AND DISCUSSION

Analysis of flow field characteristics in the combustor

The initial conditions and boundary conditions are set
to obtain the flow field characteristics of the fluid and
the particles based on the CPFD model. The following
is the simulation result analysis.

The above three figures show the gas distribution in
the combustor. The natural gas content is high at the
inlet, the middle part is free of natural gas, and the na-
tural gas that has not yet reacted is present in the upper
space of the combustor as can be seen in Figure 5. In
addition, the middle part of the combustor contains the
most carbon dioxide, and the upper and inlet parts are
basically free of carbon dioxide as shown in Figure 6,
which reveals that the combustion reaction is mainly
concentrated in the middle part of the combustor.
Figure 7 indicates that the oxygen content is sufficient
throughout the combustion reaction and that a large
amount of oxygen remains after the reaction. According
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Figure 5. Contour of natural gas distribution in the combustor
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Figure 6. Contour of carbon dioxide distribution in the com-
bustor

Mass fraction

[ 2.0e01

— 0,153
0.102

+— 0.051

lo.umuu |

Figure 7. Contour of oxygen distribution in the combustor




to the chemical reaction equation, the remaining natural
gas and oxygen can continue to react.

The distribution of particle volume fraction in the com-
bustor is shown in Figure 8. Since the gas injected from
the air inlet has an upward velocity and is greater than the
minimum fluidization velocity, the originally static used
sand particles are fluidized. The binder on the surface
of the used sand is removed by the combustion reaction
of natural gas with oxygen. Under natural conditions,
the stacking volume fraction of the used sand particles
is 0.68. The volume fraction of the particles maintains
the value in the portion of the combustor where there is
no nozzle. The larger volume fraction is located in the
middle of the combustor and the periphery is smaller, in
some places even zero in the part with the nozzle. The
used sand coming from the sand inlet is subjected to an
upward force due to the gas moving from the bottom
to the top. A vortex is generated below the sand inlet
due to the combined effect of other forces leading to
a change in the trajectory of the used sand.

Volume fraction

I- 6.8e.01

— .51

Figure 8. Particles volume fraction distribution in the combustor

The velocity distribution of the used sand particles in
the combustor is shown in Figure 9. The velocity of the
upper particles of the combustor tends to zero, indica-
ting that most of the particles have risen to the highest
point. The larger particles begin to move downward,
while the smaller particles continue to move upward
and eventually out of the combustor through the upper
dust removal port. The particles in the lower layer of
the combustor still have an upward velocity and continue
to move upwards.

Velodty (mest)
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Figure 9. Particles velocity distribution in the combustor

Natural gas reacts with oxygen to form carbon dioxide
and gaseous water as the reaction proceeds. Natural gas
flows out of the combustor from the dust removal port
at about 0.25 seconds from Figure 10. This part of the
natural gas does not react before the time, which causes
a waste of energy and a decrease in the economic effi-
ciency of the whole recovery system. It should be noted
that proper temperatures are required to remove the
binder from the surface of the old grit by combustion
reactions besides sufficient air and natural gas.
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Figure 10. Mass flow rate of natural gas discharged from the dust
removal port

The particle temperature distribution and particle
position in the combustor are shown in Figure 11. The
temperature of most of the particles is maintained be-
tween 900 K and 1000 K, except for the bottom and
the used sand particles that have just entered the com-
bustor from the sand inlet. The temperature required
to remove the binder on the surface of the particles is
above 873 K. The results show that most of the particle
temperatures have reached this standard. It is necessary
to bring the generated high-temperature zone close to the
sand layer to better utilize the heat generated by natural
gas combustion, which can improve heat utilization and
achieve energy savings.

Temperamre (K}
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Figure 11. Temperature distribution of used sand particles in the
combustor

The temperature distribution inside the combustor is
shown in Figure 12. The bottom space and sand inlet
of the combustor appear as low-temperature areas
due to the entry of gas and used sand particles. The
intense local combustion causes the internal space to
reach a maximum temperature of 1800 K. In addition,
the overall temperature of the combustor is maintained
at about 1000 K, which coincides with the distribution
region of the used sand particles. The results show

Figure 12. Temperature distribution of the flow field in the com-
bustor
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that the binder on the surface of the particles can be
effectively combusted.

Analysis of combustor improvement

The effect of the combustor geometry on the internal
flow field is discussed by changing the structure of the
combustor and comparing it with the original structure.
The change in the slope of the sand inlet directly affects
the feed velocity. The slope of the combustor inlet is
changed to 45 degrees and 60 degrees, and the inlet
is moved up and down by 100 mm and 200 mm, while
the outlet is moved up and down by 50 m, respectively.
The structure of the combustor was improved to achieve
better removal of the binder from the surface of the old
sand and also to save natural gas energy.

For the convenience of description, (1) to (9) represent
the original structure, the angle of the sand inlet is 45
degrees, the angle of the sand inlet is 60 degrees, the

Volume fraction
0.34

0.0e+00

0.17

(1) original structure

(4) sand outlet increased by 50 mm

sand outlet is increased by 50 mm, the sand outlet is
decreased by 50 mm, the sand inlet is increased by 100
mm and 200 mm, the sand inlet decreased by 100 mm
and 200 mm, respectively.

The change in the combustor structure has a corre-
sponding effect on the particle volume fraction as can
be seen from Figure 13. The distribution of used sand
particles in its internal space is similar, but the degree
of fluidization of particles is higher than in other struc-
tures with the height of the sand outlet increasing by 50
mm. The height of the initial sand layer increases as the
height of the sand outlet increases, which can improve
particle fluidization.

The distribution of natural gas inside the combustor
is shown in Figure 14. The structural improvement of
the combustor has little effect on the distribution of the
various gases. The distribution of gases is similar under
all structures, including carbon dioxide and oxygen. Na-

0.51 6.8¢-01

(3) sand inlet 60 degrees

(6] sand inlet increased by 100 mm

(7) sand inlet increased by 200 mm

(B) sand inlet decreased by 100 mm

(9) sand inlet decreased by 200 mm

Figure 13. Particles volume fraction distribution in the combustor with different structural parameters
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(7) sand inlet increased by 200 mm

0.014

(8) sand inlet decreased by 100 mm

2.8e-02

(9) sand inlet decreased by 200 mm

Figure 14. Contours of natural gas distribution in combustor with different structural parameters



tural gas is distributed both at the bottom and at the top
and there is natural gas flowing out of the combustor
through the dust removal port, resulting in a waste of
natural gas. Carbon dioxide is mainly distributed in the
middle, and the amount of oxygen is always sufficient
during the reaction.

The variation of the percentage of natural gas leaving
the combustor has the same trend under all structures as
shown in Figure 15. However, the proportion of natural
gas at the same time is smaller than that of the other
structures after 0.35 seconds as the sand outlet raised
by 50 mm. The proportion of natural gas leaving the
combustor is smaller, which can achieve the effect of
saving natural gas.

Temperature is one of the two main factors affecting
the thermal regeneration process during the combustor
working, which is related to the quality of the regenerated
sand. The change of combustor structure also affects the
internal temperature distribution.
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The temperature distribution of the fluid and particles
inside the combustor is shown in Figure 16 and Figure 17.
The overall temperature inside the combustor is kept
around 1000 K, and the temperature of the particles is
around 900 K. The low-temperature region exists at the
bottom and inlet area of the sand. The high-temperature
region of the fluid and the pellet region basically overlap
under various structures, which is favorable for improving
heat utilization efficiency. Among them, the 3rd, 4th,
6th, and 8th diagrams show that the temperature of the
particles is higher than the temperature of the other
structures so it is advantageous to completely remove
the binder from the surface of the used sand particles.

In summary, the height of the sand outlet is increased
by 50 mm, which can improve the temperature of the
particles make the quality of the recycled sand better,
and also reduce the waste of natural gas, and impro-
ve the efficiency of heat utilization. The combustion
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Figure 15. Comparison of the mass fraction of natural gas flowing from the dust removal port for combustor of different structures
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Figure 16. Contours of flow field temperature distribution in the combustor with different structural parameters
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Figure 17. Contours of particles temperature distribution in the combustor with different structural parameters

optimization effect of changing the height of the sand
outlet is the best.

CONCLUSIONS

The combustor is one of the most important pieces of
equipment in the thermal reclamation system. Tempera-
ture and equipment structure are the two main factors
affecting the thermal reclamation process, and the equ-
ipment structure affects the temperature distribution. It
is necessary to have an exhaustive understanding of the
flow characteristics of the combustor. The current work
uses the CPFD method for numerical simulation. Flow
field characteristics and combustor structure optimization
were analyzed to obtain the following conclusions:

(1) The CPFD method can well simulate the flow field
characteristics inside the combustor, and the feasibility
of gas-solid two-phase flow prediction has been verified.

(2) The recovery efficiency and energy utilization of
waste sand can be improved by the analysis of the flow
field characteristics inside the combustor. The simulation
results indicate that parameters such as the height of
the sand outlet, the height of the sand inlet, and the
sand feeding speed can all affect the recovery process,
especially the height of the sand outlet, which has a si-
gnificant impact on the internal flow field characteristics.

(3) The optimized structure method of the combustor
with known output of 5 t/h is to increase the height of
the sand outlet by 50 mm and the height of the sand
bed from the original 250 mm to 300 mm. The optimized
combustor improves the temperature of the particles
and the utilization rate of natural gas, which not only
improves the recovery efficiency of the waste sand, but
also improves the economic efficiency of the system.

(4) The combustor model used in this article is very
complex, and the research method of combining combu-
stion process with gas-solid two-phase flow has reference
significance for combustor-related research.
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