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Abstract: Carbon monoxide is often produced during the incomplete combustion of volatile organic
carbon compounds in industry. In the combustion chamber for oxidizing carbon monoxide emissions,
a penta-coaxial port device can be used to improve the process of mixing the fuel and oxidizer. In
this study, the conjugate heat transfer analysis was conducted by solving both Reynolds-averaged
Navier–Stokes equations with the eddy dissipation model and solid heat conduction equation in
the wall using Fluent 2019R2 to simulate the reaction flow of a volatile organic carbon compound
burner and heat transfer of the stack insulation layer. The mass fractions of the O2, CO2, and CO
gases; the temperature; and the velocity distribution in a combustion chamber were computed to
investigate how various design parameters of the combustor, including air inlet size and stack height,
and air inflow conditions affected the combustion performance. Results show that the size of the
air inlet had only a minor effect on combustion efficiency and that the airstream forced by a fan
significantly enhanced the combustion performance. In particular, increasing the height of the stack
from 2 m to 4 m greatly increased combustion efficiency from 63% to 94%, with a 50% increase in the
incoming air flow rate by natural convection, which demonstrates the importance of stack height in
combustor design.

Keywords: volatile organic compounds burner; non-premixed combustion; computational fluid
dynamics; eddy dissipation model; stack height; combustion efficiency

1. Introduction

Volatile organic compounds (VOCs) are organic chemicals that usually contain both
hydrogen and carbon elements. They are harmful contaminants that are emitted into
the environment as a result of various commercial and industrial processes [1]. Carbon
monoxide is a colorless, odorless, and tasteless gas that is created by the incomplete
combustion of fuels such as gasoline, natural gas, oil, coal, and wood. Although carbon
monoxide does not have a significant environmental effect, in general, it can react with other
air pollutants and have a negative effect on the ozone layer. A VOC burner can oxidize the
organic components into water and carbon dioxide. Most VOC burners operate by blowing
air and fuels into the combustor (forced combustor), but some types of combustors, such as
stone gas, torch, and Bunsen burners, can work well without blowing air or a fan. These
devices operate using density differences caused by temperature change, and the airflow
automatically enters the chamber by natural convection. The aim in this study was to
use computational fluid dynamics (CFD) to investigate the performance of non-premixed
combustion in thermal oxidizers with various burner design configurations.

In a previous work, Das et al. [2] numerically studied heat transfer and air flow
by natural convection in a solar updraft tower. They showed that the chimney height
significantly affects the air flow rate, with a 31% increase when the chimney height was
increased from 3 m to 8 m.

Pundle et al. [3] conducted numerical simulations in STAR-CCM software to predict
the performance of natural draft rocket cookstoves. They combined the realizable k−ε
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turbulence model with the laminar finite rate model for combustion. They found that
the air flow rate was affected by geometrical design features such as the height of the pot
cone-deck and the baffle position.

Lee et al. [4] investigated the characteristics and structure of palm-methyl-ester diffu-
sion flames and showed that the stability of the lifted flame depends on the edge propa-
gation speed, mixture strength, and fuel Lewis number in the jet-momentum-dominated
regime and that the effect of buoyancy on the stability of the lifted flame is negligible in
developed regions.

The fuel-to-air ratio is a key factor affecting gas emissions. Qian et al. [5] suggested
that an excess air (EA) ratio in the range of 0.04 to 0.79 reduces CO and SO2 emissions and
increases nitrogen oxide (NOx) production. On the contrary, an EA ratio above 0.79 lowers
NOx emissions and increases CO and SO2. Al-Arkawazi [6] studied the effect of the air–fuel
ratio and lambda (λ) on the exhaust emissions from internal combustion engines and provided
a curve of direct relationship between them.

The numerical approach to thermal–fluid reaction flow has been applied in a wide range
of engineering fields and it works well for predicting the phenomena of combustion [3,7–13].
However, studies including detailed flow characteristics of natural combustion in a VOC
burner with a stack are rare. In this work, the conjugate heat transfer analysis was conducted
to investigate how various design parameters of the combustor and air flow conditions
affect the combustion efficiency and the performance of the wall insulation layer.

1.1. Classification of Burners

The flow characteristics of an inverse diffusion flame (IDF) during the transition from
laminar to turbulent flow were studied by Zhen et al. [14]. They concluded that the flames
were affected by the burner geometry, chemical reaction parameters, and fuel/oxidizer
fluid dynamics. Burners have been classified into two types based on the method used for
fuel and air feeding: normal diffusion flame (NDF) and IDF, as shown in Figure 1a.
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Figure 1. The types of burner (a) non-premixed; (b) premixed; (c) partial premixed.

In addition, based on the ratio of fuel and oxidizer at the inlet of the burner, combustion
can be classified into three types. In non-premixed combustion, the fuel and oxidizer are
injected into the reaction zone in distinct streams, as shown in Figure 1a. This is contrasted
to premixed combustion, in which the oxidizer and fuel are mixed at the molecular level
before burning (Figure 1b). Partial premixed combustion occurs when the oxidizer and
fuel are mixed and enter the reaction zone in a stream and additional oxidizer is injected
in another stream, as shown in Figure 1c. The premixed and partially premixed types
generally have shorter flame lengths than the non-premixed type.

1.2. Turbulence–Chemistry Interaction Model

The eddy dissipation model (EDM) is an improvement over the original eddy breakup
model that was developed by Spalding et al. [15]. It assumes that fuel and oxidizers
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are carried by separate eddies in diffusion flames. Further assumptions are that chemical
reactions are rapid, so that the fuel and oxidizer will react as soon as they mix on a molecular
scale, and that the mean reaction rate is mainly controlled by the turbulence mixing time.
The computational cost of the EDM is very attractive in many industrial fields that do
not have enough computing resources to calculate detailed chemical kinetics. The EDM
uses the rate of dissipation of eddies containing reactants and products to determine the
reaction rates. The net rate of production of species i at density ρ due to reaction r, Ri,r, is
determined as the minimum value represented by Equations (1) and (2).

Ri,r = v′i,r Mω,i ABρ
ε

k
min

YR

∑P
j v′′R,r Mω,R

(1)

Ri,r = v′i,r Mω,i ABρ
ε

k
∑P YP

∑P
j v′′j,r Mω,j

(2)

where YP is the mass fraction of any product species P; A and B are empirical constants
equal to 4.0 and 5.0, respectively; the ratio k/ε represents the eddy breakup model of
Spalding; Mω,i represents the molecular weight of the reactant; and v′i,r and v′′j,r are the
stoichiometric coefficients of the reactant and product, respectively, in reaction r.

Recently, Kassem et al. [7] performed numerical simulations of a non-premixed
methane-jet flame using the EDM in OpenFOAM software. Their results for the tem-
perature distributions in the axial and radial directions showed good agreement with
experimental measurements. The species transport model combined with the EDM was
applied by Murugan et al. [8] in a downdraft gasifier with biomass blends. Their error
compared with experimental observations was within 10%.

1.3. Porous Media Model for a Flame Arrestor

To ensure safety during operation, a flame arrestor is usually installed. It allows fluid
to pass but prevents backfires, as well as larger fires or explosions. A flame arrestor forces
the flame to pass through in only one direction and has a large contact area to remove a
significant amount of heat from the flame.

Because a flame arrestor has a complex structure and thus requires an enormous
number of numerical grids to resolve its detailed geometry, a porous media model, which
simplifies a porous media region as a momentum sink, was applied [16]. The inertial and
viscous resistance coefficients were calculated by Forchheimer as the following.

∆P = (
µ

α
V +

1
2

C2ρV2)∆n (3)

where µ and ρ are the dynamic viscosity and density, respectively; V is the magnitude of
the velocity, ∆P = P2 − P1 is the pressure drop across the porous media region; ∆n is the
length of the porous media region; 1/α is the viscous loss (Darcy coefficient); and C2 is the
inertial resistance coefficient (Forchheimer coefficient).

2. Numerical Simulation
2.1. Geometry and Mesh

In this study, a model of VOC burner (from TEC Ltd., Ulsan, Republic of Korea) with
five co-axial pipes, which was designed to ensure a large enough contact area for the
fuel and gas when they are mixed, was considered. The schematic of the VOC burner is
shown in Figure 2a. The position of the fuel supply inlet is marked “fuel inlet”, and it
was 0.08 m in diameter. The fuel can be distributed to the 2nd and 4th axial pipes by the
four connection tubes. The outside diameter of the stack is 0.6 m. Four air-inlets with a
square section are in the bottom. A flame arrestor that is 0.025 m in length is installed
above the burner. To prevent the high temperature of the burner from having a negative
effect, insulation layers are installed inside the stack. The insulation materials have low
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thermal conductivity and anti-fire capability and are composed in 2 layers: Superwool®

Plus and WDS MultiFlexPlus®. Stainless steel is used for the outside cover. The geometrical
parameters of the combustor considered in this study are shown in Table 1. An unstructured
tetrahedral mesh was generated in Ansys ICEM-CFD software with a near-wall clustered
mesh, as shown in Figure 2b.
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Table 1. Combustor parameters.

Design Model Air Inlet, da(m)×da(m) Stack Height, H(m)

M1 0.15× 0.15 2.0
M2 0.25× 0.25 2.0
M3 0.15× 0.15 4.0

2.2. Governing Equations

The chemical reactions involved in the gasification processes were simulated by
solving the mass, momentum, and energy conservation equations and reactions for each
individual species [3,7,8,10–13]. A finite volume-based commercial CFD solver, Ansys
Fluent, is applied. The mass conservation for an incompressible flow was calculated, as
follows [11].

∇·(ρ→u ) = 0 (4)

where ρ is the species gas density;
→
u is the velocity vector.

Similarly, the momentum conservation equation [12,13]

∂(ρ
→
u )

∂t
+∇·(ρ→u→u ) = −∇p +∇·

(
=
τ
)
+ Si + g(ρ− ρo) (5)

where p is the pressure; t is the time;
=
τ is the stress tensor; Si is source term due to porous

media; and g(ρ− ρo) is buoyancy force due to gravity.
The total energy is obtained from the energy equation [12]:

∂(ρE)
∂t

+∇·
(→

u (ρE + p)
)
= ∇·

(
λc∇·T −∑

N
hi
→
J i +

=
τ.
→
u − Fh,i

)
+ ∑

N
hiRi (6)

where E is the total energy; λc is the thermal conductivity; T is the temperature; p is the
pressure, and hi is enthalpy of species i; Ri net rate product by chemical reaction; Fh,i is the

energy flux;
→
Ji is the diffusion flux of species i arising due to the gradient of concentration

and temperature.
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The species transport for the reactant and product of species i was [10]:

∂(ρYi)

∂t
+∇ · (ρ→uYi) = −∇ ·

→
J i + Ri (7)

where Yi is mass fraction (0≤ Yi ≤ 1) of each species; Ri is the net rate of production by the
chemical reaction. The mass diffusion fluxes in turbulent flows are:

→
Ji = −

(
ρDi,m +

µt

SCt

)
∇Yi − DT,i

∇T
T

(8)

where SCt is the turbulent Schmidt number; µt is the turbulence viscosity; and DT,i is the
thermal diffusion coefficient, Di,m is the mass diffusion coefficient for species i. SCt was set
to 0.7; T is the temperature.

A standard k−ε turbulent model was applied [7,10,12]. The transport equation for
turbulence kinetic energy and its rate of dissipation were obtained from the following
transport equations:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xi

[(
µ +

µt

σk

)
∂k
∂xi

]
+ Gk + Gb − ρε−YM + Sk (9)

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xi

[(
µ +

µt

σε

)
∂ε

∂xi

]
+ C1ε

ε

k
(Gk + C3εGb)− C2ερ

ε2

k
+ Sε (10)

where σk is the turbulent Prandtl number for turbulence kinetic energy; σε is the turbulent
Prandtl number for the turbulence dissipation rate; Gk and Gb represent the generation
of turbulence due to mean velocity gradients and buoyance, respectively; µ is dynamic
viscosity; µt = ρCµk2/ε is turbulent viscosity; and C1ε, C2ε, and C3ε are model constants.
The constants of this model are shown in Table 2.

Table 2. Constant values in the k−ε model [9].

Constants σk σε C1ε C2ε Cµ

Values 1.0 1.3 1.44 1.92 0.09

The k−ω SST model is based on the Wilcox k−ω model, in which the shear stress
transport (SST) formulation switches to a k − ε behavior in the free stream, and it is
more accurate than the standard k−ε turbulent model for the near-wall region [17]. The
turbulence kinetic energy k and specific dissipation rate ω were obtained from the following
transport equations:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xi

[(
µ +

µt

σk

)
∂k
∂xi

]
+ Gk −Yk + Sk (11)

∂

∂t
(ρω) +

∂

∂xi
(ρωui) =

∂

∂xi

[(
µ +

µt

σω

)
∂ω

∂xi

]
+ Gω −Yω + Sω (12)

In these equations, Gk represents the generation of turbulent kinetic energy due to
mean velocity gradients; Gω represents the generation of ω; and Yk and Yω represent
the dissipation of k and ω due to turbulence. Turbulence viscosity is calculated using
Equations (13)–(19).

µt =
ρk
ω

1

max
[

1
α∗ ; SF2

a1ω

] (13)

σk =
1

F1/σk,1 + (1− F1)/σk,2
(14)

σω =
1

F1/σω,1 + (1− F1)/σω,2
(15)
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F1 = tan h
(

φ4
1

)
(16)

φ1 = min

[
max

( √
k

0.09ωy
;

500µ

ρy2ω

)
;

4ρk
σω,2D+

ω y2

]
(17)

F2 = tan h
(

φ2
2

)
(18)

φ2
2 = max

[
2

√
k

0.09ωy
,

500µ

ρy2ω

]
(19)

α∗ = α∗∞ = 1; a1 = 0.31; α∗0 = 0.024; α∗∞ = 0.52; βi = 0.072; σk,1 =
1.176 ; σk,2 = 1.0; σω,1 = 2.0; σω,1 = 1.168

where y is the distance to the next surface and D+
ω is the positive portion of the cross-

diffusion term [17].
In this study, heat loss through the wall was considered using convective heat transfer

with the convective heat transfer coefficient h f [11,13].

q = Ah f

(
Tw − Tf

)
(20)

where Tw and Tf are the wall and free (ambient) temperature, respectively, and A is the
convection area.

When the temperature gradient in the computational domain was significant, the
temperature (T) effect on fluid density was calculated using Equation (21) [11,12].

ρ =
Pop

RT ∑i
Yi

Mω,i

(21)

where Pop is the operation pressure (atmosphere); R is a universal gas constant; Mω,i is the
molecular weight of species i; and Yi is the mass fraction of species i.

2.3. Validation of the Numerical Procedure

The present numerical method was validated with the combustion of methane–air
reported by Brookes et al. [9]. Figure 3 shows the geometry and boundary conditions that
were implemented in their experimental oxy-fuel combustor; the simplified geometry was
used by Kassem et al. [7], who used the EDM and standard k− ε turbulent models. In this
combustor, methane enters through the inner pipe, and the oxidizer is supplied through
the outer pipe. The diameters of the inner and outer nozzles are 4.0 mm and 155.0 mm,
respectively. Because the pipe is axisymmetric, a 2D plane computational domain with
axisymmetric boundary conditions is assumed. The computational domain was discretized
to 250,000 quadrilateral grid cells and the boundary conditions are shown in Table 3. The
EDM was combined with two different turbulence models, the standard k−ε and k−ω SST
models, and results were compared with references [7,9].
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Table 3. The boundary conditions.

Fuel Velocity
(m/s)

TCH4
(K)

Oxidizer Velocity
(m/s)

Fraction
O2

TO2
(K)

20 290 0.5 0.23 300

The comparison of the calculated temperature with the experimental measurements is
shown in Figure 4. Results are similar to those of Kassem et al. [7] and Brookes et al. [9].
The k−ω SST turbulence model produced better accuracy than the standard k−ε model,
but it required more computing time and memory. The error in this study can be attributed
to the neglect of the Arrhenius reaction rate; the combustion was instead assumed to be a
one-step reaction controlled by the turbulence rate. Thus, the standard k−ε model in Fluent
combined with the EDM might be reasonable for a turbulent combustor of CH4 and CO.
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Figure 4. Temperature profiles at the height of (a) h = 0.15 m; (b) h = 0.30 mm; and (c) along the axial
direction [7,9].

2.4. Boundary Conditions

Simulations were performed using a transient approach with a steady solution as the
initial condition. The boundary conditions for each case are shown in Table 4. Specifically,
Case 3 has a forced air stream of 720 kg/h, and the EA ratio was lower than 1 for the lean
mixture process [5]. Here, the EA ratio is defined as the function of the stoichiometric and
actual air flows, as shown by Equation (22):

EA =

.
mactual air

.
mstoichiomtric air

− 1 (22)
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Table 4. The boundary conditions.

Case Design Model
Fuel Inlet Air Inlet

Fuel (CO) Mass Flow Rate
(kg/h)

Pressure (Pa),
Air Mass Flow Rate (kg/h)

1 M1
.

m f = 180 pin = 0
2 M2

.
m f = 180 pin = 0

3 M1
.

m f = 180
.

mair = 720 (by a fan)
4 M3

.
m f = 180 pin = 0

5 M3
.

m f = 32 pin = 0
6 M3

.
m f = 54 pin = 0

7 M3
.

m f = 108 pin = 0

The flame arrestor is modeled by the Forchheimer equation as a momentum sink in
the momentum equation. The experiment was conducted to determine the coefficients in
Equation (23). The pressure drops across the flame arrestor and the corresponding flow
rates in various flow rate conditions were measured using a differential pressure gauge
and a flowmeter, respectively, without chemical reaction. Figure 5 shows the experimental
data and quadratic fit based on the Forchheimer equation for the velocity–pressure drop.

∆Px = 12.23V2 − 8.62V (23)
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Figure 5. Relationship between pressure drops and velocity in the flame arrestor.

Compared with Equation (3), where ρ = 1.14 kg/m3; µ = 1.784× 10−4; and ∆n = 25 mm,
it was determined that the viscous resistance factor was 1/α = 1.9× 107, and the inertial re-
sistance was C2 = 798. Because the effect of the porous media is valid only in the z-direction,
it was set to a large arbitrary number, 1/α = 2.0× 108, in the x- and y-directions.

2.5. Grid Independence Test

To determine the best computational grid system a grid independence test was con-
ducted with various mesh densities. A coarse mesh was defined as having 4 million
elements; medium mesh, 8 million elements; fine mesh, 12 million elements; and an extra-
fine mesh, 19 million elements. Figure 6 shows the combustion efficiency with various
grid systems; here, the combustion efficiency is defined as the carbon conversion efficiency
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(η), as the ratio of the carbon mass flow rate in the produced CO2 and in the fuel (CO)
stream [18], as shown in Equation (24).

η =

.
mcarbon in produced CO2

.
mcarbon in fuel (CO)

× 100% (24)
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There was a minor difference when the number of elements was higher than 8 million.
To optimize the computational time and memory usage of the computer, as well as the
accuracy of the data, the fine mesh was chosen as the standard for the main simulations.

3. Result and Discussion
3.1. Effect of a Flame Arrestor

The effect of a flame arrestor on flow within the fuel tubes is shown in Figure 7. The
flame arrestor was modelled as a porous media region. Figure 7a depicts the significant
non-uniform velocity distribution on the rings when a flame arrestor does not exist. Because
the fuel is injected from the inlet on the left, higher velocity tends to occur on the right of
the tubes as a result of the inertia of fluid. A relatively uniform velocity distribution forms
after the fuel passes through a flame arrestor, although a slight difference between the left
and right sides of the pipe remains. The comparison of velocity distribution along the axial
direction of the pipes between the case without and with the flame arrestor can be seen
in Figure 7b. The average velocity inside the flame arrestor (porous zone) was 2.7 m/s,
corresponding to a pressure drop of 62 Pa.
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3.2. Effect of Combustor Design Parameters on the Combustion Performance

The effect of the air inlet on the efficiency of combustion was investigated. Figure 8
shows the velocity distribution on the axial plane with three different design parameters
for the combustor. Case 1 had a normal-sized air inlet (da = 0.15 m) with a square section;
Case 2 had a larger air inlet (da = 0.25 m), and Case 3 had a normal-sized air inlet with
a fan. For Case 1 and Case 2, the pressure boundary condition was applied at the air
inlet, whereas for Case 3, constant airflow of 720 kg/h was set to model the fan. The
airflows for Case 1 and Case 2 were calculated to be 103 kg/h and 106 kg/h, respectively.
The combustion efficiencies of Case 1 and Case 2 were 63% and 64%, respectively, as
shown in Table 5. Higher performance (84%) was obtained in Case 3, in which more air
flows into the combustion chamber by means of a forced stream. Figure 9 shows the
temperature distribution in the axial plane under various air mass flow rate conditions.
The temperature was highest at the center and decreased toward the wall. The results show
that the combustion efficiency depended on the air flow rate, with the size of the air inlet
having only a minor effect.
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Table 5. Comparison of the fuel and oxygen mass flow rates and combustion efficiency.

Case 1 Case 2 Case 3

Fuel mass flow rate,
.

m f uel(kg/h) 180 180 180
Air mass flow rate,

.
mair(kg/h) 103 106 720

Combustion efficiency, η (%) 63 64 84

The effect of the stack height on combustion efficiency was also investigated by
considering stacks of 2 m and 4 m. It is known that a higher stack enhances airflow
coming into the combustor by the buoyancy effect, which in turn improves the combustion
performance. Figure 10 compares the velocity and temperature at different stack heights.
The average velocity was 0.9 m/s for a stack of 2 m and 1.4 m/s for a stack of 4 m. The
combustion performance was 63% and 94% for stack heights of 2 m and 4 m, respectively.
Thus, the combustion performance was enhanced by 50% when the stack height increased
from 2 m to 4 m. This agrees with stack effect that was described in reference [2]. In
particular, it was observed that most of the airflow entered the combustor through the
center pipe because the horizontal connecting tubes hindered the flow of air to the other
surrounding pipes.
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3.3. Effect of the Fuel Mass Flow Rate (FMR) on Combustion Performance

Figure 11 shows the EA ratio as a function of the FMR. A lower FMR produces a higher
EA ratio, and vice versa. Thirteen times more air, relative to stoichiometric air, was present
when the FMR was 32 kg/h. The EA ratio was 1.1 at the maximum FMR with complete
combustion (Case 4). A higher EA number is more efficient, but it causes a higher level of
NOx emissions, as shown in Figure 12. The relationship of EA ratio and NOx emissions
with fuel mass flow rate showed a similar trend to that in the previous study [3,5]. The
FMR must be less than 180 kg/h for complete combustion.
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Figure 11. Excess air ratio and efficiency at different fuel mass flow rates.
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Figure 12. NOx emission and excess air ratio at different fuel mass flow rates (z = 3 m).

As plotted in Figure 13, it was observed that the temperature was symmetrically
distributed along the center line of the stack, which prevented direct flame from affecting
the insulation material on the stack wall. As the fuel mass flow rate increased, the outlet
temperature also increased gradually due to an increase in the volume flow rate of the air,
which led to an increase in the heat generated by the reactions. The maximum temperature
was near the central region and tended to decrease gradually toward the near-wall regions.
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The maximum temperature at the inner walls did not exceed 1450 ◦C, as shown in Figure 13,
which satisfied the conditions required by these materials.
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4. Conclusions

The conjugate heat transfer analyses of the process of combusting VOCs and heat
transfer in the insulated wall layer were conducted by using a standard k− ε turbulence
model and the EDM for chemical reaction modeling. Based on the numerical simulations,
detailed thermal fluid flow characteristics of natural and forced combustion in a VOC
burner with the effect of a flame arrestor were obtained.

Results showed that the size of the air inlet had only a minor effect on combustion
efficiency and that the airstream forced by a fan significantly enhanced the combustion
performance. In particular, increasing the height of the stack from 2 m to 4 m greatly
increased combustion efficiency from 63% to 94%, with a 50% increase in the incoming
air flow rate by natural convection, which emphasizes the importance of stack height in
combustor design. In addition, from the heat conduction analysis for the stack wall, the
heat insulation system of the considered model has been shown to effectively prevent
heat transfer to the outer wall surface. Further detailed parametric studies for different
configurations of VOC burner will be necessary.
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Nomenclature

A Convection area
(
m2) 3D 3-dimensional

EDM Eddy dissipation model ε Rate of dissipation
(
m2/s3)

FMR Fuel mass flow rate (kg/h) h f Heat transfer coefficient
(

W/m2K−1
)

g Gravitational acceleration (m/s2) ρ Density
(
kg/m3)

IDF Inverse diffusion flame Sk,ω User− defined source term
(
N/m3)

NDF Normal diffusion flame Tf Free
SST Shear stress transport ui Velocity (m/s)
t Time (s) µt Turbulent viscosity (Pa·s)
VOCs Volatile organic compounds ω Specific dissipation (1/s)
1D 1-dimensional xi Direction component (m)
V Magnitude velocity (m/s) µ Viscosity (Pa.)
∆P Pressure drop (Pa) k Turbulence kinetic energy

(
m2/s

)
∆n Length of porous media (m)

=
τ Stress tensor (N)

P Pressure (Pa)
→
u Velocity vector (m/s)

H Enthalpy (J/kg) Fh,i Energy flux of species j (W)
→
Ji Diffusion flux

(
kg/m3s

)
Ri Net rate of product

(
kg/m3s

)
Tw Wall E Total energy (J/kg)
λc Thermal conductivity

(
W.m−1K−1

)
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