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Abstract The temperature distribution inside a low-
temperature combustion chamber with circuited flame
path during the low temperature pyrolysis of lignite was
simulated using the computational fluid dynamics software
FLUENT. The temperature distribution in the Uhde com-
bustion chamber showed that the temperature is very non-
uniform and could therefore not meet the requirements for
industrial heat transfer. After optimizing the furnace, by
adding a self-made gas-guide structure to the heat transfer
section as well as adjusting the gas flow size in the flame
path, the temperature distribution became uniform, and
the average temperature (550-650 °C) became suitable
for industrial low-temperature pyrolysis. The Realizable
k-epsilon model, P-1 model, and the Non-premixed model
were used to calculate the temperature distribution for the
combustion of coke-oven gas and air inside the combus-
tion chamber. Our simulation is consistent with our experi-
mental results within an error range of 40-80 °C. The one-
dimensional unsteady state heat conduction differential
equation Pcoqi Ceoal % = %(i%) can be used to calculate
the heat transfer process. Our results can serve as a first
theoretical base and may enable technological advances
with regard to lignite pyrolysis.
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List of symbols

a The three-dimensional length of the exhaust gas out-
let (mm)

b The three-dimensional width of the exhaust gas out-
let (mm)

C The linear anisotropic phase function coefficient

C The specific heat (J K/kg)

C,. The default value determined from experiments for
fundamental turbulent flows

C,  The default value determined from experiments for
fundamental turbulent flows

D,  The three-dimensional outside diameter of the fuel

inlet (mm)

D,  The three-dimensional outside diameter of the air
inlet (mm)

G The three-dimensional incident radiation

G,  The turbulent energy which was resulted from mean
velocity gradient

G,  The turbulent energy affected by buoyancy

h The enthalpy (J/kg)

1 The radiation intensity

k The kinetic energy

L The three-dimensional diameter of the combustion
chamber

qr The three-dimensional radiation heat flux

Sk The user-defined source terms

The user-defined source terms

Sg A generalized source term

T The carbonization temperature (°C)

T The inlet temperature of the fuel (K)

T,. The inlet temperature of the fuel (K)

T A user input for PDF models (K)

t The carbonization time (sec or min)

W The three-dimensional mean velocity of fluid-flow

(m/s)
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\" The three-dimensional volumetric flow rate of fuel
or air (m>/h)

X The two-dimensional heat transfer distance (mm or
m)

Yy The compressible turbulent fluctuating inflation’s
effect on the total dissipation rate

Greek symbols

¢ A variable

r A generalized diffusion coefficient corresponding to
variable ¢

a The absorption coefficient

o The scattering coefficient

oy The turbulent Prandtl numbers for &

o, The turbulent Prandtl numbers for £
w; The mass fraction of the element i
o, The value of oxidizer inlet

w;  The value of fuel flow at the entrance

The default value determined from experiments for
fundamental turbulent flows

) The mixture fraction

P The density of solid coal/coke or gas (kg-m™>)

& The dissipation rate

A Heat conductivity coefficient (W/m-K)

ko The effective thermal conductivity (W/(m-K))

Subscripts

ad Air dried base
daf  Dry ash free base
eff  Effective

i 1,2,3...

io The oxidizer inlet
if The fuel inlet

t Total

1 Introduction

Large reserves, more than 56.1 billion tons of low-rank
coal resources like lignite, long flame coal and non-caking
coal are proved to exist in China. Among these resources,
the proved reserves of lignite are more than 13 billion tons
[1]. Therefore, the technology which converts low-rank
coal efficiently to alternative fuel is commercially impor-
tant. The low-temperature pyrolysis of coal is an important
technology for utilizing low-rank coal. During the process,
coal is transformed into pyrolysis gas, low-temperature tar
and semi-coke by heating up to 500-600 °C while ensur-
ing air isolation or non-oxidation [2—6]. Extensive research
and development of low temperature pyrolysis for low-rank
coal is carried out by researchers all over the world [7-9].
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The Uhde furnace is a continuous externally heated vertical
pyrolysis oven, which was designed by British Uhde Com-
pany in 19th century. It has been reformed for producing
coal-oven gas and its coke byproduct after its introduction
to China in the 80s. Two types of flame-structures can be
used in the combustion chamber. One is the vertical flame
path with its upward or downward orientation in which the
gas flow resistance is small. The other is the circuited flame
path with a segmented heating structure in which the gas
flows like a “snake”. The latter transfers heat slowly which
can reduce the temperature difference between the upper
and lower layers in the carbonization furnace [10].

The disadvantages of the Uhde furnace with the cir-
cuited flame are: (1) The temperature difference along the
flame path in each layer is too high to meet the require-
ments for low temperature pyrolysis in the range of 500—
600 °C. (2) Because of the high temperature needed for the
production of coke, the overall gas consumption is large.
Reducing the gas consumption for the low temperature
combustion chamber leads to a non-uniform distribution
of temperature. In order to reach the desired temperature
range of 500-600 °C, a low-temperature combustion cham-
ber with a circuited flame path was developed by our team.
In addition, a heat resisting silica brick was used to produce
this section. By adding our gas guide-structure (at the base
of the furnace) and adjusting the gas flow size in the flame
path, the circuited flame path could be optimized. This ena-
bles a more uniform temperature distribution throughout
the pyrolysis area, and hence satisfies the industrial require-
ments. In the upper part of the circulated combustion cham-
ber, a vertical flue was selected, and high thermal conduc-
tivity cast iron was used to manufacture the thin chamber
wall.

Lukasz et al. [11] developed a validated coupled CFD
model of a coke oven battery and analyzed the thermal pro-
cesses within coke oven charge. A two dimensional tran-
sient model of coal carbonization was developed by Wei
et al. [12] to simulate the coking process including heat
transfer and fluid flow in the coking chamber. Raiee et al.
[13] had studied the optimization of the angle of curvature
for a Ranque-Hilsch vortex tube, using both experimental
and Reynolds stress turbulence numerical modeling. The
numerical study was done by full 3D steady-state CFD-
simulation with FLUENT 6.3.26. However, until now, only
a few studies describe the flow and heat transfer processes
in the low temperature carbonization furnace by means
of numerical simulation [14-16]. In this work, we used a
commercial software package (ANSYS Fluent) to calculate
not only the internal temperature field distribution in the
optimized Uhde furnace but also the heat transfer process
in the low temperature carbonization furnace.
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Table 1 The main
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Fig. 1 The structure of the combustion chamber in the Uhde furnace
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Fig. 2 The structure of the optimized combustion chamber

2 Experimental
2.1 Fuel gas composition

The composition of the fuel gas, coke oven gas (COQG) is
shown in Table 1.

2.2 Combustion chamber

The combustion chamber is cuboid and the exhaust gas
outlet is at the top. The double-pipe burner is located
on the side of the chamber. The non-optimized com-
bustion chamber (2600 x 300 x 1960 mm) is shown in
Fig. 1. The structure of the low-temperature combus-
tion chamber (2600 x 300 x 1680 mm) after simulation

Pyrolysis
Section

Heat
Transfer
Section

Top view

I O O R %i}.-'..‘

2600mm -

Pyrolysis
Section

Heat p—— %
’ Self-developed Gas Guide Structure | T:nsfer l,{’ ~—l‘|']“
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optimization and experimental verification is shown in
Fig. 2.

3 Numerical model
3.1 Mesh size and boundary conditions

The geometric model of the combustion chamber is divided
into a small grid using the regional method [17]. The
method helps to divide complex physical domains or topo-
logical structures into a simple grid (the structure block of a
grid) according to individual shapes. Both fuel and air-inlet
of the combustion chamber were divided using the T-grid
method to form a tetrahedral grid. The furnace (rectangle
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Table 2 Interval size and mesh number

Interval size/m Mesh number

Uhde combustion chamber 0.02 29232
Optimized combustion chamber 0.02 26651
Carbonization furnace 0.02 28320

part) was divided using the Hex/Wedge copper method [18]
to form a hexahedral grid. The different interval sizes and
mesh numbers are shown in Table 2.

The circle channel (internal pipe) in the center of the
nozzle was used for the delivery of coke -oven gas while
the ring channel (external pipe) was used to supply air.
Typically, the air excess coefficient of the coke oven was
set in the range of 1.1-1.25 [19].

The same geometry size and fuel flow rate of the cir-
culated combustion chamber were selected according to
the industrial Uhde carbonization furnace. The flow rate
of the COG was deduced from the production of semi-
coke, which was calculated using the heat flux equilib-
rium. The flow rate of COG was chosen to be 32 m?/h.
As shown in Fig. S1, the average temperature of the
cuboid combustion chamber could achieve the maxi-
mum value by keeping the COG flow rate at 32 m%/h,
which had been discovered in our previous study. The
corresponding air coefficient is 1.25; the fuel and air-
flow are 32 m*/h and 175 m>/h respectively. So 32 m*/h
and 175 m’/h were selected as the flow rates of COG
and air respectively, and the fuel diameter was 32 mm.
The boundary conditions of the gas inlet, air inlet and
gas outlet are all shown in Table 3 and correspond to
Fig. 2.

3.2 Governing equations

General equation governing the conservation of mass,
momentum, energy and species in gas phase and solid
phase can be expressed as:

%(mﬁ) +div(p i ¢) = div(Igrad) + Sy (1)

where p is the (either solid coal/coke or gas) density in
kg m~, 7 is the mean velocity in m s~', ¢ is a general var-
iable, I' is a generalized diffusion coefficient corresponding
to variable ¢, S¢ is a generalized source term.

3.3 Model of combustion
3.3.1 Turbulence model

The turbulent modified model (Realizable k- model) [20]
was selected as turbulent model. Turbulent kinetic energy
and its dissipation rate transport equation for the Realizable
k-¢ model were presented as follows.

% oy = A KL ey Yo + S
—(pK) = — — ) — — pg —
5P ox; M or ) % k b= P M+ 5c (2)

9 9 we\ de
—(e)=—|{u+—|—| +pCiGS;
ot og ) 0x;

ox; e i
O LB CnGy S 3)
P 2k+ﬁ lsk 3:0p 3
where: C; = max |0.43, n% , n= S%, S =./285;S;j As

shown in Egs. (2) and (3), G, represents the turbulent energy
that results from the mean velocity gradient, G, stands for
the turbulent energy affected by buoyancy. Yy, is the com-
pressible turbulent fluctuating inflation effect on the total
dissipation rate. C, and C,, are constant. o, and o,, are tur-
bulent and the dissipation rate of turbulent Prandtl number
respectively. In the software Fluent, C;, = 1.44, C, = 1.9,
o, = 1.0, o, = 1.2 are the default values (constant).

The Realizable k-¢ turbulence model showed the best
agreement with the experimental and analytical data availa-
ble. The Realizable k-¢ turbulence model is derived from the
instantaneous Navier—Stokes equations [21]. The term “real-
izable” means that the model satisfies certain mathematical
constraints on the Reynolds stresses and that it is consistent
with the physics of turbulent flow. The analytical derivation
of the Realizable k-¢ turbulence model, its constants and
additional terms and functions in the transport equations for
k and ¢ are different from those in the standard k-¢ and RNG
k-¢ models. This model can be used for different flow types,
including spin-uniform shear flow, free flow (jet and mixing
layer), cavity flow and boundary layer flow. For the simula-
tion of round-shape jet and flat jet flow types, the Realizable
k-¢ model could give a better jet expansion angle. The turbu-
lent modified model was chosen in our simulation.

3.3.2 Radiation model

Considering the non-premixed combustion of coke-oven
gas and air reaching maximum temperature of 2300 K,

Table 3 Parameters and the Combustion chamber

Boundary conditions

Parameters

boundary conditions of the
simulated operating conditions Fuel inlet
Air inlet

Exhaust gas outlet

Velocity-inlet
Velocity-inlet
Pressure-outlet

D, =32 mm,V = 32 m¥h, Ty, = 293.15K
D, = 32 mm,D, = 80 mm,V,;, = 175 m¥%h, T,;, = 293.15 K

air > Lair

a =b =250, 200, 150, 100, 100, 100 mm
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radiative heat transfer had to be taken into account. Our
simulation used the P-1 radiation model. The P-1 radiation
model is used to calculate the flux of the radiation inside
the combustion chamber. It is the simplest case among
the more general P-N radiation models derived from the
expansion of the radiation intensity (/) into an orthogonal
series of spherical harmonics [22-24]. If the former four
sections of orthogonal spherical harmonic function are
taken, the following equation can be obtained for the radi-
ation heat flux q,:

1

_3w+ag—c%VG “)

qr =
here, a is the absorption coefficient, o, is the scattering
coefficient, G is the incident radiation, C is the linear ani-
sotropic phase function coefficient respectively.

Moreover, the P-1 model requires relatively lit-
tle computing power and can be applied more read-
ily to various complicated geometries. It is suitable
for applications where the optical thickness (aL) is
large (a is the absorption coefficient and L is the
length scale of the domain). The absorption coeffi-
cient (a) can be a function of local concentrations
of different species, path length and total pressure.
On the other hand, the Weighted-Sum-of-Gray-Gases
model (WSGGM) was chosen for calculating the var-
iable absorption coefficient [25]. We used the default
value of the convergence criteria for the P-1 model:
107°.

3.3.3 Model of non-premixed combustion

Coke-oven gas and air flow into the combustion chamber
via separate paths. Hence, we used the Non-premixed com-
bustion model in the simulation [26, 27]. The purpose of
this model is not to solve every species transport equation,
but to solve one or two conserved scalars (mixture fraction)
of the transport equation, and then to derive the concentra-
tion of each component from the predicted mixture frac-
tion. Under certain conditions, the transient thermal state of
a fluid is important for a conserved quantity. The mixture
fraction is characterized by w, which originates from the
element mass fraction of fuel flow.
Wi — Wi

“ Wif — Wip )
Here w; stands for the mass fraction of the element i and
w;, stands for value of the oxidizer inlet while w; is the
fuel flow at the entrance. The mixture fraction is a topo
mass fraction which is included in every component (CO,,
H,0, O,, etc.)including burned and unburned fuel flow ele-
ments. This approach is mainly used to simulate turbulent
diffusion flames.

2500
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Fig. 3 Temperature dimensional change map and the mean mixture
fraction

The non-premixed combustion model and Probability
Density Function (PDF) were chosen for simulation of the
chemical reaction. The non-premixed modeling approach
offers many benefits over the finite rate formulation. This
model allows intermediate (radical) species prediction,
dissociation effects, and rigorous turbulence—chemistry
coupling. The method is computationally efficient as it
does not require the solution of a large number of species
transport equations. When the underlying assumptions are
valid, the non-premixed approach is preferred over the
finite rate formulation. This model can be used only when
the reacting flow system meets several requirements. First,
the flow must be turbulent. Second, the reacting system
includes a fuel stream, an oxidant stream, and, optionally,
a secondary stream (another fuel or oxidant, or a non-
reacting stream). Finally, the chemical kinetics must be
fast enough so that the flow is near chemical equilibrium.
The mean combustion temperature of the simulated PDF is
shown in Fig. 3.

If the value of the mean mixture fraction is zero and one,
it represents air flow and fuel flow, respectively. As shown
in Fig. 3, while the mean mixture fraction value is <0.1, the
average temperature could be as high as 2300 K.

The PRESTO and SIMPLE algorithms are employed in
the present study for pressure interpolation and pressure—
velocity coupling, respectively. The thermal properties of
the species are given as functions of temperature and stand-
ard atmospheric pressure (1.013 x 10° Pa).

3.4 Model of heat transfer

All the required functions describing temperature
changes, heat transfer, the kinetics of the volatile
release, moisture evaporation and vapor condensation
have been investigated with the ANSYS-Fluent soft-
ware [14-16]. The model of the Uhde carbonization
furnace is based on the following assumptions: (1) The

@ Springer
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Fig. 4 The schematic of the “Vector”

process is two dimensional. (2) The lignite assumed to
be porous. (3) The diffusion of the gas product is neg-
ligible. The mathematical model is established by con-
sidering the heat conduction process in solid materials.
The solid’s coefficient of thermal conductivity, radiation
heat-transfer, as well as the gas’s convection and radia-
tion heat transfer coefficient were calculated, and fitted
as a unified thermal conductivity coefficient. The solid
within the model has no relative motion and the interior
of it is without its own heat source. The energy equation
and the enthalpy variable equation are shown in Eqs. (6)
and (7) respectively. During the heat transfer process,
the vector from the interface between the carboniza-
tion and combustion chamber to the parallel isother-
mal surface within the carbonization furnace was used
to simulate the one-dimensional unsteady state heat
conduction; The schematic of this “vector” was shown
in Fig. 4. After considering the change of the thermal
physical properties, we can formulate the approximate
one-dimensional unsteady state heat conduction differ-
ential equations as shown in Eq. (8).

a(ph)
P2 =V (e VT) ©)
t
T
h= / CpdT (7
Trer
oT a oT
Pcoal Ceoal E = 5(’15) (8)

Where «,; effective thermal conductivity (W/(m K)), h
enthalpy (J/kg), p density (kg/m?), C specific heat (J K/
kg), T carbonization temperature (°C), t carbonization
time (sec or min), X heat transfer distance (mm or m).

The coefficient of effective thermal conductivity was
imported into the heat transfer by the running program of
the User-defined function (UDF) files.

@ Springer

3 W
700 L“'gﬁ“J 80! sl 60 e 0 fosas ez 000 500

900

temperature
900 1800
1600
1400
1200
1000
800
600
400

1000
1100 1000

Fig. 5 Simulated temperature distribution in Uhde combustion cham-
ber (Temperature:K)

4 Results and discussion
4.1 The optimization of the Uhde combustion chamber

4.1.1 The temperature distribution in the original Uhde
combustion chamber

In the Uhde combustion chamber, COG of 32 m>h and air
of 175 m*/h were burned. The simulated temperature distri-
bution is shown in Fig. 5. Before each experiment, a tem-
perature calibrating instrument (FLUKE-714) was used to
calibrate the thermocouples for the measurements.

As shown in Fig. 5, the high temperature concentrated in
the first and second layer of the combustion chamber, and
temperature distribution in the third, fourth and fifth layers
was not uniform, failing to satisfy the industrial production
of semi-coke. To test and verify the accuracy of our simu-
lation results, with the same chamber set-up and working
conditions, an experiment (actual combustion) was carried
out. Combustion and boundary conditions were shown in
Table 4. The thermocouple (type B) was used to measure
temperature. Before every experiment, a temperature cali-
bration took place.

The bottom-left corner in Fig. 5 was set as the coor-
dinate origin. As shown in Table 5, the points 1-4, 5-7,
8-10 and 11-13 were stand for the temperature measure-
ment locations in the second, third, fourth and fifth layer
of the original Uhde combustion chamber. The simulated
temperature could be obtained via different honrizontal and
vertical positions in Fig. 5. The structure of the experimen-
tal combustion chamber was same to the simulated Uhde
combustion chamber. And the combustion experiment was
carried out at working condition 1. The experimental tem-
perature of the corresponding points was obtained after the
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Table 4 Combustion conditions and boundary conditions
Fuel Working Structure of Heat transfer Fuel pressure Excessive air Gas flow Air flow
conditions combustion chamber conditions (KPa) coefficient (m’/h) (m’/h)

COG 1 Uhde Two-side 2.1 1.25 32 175

Circuited Adiabatic

Flame path
Table 5 The specific location Number 1 2 3 4 5 6 7 8 9 10 11 12 13
of measuring points )

Second layer Third layer Fourth layer The fifth layer
Location (mm) x =325 1000 1600 2200 300 1000 1900 650 1300 1950 650 1300 2300

y=610 610 610 610 1010 1010 1010 1410 1410 1410 1780 1780 1780
1200
900 | —a— Experiment
—e— Simulation QO 1000
~ =1
oo E
o g T ./.\
= =Y
2 = n
= 600 | 5
5 = 600}
o & \
: 5 :
= 2 400}
<
300 | 200
PN U U I U I S RN R U N U 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6

Measuring points

Fig. 6 Temperature comparison chart in working condition 1

temperature stabilized for 10 h, and these data was com-
pared with the simulation data, as shown in Fig. 6.

As shown in Fig. 6, the difference between experimen-
tal and simulated value is within 40-80 °C,indicating that
the numerical calculation can successfully describe the
real temperature distribution in the Uhde furnace. Both the
vertical and horizontal temperature gradient in each layer
vary considerably. The Uhde combustion chamber was then
optimized to achieve a homogeneous temperature distribu-
tion and meet the industrial pyrolysis requirements. First,
we changed the size and direction of the exhaust gas outlet
in every flame path layer at the base of the chamber. Then
we added our self built gas guide structure in the heat trans-
fer section.

4.1.2 Structure optimization of the Uhde combustion
chamber

To tackle problems existing in the combustion chamber (as
shown in Fig. 5), the space of the chamber was reduced by

Different layers

removing the fifth layer flame path. In addition, the struc-
ture of the heat transfer section was modified, the vertical
space of heat transfer section was increased, and a special
self-developed gas guide structure was installed. By adding
our gas guide and increasing the height of the heat transfer
section, the turbulence of the flue gas present in the heat
transfer section could be increased, and create a more uni-
form high-temperature distribution. Furthermore, by reduc-
ing the height of the combustion chamber, we needed fewer
silica bricks and the temperature could reach a uniform dis-
tribution easier in the smaller space. This is very helpful for
industrial production. COG of 32 m*/h and air of 175 m*h
was burning in the combustion chamber. The simulated
temperature distributions of different optimization plans
are shown in Figs. 7, 8, 9, 10, 11.

By selecting the temperature of corresponding points in
Figs. 7, 8, 9, 10, 11, we can get the vertical and horizontal
temperature distribution of plan 1 to plan 5, as shown in
Fig. 12. The bottom-left corner of each figure was set as the
coordinate origin.

@ Springer
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As shown in Fig. 12, comparing the horizontal and
vertical temperature gradient, we can clearly see that:
the horizontal temperature gradient arranged in the order
of: Plan-1 > Plan-4 > Plan-3 > Plan-2 > Plan-5; the ver-
tical temperature gradient arranged in the order of:
Plan-4 > Plan-3 > Plan-2 > Plan-1 > Plan-5.

The horizontal and vertical temperature gradient of
Plan-5 was the smallest and this combustion chamber could
meet the industrial heat transfer requirements. So, Plan 5
was selected as the optimal structure.

4.1.3 Comparison between experiments and simulated
results

For the optimized combustion chamber of plan 5, the burning
experiments were carried out. The gas guide structure was
installed in the heat transfer section and the optimized solu-
tion of plan 5 adopted in the pyrolysis section. At the same
time, a carbonization furnace was built to investigate the heat
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Fig. 12 Average temperature distribution of optimization Plan1-5

transfer. The experimental set-up of the carbonization fur-
nace (2600 x 300 x 1680 mm) is shown in Fig. 13. Com-
bustion conditions and boundary conditions are shown in
Table 6. Temperature is measured by B-type thermocouples.

A chart comparing the simulated and experimental
results is shown in Fig. 14. The points 1-5, 6-10 and 11-14
are the temperature measuring points in the second, third
and fourth layer of the flame path respectively. The exact
locations of these points in the two-dimensional rectangu-
lar coordinate system are shown in Table 7.

As can be seen from Fig. 14, the errors range for both
experiment and simulation is 40-80 °C.

This suggests that the numerical simulation works well
to describe the temperature distribution in optimized Uhde
furnace. The horizontal and vertical temperature gradient
was smaller than 100 °C. The average temperature of the
different layers in the pyrolysis section equalizes and the
overall temperature is about 600 °C. This means we meet
the industrial criteria for low temperaure pyrolysis with
plan 5.
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Fig. 13 Experimental set-up of
the carbonization furnace
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Table 6 Combustion and boundary conditions

Combustion Chamber

{—Carbonization Furnace

1

R R A E R
[ L L O S R
T

Fuel Working Structure Heat transfer Pressure Air coefficient Gas flow Air flow
conditions conditions (KPa) (m/h) (m’/h)
COG 2 Optimized Uhde One side adiabatic 2.1 1.25 32 175
furnace
1000 1000
900 —— Experiment
—e— Simulation
800 |- O 800 |
| 2
< 700} =
: :
g 600 | g 600 | —_— R
E s P
B 0
= 5
400 - Z 400}
300 |-
200 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 N N N N
0 2 4 6 8 10 12 14 16 200 1 ; ; ; 5
Measuring Points Different layers
Fig. 14 Temperature comparison charts of working condition 2
Table 7 The specific location of measurment points
Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Second layer Third layer Fourth layer
Location (mm) x=433 866 1299 1743 2165 433 866 1299 1732 2165 433 866 1500 2165
y=730 730 730 730 730 1130 1130 1130 1130 1130 1505 1505 1505 1505

4.2 Simulation results and experiment of heat transfer

The COG (flowing at 32 m3/h) was burned in the opti-
mized combustion chamber together with air (flow rate
175 rn3/h). After the temperature became stabilized, raw
coal of Inner Mongolia lignite (grain size 10-15 mm) was
delivered into the carbonization furnace. Unilateral heat

@ Springer

transfer was tested with the optimized circuited flame path
combustion chamber. Variation trends of average tempera-
ture following the carbonization time are shown in Fig. 15
and the proximate and ultimate analysis of lignite and its
semi-coke are shown in Table 8. The simulated tempera-
ture trends in the carbonization furnace at the measure-
ment points are shown in Fig. 16. A comparison between
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Fig. 15 Average temperature at the measurement points

the simulation and the experimental results (x = 0.35 m) is
shown in Fig. 17.

As can be seen from Fig. 16 and Fig. 17, during the pro-
cess of combustion and heat transfer, the average tempera-
ture among corresponding points of the combustion cham-
ber remains at 550-650 °C, which is a suitable heat source
for low-temperature pyrolysis. The proximate and ultimate
analysis (Table 8) of lignite semi-coke, taken from the mid-
dle of the carbonization furnace after 35 h, indicates that
the low temperature pyrolysis of lignite had finished after
this time. This by-product can meet the industrial require-
ments. At the same time, this confirms that the low-tem-
perature combustion chamber and the produced semi-coke
meet the industrial requirements for low-temperature pyrol-
ysis. As shown in Fig. 17, the simulated temperature curve
is consistent with the measured temperature curve.

Overall, this study can provide a theoretical framework
to better understand and further optimize the lignite pyroly-
sis technology.

5 Conclusions

1. The results of the experiments described in this work
aimed to solve the uneven temperature distribution
existing in the industrial Uhde combustion cham-
ber and to study the heat transfer properties within
the low-temperature carbonization chamber. A CFD
flow solver based on finite volume method (ANSYS-

1000
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S
T

15)

g

2 — X=0.375m|

S 600 —— X=0.25m

g, —— X=0.275m

g ——X=0.3m

ﬁ ——X=0.325m
400 — X=0.35m

S5 0 5 10 15 20 25 30 35 40
Carbonization time(h)

Fig. 16 Simulated temperature trends at the measurement points
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\; —o— The experimental results
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0 10 20 30 40 50

Carbonization time (h)

Fig. 17 Comparison between the simulated results and the experi-
mental results (x = 0.35 m)

Fluent) is adopted to optimize the chamber, by add-
ing our gas guide structure to the heat transfer section
and adjusting the gas flow size in the flame path, the
optimum structure was obtained. By adopting this opti-
mum structure, the temperature distribution within the
combustion chamber is now uniform and the average
temperature can meet the conditions (500-650 °C) for
low-temperature pyrolysis. Meanwhile, the simulation
reflects the experimental results within an error range
of 40-80 °C, which satisfying industrial requirements.
2. The Realizable k-¢ turbulence model, P-1 radiation
model, and the Non-premixed combustion model are

Table 8 Properties of the

R > Sample Proximate analysis/wt% Ultimate analysis/wt%, daf
lignite and the semi-coke
Mad Aad Vdaf C H o N S
NM lignite 18.60 11.83 50.44 72.10 3.85 22.27 1.52 0.26
Semi-coke 2.43 23.40 14.09 86.76 3.36 7.95 1.44 0.49
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all suitable for simulating the temperature field distri-
bution for the combustion of coke-oven gas and air in
the combustion chamber.

The one dimensional unsteady state heat conduction
differential equation P.pq; Ceoal % = %(A%) can be
used to describe the heat transfer process. The calcu-
lated temperature curve in our study is consistent with
the measured data. Our research of the optimized Uhde
carbonization furnace provides a theoretical and tech-
nical basis for the lignite pyrolysis. Further studies are
underway to properly model the heat transfer process
in the low-temperature carbonization chamber, includ-
ing water vapor migration and phase change effects,
particle size of lignite as well as the thickness of car-
bonization furnace change effects, and to simulate
more precisely the temperature distribution about lig-
nite pyrolysis.
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