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Abstract
Three-dimensional computational �uid dynamics according to the actual size of carbonization square
furnace was performed, the standard k-ε model, the �nite-rate/eddy-dissipation model and the P1
radiation model were adopted to simulate the �ow of gases, the combustion of gas mixture and the heat
transfer process, a mathematical model for square furnace was established when the porous medium
model was selected for approximate replacement of coal seams in the furnace. The temperature and
pressure �elds with eight particle sizes of coal were also investigated and compared to �ve groups of
conditions in the actual industrial production. The results showed that furnace witnessed dropped
temperature, increased pressure, and gradually accelerated decline in the volume percentage of the
carbonization zone with decreasing particle size of coal. However, the trends of �ow �eld distribution
were similar under different particle sizes, the maximum temperature and pressure presented an
approximately linear decline and an approximately exponential growth, respectively. The temperature
difference at the same height gradually narrowed with the gradual increase in the coal seam height under
the same particle size. Moreover, the comparison between the numerical simulation results and industrial
practice revealed a temperature and pressure error both lower than 6.25% and 12.8%, respectively.

1. Introduction
Carbonization furnaces are major devices used in the low temperature carbonization production and can
be classi�ed into external heating type, internal heating type, and hybrid heating type according to
heating modes [1]. The vertical internally heated low temperature carbonization square furnace (SJ
carbonization furnace) developed by Shenmu Sanjiang Coal Chemical Industry Co., Ltd. is designed on
the basis of Woodall-Duckham Gasi�er after focusing on the advantages of relevant furnace models and
the experience from local production practice worldwide. It is a new “native” furnace model that can
adapt to the characteristics of low metamorphic coal in northern Shaanxi Province [2]. In general,
pyrolysis reactors for the heat transfer and mass transfer require raw coal with different particle sizes [3].
SJ carbonization furnace can obtain a relatively high proportion of target product in the pyrolysis of lump
coal with the particle size in the range 30~80 mm [2, 4]. However, when it comes to the large amount of
raw coal smaller than 30 mm in size left after fully mechanized mining, SJ carbonization furnace fails to
provide e�cient pyrolysis and may even result in blocking [2, 5, 6]. This suggests that although temperature
and pressure are the key parameters for SJ low temperature carbonization furnace and main factors
affecting the yield and quality of coal tar, semi-cock, and other chemical products, the primary cause of
pressure variations in a furnace in the actual factory production is the particle size of the as-�red coal . In
addition, the development of SJ low temperature carbonization technology is mainly derived from
practice and there is an absence of laboratory tests and sound theoretical support [2, 4, 7]. Therefore,
directly testing the key parameters (temperature and pressure) in low temperature carbonization process
is very di�cult. In particular, there is a lack of guidance over the simulation of temperature and pressure
�eld distribution after feeding with regard to coal with a small particle size (smaller than 30 mm).

https://www.sciencedirect.com/topics/chemical-engineering/computational-fluid-dynamics
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Computational �uid dynamics (CFD), as a powerful numerical simulation study method in the
international community, has been widely applied to study the temperature and pressure �elds of some
combustion and industrial furnaces [8-10]. For instance, Guo et al. numerically simulated the coking
process of regenerative coke ovens and obtained the time-dependent temperature distribution in coking
chamber [11]. Slezak et al. performed a numerical simulation of the two-stage gasi�cation process with
the FLUENT software, and the relationship between the particle size, the density of pulverized coal and
the �ow �eld, the components of the outlet, the residence time of pulverized coal in the furnace is
obtained [12]. Liu et al. simulated the temperature �eld distribution in the impinging-type low temperature
combustion chamber of a self-developed low temperature carbonization furnace for low-rank coal and
optimized its structure [13]. However, the numerical simulation of the �ow �elds of SJ low temperature
carbonization furnaces is rarely reported, and only Zhang et al. from Xi'an University of Architecture and
Technology (XAUAT) simulated the effect of different air/gas ratios on the temperature �elds of low
temperature carbonization furnaces [14].

In this study, the physical model and meshing based on productive furnaces were established, and a
suitable mathematical model was selected to simulate the temperature and pressure �elddistribution in
the SJ furnace after feeding coal with different particle sizes. By comparing the CFD simulation values
and factory test data, the reason of blocking in the furnace was rationalized, the cost of blind testing was
saved, and a theoretical foundation for improving the furnace model and obtaining the ideal target
product was put forth.

2. Establishment Of Models And Determination Of Boundary
Conditions Andalgorithms
2.1 Establishment of physical models

Figure 1 shows the structure of SJ internal heating low temperature carbonization furnace. A large-cavity
design is adopted, and the top to bottom consists of drying segment, carbonizing segment, and cooling
segment. The as-�red coal �rst enters from the coal hopper and then passes through the cavity after
gradual drop during service. There are four of intact grid walls and two of semi-grid walls below the
cavity. The as-�red coal gas and air are mixed in a certain ratio, and the mixture is uniformly fed into the
furnace from both sides of the grid walls. A portion of the carbonization gas �ows back and is used as
the as-�red coal gas. It quickly combusts in the furnace and generates high temperature heat-carrier
gases with the assistance of insu�cient oxygen, and then coal seams are heated one by one. The coal
after the carbonization passes through the coke pusher, lands in the coke quenching pond via the coke
inlet, and is dried to obtain the �nished semi-coke product.

The ICEM (Integrated Computer Engineering and Manufacturing code) of the ANSYS Fluent software was
used in this study to perform three-dimensional (3D) modeling and meshing according to the effective
size of SJ furnace with dimensions of 5.50 m × 2.80 m × 6.50 m (length × width × height), and the effective
volume of SJ furnace was about 100 m3. In fact, the actual size of SJ furnace was
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7.42 m × 4.52 m × 7.00 m (length × width × height), this means that the SJ furnace is complicated in
structure and large in size, the gas collecting mantle, coal-gas water seal tank, ascending bridge pipe,
auxiliary coal box, and other devices in the furnace were con�gured, all of which participated in the heat
transfer and disturbed pressure distribution to some extent. It would be extremely di�cult to precisely
simulate the �ow �eld of the whole SJ furnace in this case. The whole furnace cavity was selected as the
computational domain, and the effect of devices in the furnace cavity was neglected in this study, mostly
because the combustion reaction in the furnace occurred at the bottom of the furnace cavity and other
devices did not experience any chemical reaction and exerted only an insigni�cant effect on the �ow �eld
distribution in the furnace. The 3D model and the meshing for SJ furnace is shown in Figure 2, separately,
where the three directions of x, y and z represent the length, width and height of the furnace, respectively.

2.2 Selection of mathematical models

The combustion of coal gas in a carbonization furnace is a complicated multi-phase turbulent
combustion process that involves many physical and chemical reactions [2]. The �uid �ow in the furnace
is a typical 3D multi-component gas–solid two-phase turbulent �ow. The combustion here refers to the
combustion of multi-component gas phase, and combustion reaction and turbulent �ow correlate and
interact with each other. When CFD is used to numerically simulate the processes in a furnace,
establishing a reliable mathematical model is especially important.

The �ow of gas in the SJ carbonization furnace can be regarded as turbulent motion and simulated by
the standard k-ε model [14-16]. The combustion of the as-�red gas mixture in a carbonization furnace can
be simulated with the �nite-rate/eddy-dissipation model [17, 18], which is a component transfer model. The
combustion temperature of coal gas in the SJ furnace is relatively high in actual production, and the
amount of radiative heat transfer at high temperature is directly proportional to the biquadrate of
temperature. The heat transfer between the coal seams and high temperature gases is dominated by
radiative heat transfer and simulated with the P-1 radiation model [19, 20]. The coal seams in the SJ
carbonization furnace cavity can be approximated to porous mass and simulated with the porous
medium model [21, 22].

2.3 Determination of boundary conditions and algorithms

(1) Inlet boundary conditions

Given the �ow at �ow �eld inlet, both the mass inlet and velocity inlet boundary conditions can be used
according to the method of setting inlet boundary conditions provided by the ANSYS Fluent software;
however, velocity inlet conditions can not apply to incompressible �ow. Thus, its boundary condition type
is set as the mass �ow inlet conditions in this study [23]. The nozzle section of the gas mixture of coal gas
and air on both sides of a grid wall as inlet were adopted according to the equivalent area method.

(2) Outlet boundary conditions
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The boundary conditions applicable to the outlet of the SJ low temperature carbonization furnace include
pressure outlet conditions and free �ow conditions according to the method of setting outlet boundary
conditions provided by the ANSYS Fluent software[24]. Measuring the �ue gas pressure at the outlet
before solving the practical engineering is di�cult; therefore, the out�ow boundary conditions can be
assumed to obey fully developed �ow and the diffusive �uxes of all the �ow variables (except pressure)
have a gradient of zero along the �ow direction. Following this idea, the outlet boundary conditions were
set as the outlet �ow in this study.

(3) Wall boundary conditions

The method by the ANSYS Fluent software usually divides the near-wall area in viscous �uid
computation into three layers, including the viscous sublayer near wall surface, the fully turbulent layer in
the outer zone, and the hybrid layer in the middle [25]. The �ow in the near-wall area is approximate to
laminar �ow, and the effect of the wall surface on the �ow is relatively small in the SJ carbonization
furnace [26]. The standard wall function method was adopted to simulate the �ow in the near-wall area,
and the conditions without velocity slip and mass osmosis were introduced for �xed wall surface, and the
wall thickness and wall surface temperature variations in the process of heat transfer were neglected, and
the actual temperature was set as 300 K according to the working conditions.

According to the �ows, the mixing ratio and volume fractions of the as-�red coal gas and air, the mass
fractions of various gases, and their total �ow were computed. The components of the as-�red coal gas
are listed in Table 1.

Table 1Volumetric composition of as-�red coal gas (%).

H2 CO CO2 CH4 C2H6 C2H4 N2

28.3 16.0 10.0 7.3 0.2 0.3 37.9

The porosity, inertial resistance, viscous resistance, and other parameters of the coal seams were
deduced based on the particle size of as-�red coal, and the SIMPLE algorithm, a pressure-velocity
coupling algorithm, was adopted as its computation method [27]. The ratio of the as-�red coal gas/air
was kept constant in the light of actual production conditions, and the particle size of the as-�red coal
(represented by D) was changed and set as 40, 35, 30, 25, 20, 15, 10, and 5 mm to simulate the
temperature and pressure �elds in the furnace. In addition, a comparative analysis with the test results of
�ve groups of coal with different particle sizes provided by Shenmu Sanjiang Coal Chemical Industry Co.,
Ltd was conducted. The particle size range distribution and average particle size of the coal selected by
Shenmu Sanjiang Coal Chemical Industry Co., Ltd. are listed in Table 2.

Table 2 Particle size ranges of differentas-�red coal and their average particle size.
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D/mm 10-60 10-30 5-30 3-30 0-30

/mm 32.44 16.97 14.76 12.55 8.13

To fully re�ect the temperature and pressure �eld distribution in the furnace, the sections y = 1.4 m and x
= 2.75 m were selected as examples to investigate the �ow �eld variations in the furnace because there
were the center sections of the as-�red gas inlets in y-direction and x-direction, respectively.

3. Results And Discussion
3.1 Effect of different particle sizes of coal on the temperature�eld distribution of furnace’s longitudinal
and transverse center sections

When the as-�red coal particle size was set at 40, 35, 30, 25, 20, 15, 10, and 5 mm, the temperature �eld
distribution of y-direction and x-direction center sections are shown in Figure 3 and 4, which is for the
numerical simulation results of the SJ carbonization furnace. The temperature �eld distribution in the
furnace cavity was symmetric, chie�y from Figure 3 and 4, because the structure of the SJ furnace was
symmetric and materials basically entered various feeding inlets in a uniform manner. When the coal with
the same particle size entered the SJ furnace, the furnace cavity as a whole presented an increasing trend
�rst and decreasing afterwards from the peripheral zone of the inlet to the furnace top. However, the
temperature at the inlet of the gas mixture of the coal gas and air was relatively low, and the maximum
temperature in the furnace emerged at the joints between the grid walls and furnace cavity (red in the
zone) while the minimum temperature occurred near the wall surface. The reason was that the study
sections y = 1.4 m and x = 2.75 m selected in Figure 3 and 4, respectively, were the center sections of the
as-�red gas inlets, and the gas mixture of the coal gas and air fed into the grid walls after mixing via a
branch mixer had a relatively low temperature, resulting in the relatively low temperature at the gas
mixture inlet. The gas mixture gradually increased in the process of upward motion to the kindling points
of various components of coal gas with its spreading, and carbon monoxide, hydrogen, methane,
ethylene, acetylene, and other gases engaged in the combustion reaction with oxygen in the air at the
joints between the grid walls and furnace cavity, releasing a large amount of heat and gradually elevated
the furnace temperature (to the maximum temperature upon complete combustion). After that, these high
temperature gases were used as heat-carriers, which engaged in heat transfer with coal seams from
bottom up, gradually declining the temperature in the furnace cavity. The wall surface was far away from
high temperature heat sources and ceaselessly emitted heat to the outside area; therefore, it had the
minimum temperature [28]. When different particle sizes of coal entered the SJ furnace, the bulk
temperature in the furnace cavity decreased with decreasing particle size, but the overall temperature
distribution trends were similar. This was probably because the decrease in the as-�red coal particle size
increased the bulk density of coal seams in the furnace, narrowed the gas channels, intensi�ed
resistance, and lowered the heat transfer e�ciency, and thus decreased the temperature [2, 3, 29, 30].
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D = 20 mm was taken as an example to analyze the �ow �eld distribution in the high temperature zones.
The partial enlarged drawings of x-direction high-temperature zone section x = 2.75 m, y-directionhigh-
temperature zone section y = 1.4 m and z-direction high temperature zone section z = 0 m (D = 20 mm)
are shown in Figure 5. The high-temperature zone took the combustion of coal in two opposite feed inlets
as a combustion point and regarded the boundary of the two semi-grid walls as a combustion unit for the
convenience of study. As shown in Figure 5(a), the high temperature zone of the central combustion unit
was approximately “tripod-shaped”, that is the temperatures of the combustion points on the two sides
were basically equal (about 50 K) and lower than the temperature of the combustion point in the center.
This was probably because the center released less heat and had slightly more combustion gas within a
combustion unit [31]. Figure 5(b) shows that the maximum temperatures of the �ve combustion units
were close to each other; however, the area of high-temperature zone continuously expanded from the
furnace center to its two sides and diffused combustion zones emerged. This was probably because the
high-temperature point at the center of the furnace cavity directly faced the gas outlet of the furnace, and
the furnace pressure ascended progressively at small amplitude from the center to the two sides,
gradually decreasing the gas �ow rate from the center to both the sides [32]. The return coal gas with the
assistance of oxygen combusted at a higher rate at the furnace center and was completely combusted in
a relatively small zone at an earlier point.As shown in Figure 5(c), the maximum temperature of each
combustion point emerged at the symmetric center of the two semi-grid walls, the maximum
temperatures of the �ve combustion units all occurred at the y-direction of the SJ furnace, and the wall
surface and combustion unit interface exhibited the minimum temperatures. This was because the feed
inlets were in paired layout, the gas mixture began to move upwards, such intense mixing increased the
turbulence intensity of updraft and facilitated the combustion when it entered the furnace from two
opposite channels and experienced intense mixing at the center of the combustion unit [33]. On section z =
0, it reached its kindling point and received complete combustion. The combustion unit interface and wall
surface were far away from the combustion points; therefore, their temperatures were relatively low.

3.2 Temperature distribution characteristics of longitudinal center section at different coal seam heights

Coal seams with the heights z = 0, 0.5, 1, 2, and 4 m were taken as the study objects. The temperature
distribution at each height is shown in Figure 6. When the boundary between two of semi-grid walls was
taken as the study object, the temperature distribution of the longitudinal center section at different coal
seam heights could be roughly divided into three stages with increasing coal seam height. Stage I: At the
height z = 0 m, coal seam temperatures presented a symmetric distribution on the whole, and the coal
seam temperatures of the �ve combustion units all showed an “inverted v-shaped” distribution. The
maximum temperatures were approximately equal ( 1,030 K) and located at the symmetric center of two
semi-grid walls. The temperatures at the symmetric centers of the grid walls and the wall surface on both
sides were relatively low, and the temperature difference between the coal seams at the same height
reached the maximum level in this case. Stage II: The wave peaks at the coal seam heights of z = 0.5 and
1 m gradually became gentle with increasing coal seam height, and the high temperature point positions
moved towards the furnace center step by step. In addition, high temperature points were reduced into
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four high temperature wave peaks in a symmetric distribution, and the maximum temperature was close
to the symmetric centers of the grid walls on the both sides of the furnace. When z = 1 m, the maximum
temperature difference between the high temperaturepoints was approximately 100 K. Stage III: When the
coal seam height exceeded z = 2 m, the temperature at the furnace center (except the two sides of
furnace close to wall surface) was relatively uniform and gradually declined with rising coal seam. This
was because the gas mixture of the coal gas and air began to combust at the height z of approximately 0
m when it was fed into the furnace. During the rise of the extremely hot heat-carriers, the gas at the center
was moving at a faster pace than that on both sides. As a result, coal seams presented a symmetric
temperature distribution, and the temperature at the center was higher than that on each side in stage I.
To be speci�c, the temperatures at the symmetric centers of grid walls were low, primarily because they
were far away from the heat sources and the unsmooth cusp-shaped grid walls blocked the transverse
�ow of gas [14]. In stage II, the temperature difference between the coal seams presented a gradually
narrowing trend in the process of coal seam height gradually increasing to 0.5 m and 1 m. This was
because the heat transfer between the coal seams and gas was dominated by radiative heat transfer in
the high-temperature zone of the furnace, and higher temperature led to quickerheat transfer, resulting in
a relatively signi�cant temperature difference [34]. The reduction in the high temperature points into four
high temperature wave peaks in symmetric distribution resulted from the rising high temperature gases
converging on four intact grid walls, and the maximum temperatures were close to the symmetric centers
of the grid walls on both sides due to the emergence of diffused combustion zones on the two sides. The
height z = 1 m was at the centers of the diffused combustion points, creating a temperature difference
between the high temperature points to be the maximum. In stage III, the temperature difference at the
furnace center was relatively uniform principally because higher coal seams decreased the temperature in
the SJ furnace. The heat transfer between relatively low thermal conductivity of coal and gas was
dominated by heat transmission, and the rate of heat transfer was relatively balanced [14]. It is also clear
that the smaller the distance between the coal seam height and wall surface, the lower the temperature.
The wall surface constantly emitted heat, resulting in a relatively low temperature.

3.3 Relationship between the maximum temperature in furnace and particle size

According to the temperature �eld simulation results of different particle sizes of the as-�red coal, the
temperature in the furnace cavity decreased with decreasing particle size. The correspondence between
the maximum temperature in the furnace and as-�red coal particle size is shown in Table 3, indicating
that the maximum temperature Tmax gradually decreased with decreasing as-�red coal particle size.
When particle size was 40 mm, the maximum temperature was 1,148 K; when particle size was 5 mm, the
maximum temperature decreased to 921 K.

Table 3 Maximum temperatures of different particle sizes of as-�red coal.

D/mm 40 35 30 25 20 15 10 5

Tmax/K 1148 1115 1092 1063 1006 976 950 921
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The relationship between the maximum temperature in the furnace and particle size is shown in Figure 7.
Clearly, the maximum temperature in the furnace decreased linearly with decreasing coal particle size,
mainly due to the variations in the porosity of coal seams. When the as-�red coal particle size decreased
from 40 m to 5 mmthe true density and bulk density of different particle sizes of coal were experimentally
measured and substituted into the computational Eq. (1) to calculate the porosity of coal of different
particle sizes [35, 36], and the results are listed in Table 4:

where P is the porosity of the coal, ρ0 is the true density of the coal, and ρ is the bulk density of the coal.

As listed in Table 4, the porosity of coal seams in the furnace gradually decreased from 0.395 to 0.263
with decreasing coal particle size, increasing the resistance coe�cient of coal seams, which further
increased the resistance to the passage of gas, reduced the �ow rate of rising gases, quickly combusted
the coal and ultimately lowered the maximum temperature[37].

Table 4 True density, bulk density, and porosity of different particle sizes of coal.

D/mm 40 35 30 25 20 15 10 5

/(kg/m3) 1227 1227 1227 1227 1227 1227 1227 1227

(kg/m3) 742 763.2 785.3 802.5 822.1 838 862.6 904.3

P 0.395 0.378 0.36 0.346 0.33 0.317 0.297 0.263

After linearly �tting the relationship between the maximum temperature in the furnace and as-�red coal
particle size, the �tting curve showed a relatively high correlation coe�cient, i.e., 0.9937. The �tting
equation is as follows:

3.4 Relationship between the temperature range percentage in the furnace and particle size

The medium and low temperature carbonization of coal refers to the thermal decomposition of coal into
coal gas, coal tar and semi-coke in an air-free environment after being heated in the range 773~1,023 K [1,

38, 39]. The pyrolysis process of coal has been extensively investigated, and carbonization is divided into
three stages according to temperature, including normal temperature to 573 K, 573~773 K, and
773~1,023 K. The stage of normal temperature to 573 K mainly provides drying and desorption to remove
free water and adsorbed gases. The second stage mainly generates and discharges a large amount of
volatiles through decomposition and depolymerization. To be speci�c, the precipitates amount of coal tar
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can reach the largest when the temperature is about 723 K [3, 39, 40]. In the range 773~1,023 K, mainly
plastic mass experiences polycondensation and curing reactions and generates semi-coke [3, 39, 40]. Figure
8 shows the volume percentage distribution in various temperature ranges when the as-�red coal particle
size varied in the range 40~ 5 mm.

When D = 40 mm, the volume percentages of temperature ranges a, b, c and d in the temperature �eld
were 45.21%, 34.01%, 18.68% and 2.1%, respectively. As shown in Figure 11, when the as-�red coal
particle size decreased from 40 mm to 5 mm, the percentage of temperature range gradually increased
from 45.21% to 62.23% at an increasingly faster pace. Speci�cally, in the sub-range 10~5 mm, the
increasing rate was the highest (~6%) and the area percentage of temperature range exceeded 60%. In
the range 40~10 mm, the volume percentage of temperature range b in the temperature �eld
approximately decreased linearly at a rate of 1%, and the volume percentage of temperature range b
dropped by approximately 2% when particle size decreased from 10 mm to 5 mm, in which case it
reached 25.92%. Temperature range c served as an important reference index of the normal e�cient
running of SJ low temperature carbonization furnace and is further analyzed as follows. The volume
percentage of temperature range d was relatively low and continuously narrowed. It dropped to zero when
particle size fell below 20 mm, because the induced variations in the volume percentages of various
temperature ranges was the same that gave rise to the relationship between the maximum temperature in
the furnace and particle size [41].

Figure 9 shows the variation trend of the volume percentages of the carbonization zone (773~1,023 K)
for different particle sizes of the as-�red coal, indicating that the variation trend in the volume percentage
of the carbonization zone could be divided into three stages when the as-�red coal particle size decreased
from 40 mm to 5 mm. Stage I (40~20 mm): In this stage, the volume percentage of the carbonization
zone decreased, but only by a very small amplitude, mainly because the varied particle size was still
relatively large and the pressure difference in furnace changed slightly. As a result, the effect on the �ow
of gas in the furnace was not obvious and combustion was basically unaffected; therefore, the
carbonization zone did not experience any obvious variation in the area. In addition, a high-temperature
zone higher than 1,023 K emerged at this point, and radiation also exerted a vital effect on the
carbonization zone. Stage II (20~10 mm): In this stage, the area percentage of the carbonization zone
basically decreased linearly at a rate of approximately 3%, because the pressure difference in the furnace
cavity relatively increased and gas �ow rate declined to some extent with decreasing particle size,
accompanied by weakened combustion reaction, constantly lowered the maximum temperature, and
gradually diminished the radiation capacity [41]. Stage III (10~5 mm): This stage saw a signi�cant
decrease in the volume percentage of the carbonization zone approximately in the range 4~11.85%. For
the small particle size, the porosity of coal seams declined substantially, while the gas �ow resistance
increased signi�cantly, thus the combustion was incomplete, and blocking might have taken place at 5
mm [41].
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3.5 Effect of different particle sizes of coal on the pressure �eld distribution of furnace’s longitudinal
center section

Figure 10 shows the pressure �eld distribution of y-direction center section for the numerical simulation
results of the SJ carbonization furnace when the as-�red coal particle size was set at 40, 35, 30, 25, 20,
15, 10, and 5 mm. As shown in Figure 10, the pressure in the furnace increased with decreasing particle
size when different particle sizes coal entered the furnace, but the distribution trends were similar. At the
same coal seam height, pressures were basically equal, because the porosity of porous medium declined
with decreasing particle size, and the permeation property of gases weakened [41]. Considering the similar
trends of pressure distribution in the furnace, D = 20 mm was taken as a typical case to analyze the
distribution law of the pressure in the SJ furnace along the coal seam height direction.

Figure 11 shows the relationship between the coal seam heights and the pressure in the furnace when D
= 20 mm. It is evident that the pressure in the furnace presented an overall declining trend with increasing
coal seam height when the same particle size of coal entered the furnace; however, the pressure showed
a small-amplitude increase with increasing height in the vicinity of the coal seam height h = 1.05 m,
largely because the coal seam height of 1.05 m was the gas inlet of SJ carbonization furnace, resulting in
a relatively high temperature around the inlet. When the coal seam height h reached 5.5 m, the pressure in
the SJ furnace dropped quickly, because the coal seam served as the gas outlet on the furnace top after
its height h exceeded 5 m, and gas resistance was particularly low. Besides, a negative-pressure device
(whose pressure was slightly lower than atmospheric pressure) was used to collect gases at the furnace
outlet, resulting in a quick pressure drop and causing the minimum pressure to drop below atmospheric
pressure. The pressure in the furnace cavity (except at the outlet of the furnace top) presented an
approximately linear decline, primarily because the gas �ow rate u across the porous medium zone
remained approximately constant, and the pressure drop △P was directly proportional to the gas �ow rate
u according to the porous medium model [21, 42].

The pressure in the furnace cavity increased with decreasing particle size according to the pressure �eld
simulation results of different particle sizes of the as-�red coal. Table 5 lists the correspondence between
the maximum pressure in the furnace and as-�red coal particle size, indicating that the maximum
pressure in the furnace Pmax gradually increased with decreasing as-�red coal particle size. The
maximum pressure was 703 Pa when the particle size was 40 mm, and it rose up to 4,184 Pa at 5 mm
particle size.

Table 5 Maximum pressures of different particle sizes of as-�red coal.

D/mm 40 35 30 25 20 15 10 5

Pmax/Pa 703 968 1200 1498 1816 2308 3178 4184

Figure 12 shows the relationship between the maximum pressure in the furnace and particle size. It is
obvious that the maximum pressure in the furnace approximately increased exponentially from 703 Pa to
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4,184 Pa when particle size decreased from 40 mm to 5 mm. The exponential �tting of the relationship
between the maximum pressure in the furnace and particle size showed a correlation coe�cient of
0.9970. The �tting equation is as follows:

3.6 Comparative analysis between simulation data and factory test data

Tables 6 and 7 provide the temperatures and pressures of various factory measuring points. Figure 13
show the data based �tting curves.

Table 6 Temperature statistics of various measuring points.

/mm 32.44 16.97 14.76 12.55 8.13

TZ=1/K 842 738 710 682 640

TZ=2.5/K 1003 937 929 910 879

Tmax/K 1114 1023 1008 977 926

Table 7Pressure statistics of various measuring points.

/mm 32.44 16.97 14.76 12.55 8.13

PZ=2/Pa 893 2021 2274 2549 3168

PZ=4.5/P 855 1829 2043 2276 2799

Pmax/Pa 970 2225 2509 2820 3519

Figure13 provide the polynomial temperature curves at the maximum temperature in the furnace (Tmax)
and at the heights of z = 1 and z = 2.5, respectively, and the polynomial pressure curves at the maximum
pressure (Pmax) and at the heights of z = 2 m and z = 4.5 m, �tted according to the eight groups of
temperature and pressure data measured at the corresponding positions in the furnace in the factory
when particle size decreased from 40 mm to 5 mm. As shown in Figure 13(a), the simulation values
basically matched with the experimental values. According to the computational data, the maximum
temperature error was 6.25% when the average particle size and height were 8.13 and 1 m, respectively.
As shown in Figure 13(b), the simulation values also basically matched with the experimental values. The
maximum pressure error was 12.8% when the average particle size and height were 32.44 and 4.5 m,
respectively according to the computational data.

4. Conclusions
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The three-dimensional temperature and pressure �eld of SJ low temperature carbonization furnace was
�rst simulated by CFD, separately. The temperature �eld distribution presented an increasing trend �rst
and decreasing afterwards when the same particle size coal entered the SJ furnace. The trends of
temperature �eld distribution were similar when different particle sizes of coal entered the SJ furnace.
However, temperature declined with decreasing particle size. The pressure in the furnace cavity (except
the furnace outlet) presented an approximately linear decline when the same particle size of coal entered
the furnace. The pressure increased with decreasing particle size when different particle sizes coal
entered the furnace. Moreover, the comparison between the simulation data and the industrial test data in
the furnace revealed a temperature error lower than 6.25% and a pressure error lower than 12.8%, which
conformed to the production conditions basically and provided an important theoretical basis for further
studies on SJ carbonization furnace.
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Figure 1

Structural sketch of low temperature carbonization furnace (1: coal hopper, 2: coal discharge valve, 3:
auxiliary coal box, 4: gas collecting mantle, 5: grid wall, 6: coke pusher, 7: furnace cavity, 8: coke guide, 9:
scraper).
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Figure 2

3D model diagram and Meshing diagram of SJ furnace.
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Figure 3

Temperature distribution (K) ofy-direction center section for different particle sizes of coal. (a: D=40mm;
b: D=35mm; c: D=30mm; d: D=25mm; e: D=20mm; f: D=15mm; g: D=10mm; h: D=5mm).

Figure 4

Temperature distribution (K) ofx-direction center section for different particle sizes of coal. (a: D=40mm;
b: D=35mm; c: D=30mm; d: D=25mm; e: D=20mm; f: D=15mm; g: D=10mm; h: D=5mm).
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Figure 5

Partial enlarged drawing (K) of the high-temperature zone section (D = 20 mm). (a: x = 2.75 m; b: y = 1.4
m; c: z = 0 m)
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Figure 6

Temperature �eld distribution of longitudinal center section at different coal seam heights.
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Figure 7

Relationship betweenmaximum temperature in furnace and particle size.
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Figure 8

Volume percentage distributionof temperature ranges in the furnace cavity forcoal with different particle
sizes (a: lower than 573 K; b: 573~773 K; c: 773~1,023 K; d: higher than 1,023 K).



Page 25/28

Figure 9

Volume percentages of thecarbonization zone for different particle sizes of coal.
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Figure 10

Pressure distribution (Pa) of y-direction center section for coal with different particle sizes.
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Figure 11

Pressure distributionin coal seam height direction in furnace (Pa).
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Figure 12

Relationship betweenmaximum pressure in furnace and particle size.

Figure 13

Change map of temperaturesimulation and pressure simulation at factory measuring points. (a:
Temperaturesimulation; b: Pressure simulation)


