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Abstract: Energy balance analysis was carried out during the operation process of a preheating catalytic oxidation device of coal
mine ventilation air methane. The effects of space velocity, inlet gas temperature and methane volume concentration on each energy
balance term were studied. The experimental results show that: the exothermic oxidation power and the surface heat dissipation
power loss rise with the increase of methane volume concentration and the oxidation bed inlet temperature, and yet fall when space
velocity achieves a high enough value; the exhaust heat power loss is enhanced significantly with the growth of the inlet temperature
and space velocity, but the change of methane volume concentration has very little influence on the exhaust heat loss power; the
fraction of the exhaust heat loss descends significantly with the increase of methane volume concentration and inlet temperature, and
yet rises obviously with the improvement of space velocity. The above results provide a theoretical guidance on the stable self-
heating maintenance operation of the preheating catalytic oxidation device.
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1. INTRODUCTION

In order to improve the safety of coal mine production, the Ventilation Air Methane (VAM) is usually exhausted by
a great deal of ventilation. Methane, the main component of VAM, is the second largest greenhouse gas after carbon
dioxide.  However,  it  is  also  a  kind  of  clean  gas  energy.  China  is  one  of  the  largest  coal  producers  and  the  annual
emission  of  pure  methane  through  VAM  exceeds  150  billion  cubic  meters.  It  causes  not  only  huge  waste  of  the
renewable energy resource but also serious pollution of the atmospheric environment [1 - 5].

It is difficult to burn the VAM directly by the traditional burner for its low concentration (generally 0.1% ~ 0.75%)
and large fluctuation of volume concentration and flow rate [6 - 10]. According to the character of the VAM, Shandong
University  of  Technology  of  China  proposed  a  preheating  catalytic  oxidation  technology,  which  could  effectively
oxidize the VAM by a honeycomb ceramic oxidation bed loaded by the noble metal Pd catalyst [11 - 15]. In addition,
the heat of the exhaust can be recycled by a recuperative heat exchanger to achieve the thermal equilibrium state to
maintain the self-heating maintenance operation. This technology brings a stable and reliable temperature field and high
heat recovery efficiency with compact structure and small flow resistance, so it is very economical and feasible.

Because  the  methane  content  of  the  inlet  stream is  very  low,  the  key  to  the  successful  operation  of  preheating
catalytic oxidation device is whether a thermal equilibrium state during the catalytic oxidation reaction can be reached.
The thermal equilibrium is a balance between the released heat by the catalytic oxidation reaction and the heat taken
away by the exhaust and dissipated on the device surface.

In  the  operation  of  the  device,  the  operating  parameters  have  a  great  influence  on  the  catalytic  oxidation  heat
release, the exhaust heat loss and the surface heat dissipation loss. The influence plays an important role  for the  design
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guidance of the heat exchanger and the insulation layer. Previous studies about the VAM catalytic oxidation focused on
methane conversion rate, stability of temperature field and heat extraction performance [16 - 20], while the analysis on
the device overall thermal equilibrium and the research of the effects of the operating parameters on the heat loss are
very  lacking.  Thereby  the  thermal  equilibrium is  analyzed  in  the  running  process  of  a  coal  mine  VAM preheating
catalytic oxidation device, and the influence of several important operating parameters, including inlet stream methane
volume concentration, space velocity and oxidation bed inlet temperature on the energy balance terms to maintain the
thermal equilibrium is investigated. The above research can provide an important theoretical guidance for the optimal
design and the stable self-heating maintenance operation of the oxidation device.

2. EXPERIMENTAL METHOD

The coal mine VAM preheating catalytic oxidation device is shown in Fig. (1). The whole system mainly includes a
reaction  chamber,  the  gas  supply  system,  the  preheating  system,  the  startup/auxiliary  heating  system,  and  the
measurement and control system. The catalytic oxidation bed in the reaction chamber is the core part of the device,
which is packed by the cordierite honeycomb ceramic blocks. The catalytic oxidation bed has a length of 1050mm and
the cross section is 600mm × 600mm square. The honeycomb ceramic blocks have a large number of square channels
with hole density of 17.3 PPI. The block size is 150mm×150mm×150mm and the honeycomb porosity is about 60%.
The  inner  wall  of  the  honeycomb ceramic  hole  is  coated  by  the  catalyst  with  the  active  ingredient  of  noble  metal
palladium.  The  air  supply  system,  mainly  including  a  fan,  a  fan  inverter,  a  compressed  natural  gas  cylinder  and  a
pressure  regulating  box,  can  supply  the  methane-air  mixture  with  a  volume  concentration  of  less  than  1%.  The
preheating system uses a recuperative heat exchanger to recycle the exhaust gas to heat the inlet stream. There is a two-
way corrugated plate for heat transfer enhancement inside of the recuperative heat exchanger. The startup/auxiliary
heating  system  is  composed  by  an  electric  heater  and  a  control  cabinet,  which  can  heat  the  oxidation  bed  to  the
oxidation temperature of methane in the initial operation of the device. The measurement and control system mainly
conducts  the  oxidation  bed  temperature  measurement,  the  gas  flow  rate  measurement,  the  pressure  difference
measurement  and  the  gas  composition  analysis,  and  adjust  the  inlet  flow  rate  and  volume  concentration.

Fig. (1). Diagram of preheating catalytic oxidation reactor.

The total flow rate of the gas is measured by the orifice plate flow meter, whose measuring range is 0~1500Nm3/h,
and the measurement accuracy is 1%. The temperature and pressure difference of the cold side and the hot side of the
preheater are both measured by the KIMO TPS-08-500-T type pitot tube and the CP200 type micro differential pressure
transmitter, and the measurement accuracy is 4%. Methane volume concentration at the inlet and outlet of the device is
real-time  monitored  by  the  GJG10H(C)  type  pipeline  infrared  methane  concentration  sensor  manufactured  by
Chongqing branch of China Coal Research Institute, with the measurement range 0 to 1%, error within ± 0.07%, and
response time 20s. To acquire more accurate experimental data when the energy balance state is achieved, the methane
volume concentration in the inlet and outlet of the device is measured by the J2KN type flue gas analyzer of German
RBR company, and the accuracy is 1ppm.

The  oxidation  bed  structure  is  shown in  Fig.  (2a),  which  is  composed  of  the  first  layer  of  the  ceramic  without
catalyst and the back seven layers of the catalyst supported ceramic. The thickness of each layer is 150mm. The first
ceramic layer has a K type thermocouple in the center to measure the inlet temperature of the oxidation bed and evens
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the  inlet  flow  and  temperature.  In  the  catalytic  oxidation  bed,  four  temperature  measurement  cross  sections  are
arranged, with five K type thermocouples at each section for temperature measurement. The arrangement of measuring
points is shown in Fig. (2b). The temperature measuring point is assigned respectively in the cold and hot side of the
heat exchanger to obtain the inlet stream temperature and the exhaust temperature, which is shown in Fig. (2c).

Fig. (2). Temperature measurement points arrangement of the reactor.

The operation principle of the preheating catalytic oxidation device is shown in Fig. (1). Firstly, the electric heater
turns  on  under  a  small  flow  rate  to  heat  the  oxidation  bed  rapidly  until  the  fresh  VAM  oxidation  temperature  is
achieved. Then the methane gas is mixed into the inlet stream. The methane-air mixture is catalytically oxidized in the
oxidation bed and the oxidation heat is released and divided into two parts. One part is absorbed by the oxidation bed
and  the  other  part  preheats  the  unreacted  inlet  stream  through  the  heat  exchanger.  The  cooled  exhaust  is  finally
discharged into the atmosphere. When the preheated inlet stream temperature rises high enough for the methane-air
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mixture catalytic oxidation in the oxidation bed, the electric heater is turned off and the device achieves self-heating
maintenance operation relying on the exothermic oxidation heat and the heat feedback of the heat exchanger.

3. ENERGY BALANCE ANALYSIS METHOD

Because of the limited performance of the thermal insulation layer, the device has surface heat dissipation loss. In
addition, the exhaust gas takes away a part of the methane exothermic oxidation heat which could not be recovered and
the  exhaust  heat  loss  is  produced.  During  the  experimental  process,  in  order  to  adjust  the  operation  parameters
conveniently,  such  as  space  velocity,  inlet  concentration  and  inlet  temperature,  and  study  the  influence  of  each
parameter on the heat loss, the electric heater stays turned on all the time. The condition for the preheating catalytic
oxidation device to reach the thermal equilibrium state is that the sum of the heating power of the methane exothermic
oxidation heat and the electric heater equals the sum of the surface heat dissipation loss power and the exhaust heat loss
power. When the inlet stream parameter is changed, the temperature field of the oxidation bed varies subsequently and
will achieve a new energy equilibrium state after a period of time. This is a slow process for the large thermal inertia of
the oxidation bed. If the temperature field keeps essentially the same for at least twenty minutes, the energy equilibrium
state is achieved and the measuring data will be collected.

3.1. Calculation of the Methane Exothermic Oxidation Power

For  the  calculation  of  the  methane  exothermic  oxidation  power,  the  complete  oxidation  reaction  equation  of
methane  is  CH4+2O2=CO2+2H2O+LHV,  and  the  complete  exothermic  oxidation  heat  LHV  is  802.7kJ.mol-1,  so  the
formula of methane exothermic oxidation power is as follows:

(1)

Where, Φ1 is the methane exothermic oxidation power in kW, qv is the volume flow rate of methane-air mixture into
the device per unit time in the standard condition in L·s-1, η is the methane conversion rate, xCH4,in is the methane volume
concentration, and Vmol is the gas molar volume in the standard condition with the value of 22.4L·mol-1.

3.2. Calculation of the Exhaust Heat Loss Power

The high-temperature exhaust gas generated after the methane oxidation reaction preheats the fresh inlet stream
through the heat exchanger. Due to the limited heat transfer capability, the temperature of the exhaust gas is still high
which leads to the exhaust heat loss. The formula for the calculation of the exhaust heat loss power is as follows:

(2)

Where, Φ2 is the exhaust heat loss power in kW, ρ is the inlet stream density in the standard condition in kg·L-1, cpout

is the specific heat at constant pressure of the exhaust gas, cpin is the specific heat at constant pressure of the inlet stream
gas,  both in  J·kg-1·K-1,  and Tin  is  the inlet  stream temperature in  K.  Because the methane concentration of  the inlet
stream is very low (less than 1%), the specific heat capacity of the inlet stream and exhaust is calculated according to
the air.

3.3. Calculation of the Surface Heat Dissipation Power

Under the condition that the preheating catalytic oxidation device achieves the thermal equilibrium state, the surface
heat dissipation power can be calculated by the following formula:

(3)

Where, Φ3 is the surface heat dissipation power, and Φ4 is the heating power of the starter, both in kW.

4. THE EFFECTS OF THE OPERATING PARAMETERS

4.1. The Transient Variation of the Performance Parameters During Operation

After  the  startup  of  the  preheating  catalytic  oxidation  device  is  completed,  in  order  to  study  the  effects  of  the
operating parameters on the heat loss, firstly the space velocity is set as a fixed value through the frequency conversion
fan, then the inlet gas temperature of the oxidation bed is determined by the heating power of the electric heater, finally
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the inlet gas concentration is adjusted by the ratio of the methane through the gas supply system, so the performance can
be obtained under different operating parameters. Fig. (3) shows the transient variation of the average temperature of
the oxidation bed under the space velocity of 6400h-1. From Fig. (3) it can be seen that the average temperature of the
oxidation bed rises rapidly in the startup stage, and the methane is incorporated into the inlet gas after the methane
catalytic  oxidation  temperature  (about  420°C)  is  reached.  In  the  catalytic  oxidation  stage,  the  inlet  temperature  is
increased gradually from 450°C to 550°C, and the average temperature of the oxidation bed also rises and keeps very
close to it. When the methane volume concentration is improved from 0.6% to 1.0%, the average temperature of the
oxidation bed is almost unchanged. This is because the concentration of the inlet stream is very low, and the change of
the oxidation heat release has no obvious effect on the average temperature of the oxidation bed.

Fig. (3). Change of oxidation bed average temperature with time with space velocity of 6400 h-1.

Fig. (4). Change of exhaust temperature with time with space velocity of 6400 h-1.

Figs. (4 and 5) are respectively the variation of the exhaust and preheated inlet gas temperature with time under the
space  velocity  of  6400h-1.  The  temperature  of  the  exhaust  and  the  preheated  inlet  stream both  have  obvious  delay
compared with the average temperature of the oxidation bed, because the released oxidation heat is absorbed and stored
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firstly by the oxidation bed, and then the excessive heat is discharged with the exhaust gas and preheat the inlet stream
through the recuperative exchanger. Fig. (4) shows that the exhaust maintains a high level temperature (about 130°C
~170°C) and increases significantly with the rise of the average temperature of the oxidation bed, so a great exhaust
heat loss is generated due to the uncycled heat. Fig. (5) shows that although the preheated inlet stream temperature
improves obviously with the inlet temperature of the oxidation bed, it still never reaches the ignition temperature (about
420°C)  for  the  methane-air  mixture  catalytic  oxidation  in  the  oxidation  bed.  In  addition,  the  temperature  of  the
preheated inlet  stream falls  further due to the heat  loss before the arrival  at  the entrance of the oxidation bed,  so a
secondary heating is necessary besides the preheating. With the increase of the inlet temperature of the oxidation bed,
the preheated inlet stream temperature is obviously improved, which indicates that more exhaust heat is recycled, and it
is beneficial for the device to achieve the self-heating maintenance state.

Fig. (5). Change of preheated inlet gas temperature with time with space velocity of 6400 h-1.

4.2. The Effects of the Methane Volume Concentration Under Different Space Velocities

The  inlet  stream  methane  concentration,  space  velocity  and  the  inlet  temperature  of  the  oxidation  bed  are  all
important parameters during the running of the preheating catalytic oxidation device, and have significant influence on
the heat loss in the process of the methane catalytic oxidation. In the study of the influence of the methane volume
concentration, the inlet temperature of the oxidation bed is fixed to 600°C, the methane volume concentration ranges
0.6%~1.0%, and the inlet stream space velocity ranges 4000h-1~7200h-1. Fig. (6a-c) show the influence of the methane
volume concentration on the methane exothermic oxidation power, the exhaust heat loss power and the surface heat
dissipation power, respectively. It  can be seen from Fig. (6a),  the exothermic oxidation power all  increases rapidly
under three space velocities when the methane volume concentration is improved from 0.6% to 1.0%. The methane
exothermic oxidation power gets a big jump when the space velocity grows from 4000 h-1to 6400 h-1, and however has a
slight drop when the space velocity grows from 6400 h-1to 7200 h-1. This is due to the decreased methane conversion
rate under the excessive space velocity. Fig. (6b) shows that the methane volume concentration has small influence on
the exhaust  heat  loss  power because the inlet  stream concentration is  quite  low and has little  effect  on the exhaust
temperature.  Fig.  (6c)  shows  that  the  surface  heat  dissipation  power  increases  significantly  with  the  rise  of  the
concentration especially under higher space velocity because the methane oxidation releases more heat absorbed by the
oxidation bed under higher methane volume concentration which enhances the heat  exchange between the reaction
chamber and the environment.  When the space velocity is increased to 7200 h-1,  the surface heat dissipation power
begins to decline. This is because the methane conversion rate decreases under the high inlet space velocity for short
residence time. Then the average temperature of the oxidation bed drops and the heat exchange between the oxidation
bed and the environment weakens.
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Fig. (7) shows the variation of the fraction of the total heat loss accounted by the exhaust heat loss with the methane
volume concentration. This fraction obviously decreases with the increase of the methane volume concentration, which
indicates that  the heat  exchange between the reaction chamber and the environment gets  stronger and more heat  is
dissipated through the device surface when the catalytic oxidation becomes more intense. While the exhaust heat loss
still  accounts  for  far  more  than  50% of  the  total  heat  loss  under  each  methane  volume concentration,  so  it  always
occupies the dominant. With the rise of the space velocity, the fraction of the exhaust heat loss increases significantly,
because the shorter residence time isn’t enough for the heat exchange between the exhaust and the oxidation bed and
thus much heat is taken away by the exhaust.
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Fig. (6). Effects of methane volume concentration on the energy balance terms under different space velocities.

The main method for the reduction of the exhaust heat loss is to increase the heat exchange area of the exchanger to
improve  the  heat  recovery  efficiency  and  for  the  reduction  of  the  surface  heat  dissipation  loss  is  to  increase  the
insulation layer thickness or replace it for other insulation materials with lower thermal conductivity. According to the
character of the heat loss under various operating conditions, the exhaust heat loss should be controlled emphatically
under condition with low inlet stream methane volume concentration and high space velocity, while the surface heat
dissipation loss should be controlled emphatically under condition with high inlet stream methane volume concentration
and low space velocity. In the whole range of the operating parameters of the preheating catalytic oxidation device, the
heat exchanger and the insulation layer should be optimized according to the operating condition with high inlet space
velocity and high inlet concentration.

Fig. (7). Change of fraction of the exhaust heat loss with concentration under different space velocities.
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4.3. The Effects of the Inlet Temperature of the Oxidation Bed Under Different Space Velocities

During the study of  the inlet  temperature of  the oxidation bed under  different  space velocities,  the inlet  stream
methane volume concentration is fixed to 1%, the inlet temperature of the oxidation bed ranges 450°C~600°C and the
inlet stream space velocity ranges 4000h-1~7200h-1 Fig. ( 8a-c) show the effect of the inlet temperature of the oxidation
bed on the methane exothermic oxidation power, the exhaust heat loss power and the surface heat dissipation power
respectively,  for  different  space  velocities.  Fig.  (8a)  shows with  the  increase  of  the  inlet  temperature,  the  methane
exothermic oxidation power evidently increases especially under high inlet stream space velocity, because the methane
conversion rate is improved by the high inlet temperature particularly under high inlet stream space velocity. So the
methane exothermic oxidation power under the space velocity of 6400 h-1 and 7200h-1 is much higher than that under
the  space  velocity  of  4000  h-1  when  the  inlet  temperature  is  increased  above  500°C.  Thus  as  long  as  the  inlet
temperature of the oxidation bed exceeds 500°C, the methane mixture can be fully oxidized under the space velocity of
4000 h-1. Fig. (8b) shows the exhaust heat loss power increases with the increase of the inlet temperature . The reason is
that  the higher  inlet  temperature leads to the higher  exhaust  gas temperature.  For  the high inlet  space velocity,  the
methane conversion rate increases with higher inlet temperature, so the exhaust gas temperature rises rapidly. Fig. (8c)
shows that the surface heat dissipation power grows obviously with the increase of the inlet temperature for the two
higher  space  velocities,  while  for  the  lower  space  velocity  no striking changes  are  observed above 500 ºC.  This  is
because the methane has been essentially oxidized and the oxidation heat has been fully released under the lower space
velocity, however the methane conversion rate is still rising with the increased inlet temperature under the higher space
velocity, so the further released heat enhances the heat exchange between the reaction chamber and the environment.

Fig. (9) shows the variation of the exhaust heat loss fraction of the total heat loss with the inlet temperature of the
oxidation bed. It’s clear that the fraction of the exhaust heat loss presents a general decreasing trend with the increase of
the oxidation bed inlet temperature under the two higher space velocities, while much less affected under the low space
velocity. This is owing to that the methane conversion rate is more easily affected by the inlet temperature under the
higher space velocity, so the oxidation heat release obviously increases and the surface heat dissipation is strengthened,
and thus the fraction of the surface heat dissipation rises. It’s evident that the exhaust heat loss accounts for well over
50% of the total heat loss and occupies absolute dominance under the two higher space velocities, yet the fraction of the
exhaust heat loss and surface heat dissipation are very close under the low space velocity. Thus the heat loss control
should  focus  on  the  control  of  the  exhaust  heat  loss  under  the  condition  with  high  space  velocity  and  low  inlet
temperature and attaches equal importance to both heat losses under the condition with low space velocity. In the whole
operating conditions the heat exchanger and insulation layer should be reasonably designed aiming at the condition with
high space velocity and high inlet temperature of the oxidation bed.
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Fig. (8). Effects of oxidation bed inlet gas temperature on the energy balance terms under different space velocities.

Fig. (9). Change of fraction of exhaust heat loss with oxidation bed inlet gas temperature under different space velocities.
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CONCLUSION

1) The exothermic oxidation power grows with the increase of the inlet methane volume concentration and the
oxidation bed inlet temperature, yet decreases slightly when the space velocity increases to a certain value. This
is because the increase of the inlet concentration and temperature improves the methane conversion rate, while
the  excessive  space  velocity  reduces  the  methane  conversion  rate,  so  the  overall  methane  oxidation  heat  is
affected.
2)  The inlet  stream temperature  and space  velocity  have  obviously  more  influence  on the  exhaust  heat  loss
power than the inlet stream methane volume concentration. This is due to that the methane volume concentration
is in a very low operating range and has small effects on the methane conversion rate. While the rise of the inlet
stream  temperature  improves  the  methane  conversion  rate  evidently  and  the  increase  of  the  space  velocity
enhances the heat exchange of the gas and the oxidation bed, thus the exhaust takes more heat away.
3)  The  surface  heat  dissipation  loss  power  increases  significantly  with  the  increase  of  the  inlet  stream
concentration and temperature, especially at high space velocity, and with the increase of the space velocity
firstly increases and then decreases. This is because with the increase of the inlet concentration and temperature
the methane oxidation heat release grows and the heat exchange between the reaction chamber and the outside is
enhanced. However, the methane conversion rate decreases when the space velocity increases to a certain value,
then the oxidation heat release decreases and the heat exchange between the reaction chamber and the external
reduces.
4)  The  fraction  of  the  total  heat  loss  accounted  by  the  exhaust  heat  loss  significantly  reduces  with  the
improvement of the inlet stream concentration and temperature, and yet obviously increases with the increase of
the space velocity. In the whole operating parameter range of the preheating catalytic oxidation device, the heat
recovery efficiency of the heat exchanger and the insulation layer performance should be optimized according to
the exhaust heat loss and the surface heat dissipation loss under the high inlet concentration, temperature and
space velocity condition, so as to reduce the overall heat loss and achieve the self-heating maintenance state.
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