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Abstract: In a catalytic combustion of ventilation air methane, one of the key factors determining
the reactor performance is the geometry of the reactor. It should be designed to provide maximum
energy conversion at minimum catalyst usage and operating cost. This numerical study is conducted
to investigate the catalytic combustion of ventilation air methane from a gassy underground mine
in a circular straight and helical reactor channel with twisted tape insert. A three-dimensional
computational fluid dynamics model which considers conservation of mass, momentum, energy, and
species together with chemical reactions, and constitutive relations for species properties and reactions
kinetics was developed and validated against the previously published data. The effect of several key
factors affecting the catalytic combustion performance such as inlet Reynolds number, twisted tape
ratio, and reactor length are evaluated to obtain the optimum reactor parameters. For evaluation
purpose, the reaction performance of the studied reactors will be compared to the straight reactor
without twisted tape which is set as a baseline. The results give a firm confirmation on the superior
performance of the reactors with twisted tape insert as compared to those without. In addition, it is
found that helical reactors generate higher net power as compared to their respective straight reactor
counterpart despite having lower FoM due to larger catalyst area. Interestingly, the higher twisting
ratio offers better performance in terms of net power as well as FoM. Overall, the results highlight the
potential of twisted tape insert application in catalytic combustion.

Keywords: catalytic combustion; ventilation air methane; helical reactor; twisted tape insert

1. Introduction

Underground coal mine activities, especially gassy mines, are a major contributor to emissions of
methane, an important greenhouse gas that has global warming potential 20 times higher than CO2.
Methane emissions from coal mining account for about 22% of anthropogenic emissions from energy
sector [1]. Methane is continuously produced in the active mining area during the mineral deposit
excavation and released to the atmosphere through the main ventilation shaft. Its flammable and
explosive nature pose risk to underground mine operation and sometime result in fatal incidents [2,3].
Furthermore, the common practise of releasing a large volume of this diluted methane gas to the
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atmosphere has triggered global alarm due to its potent greenhouse effect. Kholod et al. [4] suggested
that methane emissions will grow considerably in the coming years and estimated total coal mine
methane emissions to reach 432 billion cubic meters per year by 2100. Despite its low methane
concentration (mostly below 1% [5]) which makes conventional combustion an insurmountable task,
ventilation air methane is still a potential alternative fuel source that can be utilized with suitable
methods and technologies.

Generally, ventilation air methane (VAM) can be used as combustion air (ancillary uses) or as
the main fuel (principal uses) [6]. For its utilization as primary fuel, various technologies have been
proposed including concentrators, lean burn gas turbines [7], thermal flow reserve reactors [8], catalytic
flow reserve reactors [9], and catalytic-monolith reactors [6]. A concentrator may be used to either
concentrate methane for direct combustion or to facilitate another VAM utilization method. Lean burn
gas turbine has recently emerged as a promising technology in VAM utilization. Nevertheless, it is
generally designed to operate at 1.6% methane concentration which makes it unsuitable for most mines
where methane concentration is less than 1%. Thermal flow reversal reactor (TFRR) and catalytic flow
reversal reactor (CFRR) share the same operating principles, i.e., the flow-reversal principle to transfer
heat from methane combustion to a solid medium (e.g., a bed of silica gravels or ceramic heat exchange
medium) then to the incoming air to raise its temperature to the ignition temperature of methane [1,6].
In CFRR, the auto-ignition temperature of methane in ventilation air results in operational advantages
such as lower pressure drops and heat losses, requirement of smaller equipment, and negligible
production of nitrogen oxides [10]. CFFR offers up to 90% VAM oxidation [1], greatly reduces methane
emissions, and allows for considerable energy extraction. Nevertheless, CFRR has relatively narrow
methane concentration range to operate effectively: too low methane concentration (below 0.4%)
cannot maintain the auto-ignition of the methane while too high methane concentration (above 0.8%)
may lead to catalyst degradation and destruction. Overall, the main limitation of the flow reversal
technologies is in the difficulty to extract useful energy for power generation—heat recovered must be
transferred into a working fluid [6]. The catalytic-monolith reactors (CMR), on the other hand, utilizes
a monolith honeycomb reactor containing hundreds of parallel channels rather than particle beds
employed in TFRR and CFRR. This honeycomb-type monolithic structure is superior for its outstanding
characteristics of very low pressure drop at high mass throughputs and high mechanical strength [11].

The TFRR, CFRR, and CMR technologies are promising VAM mitigation methods and have
received widespread attention. Aube and Sapoundjiev [12] developed two-dimensional reverse-flow
methane combustion model to predict the transient behaviour of laboratory-scale flow reversal
reactors. By taking into account the radial effects related to the thermal insulation, the model could
accurately predict the dynamic behaviour of the CFRR even for small reactor diameter and low air
flow rate. Gosiewski [13] constructed a one-dimensional model for catalytic combustion of methane
in a reverse-flow reactor with manganese and palladium catalyst. High heat recovery could be
obtained at the expense of high catalyst temperature. It is worth noting that high temperature may
promote homogeneous combustion which leads to catalyst deactivation. Wang et al. [5] experimentally
evaluated the effects of initial temperature, cycle time, feed gas concentration, and space velocity
on catalytic combustion of VAM in a vertical reactor. It was found that the reactor could run under
a wide range of operating conditions with self-sustaining operation and high methane conversion,
in the absence of CO and NOx generation. Lan and Li [14] formulated a three-dimensional model to
study the thermodynamic characteristics of thermal oxidation of methane in a TFRR. The effects of
channel length, feed methane concentration, inlet velocity, and cycle time on the reactor behavior were
evaluated as well. It was observed that the lowest feed methane concentration for self-maintained
running decreases with increasing channel length and rises significantly with inlet velocity, while
cycle time has no effect. The performances of catalytic combustion of CH4/air in a single channel and
whole monolith reactor were numerically evaluated by Mei et al. [15]. The reactor was assumed to
be cylindrical with numerous axially parallel channels, whose arrangement is a correctitude triangle
in the cross section of the reactor, and the catalyst was dispersed in the washcoat coated onto the
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surface of the channels. The results showed that simulations based on the whole reactor give more
relevant results and should be adopted to get a better insight into combustion performance. Analysis of
monolith reactors with different structural parameters and simulation conditions showed that reaction
rate increases with increasing specific surface area, while keeping voidage constant. Dupont et al. [16]
conducted experimental and numerical studies on catalytic methane combustion in a honeycomb
catalytic monolith burner. The monoliths studied contained various concentrations of Pt or Pd on
an alumina-based washcoat over a cordierite honeycomb support. The palladium catalysts allowed
for lower CH4 concentrations with stable operation than the platinum catalysts. For both long and
short monoliths, the combustion occurred to completion, with no detectable CO, NOx, or unburned
fuel, i.e., near-zero pollutant emissions. Marín et al. [17] compared the performance of particle beds
and monolithic beds in a CFRR for lean methane mixture combustion and found that, while the
monolithic reactor has lower pressure drop, the particle beds perform better in terms of reactor stability.
Using CFD, Mei et al. [15] developed a model to simulate the catalytic combustion of CH4/air mixture
in a monolith honeycomb reactor. The results showed that the reactor performance is significantly
more affected by the inlet temperature, concentration, and gaseous velocity, than the geometry and
catalyst loading.

Nevertheless, insight on the effects of various key parameters is essential for designing the reactor.
One important parameter determining the effectiveness of catalytic reactor is the channel geometry.
Ramanathan et al. [18] studied the influence of channel geometry on ignition in catalytic monoliths.
They showed that ignition in asymmetric geometries with sharp corners starts at the corners and
spreads in the axial and circumferential directions. An et al. [19] examined the effects of various channel
configurations on the performance of a microreactor using computational fluid dynamics (CFD) in terms
of conversion and pumping power. At all considered Reynolds numbers, coil-based reactor offered the
higher conversion compared to those of rectilinear designs, with the cost of much higher pressure drop.
Similarly, Sasmito et al. [20] investigated various coiled reactors and concluded that the coiled base
channel design improves the mixing, reaction, and heat-transfer rate significantly. The helical spiral
channel offered superior mixing, reaction, and heat-transfer performance as compared to other coiled
reactor designs. Sadeghi et al. [21] investigated the effect of channel geometry on the performance
of monolith reactor. They reported that the rate of reaction increases due to increase in the area to
volume ratio, i.e., reducing the number of sides of the channel, from circular to triangular. Li et al. [22]
numerically investigated the performance of novel dual-channel microreactors with various channel
configurations: parallel, divergent, convergent, zig-zag, and curved. The mass transport performance
in the dual-channel configuration was higher than that of single-channel due to increased reaction
contact area. Between the tested channel configurations, they concluded that zig-zag would be the best
choice for CH4 utilization while parallel should be chosen for the least pumping power. Numerical
investigation of a surface catalyzed gaseous reaction in a semi-T-shaped microreactor conducted by
Shaker et al. [23] revealed that channel geometry with splitting and impingement performed better and
offered maximum reactant utilization. It was also observed that effect of channel geometry is higher
at higher flow rates. In our previous study [24], the reaction performance of in-plane spiral reactors
with various cross-sections were evaluated. Half circular was found to have highest performance as
compared to other cross-section. In our following study [25], the performance of helical reactor with
various cross-section were evaluated. The results indicated that circular cross-section yielded better a
reaction compared to the ellipse and square counterparts.

On the other hand, twisted tape insert is considered as one of the effective passive enhancement
methods in heat transfer, mass transfer, and reaction processes. It offers longer flow path, enhanced
swirl, and longer residence time which contribute to a superior mixing and transport rate [26,27].
Feng et al. [28] used twisted tape inserts to induce swirl flow and enhance heat transfer of hydrocarbon
fuel in circular tubes. It was found that the addition of twisted tape increased heat transfer coefficient
(HTC) by 18% as compared to plain tubes. Furthermore, smaller twisted tape ratio was responsible for
excellent fluid mixing and higher HTC. Manglik and Bergles [29] showed enhancement in single-phase
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and two-phase forced convection attributed to twisted tape inserts. Insertion of twisted tape generated
helical swirl that promotes cross-stream mixing and sharper wall gradients, promoting high heat
transfer rates. Bharadwaj et al. [30] combined the effects of inserting twisted tape and using an
internally grooved tube to enhance heat transfer. The spirally grooved tube without twisted tape
yielded heat transfer enhancement of up to 400% while those with twisted tape showed maximum
enhancement of 600% as compared to smooth tubes. Given its superior performance in mixing and
transport rate, it is therefore of interest to introduce twisted tape insert in the helical reactors for VAM
catalytic combustion to further increase its superior performance. In the present study, we extended
our study to evaluate the reaction performance of straight and helical reactors which is equipped with
twisted tape insert by using computational fluid dynamics (CFD) approach. The effect of several key
factors affecting the VAM catalytic combustion performance inside the reactors such as inlet Reynolds
number, twisted tape ratio and reactor length are evaluated to obtain the optimum reactor parameters.
For evaluation purposes, the reaction performance of the studied reactors will be compared to the
straight reactor without twisted tape which is set as a baseline. To ensure fair comparison, only the
outer wall is coated with a catalyst while the twisted tape insert is uncoated.

2. Results and Discussion

2.1. Model Validation

To ensure the validity and accuracy of the developed model, validation was conducted by
comparing model predictions against the experimental counterpart and/or other numerical study.
The data used for validation in this study are the experimental data by Bond et al. [31]. In addition, the
predictions made by the proposed model are compared to results of numerical studies by Bond et al. [31]
and Canu [32]. The dimension of the modeled reactor mimics the experimental setup; 1.5 mm × 1.5 mm
square channel of length 8 cm with inlet velocity of 7.3 m/s. Single channel flow approximation was
employed to estimate the methane conversion and the temperature distribution in a monolithic reactor.
The catalytic oxidation reaction was carried out with varying stoichiometric gas inlet from ξ = 0.18
to ξ = 0.39. Detailed description on the reactions and their kinetics can be found in Canu and Bond
et al. As can be seen in Figure 1a, the model predictions agree well with the experimental results in
terms of methane conversion and the agreement is more pronounced at lower stoichiometry. Moreover,
as compared to the models developed by Bond et al. and Canu, the current model offers better
prediction, especially at high methane stoichiometry. The model was also able to provide relatively
accurate predictions of temperature distribution in the reactor. Again, it can be observed that a better
agreement to the experimental results was achieved at low stoichiometry, as depicted in Figure 1b.
Despite the inferior agreement achieved for the high stoichiometry as compared to the model by Bond
et al., the proposed model could still predict the temperature within an acceptable range of deviations.
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Figure 1. Experimental data by Bond et al. [31] and comparison with numerical data by Bond et al. [31]
and Canu [32] at low and high inlet stoichiometry for (a) methane conversion and (b) temperature
distributions.

2.2. Effect of Reactor Geometry

Two reactor channel geometries (straight and helical) and three different twisting ratios (3.15,
7.86 and 15.73) are considered in this study. Figure 2 illustrates the axial airflow velocity profile
and streamline of mixture flow in straight and helical channels for three different twisting ratios
and those without twisted tape insert. It is clear that secondary flow present in all configurations
except the straight flow without twisted tape insert. In-line with previous findings [27,33,34], a lower
twisting ratio (higher number of twisting) results in higher secondary flow intensity, represented by
higher velocity. This finding is true for both straight and helical channels. Moreover, two vortices are
observed in a straight channel with a twisting ratio of 3.15 while a straight channel with other twisting
ratios generate one vortex only. In a helical tube, a combination of helical curvature and twisted tape
generates unsymmetrical vortices in contrast to those in a helical tube without the tape. Among the
studied cases, it can be seen that the helical channel with twisting tape having a twisting ratio of 3.15
offers the highest flow intensity and this is expected to directly affect the species distribution and mass
transfer as well as the catalytic reaction within the channel.

As revealed in our previous study [35], higher methane concentration is observed in straight
channels, by approximately 60%, as compared to helical channels, suggesting lesser methane reaction.
Moreover, it can be seen that incorporation of twisted tape insert does enhance the reaction performance,
indicated by lower methane concentration for all reactors with a twisted tape insert. On closer inspection,
it can be observed that smaller twisting ratio (more twisting) results in superior reaction. For the same
twisting ratio, helical reactor is clearly more superior as compared to its corresponding counter parts.

It is found that, as indicated in Figure 3, lower twisting ratio leads to a better reaction performance
with helical channels providing slightly higher methane conversion than their corresponding straight
channel counterparts. Figure 4 shows methane conversion along both channel geometries at various
Reynolds numbers. In general, methane conversion along channel length is higher for helical channels.
Overall, the reactor channel with a twisted tape insert offers superior performance than those without.
Another interesting observation is the asymptotic behavior of methane conversion inside the channel,
which is more pronounced in low Re due to longer residence time which gives sufficient time to
allow catalytic reaction to occur. For higher Re, a longer channel will be needed to achieve the similar
asymptotic behavior and longer residence time.
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Figure 4. Methane conversion along the straight and helical reactor at Reynolds number of (a) 100,
(b) 500, (c) 1000, and (d) 1500.

2.3. Effect of the Inlet Reynolds Number

Effect of the inlet Reynolds number was also investigated by varying the mixture inlet velocity
corresponding to the inlet Reynolds number of 100, 500, 1000, and 1500. As illustrated in Figure 5,
secondary flow and reaction are intensified as the inlet Reynolds number increases. For the straight
channel, the vortex transfers from one pair to two pairs as the Re increases. For the helical tube,
the unsymmetrical behavior becomes more prominent as the Re increases.

In terms of reaction performance, Figure 4 shows that, within the considered channel length range,
lower Re performs better, indicated by increasing methane conversion with decreasing Re. At Re = 100
with long channel (about 125 mm), almost complete methane conversion is achieved for all reactor
configurations with no significant improvement observed for the helical reactors relative to the straight
counterparts. On average, as compared to the case for Re = 100, the performance declines by 35%, 58%,
and 68%, for Re = 500, 1000, and 1500, respectively. Looking closely at the behavior of the reactors
with a twisted tape insert of ratio 3.15 at L = 25.16 mm, Figure 6 depicts the methane concentration
and masslines of reactant flow. The same trend can be clearly observed higher Re leads to inferior
reaction performance, mirrored by higher methane concentration. This is due to a longer residence
time in low Re condition, which allows more time for the reactant flow to react. The difference is more
pronounced at Re = 100, where the methane concentration is two orders of magnitude lower than the
other configurations. Furthermore, it can be observed that, as Re increases, secondary flow enhances
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mixing and reaction performance, indicated by significantly lower methane concentration near the
reaction wall. Interesting observation was obtained for helical tube at low concentration where the
methane concentration near the outer wall is significantly lower than that in the inner wall region.
This behavior has not been observed in the high Re conditions. Comparing straight and helical tubes,
keeping all other conditions the same, helical reactors consistently offer better performance. However,
the performance improvement decreases as the Re increases. From Figure 6, methane concentration in
helical reactor were calculated to be 14%, 2.7%, 1.4%, and 0.96% lower than the straight counterparts at
Re = 100, 500, 1000, and 1500, respectively. This shows that the best improvement can be achieved by
replacing a straight tube with helical at the low inlet Reynolds number.
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2.4. Effect of Channel Length

Another important factor that must be considered in designing the reactor is the channel length in
order to optimize the performance and cost. Here, five different reactor channel lengths are evaluated,
i.e., 25.16 mm, 50.32 mm, 75.48 mm, 100.64 mm, and 125.80 mm. As can be clearly seen in Figure 4,
better performance, indicated by higher methane conversion, was achieved as the reactor channel got
longer. This is true for all reactor configurations, with and without tape inserts, as all curves follow the
same second-order polynomial shape. On a closer look, however, it was observed that the improvement
decreased as the length was increased from 25.16 to 50.32 to 75.48 to 100.64 and to 125.80 mm. As an
example, the enhancement offered by increase in reactor channel length with twisted tape of ratio 3.15
at Re = 1000 were approximately 46%, 29%, 20%, and 9%, respectively. Figure 7 visualizes the velocity
profile and streamline of mixture flow at the outlet of the reactor channel with different lengths under
the same condition. Overall, a similar profile is observed for all reactor channel length, suggesting that
velocity is not influenced by the reactor length. On the contrary, channel length greatly affects methane
conversion, as represented by its concentration in Figure 8. The methane concentration lessens with
increasing length, with a 125.80 mm reactor having the smallest concentration. It can also be observed
that the helical channel outperformed the straight counterpart, indicated by slightly lower (about
10–15%) methane concentration overall. Another interesting point that can be inferred from Figure 8 is
that, for these specific conditions (Re = 1000 and twisting ratio 3.15), the methane concentration near the
catalyst wall is lower due to consumption in catalytic reaction in shorter channels; however, at a longer
channel, the methane concentration becomes more uniform, which indicates a lower reaction rate.
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Table 1 summarizes the power generated by methane combustion and required pumping power
for different channel lengths in Watt per channel. Note that, in practical application, the channel
will be stacked up to form a monolith reactor. As can be seen, helical channels in general generate
higher power than the straight counterparts. Longer reactor channels also generate more power from
methane combustion that the shorter ones. On average, increasing the channel length from 25.16 mm
to 125.80 mm enhances the power generation by 51%, 167%, 149%, and 123%, for straight tubes with
Re = 100, 500, 1000, and 1500, respectively. For helical tubes, these enhancements are a littler higher, at
41%, 168%, 166%, and 147%. It is worth pointing out that, in terms of the power generation by the
methane combustion, increasing the channel length and employing helical channel at Re = 500 offers
the greatest enhancement. Likewise, the effects of twisted tape insert application are more prominent
for a longer channel at a higher Reynolds number. Its effect is diminished for a low Reynolds number
at all channel length.

As expected, a longer channel imposes higher pressure drop and thus higher pumping power is
required to drive the flow. The pumping power is almost doubled when the channel length is doubled.
As compared to the straight configuration, the helical channel also necessitates greater pumping power.
Again, the increase is more significant as the Re increases. For short channel, the pumping power for the
helical channel without a twisted tape is approximately 30–80% higher than the straight counterparts
depending on the Re: higher as the Re increases. As the channel length increases, the pumping power
for helical can reach up to 140% higher than the straight channel for the 125.8 mm channel. Moreover,
the addition of twisted tape inserts increases the pumping power needed. For channels with twisted
tape inserts, pumping power is greatly affected by the twist ratio. For high twisting ratio, the behavior
is similar to those without twisted tape, i.e., the ratio of pumping power for helical channel to the
straight channel is higher at higher Re. For low twisting ratio, the ratio of pumping power is decreased
with an increase of Re and then increases when Re increases further. Overall, channels with twisting
ratio of 3.15 need the highest pumping power.
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Table 1. Power generation from methane combustion (in Watt) and pumping power to drive the flow
(in mWatt) for a single channel VAM reactor (in W/mg catalyst).

Geometry
Reactor Length 25.16 mm

Generated Power (Watt) Pumping Power (mWatt)

Re 100 Re 500 Re 1000 Re 1500 Re 100 Re 500 Re 1000 Re 1500

No tape Straight 0.19 0.33 0.45 0.56 0.13 4.34 20.33 50.25

Helical 0.21 0.35 0.44 0.51 0.16 6.40 33.52 89.09

With tape
y = 3.15

Straight 0.20 0.37 0.51 0.64 0.43 16.31 78.91 202.69

Helical 0.21 0.40 0.54 0.67 0.63 18.66 93.41 237.61

With tape
y = 7.86

Straight 0.20 0.38 0.53 0.66 0.37 10.95 52.48 133.25

Helical 0.21 0.41 0.55 0.67 0.43 14.70 73.45 190.84

With tape
y = 15.73

Straight 0.20 0.38 0.53 0.68 0.37 10.26 45.50 111.03

Helical 0.21 0.41 0.55 0.68 0.43 14.15 69.13 177.70

Geometry
Reactor Length 50.32 mm

Generated Power (Watt) Pumping Power (mWatt)

Re 100 Re 500 Re 1000 Re 1500 Re 100 Re 500 Re 1000 Re 1500

No tape Straight 0.26 0.53 0.66 0.78 0.23 7.32 34.28 84.55

Helical 0.27 0.58 0.70 0.79 0.31 12.13 63.58 169.16

With tape
y = 3.15

Straight 0.26 0.57 0.74 0.88 0.77 30.51 150.03 382.71

Helical 0.27 0.63 0.80 0.95 1.03 34.27 173.63 443.79

With tape
y = 7.86

Straight 0.26 0.58 0.75 0.90 0.67 19.34 95.90 245.79

Helical 0.27 0.63 0.81 0.95 0.78 26.74 136.38 357.98

With tape
y = 15.73

Straight 0.26 0.58 0.76 0.91 0.66 17.77 78.61 193.43

Helical 0.27 0.63 0.81 0.95 0.77 25.77 128.75 334.31

Geometry
Reactor Length 75.48 mm

Generated Power (Watt) Pumping Power (mWatt)

Re 100 Re 500 Re 1000 Re 1500 Re 100 Re 500 Re 1000 Re 1500

No tape Straight 0.29 0.70 0.87 0.99 0.34 10.08 46.64 115.20

Helical 0.29 0.76 0.94 1.05 0.45 17.84 93.38 247.83

With tape
y = 3.15

Straight 0.29 0.74 0.95 1.11 1.11 44.77 221.86 563.78

Helical 0.29 0.81 1.04 1.20 1.41 49.89 254.27 651.83

With tape
y = 7.86

Straight 0.29 0.75 0.96 1.12 0.97 27.74 140.48 365.08

Helical 0.29 0.81 1.04 1.21 1.13 38.84 200.12 528.19

With tape
y = 15.73

Straight 0.29 0.75 0.96 1.13 0.95 25.25 111.51 277.17

Helical 0.29 0.81 1.04 1.21 1.11 37.43 188.35 492.14

Geometry
Reactor Length 100.64 mm

Generated Power (Watt) Pumping Power (mWatt)

Re 100 Re 500 Re 1000 Re 1500 Re 100 Re 500 Re 1000 Re 1500

No tape Straight 0.29 0.84 1.06 1.20 0.45 12.79 58.19 143.43

Helical 0.30 0.91 1.16 1.29 0.60 23.56 123.17 326.41
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With tape
y = 3.15

Straight 0.30 0.88 1.15 1.32 1.45 59.06 293.86 746.89

Helical 0.30 0.95 1.25 1.45 1.80 65.53 335.06 860.35

With tape
y = 7.86

Straight 0.30 0.88 1.15 1.33 1.26 36.13 185.39 486.26

Helical 0.30 0.95 1.26 1.45 1.47 50.95 263.82 697.94

With tape
y = 15.73

Straight 0.30 0.88 1.16 1.34 1.24 32.72 144.40 361.47

Helical 0.30 0.95 1.26 1.45 1.45 48.95 247.42 648.73

Geometry
Reactor Length 125.80 mm

Generated Power (Watt) Pumping Power (mWatt)

Re 100 Re 500 Re 1000 Re 1500 Re 100 Re 500 Re 1000 Re 1500

No tape Straight 0.30 0.95 1.23 1.39 0.56 15.47 69.32 170.10

Helical 0.30 1.03 1.36 1.53 0.75 29.37 153.77 407.75

With tape
y = 3.15

Straight 0.30 0.98 1.26 1.40 1.79 73.35 365.91 920.55

Helical 0.30 1.05 1.38 1.56 2.22 81.24 416.23 1069.88

With tape
y = 7.86

Straight 0.30 0.98 1.26 1.41 1.56 44.55 230.48 608.45

Helical 0.30 1.05 1.38 1.56 1.82 63.12 327.93 869.26

With tape
y = 15.73

Straight 0.30 0.98 1.26 1.42 1.53 40.20 177.34 445.90

Helical 0.30 1.05 1.38 1.56 1.80 60.72 308.33 810.74

2.5. Overall Performance

The overall performances of the reactors were examined using the figure of merit (FoM) concept,
defined as net power generation (power generated–pumping power) per unit mass of catalyst (Watt
per mg of Pt). Table 2 summarizes the net power generated from the reactor and figure of Merit
(FoM) for single channel. Here, it is found that, despite the requirement for high pumping power,
the helical reactor still offers considerable net power as compared to the straight channel. In fact, at low
Re, it produces higher net power than the straight channel. Looking into the reactor with twisted
tape insert, higher net power is observed for short reactors with a twisted tape at low Re. However,
this advantage diminishes as the reactor channel gets longer and Re set to higher value. The net power
offered by reactors with twisted tape declines when the channel is about 100 mm or longer, and the
decrease becomes more significant at high Reynolds number. For example, net power generated at
Re = 1500 was the highest for straight reactor with no tape and lowest for straight and helical reactors
with the 3.15 twisted tape. This may be due to the extremely high pressure drop imposed by the
combined effects of long channel, twisted tape addition, and helical configuration which add extra
resistances to the flow. Among the studied tape, one with a twisting ratio of 3.15 has the lowest
performance in terms of net power, attributed to its high pumping power requirement. Twisted tape
with higher twisting ratio (lesser twisting) generates the highest net power.

On FoM, the straight channel offers better performance as compared to the helical counterpart.
For most conditions, straight tube with twisted tape of 15.73 twisting ratio offer the highest FoM among
the investigated geometries. In contrast, the helical channel has lower FoM in general compared to the
straight channel with the same configuration attributed to higher pumping power and catalyst usage
and area. Channel length also influences FoM, as a decreasing trend was observed with increasing
channel length for all channel arrangements and Re numbers. Furthermore, FoM increases with
increasing Re, although the increase becomes less significant when moving towards a higher Re region.
On average, FoM improvements are about 70–100% higher when Re is increased from 100 to 500. These
numbers dropped significantly to a 5–30% increase when Re is increased from 500 to 1000. Interestingly,
the decline in improvement is more prominent for longer channels.
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Table 2. Net power generation from methane combustion (in Watt) and Figure of Merit (FoM) for a
single channel VAM reactor (in W/mg catalyst).

Geometry
Reactor Length 25.16 mm

Net Power (Watt) FoM (Watt/mg Catalyst)

Re 100 Re 500 Re 1000 Re 1500 Re 100 Re 500 Re 1000 Re 1500

No tape Straight 0.19 0.33 0.43 0.51 405.36 693.45 908.11 1080.46

Helical 0.21 0.35 0.41 0.42 381.89 645.41 756.56 786.73

With tape
y = 3.15

Straight 0.20 0.36 0.43 0.43 422.65 758.90 913.00 919.46

Helical 0.21 0.39 0.45 0.43 396.17 718.15 839.78 809.58

With tape
y = 7.86

Straight 0.20 0.37 0.48 0.52 423.14 780.87 1012.81 1113.58

Helical 0.21 0.39 0.47 0.48 396.13 727.59 882.01 901.69

With tape
y = 15.73

Straight 0.20 0.37 0.49 0.57 423.12 783.49 1035.84 1214.87

Helical 0.21 0.39 0.48 0.50 396.05 732.12 897.39 934.70

Geometry
Reactor Length 50.32 mm

Net Power (Watt) FoM (Watt/mg Catalyst)

Re 100 Re 500 Re 1000 Re 1500 Re 100 Re 500 Re 1000 Re 1500

No tape Straight 0.26 0.52 0.63 0.69 275.54 552.77 665.52 737.70

Helical 0.27 0.57 0.64 0.62 251.07 526.91 594.93 580.16

With tape
y = 3.15

Straight 0.26 0.54 0.59 0.50 280.45 578.57 627.86 527.32

Helical 0.27 0.59 0.63 0.50 254.02 552.03 587.44 468.88

With tape
y = 7.86

Straight 0.26 0.56 0.66 0.65 280.59 593.58 699.42 691.97

Helical 0.27 0.60 0.67 0.59 254.29 559.83 623.85 549.98

With tape
y = 15.73

Straight 0.26 0.56 0.68 0.72 280.60 595.36 720.58 764.71

Helical 0.27 0.60 0.68 0.62 254.30 560.40 631.93 575.35

Geometry
Reactor Length 75.48 mm

Net Power (Watt) FoM (Watt/mg catalyst)

Re 100 Re 500 Re 1000 Re 1500 Re 100 Re 500 Re 1000 Re 1500

No tape Straight 0.28 0.69 0.82 0.88 201.75 485.61 580.05 620.65

Helical 0.29 0.74 0.85 0.80 179.98 462.17 525.90 498.70

With tape
y = 3.15

Straight 0.29 0.70 0.73 0.55 202.96 495.05 518.16 387.93

Helical 0.29 0.76 0.79 0.55 180.39 470.59 487.73 342.51

With tape
y = 7.86

Straight 0.29 0.72 0.82 0.75 203.08 508.28 582.67 532.15

Helical 0.29 0.77 0.84 0.68 180.57 478.17 523.43 421.53

With tape
y = 15.73

Straight 0.29 0.72 0.85 0.86 203.09 510.00 604.40 607.36

Helical 0.29 0.77 0.85 0.72 180.58 478.82 530.37 444.13

Geometry
Reactor Length 100.64 mm

Net Power (Watt) FoM (Watt/mg catalyst)

Re 100 Re 500 Re 1000 Re 1500 Re 100 Re 500 Re 1000 Re 1500

No tape Straight 0.29 0.82 1.00 1.05 156.13 437.68 529.83 560.26

Helical 0.30 0.89 1.03 0.97 137.83 413.71 481.05 450.49

With tape
y = 3.15

Straight 0.29 0.82 0.85 0.58 156.18 438.17 453.89 306.72

Helical 0.30 0.89 0.92 0.58 137.56 413.68 427.82 272.33



Catalysts 2020, 10, 797 14 of 25

Table 2. Cont.

With tape
y = 7.86

Straight 0.29 0.85 0.97 0.84 156.28 450.57 515.18 448.31

Helical 0.30 0.90 0.99 0.75 137.71 420.55 461.80 349.24

With tape
y = 15.73

Straight 0.29 0.85 1.01 0.98 156.28 452.24 537.29 521.37

Helical 0.30 0.91 1.01 0.80 137.71 420.55 461.80 349.24

Geometry
Reactor Length 125.80 mm

Net Power (Watt) FoM (Watt/mg catalyst)

Re 100 Re 500 Re 1000 Re 1500 Re 100 Re 500 Re 1000 Re 1500

No tape Straight 0.30 0.94 1.16 1.22 126.24 398.89 493.38 520.61

Helical 0.30 1.00 1.20 1.12 110.92 374.24 447.55 417.15

With tape
y = 3.15

Straight 0.30 0.90 0.89 0.48 125.89 384.58 378.24 205.88

Helical 0.30 0.97 0.97 0.49 110.44 361.89 359.95 180.92

With tape
y = 7.86

Straight 0.30 0.93 1.03 0.80 125.99 396.85 438.35 341.50

Helical 0.30 0.99 1.06 0.69 110.59 368.57 393.08 255.98

With tape
y = 15.73

Straight 0.30 0.94 1.08 0.97 126.00 398.53 460.80 414.14

Helical 0.30 0.99 1.07 0.75 110.60 369.36 400.10 277.66

3. Mathematical Model

In this study, straight and helical coil reactor channel with various twisted tape insert configurations
are considered. The channel geometry is similar to the heat exchanger tube evaluated in our previous
study [27]. These geometries are illustrated in Figure 9. The assumptions taken in developing this
model are a premix inlet condition, the reaction occurs at the reactor wall, Newtonian fluid steady, and
laminar flow [24,25,35]. Table 3 summarizes details geometric and operating parameters considered in
this study.

Table 3. Geometric parameters, operating parameters, and material properties.

Parameter Symbol Value Unit

Diameter of circular cross-section D 1.13 × 10−3 m
Height of the twisted tape insert Ht 1.00 × 10−3 m

Pitch/Distance between helical turn Hc 2.00 × 10−3 m
180 degree twist pitch Lt 3.15 × 10−3, 7.86 × 10−3, 1.57 × 10−3 m

Width of the twisted tape insert Wt 4.00 × 10−5 m
Helical coil radius Rc 4.00 × 10−3 m

Total length of reactor L 12.58 × 10−2 m

Catalyst area Ac

Reactor length Straight Helical

cm2

25.16 0.89 1.02
50.32 1.78 2.03
75.48 2.68 3.05

100.64 3.56 4.06
125.80 4.46 5.08

Platinum coverage on the surface Pt (s) 2.71 × 10−8 kmol/m2

Inlet velocity uin
mixture 1.38, 6.88,13.77, 20.65 m/s

Inlet oxygen mass fraction ωin
O2

0.23 -
Inlet methane mass fraction ωin

CH4
0.01 -

Inlet hydrogen mass fraction ωin
H2

4.50 × 10−2 -
Inlet temperature Tin

mixture 300 K
Wall temperature for initialization Twall,init 1290 K
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3.1. Governing Equations

With reference to the assumption taken in developing the model, the governing equations
comprising conservation of mass, momentum, energy, and species inside the reactor can be expressed
as [24,25]

∇ · ρu = 0 (1)

∇ · (ρuu) = −∇pI +∇ ·
[
µ
(
∇u + (∇u)T

)
−

2
3
µ(∇ · u)I

]
(2)

∇ · (ρuωi) = ∇ · (ρDi∇ωi) + Ri (3)

∇ ·

(
ρcpuT

)
= ∇ ·

(
ke f f∇T

)
+ Stemp (4)

where ρ is the fluid density, u the fluid velocity, p the pressure, µ the fluid dynamic viscosity, ωi and
Di are mass fraction and diffusion coefficient of species i, respectively, Ri is the mass consumed or
produced by the reactions at the catalyst coated wall, cp is the specific heat of the gas mixture, keff is
the effective thermal conductivity, T is the temperature, and Stemp is the heat released/absorbed due
to reaction.

3.2. Methane Catalytic Oxidation Reaction

Catalytic combustion of VAM in this study is represented by heterogeneous reaction of methane
oxidation occurring at the platinum catalyst-coated wall of reactor channels. In this model, the chemical
species deposited on the wall surface is treated separately with those in the bulk flowing gas. Similarly,
reaction occurring on the wall surface for the species deposited on the wall is distinguished from the
reaction in the bulk gas. In total, one bulk/solid species (Pt(b)), seven gas species (CH4, O2, H2, H2O,
CO, CO2 and N2), and 11 surface species (e.g., H(s), Pt(s), O(s), OH(s), H2O(s), CH3(s), CH2(s), CH(s),
C(s), CO(s), CO2(s)) that illustrate the coverage of the surface with adsorbed species were considered in
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this model. Table 4 presented detailed multistep reaction mechanism and its corresponding reactions
rate constants.

Table 4. VAM combustion surface reaction mechanism.

No. Reaction Ar βr Er (J/kmol)

1 H2 + 2Pt(s)→ 2H(s) 4.36 × 107 0.5 0
2 2H(s)→ H2 + 2Pt(s) 3.70 × 1020 0 6.74 × 107

3 O2 + 2Pt(s)→ 2O(s) 1.80 × 1017 −0.5 0
4 O2 + 2Pt(s)→ 2O(s) 2.01 × 1014 0.5 0
5 2O(s)→ O2 + 2Pt(s) 3.70 × 1020 0 2.13 × 108

6 H2O + Pt(s)→ H2O(s) 2.37 × 108 0.5 0
7 H2O(s)→ H2O + Pt(s) 1.00 × 1013 0 4.03 × 107

8 OH + Pt(s)→ OH(s) 3.25 × 108 0.5 0
9 OH(s)→ OH + Pt(s) 1.00 × 1013 0 1.93 × 108

10 H(s) + O(s)→ OH(s) + Pt(s) 3.70 × 1020 0 1.15 × 107

11 H(s) + OH(s)→ H2O(s) + Pt(s) 3.70 × 1020 0 1.74 × 107

12 OH(s) + OH(s)→ H2O(s) + O(s) 3.70 × 1020 0 4.82 × 107

13 CO + Pt(s)→ CO(s) 7.85 × 1015 0.5 0
14 CO(s)→ CO + Pt(s) 1.00 × 1013 0 1.25 × 108

15 CO2(s)→ CO2 + Pt(s) 1.00 × 1013 0 2.05 × 107

16 CO(s) + O(s)→ CO2(s) + Pt(s) 3.70 × 1020 0 1.05 × 108

17 CH4 + 2Pt(s)→ CH3(s) + H(s) 2.30 × 1016 0.5 0
18 CH3(s) + Pt(s)→ CH2(s) + H(s) 3.70 × 1020 0 2 × 107

19 CH2(s) + Pt(s)→ CH(s) + H(s) 3.70 × 1020 0 2 × 107

20 CH(s) + Pt(s)→ C(s) + H(s) 3.70 × 1020 0 2 × 107

21 C(s) + O(s)→ CO(s) + Pt(s) 3.70 × 1020 0 6.28 × 107

22 CO(s) + Pt(s)→ C(s) + O(s) 1.00 × 1017 0 1.84 × 108

23 OH(s) + Pt(s)→ H(s) + O(s) 1.56 × 1018 0 1.15 × 107

24 H2O (s) + Pt(s)→ H(s) + OH(s) 1.88 × 1018 0 1.74 × 107

25 H2O (s) + O(s)→ OH(s) + OH(s) 4.45 × 1020 0 4.82 × 107

Both gas-phase and surface species can be produced and consumed by the surface reactor which
can be expressed as

Ng∑
i=1

g′i,rGi +

Nb∑
i=1

b′i,rBi +

Ns∑
i=1

s′i,rSi
Kr
↔

Ng∑
i=1

g′′i,rGi +

Nb∑
i=1

b′′i,rBi +

Ns∑
i=1

s′′i,rSi (5)

where g′, b′, and s′ are the stoichiometric coefficients for each reactant species; g”, b”, and s” are
the stoichiometric coefficients for each product species; and Kr is the overall reaction rate constant.
Meanwhile, Gi, Bi, and Si are the gas-phase, solid species, and the surface-adsorbed species, respectively.
The rate of reaction is defined as

< = k f ,r

Ng∏
i=1

[Gi]
g′i,r
wall[Si]

s′i,r
wall (6)

where [Gi]
g′i,r
wall denotes molar concentration on the wall which can be calculated as

[Gi]wall =
ρwallωi,wall

Mw,i
(7)

and [Si]wall is the site species concentration at the wall, which is given by

[Si]wall = ρsitezi (8)



Catalysts 2020, 10, 797 17 of 25

where ρsite is the site density of the catalyst and zi is the site coverage of species i. The reaction rate
constant, kf,r, is given by

k f ,r = ArTβr exp
(
−

Er

RT

)
(9)

Note that that only the species involved as reactants or products will have a nonzero
stoichiometric coefficient.

To estimate the net molar rate of production or consumption of each species i, the following
correlations were used:

R̂i,gas =
Nrxn∑
r=1

(g′′i,r − g′i,r)<r
(
i = 1, 2, 3, . . . , Ng

)
R̂i,bulk =

Nrxn∑
r=1

(b′′i,r − b′i,r)<r (i = 1, 2, 3, . . . , Nb)

R̂i,site =
Nrxn∑
r=1

(s′′i,r − s′i,r)<r (i = 1, 2, 3, . . . , Ns)

(10)

At the catalyst-coated wall surfaces, the total mass flux of each gas species due to diffusion and
convection is equal to its rate of consumption/production on the surface

ρwallDi
∂ωi,wall

∂n
−

.
mdepωi,wall = Mw,iR̂i,gas

(
i = 1, 2, 3, . . . , Ng

)
(11)

∂[Si]wall
∂t

= R̂i,site (i = 1, 2, 3, . . . , Ns) (12)

where
.

mdep is the net rate of mass deposition or etching as a result of surface reaction, i.e.,

.
mdep =

Nb∑
i=1

Mw,iR̂i,bulk (13)

The diffusion term in Equations (11) and (12) is computed as the ratio of the difference in the
mass fraction of species at the cell center and the wall-face center to the normal distance between
these center points. To find the dependent variables ωi,wall and zi, Equations (10) and (11) were solved
using a point-by-point coupled Newton solver. Alternatively, if the Newton solver fails to solve the
equations, time marching in an ordinary differential equations (ODE) solver is used until convergence
is reached. In the condition where the ODE solver cannot solve these equations, reaction-diffusion
balance will be disabled, ωi,wall is made equal to ωi,cell, and only the site coverage zi is advanced in the
ODE solver to convergence.

3.3. Constitutive Relations

In this study, the gas mixture is considered as ideal gas for which the density can be calculated as

ρ =
PM
RuT

(14)

where Ru is the universal gas constant and M is the mixture molar mass which is calculated for the
species molar mass, Mi, as

M =

(
ωCH4

MCH4

+
ωH2

MH2

+
ωO2

MO2

+
ωH2O

MH2O
+
ωCO2

MCO2

+
ωCO
MCO

+
ωN2

MN2

)−1

(15)
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The gas mixture viscosity (µ) can be calculated by using averaging method, i.e.,

µ =
∑
α

xαµα∑
β

xβΦα,β
, (α, β= CH4, H2, O2, H2O, CO, CO2, N2) (16)

where xα, β are the mole fractions of species α and β, and Φα,β is coefficient that can be calculated from

Φα,β =
1
√

8

(
1 +

Mα

Mβ

)−1/2
1 +

µ
(g)
α

µ
(g)
β


1/2(Mβ

Mα

)1/4


2

(17)

where µα, β are the viscosity of individual species α and β.
Similarly, the mixture thermal conductivity, keff and specific heat capacity, cp can be calculated by

using averaging method, i.e.,
ke f f =

∑
kiωi (18)

cp =
∑

i

ωicp,i (19)

The performance of reactor is evaluated and discussed in terms of local and overall reactant
conversion, ζ and figure of merit (FoM) which are defined as

ζi,x =
ωx

i,mean −ω
out
i,mean

ωin
i,mean

(20)

ζi =
ωin

i,mean −ω
out
i,mean

ωin
i,mean

(21)

FoM =

.
Enet

mcatalyst
(22)

where ωi,mean is the mixed mean mass fraction, which is defined as

ωi,mean =
1

VAc

∫
Ac

ωiudAc (23)

and V is the mean velocity, which is given by

V =
1

Ac

∫
Ac

udAc (24)

The net power is defined as the generated from methane catalytic combustion minus the pumping
power required to drive the flow inside reactor, i.e.,

.
Enet =

.
Ecombustion − PPump (25)

.
Ecombustion = ηpg

( .
min

CH4,mean −
.

mout
CH4,mean

)
∆Hc,CH4 (26)

Ppump =

(
1

ηpump

)
.

V∆P (27)

where ηpg denotes the efficiency of the power generation, ∆Hc,cH4 is the methane combustion enthalpy,
.

min
CH4,mean and

.
mout

CH4,mean represent the methane inlet and outlet mass flow rates, respectively, ηpump is the

pump efficiency,
.

V is the volumetric flow rate, and ∆p is the pressure drop. Currently, VAM is utilized
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as fuel for steam power plant utilizing catalytic oxidation [35]. Typical steam power plant has efficiency
within 38% to 45% [36]. In this study, the efficiency of the power generation is taken at conservative
value 33%. Meanwhile, the enthalpy combustion of methane is taken as 890.7 kJ/mol [36,37]. The pump
efficiency is taken at moderate 80% while mass of catalyst can be calculated from the catalyst loading,
ρsite and the corresponding coating area, given in Table 3.

3.4. Boundary Condition

The boundary conditions implemented in the developed model are as follows:

• Inlet: Ventilation air which consists of methane gas is treated as premix reactant. The velocity,
temperature, and species mass fraction are set,

u = uin
mixture, T = Tin

mixture, ωO2 = ωin
O2

, ωCH4 = ωin
CH4

, ωH24 = ωin
H2

ωN2 = 1−
(
ωin

O2
+ωin

CH4
+ωin

H2

)
(28)

Inlet velocity for the mixture is summarized in Table 3.
• Reaction walls: The reaction takes place on the wall, which was coated with catalyst and is

resolved by using Equation (9). The reaction mechanism is incorporated to the species boundary
condition to activate wall surface reaction. No-slip condition is applied. The wall temperature is
not known a priori and is calculated from the heat source due to reaction. Note that the initial
temperature is very important in the steady state model to trigger the reaction:

u = 0, Twall = Twall,init (29)

• Twisted tape insert: The tape is treated as non-reaction wall where the boundary condition is
similar to those for reaction wall but with no reaction.

• Outlet: The pressure and stream-wise gradient of the temperature and species mass fraction are
set to zero:

p = pout, n · ∇T = 0, n · ∇ωi = 0 (30)

The inlet velocities used in this study correspond to inlet Reynolds numbers of 100, 500, 1000, and
1500, which are listed in Table 3.

3.5. Streamlines and Masslines Visualization

To provide better visualization on the species distribution within the reactor, the concept of
massline is adopted in this study. This concept is evolved from the use of stream-function and
streamlines to visualize fluid flow. In the Cartesian coordinate, the stream function is defined as

∂ψ

∂y
= u, −

∂ψ

∂x
= v (31)

whereψ(x,y) is the stream-function. The flow is locally parallel to the constant line of the stream-function
(streamlines). Thus, although there is no explicit substitution for the velocity component (u, v) as the
source of the local flow attributes, constant streamlines provide a valuable observation of the fluid
flow and its characteristics. Similarly, mass-function and masslines are introduced as visualization aid
of the mass transfer by convection and diffusion mechanism, described as

∂M
∂y

= Mx, −
∂M
∂x

= My (32)
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where

Mx = ρuωi − ρDi
∂ωi
∂x

, My = ρvωi − ρDi
∂ωi
∂y

(33)

3.6. Numerical Methodology

The computational domain for the model was created in an ANSYS Design Modeller and then
transferred to ANSYS Meshing for meshing and labelling to study the dependency of the numerical
result on the amount of generated mesh, several mesh sizes with a mesh amount ranging from around
100 thousand to 4.1 million meshes were built and evaluated. The computational domain was then
exported and incorporated into the developed model consisting of conservation equations, constitutive
relations and corresponding boundary conditions in ANSYS Fluent 19.2. The model was then solved
by using the widely adopted Semi-Implicit-Pressure-Linked equation (SIMPLE) algorithm, second
order upwind discretization, and algebraic multi-grid (AMG) method. Convergence was obtained
by setting a residual criterion of 10−6 for all parameters. One to two hour wall clocks is required for
the computational model to reach convergence by using single processor setting in high performance
computer (HPC). A range of 5 GB to 10 GB RAM utilization was recorded during a computational
run where other processes are closed. By using the previously prepared mesh, a mesh-independent
study was conducted to evaluate the mesh independency of the numerical result. As can be seen in
Figure 10, no significant changes were observed for mesh beyond 2 million. The same results are
observed for the spatial flow profile and methane concentration as presented in Figures 11 and 12,
respectively. Therefore, the remaining cases were run with mesh size of 2 million meshes. The mesh
was unstructured and had orthogonal quality of ~0.9.
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Figure 10. Mesh independent test result in term of (a) outlet methane concentration (kmol/m3), (b) outlet
carbon dioxide concentration (kmol/m3), and (c) pressure drop (Pa) along the reactor channel with
twisted tape insert (y = 3.15) at Re 100 for various meshes.
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4. Conclusions

A numerical investigation has been conducted to evaluate the reaction performance of a straight
and helical coil reactor with twisted tape insert for combustion of methane, specifically in Ventilation
Air Methane (VAM) produced by underground coal mines. The effects of twisting ratio of the tape,
reactor channel length, and Reynolds number were examined and discussed. Several twisting ratios
were evaluated, i.e., 3.15, 7.86 and 15.73 and channel length of 25.16, 50.32, 75.48, 100.64, and 125.80 mm
at Reynolds number range of 100–1500. The developed model was validated against published
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experimental results and it was able to accurately predict the reaction performance in terms of methane
conversion. Consistent with our previous study, helical reactors prompt more intense secondary flow,
which results in higher axial velocity inside the reactor. Higher methane concentration, i.e., lower
conversion, was observed in straight channel as compared to the helical counterpart. The addition of
twisted tape insert was also proven to lead to superior performance in general and the results indicate
that a small twisting ratio (3.15) offered the best performance. The investigation on the influence of
Reynolds number and channel length revealed that enhanced performance and higher power can be
achieved with low Re and longer reactor channel although the increase is lower for an increase in
the high Re region. The distributions of methane concentration suggest that reaction rate is low for a
channel less than 100 mm long. However, the improvement from increasing channel length comes at
the cost of high pressure drop and pumping power. Employing twisted tape and helical reactor also
adds on the required pumping power, especially at high Re. These combined effects might overcome
the advantages and, as a result, the net power generated can decrease. Thus, the design parameters
must be chosen carefully and optimized to achieve the best trade-off between performance and cost.
Future work will focus on the integration of single channel reactor into stack and system along with
its optimization.
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