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Abstract: Automobile exhaust heat recovery is considered to be an effective means to enhance fuel
utilization. The catalytic production of hydrogen by methanol steam reforming is an attractive
option for onboard mobile applications, due to its many advantages. However, the reformers of
conventional packed bed type suffer from axial temperature gradients and cold spots resulting from
severe limitations of mass and heat transfer. These disadvantages limit reformers to a low efficiency
of catalyst utilization. A novel rib microreactor was designed for the hydrogen production from
methanol steam reforming heated by automobile exhaust, and the effect of inlet exhaust and methanol
steam on reactor performance was numerically analyzed in detail, with computational fluid dynamics.
The results showed that the best operating parameters were the counter flow, water-to-alcohol
(W/A) of 1.3, exhaust inlet velocity of 1.1 m/s, and exhaust inlet temperature of 773 K, when the
inlet velocity and inlet temperature of the reactant were 0.1 m/s and 493 K, respectively. At this
condition, a methanol conversion of 99.4% and thermal efficiency of 28% were achieved, together
with a hydrogen content of 69.6%.

Keywords: methanol steam reforming; hydrogen production; exhaust waste heat; rib microreactor

1. Introduction

Motor vehicles are increasing dramatically with the rapid economic development [1,2]. However,
the power used by the internal combustion engine for power output generally accounts for only
30%–45% (diesel) or 20%–30% (gasoline) of the total fuel combustion heat. A car effectively uses only
a small part of the fuel’s chemical energy, and most is lost through the engine’s cooling water and
high-temperature exhaust heat [3,4]. Therefore, the exhaust heat recovery, which is very important
to improve the fuel efficiency, attracts more and more attention [5,6]. Pashchenko [7] studied
thermochemical recovery of heat contained in flue gases with steam methane reforming. It was found
that the enthalpy increased with increasing mole fraction of combustion products in the reaction
mixture. At the same time, the greenhouse effect resulting from the burning of fossil energy has
seriously affected the earth. In this regard, many countries are actively investing in the development of
pollution-free clean energy and alternative energy [8–10]. Hydrogen is one of the prominent alternative
energy because of its many excellent properties, especially its combustion product of water [11,12].
However, difficulties in storage and ecological environment transportation of hydrogen persist [13,14].
Liquid fuel reformation is becoming an increasingly important process of hydrogen production for
on-board mobile applications [15,16]. The use of bioethanol in the schemes of thermochemical recovery
of heat contained in exit flue gases is also an option that was considered [17]. It was found that the
degree of ethanol conversion is near unity above the temperature of 600 K. Pashchenko [18] compared
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thermochemical waste-heat recuperation through steam reforming of liquid biofuels. The maximum
transformation coefficient 1.187 was observed for ethanol steam reforming, and a minimum effective
temperature of about 600 K was observed for methanol. Methanol, which can be converted to hydrogen
at lower temperature as it contains no carbon–carbon bonds, is an excellent hydrogen carrier and is free
of storage and transportation issues [19,20]. In addition, methanol can be reformed to produce hydrogen
at low temperatures, with very small amount of CO in the products [21]. Hydrogen production
processes are numerous, and decisions on the choice of fuel are made based on which parameter is
deemed most important for the system. Among various hydrogen production technologies, hydrogen
production from methanol steam reforming (MSR) has attracted attention in the industry, due to its
mild reaction and high hydrogen content of products.

Hydrogen production from endothermic MSR heated by exhaust can recover waste heat of the
exhaust, increasing the fuel utilization. At the same time, the hydrogen from MSR can be sent to the
internal combustion engine, which improves fuel combustion efficiency [22]. Thus, MSR heated by
exhaust is considered to be an effective form of waste heat recovery [23,24]. Mishra [25] designed an
experimental system for hydrogen production from MSR heated by automobile exhaust, and mainly
studied the effects of hydrogen flow rate and exhaust heat exchange rate, on exhaust composition and
reaction performance, under different conditions. The results showed that when the throttle opening
is within 20%, the exhaust temperature and heat flow can meet the needs of hydrogen production
from MSR. Methanol conversion increases with the heat exchange efficiency of reformers, and heat
recovery increases with increasing engine speed. However, too high an engine speed will cause the
heat exchange efficiency to decrease. Kumar [26] used flow-through tubular heat exchanger and porous
ceramic reactors to enhance the heat transfer, and studied hydrogen production from MSR heated by
exhausts. The results showed that the methanol conversion increased with the increasing temperature
of the exhaust. At exhaust temperatures of 350 ◦C, the hydrogen volume fraction was approximately
42%. This method can provide hydrogen for on-board applications in an internal combustion engine,
greatly improving the thermal efficiency of the system. Wang [27] studied the characteristics of
the MSR-coupled with thermoelectric generator system heated by automobile exhausts. The results
showed that when the temperature difference between the cold and hot ends of the thermoelectric
module was 22 K, the output voltage of the power chip was 55 mV, the methanol conversion was 72.6%,
and the molar fraction of hydrogen was 62.6%.

The packed bed is widely used for the conventional MSR method. However, the packed bed
was reported to suffer from axial temperature gradients and cold spots [28,29]. These problems,
which lead to thermal stresses in the channels, result from the severe limitations of mass and heat
transfer. The stability and durability of the catalyst are significantly affected by the thermal stresses.
Furthermore, the severe transfer resistance led to an effectiveness factor of the catalyst that is typically
less than 5% in conventional steam reformers [30]. Micro-reactors can offer a higher heat transfer
rate than the traditional chemical reactors, benefit from the high surface-to-volume ratio and short
conduction paths [31]. Since the small diameters of the reactor channels can shorten the radial diffusion
time, a high heat transfer coefficient is acquired. Moreover, the heat transfer coefficient is known to
beneficial for the homogeneously catalyzed reaction [32]. Thus, microreactors have been increasingly
seen as new tools for chemistry and chemical processes in recent years. Zhou [33] improved hydrogen
production efficiency through sintered copper microreactors. Liang [34] studied the effect of the novel
high-pressure propulsion on hydrogen production from MSR. The result showed that the methanol
conversion increased by 11% in the microreactor. This behavior was attributed to the superior heat
transfer in the microreactors. Pressure drop has been demonstrated to play a significant role in packed
bed reformers in terms of the efficiency of the thermochemical heat recuperation systems [35]. However,
the difficulty of introducing catalyst particles into the micro-channel persists when using micro-reactors
in heterogeneously catalyzed gasphase reactions. Therefore, each channel must be packed identically
to avoid misdistribution, because random packing would result in a high-pressure drop. The catalyst
coating of regular geometry is convenient to be integrated into microreactors, compared to the packed
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bed of catalyst particles. And the catalyst coating is found to be combined closely with the microreactor.
This can intensify thermal conductivity from microreactor to the coating due to the decreased thermal
contact resistance. The pressure drop is lower in a coated catalyst bed, because the coating catalyst
provides the advantage of superior geometry. The activity of the coated catalyst was also found
to be superior to that of the same catalyst in a packed bed for MSR [36]. Therefore, for this study,
a microreactor coupled with catalyst coating is proposed to intensify the process due to its advantages
of heat transfer.

Previous research work has focused on the study of systems with conventional reactors, and studies
on the influence of specific operating parameters on MSR is insufficient. While the vehicles are in motion,
the temperature and flow of the exhaust would change at different motor conditions. In this paper,
a novel rib microreactor coupled with a catalyst coating is designed for the hydrogen production from
MSR heated by automobile exhausts. The exhaust provides heat to the MSR in the same rib microreactor
without outside heat source, and the effect of inlet exhaust and methanol steam on reactor performance
is numerically analyzed in detail. This research can create a reference significance for the comprehensive
utilization of exhaust heat and hydrogen production heated by engine exhaust reforming.

2. Materials and Methods

2.1. Physical Model

The physical model is shown in Figure 1. The exhaust heats the reactant while flowing through
the rib microreactor. The mixture of methanol and water enters the reaction side from the reactant
inlet, and the products flow out of the outlet. The microreactor chamber is 100 mm long, with a radius
of 35 mm, and the heating side radius is 26 mm; the single reaction side angle is 10 degrees and the
intermediate baffle thickness is 1 mm. As the structure, the volume, and the reaction performance of
the single reaction unit of the reactor are completely same and it is a symmetric model. In order to
facilitate the calculation, a half of the single reaction unit is calculated in this paper.
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2.2. Mathematical Model

In order to simplify the analysis, the following simplified assumptions are made for this reaction,
combining the following characteristics:

(1) All gases are considered ideal incompressible fluid;
(2) Ignoring radiation heat transfer and body force;



Energies 2020, 13, 1564 4 of 18

(3) The system is in a stable state, and the laminar flow model is adopted;
(4) Ignoring the influence of gravity;
(5) All external walls are considered thermal insulation;
(6) Ignoring the temperature and concentration differences between catalyst and fluid; and
(7) The catalyst area is considered as a homogeneous medium.
A universal finite rate model and the homogeneous model for the reactor in fluent software is

used. The model’s control equations are as follows:
Continuity equation:

∂(ρV j)

∂x j
= 0 (1)

Component equation:

ρV j
∂Ys

∂x j
=

∂
∂x j

(ρD
∂Ys

∂x j
) + Rs (2)

Momentum equation:

∂(ρV jVi)

∂x j
= −
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∂xi
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∂
∂x j

(
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∂Vi
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Energy equation:

V j
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∂
∂x j
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∂T
∂x j

) +
∂
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(
∑

s
ρDi
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∂x j
hi) + q (4)

hs = h0 +

∫
CpsdT (5)

The ideal gas state equation:

p = ρRT
∑ Ys

Ms
(6)

where p, T, ρ are the pressure, the temperature, and the density of the mixed gas, respectively, Xj is the
direction, and Vj is the mixed gas velocity. D, λ, µ are the diffusion coefficient, thermal conductivity,
and viscosity coefficient of the mixed gas, respectively, and the ideal gas mixing law is used for the
calculations. Ys is the mass fraction of component s, s = 1–5, respectively, for CH3OH, H2O, H2, CO2,
CO. Cps is the constant pressure specific heat, Ms is the molar mass of component s, and hs is the
enthalpy of component s.

2.3. Solving Method

The fluent software is used for simulation calculation. Three-dimensional symmetry and laminar
flow model are adopted, The speed inlet is used for the inlet of reactants and exhaust use, and the
pressure outlet is used for the outlets. Fluid-structure coupled heat transfer is adopted for the interface
between the reactor and the heater, a symmetrical model is adpoted for the symmetrical surface
adopts.All the outer wall surfaces are set as adiabatic, and the copper-based catalyst is uniformly
loaded inside the reactor.

2.4. Model Validation

In this paper, an experimental platform is built, and the MSR heated by the waste heat of exhaust
is studied in a plate-type. After a comprehensive comparison, the reaction mechanism and kinetic
model in the literature [24] are selected for calculation. The same boundary conditions and parameters
as the experiment are adopted. The results are shown in Figure 2.
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Figure 2. Comparison of the experimental and simulation results.

From the figure, it can be seen that methanol conversion changes of the simulation and the
experiment are the same. The methanol conversion increases gradually with the increase of the exhaust
temperature, and the maximum difference is only 0.8%. After the verification, it can be confirmed that
the reaction mechanism and kinetics adopted in this paper are feasible.

3. Results and Discussions

3.1. Effects of Inlet Exhaust Velocity on MSR

At inlet reactant temperature of 453 K, inlet reactant velocity of 0.1 m/s and inlet exhaust
temperature of 673 K, the characteristics of the MSR are shown as figures when the inlet exhaust
velocity increases from 0.3 m/s to 1.9 m/s. Figure 3a–d shows the temperature distribution, methanol
conversion, and hydrogen and carbon monoxide in the direction of the central axis on the reaction side,
when the inlet velocity of the exhaust increases from 0.3 m/s to 1.7 m/s. As can be seen from the figure,
the temperature, methanol conversion, the hydrogen mole fraction along the axis all increase gradually
with inlet exhaust velocity. The results agree with the literatures [27,37], and suitable for heterogeneous
catalytic hydrogen production from MSR in microreactor. This is because the total amount of heat
supplied to MSR increases as the inlet exhaust velocity increases, so the temperature of MSR increases.
Since the MSR is endothermic, the methanol conversion increases. The temperature is lower at the front
section on the reaction side due to the lower inlet temperature of the reactants. With the increase of the
temperature in the axial direction, the MSR is favored, and the reaction intensity increases initially
and decreases afterwards, along the axis. The axial temperature does not change much before 30 mm
from the inlet, and then increases gradually. The hydrogen molar fraction increases slightly before
30 mm, is comparatively larger from 30 mm to 85 mm, and tends to be gentle after 85 mm. Before
80 mm, the molar fraction of carbon monoxide increases slowly with the inlet exhaust velocity and
increases at a higher rate, from 80 mm to 100 mm. The same is the trend of the hydrogen mole fraction,
as the methanol conversion increases at 30 mm from the inlet and then flattens.

Figure 4a shows the outlet temperature change with the inlet exhaust velocity. With an increase in
the inlet exhaust velocity, the outlet temperature of the MSR and the exhaust, and the temperature
difference between the MSR and the exhaust increases. The outlet exhaust temperature is always higher
than that of MSR. This is because the increase of the inlet exhaust velocity leads to a direct export of
some heat, without participating in the MSR. Therefore, the outlet exhaust temperature becomes higher.
As shown in Figure 4b, there is an increase in methanol conversion and thermal efficiency as the inlet
exhaust velocity increases. This is because the heat absorption from the exhaust increases with an
increase in the inlet exhaust velocity, and the methanol conversion. The increase of the outlet exhaust
velocity leads to an increase in the output heat and a decrease in the thermal efficiency. As shown
in Figure 4c, an increase in the methanol conversion causes an increase of the product, so the mole
fraction of hydrogen, carbon monoxide, and carbon dioxide also increases with the increase of the
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inlet exhaust velocity. When the inlet exhaust velocity is lower than 1.1 m/s, the product increases
with the increasing of inlet exhaust velocity, and then tends to be stable. This is consistent with the
change trend of the methanol conversion and thermal efficiency. The highest efficiency is achieved
when the inlet exhaust is 1.1 m/s, and a methanol conversion and waste heat utilization ratio of 88.07%
and 21.93% is obtained, respectively.Energies 2020, 13, x FOR PEER REVIEW 6 of 19 
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Figure 3. Temperature in the axial direction (a), methanol conversion (b), hydrogen mole fraction (c), 
and carbon monoxide mole fraction (d), as a function of inlet exhaust velocity. 
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3.2. Effects of Inlet Exhaust Temperature on MSR

At inlet reactant temperature of 453 K, inlet reactant velocity of 0.1 m/s and inlet exhaust velocity
of 0.1 m/s, the characteristics of the MSR are studied when the inlet exhaust temperature increases
from 573 K to 873 K. Figure 5a shows the axial temperature distribution at different inlet exhaust
temperatures. As the inlet exhaust temperature increases, the heat from the exhaust to MSR increases,
so the axial temperature increases. The results also agree with the literatures [37]. The temperature
of the reactants increases slowly before 20 mm, and then increases rapidly from 20 mm to 80 mm,
and tends to be stable after 80 mm. Due to the low inlet temperature of the reactants, it needs to
absorb the heat before reaching the reaction temperature, so the temperature at the front section of the
entrance side is lower. As the reactant temperature increases, the MSR deepens, causing the amount of
unreacted reactants to decrease. Consequently, the amount of heat absorption along the axial direction
decreases, and the axial temperature increases gradually and tends to be stable. Figure 5b–d shows
the axial distribution of methanol conversion, and hydrogen and carbon monoxide mole fraction,
with different inlet exhaust temperature. All of these increase with an increase of the inlet exhaust
temperature and increases gradually along the axis. It can be seen that the hydrogen mole fraction
changes little before 18 mm and then increases gradually. When the inlet exhaust temperature is
greater than 773 K, it stabilizes at about 80 mm from the entrance. This is because the reaction is almost
completed at the position of about 80 mm when the exhaust temperature is 773 K, so the amount of
the product changes little. Since hydrogen is the main product of the MSR, the change trends of the
hydrogen and methanol conversion are similar. The molar fraction of carbon monoxide is almost 0
before 30 mm, and increases gradually after 30 mm. This is because the temperature is lower than that
of methanol decomposition, 30 mm before the entrance.Energies 2020, 13, x FOR PEER REVIEW 8 of 19 
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Figure 5. Axial temperature (a), methanol conversion (b), hydrogen mole fraction (c), carbon 
monoxide mole fraction (d), as a function of the exhaust temperature. 

As shown in Figure 6a, the outlet temperature of the reactant and the exhaust increases with 
the inlet exhaust temperature. The higher the inlet exhaust temperature, the smaller the outlet 
temperature difference between the reactant and the exhaust, which decreases from 14.2 K to 6.88 K. 
The main reason is that the inlet exhaust temperature increase causes the heat absorbed to increase, 
and the main reaction section of the MSR moves parallel. In the latter part of the reaction side, the 
heat absorbed by the reactant is mainly used to raise the temperature of the reactant rather than 
supplying to the reaction. This leads to the outlet temperature rise. Figure 6b shows the change of 
thermal efficiency and methanol conversion with the inlet exhaust temperature. The methanol 
conversion increases from 61% to 99.9% and the thermal efficiency increases from 16% to 26%, with 
the inlet exhaust temperature. This is because the heat absorbed by the reactant increases with the 
increase of the inlet exhaust temperature, causing the methanol conversion to increase, as a result, 
more heat is utilized and the resulting thermal efficiency is higher. When the exhaust temperature 
is higher than 773 K, the increase of methanol conversion and thermal efficiency increases slowly. 
Since the heat increase caused by the inlet exhaust temperature is not supplied to MSR, the impact 
of the increase of the exhaust temperature on the MSR reaction becomes weak. Figure 6c shows the 
change of the mole fraction of the reaction product with the exhaust temperature. The products 
have the same change tendency, as the methanol conversion increases with the exhaust temperature. 
Therefore, when the inlet exhaust is 773 K, the best performance is achieved. At this time, the 
methanol conversion is 98%, the thermal utilization is 24.6%, and the mole fraction of hydrogen is 
69%. 

Figure 5. Axial temperature (a), methanol conversion (b), hydrogen mole fraction (c), carbon monoxide
mole fraction (d), as a function of the exhaust temperature.



Energies 2020, 13, 1564 8 of 18

As shown in Figure 6a, the outlet temperature of the reactant and the exhaust increases with the
inlet exhaust temperature. The higher the inlet exhaust temperature, the smaller the outlet temperature
difference between the reactant and the exhaust, which decreases from 14.2 K to 6.88 K. The main
reason is that the inlet exhaust temperature increase causes the heat absorbed to increase, and the main
reaction section of the MSR moves parallel. In the latter part of the reaction side, the heat absorbed
by the reactant is mainly used to raise the temperature of the reactant rather than supplying to the
reaction. This leads to the outlet temperature rise. Figure 6b shows the change of thermal efficiency
and methanol conversion with the inlet exhaust temperature. The methanol conversion increases from
61% to 99.9% and the thermal efficiency increases from 16% to 26%, with the inlet exhaust temperature.
This is because the heat absorbed by the reactant increases with the increase of the inlet exhaust
temperature, causing the methanol conversion to increase, as a result, more heat is utilized and the
resulting thermal efficiency is higher. When the exhaust temperature is higher than 773 K, the increase
of methanol conversion and thermal efficiency increases slowly. Since the heat increase caused by the
inlet exhaust temperature is not supplied to MSR, the impact of the increase of the exhaust temperature
on the MSR reaction becomes weak. Figure 6c shows the change of the mole fraction of the reaction
product with the exhaust temperature. The products have the same change tendency, as the methanol
conversion increases with the exhaust temperature. Therefore, when the inlet exhaust is 773 K, the best
performance is achieved. At this time, the methanol conversion is 98%, the thermal utilization is 24.6%,
and the mole fraction of hydrogen is 69%.Energies 2020, 13, x FOR PEER REVIEW 9 of 19 
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Figure 6. Outlet temperature of reactant and exhaust (a), methanol conversion and thermal efficiency 
(b), and mole fraction of the reaction product (c), as a function of inlet exhaust temperature. 

3.3. Effects of Reactant Inlet Velocity on MSR 

The characteristics of the MSR are studied when the inlet reactant velocity increases from 0.01 
m/s to 0.3 m/s,at inlet exhaust velocity of 1.1 m/s, inlet exhaust temperature of 673 K,inlet reactant 
temperature of 453 K. As the inlet reactant velocity increases, the heat absorption by the reactant 
increases, resulting in a decrease of the temperature. The change laws agree with the literatures 
[37,38], but the increasing range is larger, because the temperature is higher than literature one. As 
shown in Figure 7a, the axial temperature increases gradually along the axis and decreases with the 
reactant inlet velocity. When the inlet reactant velocity is 0.01 m/s, the axial temperature increases 
rapidly and tends to stabilize at about 55 mm from the entrance. When the inlet reactants velocity is 
0.05 m/s, the axial temperature tends to be stable at about 80 mm. When the inlet reactant velocity is 
more than 0.05 m/s, the axial temperature increases slowly, without being stable before the outlet. 
The heat supplied by the exhaust can meet the needs of the MSR with the inlet reactant velocity 
being less than 0.05 m/s, and the reaction starts at the entrance, with the temperature rising rapidly. 
When the heat supplied by the exhaust cannot satisfy the reaction with the inlet reactant velocity by 
more than 0.05 m/s, the reaction moves in the opposite direction and the reactant temperature side 
increases slowly. Figure 7b–d indicate the axial distribution of methanol conversion, hydrogen, and 
carbon monoxide, with the inlet reactant velocity. The methanol conversion, and the mole fractions 
of hydrogen and carbon monoxide decrease with the increase of inlet exhaust velocity and 
gradually increases along the axis. As can be seen from the figure, when the inlet velocity of the 
reactants are 0.01 m/s and 0.05 m/s, respectively, the methanol conversion and the mole fraction of 
hydrogen increases rapidly and become stable near the outlet. When the inlet velocity is greater 
than 0.05 m/s, the methanol conversion and the hydrogen mole fraction keep increasing along the 
axis. When the reactant inlet velocity is small, the heat supplied is sufficient for the MSR on the 
reaction side. Therefore, the methanol conversion and the products are already stable before the 
outlet. When the inlet reactant velocity increases, the heat absorption increases, resulting in the 
MSR moving in the opposite direction. 

Figure 6. Outlet temperature of reactant and exhaust (a), methanol conversion and thermal efficiency
(b), and mole fraction of the reaction product (c), as a function of inlet exhaust temperature.

3.3. Effects of Reactant Inlet Velocity on MSR

The characteristics of the MSR are studied when the inlet reactant velocity increases from 0.01 m/s
to 0.3 m/s, at inlet exhaust velocity of 1.1 m/s, inlet exhaust temperature of 673 K, inlet reactant
temperature of 453 K. As the inlet reactant velocity increases, the heat absorption by the reactant
increases, resulting in a decrease of the temperature. The change laws agree with the literatures [37,38],
but the increasing range is larger, because the temperature is higher than literature one. As shown in
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Figure 7a, the axial temperature increases gradually along the axis and decreases with the reactant inlet
velocity. When the inlet reactant velocity is 0.01 m/s, the axial temperature increases rapidly and tends
to stabilize at about 55 mm from the entrance. When the inlet reactants velocity is 0.05 m/s, the axial
temperature tends to be stable at about 80 mm. When the inlet reactant velocity is more than 0.05 m/s,
the axial temperature increases slowly, without being stable before the outlet. The heat supplied by the
exhaust can meet the needs of the MSR with the inlet reactant velocity being less than 0.05 m/s, and the
reaction starts at the entrance, with the temperature rising rapidly. When the heat supplied by the
exhaust cannot satisfy the reaction with the inlet reactant velocity by more than 0.05 m/s, the reaction
moves in the opposite direction and the reactant temperature side increases slowly. Figure 7b–d
indicate the axial distribution of methanol conversion, hydrogen, and carbon monoxide, with the inlet
reactant velocity. The methanol conversion, and the mole fractions of hydrogen and carbon monoxide
decrease with the increase of inlet exhaust velocity and gradually increases along the axis. As can be
seen from the figure, when the inlet velocity of the reactants are 0.01 m/s and 0.05 m/s, respectively,
the methanol conversion and the mole fraction of hydrogen increases rapidly and become stable near
the outlet. When the inlet velocity is greater than 0.05 m/s, the methanol conversion and the hydrogen
mole fraction keep increasing along the axis. When the reactant inlet velocity is small, the heat supplied
is sufficient for the MSR on the reaction side. Therefore, the methanol conversion and the products
are already stable before the outlet. When the inlet reactant velocity increases, the heat absorption
increases, resulting in the MSR moving in the opposite direction.Energies 2020, 13, x FOR PEER REVIEW 10 of 19 
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Figure 7. Temperature in the axial direction (a), methanol conversion (b), hydrogen mole fraction (c), 
and carbon monoxide mole fraction (d), as a function of reactant inlet velocity. 

As shown in Figure 8a, when the reactant inlet velocity increases, the outlet temperature on the 
reactant and the exhaust decreases and the temperature difference between each other increases 
from 1 K to 41 K. At the constant amount of heat supplied from the exhaust, the heat required by 
the reactants increases when the reactant inlet velocity increases, so the outlet temperature 
decreases greatly. At this time, the heat is mainly used to supply the endothermic reaction. 
Moreover, the reactant temperature decreases with the increasing inlet reactant velocity. Figure 8b 
shows the change of the thermal efficiency and methanol conversion with the inlet reactant velocity. 
With the increase of the inlet reactant velocity, the thermal efficiency increases from 6% to 31.7%, 
and the methanol conversion decreases from 99.6% to 45.7%. This is because with the increase of the 
inlet velocity of the reactants, the contact time becomes shorter and the total heat cannot satisfy the 
heat absorbed, so the methanol conversion decreases. The thermal efficiency increase is caused by 
the increase of the temperature difference between the reactant and the exhaust. When the exhaust 
inlet velocity is 1.1 m/s, and the thermal efficiency is also considered, the reactant inlet velocity of 
0.1 m/s is found to be optimal. Although methanol conversion is enhanced, the actual mass of 
hydrogen produced is indeed small at this condition, and the throughput can be increased by 
integrating a certain amount of rib microreactors. As shown in Figure 8c, the mole fractions of 
hydrogen, carbon monoxide, and carbon dioxide vary with the inlet velocity of the reactant. It 
indicates that the hydrogen mole fractions decreases with the increase of the inlet reactant velocity. 

Figure 7. Temperature in the axial direction (a), methanol conversion (b), hydrogen mole fraction (c),
and carbon monoxide mole fraction (d), as a function of reactant inlet velocity.

As shown in Figure 8a, when the reactant inlet velocity increases, the outlet temperature on
the reactant and the exhaust decreases and the temperature difference between each other increases
from 1 K to 41 K. At the constant amount of heat supplied from the exhaust, the heat required by
the reactants increases when the reactant inlet velocity increases, so the outlet temperature decreases
greatly. At this time, the heat is mainly used to supply the endothermic reaction. Moreover, the reactant
temperature decreases with the increasing inlet reactant velocity. Figure 8b shows the change of the
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thermal efficiency and methanol conversion with the inlet reactant velocity. With the increase of the
inlet reactant velocity, the thermal efficiency increases from 6% to 31.7%, and the methanol conversion
decreases from 99.6% to 45.7%. This is because with the increase of the inlet velocity of the reactants,
the contact time becomes shorter and the total heat cannot satisfy the heat absorbed, so the methanol
conversion decreases. The thermal efficiency increase is caused by the increase of the temperature
difference between the reactant and the exhaust. When the exhaust inlet velocity is 1.1 m/s, and the
thermal efficiency is also considered, the reactant inlet velocity of 0.1 m/s is found to be optimal.
Although methanol conversion is enhanced, the actual mass of hydrogen produced is indeed small at
this condition, and the throughput can be increased by integrating a certain amount of rib microreactors.
As shown in Figure 8c, the mole fractions of hydrogen, carbon monoxide, and carbon dioxide vary
with the inlet velocity of the reactant. It indicates that the hydrogen mole fractions decreases with the
increase of the inlet reactant velocity.Energies 2020, 13, x FOR PEER REVIEW 11 of 19 
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Figure 8. Outlet temperature of product and exhaust (a), methanol conversion and thermal efficiency 
(b), and mole fraction (c), as a function of reactant inlet velocity. 

3.4. Effects of Reactant Inlet Temperature on MSR 

At inlet exhaust velocity of 1.1 m/s, temperature of 673 K and inlet reactant velocity of 0.1 m/s, 
the characteristics of the MSR are are illustrated in figures when the inlet reactant temperature 
increases from 359 K to 573 K. Figure 9a shows the axial temperature change with the inlet reactant 
temperature. The wall temperature on the reactant side increases as the inlet reactant temperature 
increases. When the inlet reactant temperature is higher than 493 K, the axial temperature begins to 
decrease, and then increases with the observed minimum temperature, at about 25mm. When the 
inlet reactant temperature is below 493 K, the axial temperature increases along the axis,, and 
increases slower after about 70 mm. At lower inlet reactant temperatures, the MSR reaction is 
relatively moderate without the temperature dropping significantly, and the “cold spot” appears at 
about 25 mm. At the lower inlet reactant temperature, the MSR reacts relatively gently without the 
temperature dropping significantly, so the “cold spot” is not observed.The “cold spot” temperature 
difference is smaller than that of the literature [28, 29] because a microreator coupled with catalyst 
coating which has advantages of efficient heat transfer is adoptd in this study. Most of the reaction 
is completed at about 70 mm, after which the temperature increases rapidly. Figure 9b–d shows the 
axial distribution of methanol conversion and the mole fractions of hydrogen and carbon monoxide 
at different inlet temperatures.. It can be seen from the figure that the methanol conversion rate and 
the molar fraction of hydrogen and carbon monoxide gradually increase in the axial direction, , and 
increase with the increase of the inlet reactant temperature. When the inlet reactant temperature is 
533 K, the MSR reaction starts at the entrance. The main reason is that the heat carried by the 
reactants can reach MSR at a relatively high inlet reactant temperature, and absorbs a large amount 
of heat, which results in a “cold spot” at the entrance. In contrast, the MSR reaction is relatively 
gentle at lower inlet temperature. At this time, the methanol conversion and the mole fractions of 
hydrogen and carbon monoxide steadily increase along the axis.. The temperature of 359 K is the 
vaporization temperature of the reactants, and the reactants need to absorb heat. 

Figure 8. Outlet temperature of product and exhaust (a), methanol conversion and thermal efficiency
(b), and mole fraction (c), as a function of reactant inlet velocity.

3.4. Effects of Reactant Inlet Temperature on MSR

At inlet exhaust velocity of 1.1 m/s, temperature of 673 K and inlet reactant velocity of 0.1 m/s,
the characteristics of the MSR are are illustrated in figures when the inlet reactant temperature
increases from 359 K to 573 K. Figure 9a shows the axial temperature change with the inlet reactant
temperature. The wall temperature on the reactant side increases as the inlet reactant temperature
increases. When the inlet reactant temperature is higher than 493 K, the axial temperature begins to
decrease, and then increases with the observed minimum temperature, at about 25mm. When the inlet
reactant temperature is below 493 K, the axial temperature increases along the axis„ and increases
slower after about 70 mm. At lower inlet reactant temperatures, the MSR reaction is relatively moderate
without the temperature dropping significantly, and the “cold spot” appears at about 25 mm. At the
lower inlet reactant temperature, the MSR reacts relatively gently without the temperature dropping
significantly, so the “cold spot” is not observed.The “cold spot” temperature difference is smaller than
that of the literature [28,29] because a microreator coupled with catalyst coating which has advantages



Energies 2020, 13, 1564 11 of 18

of efficient heat transfer is adoptd in this study. Most of the reaction is completed at about 70 mm,
after which the temperature increases rapidly. Figure 9b–d shows the axial distribution of methanol
conversion and the mole fractions of hydrogen and carbon monoxide at different inlet temperatures..
It can be seen from the figure that the methanol conversion rate and the molar fraction of hydrogen
and carbon monoxide gradually increase in the axial direction, and increase with the increase of the
inlet reactant temperature. When the inlet reactant temperature is 533 K, the MSR reaction starts at the
entrance. The main reason is that the heat carried by the reactants can reach MSR at a relatively high
inlet reactant temperature, and absorbs a large amount of heat, which results in a “cold spot” at the
entrance. In contrast, the MSR reaction is relatively gentle at lower inlet temperature. At this time,
the methanol conversion and the mole fractions of hydrogen and carbon monoxide steadily increase
along the axis.. The temperature of 359 K is the vaporization temperature of the reactants, and the
reactants need to absorb heat.
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Figure 9. Temperature along the axial direction(a), methanol conversion (b), hydrogen mole fraction 
(c), and carbon monoxide mole fraction (d), as a function of reactant inlet temperature. 

As the inlet temperature of the reactants increases, most of the reactions are completed before 
the outlet. At this time, the heat absorption from the exhaust reduces. Since the total amount of the 
exhaust is constant, the outlet temperature of the exhaust and the reaction side increases, and the 
temperature difference between the two sides decreases gradually. As shown in Figure 10a, the 
outlet temperature increases from 549 K to 607.5 K at the reaction side and the outlet temperature 
difference between the exhaust and the reaction side decreases from 21.9 K to 6.8 K. 

Figure 10b is the change of the methanol conversion and the thermal efficiency with the 
reactant inlet temperature. As the reactant inlet temperature increases, the methanol conversion 
increases and the thermal efficiency decreases. When the inlet temperature is 359 K and 453 K, the 
methanol conversion is 74.5% and 88%, respectively. There is a big difference between the two 
conversions. The main reason is that the reaction temperature of the MSR based on the copper 
catalysts is higher than 359 K. The reactant is in a state of vaporization at a temperature of 359 K, 
and the temperature needs to be increased before the reaction. When the reactant inlet temperature 
is 453 K, the reactants react as soon as it contacts the catalyst, the methanol conversion increases 
and the thermal efficiency decreases. As shown in Figure 10c, the mole fraction of the product 
increases with the increasing inlet reactant temperature, and the hydrogen mole fraction increases 
from 59% to 68%. 

Figure 9. Temperature along the axial direction(a), methanol conversion (b), hydrogen mole fraction
(c), and carbon monoxide mole fraction (d), as a function of reactant inlet temperature.

As the inlet temperature of the reactants increases, most of the reactions are completed before
the outlet. At this time, the heat absorption from the exhaust reduces. Since the total amount of the
exhaust is constant, the outlet temperature of the exhaust and the reaction side increases, and the
temperature difference between the two sides decreases gradually. As shown in Figure 10a, the outlet
temperature increases from 549 K to 607.5 K at the reaction side and the outlet temperature difference
between the exhaust and the reaction side decreases from 21.9 K to 6.8 K.

Figure 10b is the change of the methanol conversion and the thermal efficiency with the reactant
inlet temperature. As the reactant inlet temperature increases, the methanol conversion increases
and the thermal efficiency decreases. When the inlet temperature is 359 K and 453 K, the methanol
conversion is 74.5% and 88%, respectively. There is a big difference between the two conversions.
The main reason is that the reaction temperature of the MSR based on the copper catalysts is higher
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than 359 K. The reactant is in a state of vaporization at a temperature of 359 K, and the temperature
needs to be increased before the reaction. When the reactant inlet temperature is 453 K, the reactants
react as soon as it contacts the catalyst, the methanol conversion increases and the thermal efficiency
decreases. As shown in Figure 10c, the mole fraction of the product increases with the increasing inlet
reactant temperature, and the hydrogen mole fraction increases from 59% to 68%.Energies 2020, 13, x FOR PEER REVIEW 13 of 19 

 

350 400 450 500 550 600
540

550

560

570

580

590

600

610

620

T/
K

Treactant/K

 反反反反反反反
 热热反反反反

 热热反反反反

 反
 
Outlet temperature of MSR 
Outlet temperature of exhaust 

 

350 400 450 500 550 600

75

80

85

90

95

Treactant/K
X C

H
3O

H
/%

14

16

18

20

22

24

26

28

η/
%

 

350 400 450 500 550 600
-10

0

10

20

30

40

50

60

70

F i
/%

Treactant/K

 co
 h2
 co2

 
 
 

CO
H2

CO2

(a) (b)

(c)

XC
H

3O
H
/%

 
Figure 10. Outlet temperatures of the reaction side and the exhaust side (a), methanol conversion and 
thermal efficiency (b), and product mole fraction (c), as a function of reactant inlet temperature. 

3.5. Effects of W/A on MSR 

The characteristics of the MSR are shown as figures when the W/A increases from 1.1 to 1.6, at 
inlet reactant velocity of 0.1 m/s, temperature of 453 K and inlet exhaust velocity of 1.1 m/s. W/A 
(water-to-alcohol) indicates the molar ratio of water/methanol. Figure 11a shows the change of the 
axial temperature with the W/A. As can be seen from the figure, the axial temperature increases 
gradually with the increasing of W/A along the axis. When the W/A is 1.1 and 1.6, the outlet 
temperatures are 575 K and 582 K, respectively, with a little temperature difference observed. This 
indicates that W/A is not the most important factor for the MSR under the flow reaction conditions. 
The result agrees with the literature [33]. This is also confirmed by the change of the methanol 
conversion and the mole fractions of carbon monoxide and hydrogen with the W/A. As shown in 
Figure 11b–d, MSR does not start before about 25 mm, in all cases. This indicates that the heat is the 
main factor of influencing MSR. With the increase of W/A, the methanol conversion increases, as 
the methanol content in the unit mass of the reactant decreases at a constant heat. At the same time, 
as the total amount of reactant decreases, the products decrease and the mole fraction of hydrogen 
and carbon monoxide decreases as the W/A increases. 

Figure 10. Outlet temperatures of the reaction side and the exhaust side (a), methanol conversion and
thermal efficiency (b), and product mole fraction (c), as a function of reactant inlet temperature.

3.5. Effects of W/A on MSR

The characteristics of the MSR are shown as figures when the W/A increases from 1.1 to 1.6,
at inlet reactant velocity of 0.1 m/s, temperature of 453 K and inlet exhaust velocity of 1.1 m/s.
W/A (water-to-alcohol) indicates the molar ratio of water/methanol. Figure 11a shows the change of the
axial temperature with the W/A. As can be seen from the figure, the axial temperature increases gradually
with the increasing of W/A along the axis. When the W/A is 1.1 and 1.6, the outlet temperatures are
575 K and 582 K, respectively, with a little temperature difference observed. This indicates that W/A
is not the most important factor for the MSR under the flow reaction conditions. The result agrees
with the literature [33]. This is also confirmed by the change of the methanol conversion and the mole
fractions of carbon monoxide and hydrogen with the W/A. As shown in Figure 11b–d, MSR does not
start before about 25 mm, in all cases. This indicates that the heat is the main factor of influencing
MSR. With the increase of W/A, the methanol conversion increases, as the methanol content in the unit
mass of the reactant decreases at a constant heat. At the same time, as the total amount of reactant
decreases, the products decrease and the mole fraction of hydrogen and carbon monoxide decreases as
the W/A increases.
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As shown in Figure 12a, the outlet temperature of the reaction and exhaust side increases with
the increase of W/A. The temperature difference between the reaction and exhaust side does not
change significantly while the maximum and the minimum temperature difference are 14.1 K and
11.4 K, respectively. This indicates that the change of the W/A has a slight effect on the MSR reaction.
Simultaneously, it is verified that the heat is the main influencing factor at this time. Figure 12b shows
the methanol conversion and thermal efficiency as a function of the W/A. The methanol conversion
increases from 81.7% to 93.6% with the increase of W/A, and the thermal efficiency decreases from 22.3%
to 21%. With the increase of the W/A, the MSR is conducive to hydrogen production, and the methanol
conversion and hydrogen production rate increase. Sine water has a greater latent heat of vaporization
and heat capacity, the increase of water content in the reactant leads to more heat consumption,
which causes a drop in thermal efficiency. As shown in Figure 12c, the molar concentrations of carbon
monoxide, hydrogen, and carbon dioxide decrease with increasinge W/A, and the optimal W/A in this
work is 1.3.

3.6. Effects of Parallel and Counter Flow on MSR

Figure 13 shows the temperature distribution of the parallel flow and counter flows when the
inlet exhaust temperature is 773 K. Compared with the parallel flow, the temperature difference in the
adjacent area of the reactor is smaller than that of the counter flow. The internal temperature increases
on the reaction side, and the heat transferred from the exhaust to the MSR, increases.
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As shown in Figure 14a, the outlet temperatures on the reaction and the exhaust side increase
along with increase of the inlet exhaust temperature, under the parallel and counter flow. At the
parallel flow, the outlet temperature on the exhaust side is higher than that of the reaction side, and the
outlet temperature difference decreases as the inlet exhaust temperature increases. At the parallel flow,
the outlet temperature on the reaction side is higher than that of the exhaust side, and the temperature
difference increases as the inlet exhaust temperature increases. At tehe parallel flow, the outlet of
the exhaust is adjacent to the inlet of the lower temperature reactant, and the outlet of the reactants
is adjacent to the inlet of high temperature exhaust, so the outlet temperature of reactants is higher
than that of the exhaust. The heat supply of the exhaust is not enough for vigorous MSR in the front
section, but the heat is sufficient in the rear section on the reaction side. However, for the parallel flow,
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the temperature of the reaction and the exhaust side both decrease as the reaction proceeds, so the
outlet temperature on the reaction side is higher.

When the inlet temperature of the exhaust increases, the heat supplied to the reactant in
the rear section increases. Meanwhile, the outlet reactant temperature and the temperature
differencebothincrease. As shown in Figure 14b, the methanol conversion increases from 61%
to 98% at parallel flow, and increases from 64.8% to 99% at counter flow. The methanol conversion
of the counter flow was slightly higher than that of the parallel flow. This is possibly because the
MSR is relatively gentle during the counter flow. There is some difference between this result and the
literature [39]. The methanol conversion of the counter flow was higher than that of the parallel flow,
often higher by 5%. This is probably because the model size of literature is larger than that of this study.
The temperature difference between the exhaust and the reaction side is slightly larger in this study,
causing a little more heat transfer amount. Therefore, methanol conversion and the thermal efficiency
both increase slightly. As shown in Figure 14c, the thermal efficiency increases with an increase of the
inlet exhaust temperature in the parallel and the counter flow. The thermal efficiency of the parallel
flow increases from 16% to 24% and that of the counter flow increases from 18% to 28%. It can be
known that the reactor performance is a little better at the counter flow.
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4. Conclusions

A rib microreactor for MSR heated by automobile exhaust was designed to study the effects
of inlet exhaust and methanol steam on the reactor performance. The results showed that the inlet
temperature of the reactants is the most influential factor for MSR. The total amount of heat supplied
to MSR increased as the inlet exhaust velocity increased. The methanol conversion and hydrogen mole
along the axis all increased with the inlet exhaust velocity. Since the heat absorbed by the reactant
increased with increasing inlet exhaust temperature, methanol conversion increased with increasing
inlet exhaust temperature. The axial temperature increased gradually along the axis and decreased



Energies 2020, 13, 1564 16 of 18

with the reactant inlet velocity. The methanol conversion, the mole fractions of hydrogen and carbon
monoxide decreased with the increase of inlet exhaust velocity. The W/A slightly influenced the reactor
performance of MSR. The best parameter performance of of MSR was observed with inlet exhaust
velocity at 1.1 m/s, inlet exhaust temperature at 773 K, inlet reactant velocity at 0.1 m/s, inlet reactant
temperature at 493 K, and W/A at 1.3, under counter flow. In addition, the methanol conversion of 99.4%
was achieved with a thermal efficiency of 28%. Research results are beneficial for the developments
of microreactor in comprehensive utilization of waste heat from heterogeneous catalytic reaction,
and provides theoretical support for designing microreactor for waste heat utilization.
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