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ABSTRACT

Numerical simulations are carried out to understand the heat
energy transport characteristics of microchannel reactors for
hydrogen production by steam-methanol reforming on copper-
based catalysts. Enthalpy analysis is performed and the
evolution of energy in the oxidation and reforming processes is
discussed in terms of reaction heat flux. The effects of solid
thermal conductivity, gas velocity, and flow arrangement on the
thermal behavior of the reactor is evaluated in order to fully
describe the thermal energy change in the reactor. The results
indicate that the thermal behavior of the reactor depends upon
the thermal properties of the walls. The change in enthalpy is of
particular importance in exothermic and endothermic reactions.
The net enthalpy change for oxidation and reforming is negative
and positive, but the net sensible enthalpy change is always

positive in the reactor. The wall heat conduction effect
accompanying temperature changes is important to the
autothermal design and self-sustaining operation of the reactor.
The solid thermal conductivity is of great importance in
determining the operation and efficiency of the reactor. The
reaction proceeds rapidly and efficiently only at high solid
thermal conductivity. The reaction heat flux for oxidation and
reforming is positive and negative. The change in flow
arrangement significantly affects the reaction heat flux in the
reactor. The parallel flow design is advantageous for purposes
of enhancing heat transfer and avoiding localized hot spots.

Keywords: Hydrogen production, thermal properties,
reforming reactions, oxidation reactions, flow arrangements,
heat fluxes.

1. INTRODUCTION

Steam reforming reactions have vast importance in
chemical reaction engineering.”” Steam reforming
reactions are endothermic, accompanied by the
consumption of a large amount of heat.>* Accordingly,
heat energy transport is considered essential for steam
reforming. This endothermic process involves a variety
of individual reactions leading to the desired product
hydrogen and undesired product carbon monoxide. The
amount of heat energy must be large to make steam
reforming reactions proceed rapidly in reformers
containing an array of tubes.”® For example, steam-
methane reforming reactions proceed usually at
temperatures from around 800 °C to around 900 °C.”*
The rate of steam-methane reforming reactions depends
upon both pressure and temperature. The heat-supplying
furnaces usually operate at much higher temperatures.
Heating devices for hydrogen production utilize
industrial flames in furnaces, and reformer design is often
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decided empirically, including operation conditions and
reaction routes. Diffusion flames can be designed for
these purposes.

Optimization of endothermic steam reforming processes
in its practical hydrogen fuel cell applications can be
made possible with the results of investigations about
heat energy transport characteristics. Hydrocarbons and
alcohols can be converted to hydrogen-rich gas, and
steam reforming processes are the most primary method
for hydrogen production. The need for power generation
creates new opportunities for the development of
hydrogen fuel cells.”!'” Hydrogen fuel cells are important
in supporting power not only for remote areas but also for
inaccessible areas.'"'> Hydrogen fuel cells are also of
importance in the transportation field.'*'* Practical
hydrogen fuel cells are necessarily complex systems.
Hydrogen fuel cells can convert a fuel to useful energy at
a very high level of efficiency, including heptane''¢,
methane '7'%, methanol '**, kerosene?!, and gasoline??,
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and therefore much less fuel is required for specify
requirements of energy.

Microchannel reactors are being developed for hydrogen
fuel cell purposes. Autothermal methods can be used to
maintain the required temperatures with internal heating
by catalytic combustion.”® Alternating reforming and
combustion spaces are designed for this purpose, but
precise rates of fuel and steam or air are required for the
two preceding processes with substantially lower
reaction temperatures than conventional methods. Such
microchannel reactors offer design and efficiency
advantages,”* depending upon factors responsible for the
rate of the reforming reaction, for example, the
conductive heating area.”>?® Higher conversion can be
achieved due to the improved heat energy transport
characteristics, but this type of reactor has its specified
temperature design range. Additionally, the loss in
pressure drop is a primary concern in reactor design.

Heat integrated reactors are being developed to properly
address the above concern. >’ Heat recirculation methods
are employed and a concentric cylinder geometry is used,
which will lead to improvements in heat energy transport.
Additionally, structured catalysts are used to reduce the
pressure drop across the cylindrical tubes.?”-*® Compact
design methods can be used to take advantages of the
large heat energy transport area of the reactor. In this
case, reforming and combustion reactions can proceed
simultaneously at the specified temperatures. However,
scale-up issues must be addressed for this type of reactor,
and the inherent advantages of this design remain to be
further exploited, for example, by improving its heat
energy transport characteristics.

Heat integrated reactors offer distinct advantages of
carrying out simultaneous multiple chemical reactions,
for example, reforming and combustion.”’** The heat
energy released from combustion processes is used to
meet the heat demand of reforming processes.’’** The
two important influencing factor in determining the
feasibility for heat recirculation are the quantity of heat
produced and the temperature of the dividing walls.****
These influencing factor must be controllable in the
reforming process, and heat energy transport occurs
through conduction across the dividing walls.*>*® With
the use of heat integrated reactors, scale-up issues and
heat recirculation needs can be addressed.’’*®
Additionally,  heat integrated reactors  offer
improvements in both heat and mass transport.***’ While
heat exchanger methods are used extensively, the
mechanism differs from that of heat integrated reactors in
that multiple chemical reactions occur, for example,
reforming and combustion.**? Steam reforming and
heat integrated reactors are of importance in hydrogen
production and useful for practical applications in
hydrogen fuel cells.**** However, the heat energy
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transport characteristics of heat integrated reactors with
flow microchannels are still not fully understood.

The present study relates to hydrogen production in a
microchannel reactor by steam-methanol reforming on
copper-based catalysts. Mathematical expressions are
derived for the reactor system based upon the principles
of chemical kinetics and fluid mechanics. Numerical
simulations are carried out to understand the heat energy
transport characteristics of the autothermal reactor.
Enthalpy analysis is performed and the evolution of
energy in the oxidation and reforming processes is
discussed in terms of reaction heat flux. The effects of
solid thermal conductivity, gas velocity, and flow
arrangement on the thermal behavior of the autothermal
reactor is evaluated in order to fully describe the thermal
energy change in the reactor. The objective of the present
study is to understand the heat energy transport
characteristics of microchannel reactors for hydrogen
production by steam-methanol reforming on copper-
based catalysts. Emphasis is placed on the effects of solid
thermal conductivity, gas velocity, and flow arrangement
on the thermal behavior of autothermal reactors.

2. METHODS
2.1. Reactor representation

The complex reactor must be adaptable to continuous
self-sustaining operation of the steady-stream type, and
the wall material must be selected for strength. The
complex reactor for producing hydrogen is illustrated
schematically in Figure 1 by steam-methanol reforming
on a copper-based catalyst. The reactor operates upon the
principles of chemical kinetics and fluid mechanics. The
channels can be designed using different flow
arrangement methods.*>*® The channels are coated with
a catalyst, and the reactor walls are constructed of
stainless steel.

Normalwise direction

—
Spanwise direction

Figure 1. Schematic representation of the complex reactor for
producing hydrogen by steam-methanol reforming on a copper-
based catalyst.
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At the channel inlets, the pressure of the mixtures is 20
atmospheres and the temperature is 100 °C. The molar
ratio of steam to carbon is 140.0:100.0 and the mole ratio
of methanol to airis 11.2:100.0. At the channel inlets, the
gas velocity is 0.6 and 2.0 m/s, respectively, for the
oxidation and reforming reactant streams. The channels
are 700 microns in height and in width, 50.0 mm in
length, and square in cross section. The solid thermal
conductivity is 200 W/(m-K) at a temperature of 20 °C.
The structured catalyst is 100 microns in thickness. The
un-coated walls are 700 microns in thickness.

The computational domain of the complex reactor for
producing hydrogen is illustrated schematically in Figure
2 by steam-methanol reforming. The energy released in
the oxidation process is the basis of the complex reactor.
The oxidation and reforming reactions must be sustained
at constant rates and maintained at a controlled level 74
In this case, the operation of the reactor will remain
steady. The oxidation and reforming reactions must
proceed at temperatures above 200 °C but below 300 °C.
During reactor start-up, the gas mixtures are ignited in
the oxidation channels. Properly ignited, the energy
released in the oxidation process must raise the
temperature of the reactor sufficiently.

Figure 2. Schematic representation of the computational
domain of the complex reactor for producing hydrogen by
steam-methanol reforming.

2.2. Mathematical representation

The structured mesh of the complex reactor for producing
hydrogen is illustrated in Figure 3 by steam-methanol
reforming on a copper-based catalyst. Oxidation and
reforming in the reactor are complex physical and
chemical process processes. Under the reaction
conditions specified above, mathematical expressions are
derived for the reactor system.

The mechanism of the oxidation or reforming reaction
can be represented as

T VX © T vaixs, ((=1,..,8) (1)
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where K; is the number of species, v is the stoichiometric
coefficient, y; is the surface species s, and ¢ is the
number of surface reactions.

Figure 3. Structured mesh of the complex reactor for producing
hydrogen by steam-methanol reforming on a copper-based
catalyst.

The production rate S is given by

$¢ = Liz1 Vsiqi, (s = 1, ., Ky), (2)
Vsi = Vgg — Vg (3)
The rate—of-progregs variable g; is def}ned as
0i = kpi TT8 D] ™ =l TIe2, D] ™, “
where £ is the rate constant.
The forward reaction rate constant is defined as

_E
Ky, = A TP, ®)

where f is the temperature exponent, E is the activation
energy, and 4 is the pre-exponential factor.

The reverse reaction rate constant is defined as

k .
_ Kfi
by =L

- s
Kei

(6)
where K is the equilibrium constant.

The gas-phase species must be balanced in each channel:

% (oWiViex) + aa_y (PWicViey) + % (pwWieVie z) +

9 (puxwy) a(Punk) d(puzwy) _ ¢ _
ox T oy + 9z SkWie =0,

(N

where x, y, and z are coordinate variables, k denotes gas-
phase species, V is the diffusion velocity, W is the
molecular mass, p is the density, w is the mass fraction,
and ¢ is the gas-phase reaction rate.

The Knudsen diffusivity is calculated in terms of mean
pore diameter d as
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DE = S (BRT)2 (W) . ®)

The momentum balance in each channel can be stated as
ox #(6x+6x +6y'u 6y+6x +
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where  is the dynamic viscosity, u is the velocity, and p
is the pressure.

The mass must also be balanced in each channel:

pux) | 3(puy)

dx ady

dlpuz) _
+ 28 = o, (12)

The conservation of energy in each channel can be stated

as

a aT 4

2 (kg Z ot p Sy wichiVix) +
] ar y a ar
- (kg P WehiViey ) + o= (—kg = +

p ZZ:l thka,z)
dpuxh) | a(puyh) 4 Alpuzh) _

+ ox ay 0z

0, (13)

where y is the number of gas-phase species, k is the
thermal conductivity, g denotes the gas mixture, 7 is the
temperature, and % is the enthalpy.

The chemical species must be balanced on each catalyst
surface:

y' 5

(14)

where 6 is the coverage, m denotes surface species, ' is
the site density, and { is the reaction rate.

The conservation of energy in each wall can be stated as

a aT a aT a aT
ax (kwall a) + E (kwall 5) + 9z (kwall Z) =0. (15)
2.3. Chemistry representation

The oxidation reaction is described by
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CH;0H + 1.50, & 2H,0 + CO,. (16)
The reforming reactions are described by

CH;0H + H,0 < 3H, + CO,. (17)
CH;0H & 2H, + CO. (18)
The water-gas shift reaction is described by

CO + H,0 & H, + CO,. (19)

The oxidation and reforming processes are accounted for
by chemical kinetic models.***" The reforming reaction
rate is given by

Treforming = [kRKg.[So(a) (Peusonpis®)(1
— ki PR, Pco, PeitsonPiis0 )&, cg,m]
: [(1 + K(’fHSO(a) (Peusonpi®) +
Klfcoompcozpfizs + KgH(a) (PHZOPES'S)) (1+

-1
Kotapd?)] (20)

where ¢ is the total surface concentration and & denotes
the composite parameter.

The water-gas shift reaction rate is given by

Twater-gas shift = [knggH(a)(pcoszopgf-S)(l
- kﬁ}szpcosz&pﬁzlo)(cgfa)z]

. [(1 + K(?H3O(a) (PCH30HP1§§'5) +

9 . 9 —-0.
KHcoo(a)Pcongzs + K()H(ll) (szopH;) 5))]
(21

The decomposition reaction rate is given by

— 9 —-0.5
rdecomposition - [kDKCH3O(B)(pCH3OHpH2 )(1
-1.,2 -1
- kD szpCOpCH3OH)CgﬁC§IBa]

. [(1 + KégHSO(B) (PcH30HPE§'5) +

-1
K8 (Pisopil®)) (1 + KGaph)] 22)

2.4. Model validation

Comparisons are performed between the predicted results
and the data obtained by measurements.">* The reaction
temperature remains constant. The channels are 600
microns in height, 500 microns in width, 33.0 mm in
length, and rectangular in cross section. The reaction
temperature is 200 °C, 220 °C, 240 °C, and 260 °C,
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respectively. The effect of reaction temperature is
illustrated in Figure 4 and Figure 5 in terms of the rate of
hydrogen production and the conversion of methanol.
The predicted results agree with the data obtained by
measurements.
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Figure 4. Effect of reaction temperature on the rate of hydrogen

51,52

production. The data obtained by measurements are also

presented to validate the model.
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Figure 5. Effect of reaction temperature on the conversion of
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methanol. The data obtained by measurements are also

presented to validate the model.

3. RESULTS AND DISCUSSION
3.1. Enthalpy analysis

Enthalpy is a particularly important concept in the design
of an autothermal reactor. The enthalpy contour maps in
the reactor are illustrated in Figure 6 with different solid
thermal conductivity. The reactor walls are constructed
of stainless steel, and the behavior of fluids in the reactor
can be fully described by laminar flow. Enthalpy can be
entirely calculated by the local composition, pressure,
and temperature in the reactor, depending upon the
volume, pressure, and internal energy. The amount of
heat evolved in the chemical reactions is calculated for
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the reactor, including the amount of heat released and
absorbed. The exchange of heat arises from the
difference in temperature between adjacent channels of
the reactor. Various efficient heat exchange methods
offer the opportunity to design microchannel
reactors.”>>* Both dimensions and geometry are very
important from the standpoint of design.>*® The heat
released by the oxidation reaction accounts for the
temperature rise in the reactor. The heat energy released
by the oxidation reaction is much greater than the heat
energy consumed by the reforming reaction. However,
the total energy contained in the reactor is conserved. The
oxidation and reforming reactions occur rapidly in the
reactor. However, oxidation differs from reforming in
enthalpy change, depending upon the solid thermal
conductivity. The change in enthalpy is of particular
importance in exothermic and endothermic reactions, as
heat must be balanced in the reactor. The net enthalpy
change for oxidation is negative at constant pressure, as
an amount of energy flows out of its channels. The net
enthalpy change is positive for reforming at constant
pressure, as an amount of energy flows into its channels.
While the oxidation and reforming reactions proceed in
the reactor, the total amount of energy does not change.
The thermal behavior of the reactor depends upon the
thermal properties of the walls. The net enthalpy change
is thermal conductivity-dependent. The concept of
thermal conductivity is fundamental to the design of the
autothermal reactor. The importance of thermal
conductivity will be discussed in more detail below. The
net enthalpy change at low thermal conductivity is small
for either oxidation or reforming. In contrast, the net

enthalpy change is significant at high thermal
conductivity.
P 0.74 ki/g
; -9.7 k/g
Solid thermal conductivity ‘w
W/(m-K) P 0.80 K/,
R i
‘ “ B -soki/g
0.02 - ‘ P 0.83 kJ/g
* ; -8.7 kl/g
0.2 \\‘ -- P 0.99 ki/g
\“ ; -8.7 ki/g
2 \ ~ ~. P 1.57 kJ/g
~ # ; 8.7 ki/g
® - - Enthalpy

Figure 6. Enthalpy contour maps in the reactor with different
solid thermal conductivity. The reactor walls are constructed of
stainless steel.
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The sensible enthalpy change is accompanied by the
change in temperature. The sensible enthalpy contour
maps in the reactor are illustrated in Figure 7 with
different solid thermal conductivity. The net change
between the sensible enthalpy at the end of the oxidation
or reforming reaction and the sensible enthalpy at the
start of the reaction is always positive in the reactor. The
net sensible enthalpy change accompanying the
reforming process is small at low thermal conductivity.
The net sensible enthalpy change accompanying the
oxidation process is large at high thermal conductivity.
In contrast, the net sensible enthalpy change is significant
for reforming at high thermal conductivity or for
oxidation at low thermal conductivity. Furthermore, the
net sensible enthalpy change depends upon not only the
solid thermal conductivity but also the chemical reaction.
Consequently, the net sensible enthalpy change is always
positive in the reactor, but depending upon the solid
thermal conductivity and the chemical reaction. Due to
the overall increase in sensible enthalpy, the reforming
reaction is product-favored.

B 0.09 kg

Solid the::;:lln f;(:;ﬂnctivity . P 2.40 kJig
S

- -~ B 0.09 kJ/g

003 \ -~ P 239 kg

" ~.-"' o

2 -~ B 009 1g

\ - P 253 kg

.ﬁ B 017kig

Sensible enthalpy

Figure 7. Sensible enthalpy contour maps in the reactor with
different solid thermal conductivity. The reactor walls are
constructed of stainless steel.

The species mole fraction contour maps in the reactor are
illustrated in Figure 8 when the reactor walls are
constructed of stainless steel. The reforming reaction
proceeds rapidly in the reactor and the conversion is
nearly complete due to the high solid thermal
conductivity. Energy is evolved in the reactor in the form
of heat as the oxidation and reforming reactions proceed
simultaneously. The production of hydrogen from
methanol is always endothermic. The amount of carbon
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monoxide is very small doe to almost complete
conversion of methanol to carbon dioxide, which is of
great importance in practical hydrogen fuel cell
applications. The endothermic reaction occurs rapidly
since stainless steel is better at conducting heat between
adjacent channels of the reactor.

[] e X7

o Joss
Methanol

0 0.189
mole fraction . l
Steam

0 0.68
mole fraction . l
Oxygen 0 . l 0.23
mole fraction
Hydrogen
mole fraction
Carbon dioxide

mole fraction

Figure 8. Species mole fraction contour maps in the
microchannel reactor when the reactor walls are constructed of
stainless steel.

3.2. Effect of solid thermal conductivity

The effect of solid thermal conductivity is studied in
order to fully describe the thermal energy change in the
reactor. The temperature contour maps in the
microchannel reactor are illustrated in Figure 9 with
different solid thermal conductivity. The solid thermal
conductivity is 0.02, 0.2, 2, 20, and 200 W/(m-K),
respectively. The reactor walls are constructed of
stainless steel. The temperature in the reactor is thermal
conductivity-dependent. The heat effect accompanying
the change in solid thermal conductivity is manifested by
decreases or increases in reactor temperature.
Appropriate values of solid thermal conductivity are
necessary for the design of the autothermal microchannel
reactor for use in the steam-methanol reforming process.
Since heat does flow from the oxidation region to the
reforming region, the reactor temperature depends up not
only the solid thermal conductivity but also the amount
of heat evolved in the oxidation and reforming processes.
The reforming region absorbs heat with an increase in
temperature, and the oxidation region generates heat with
also an increase in temperature. An exact relationship
exists between the amounts of heat absorbed and
generated and the amount of heat required to raise the
temperatures of both the oxidation and reforming
regions. The wall heat conduction effect accompanying
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temperature changes is important to the autothermal
design and self-sustaining operation of the reactor. The
total energy of the reactor system is constant. The amount
of heat involved in the processes can be calculated at
constant pressure based on the principles of
thermodynamics, since the amount of heat involved in
the oxidation and reforming processes depends partly
upon pressure. All the heat flowing into the reforming
channels raises the temperature of the gas mixture so that
the reactants can be converted to the desired product
hydrogen. At low solid thermal conductivity, the
difference in temperature between the oxidation and
reforming regions is very large, which leads to steep
temperature  gradients. At high solid thermal
conductivity, the difference in temperature between the
oxidation and reforming regions is very small,
accompanied by very small temperature gradients. The
solid thermal conductivity is of great importance in
determining the operation and efficiency of the reactor.
The reaction proceeds rapidly and efficiently only at high
solid thermal conductivity. In this case, the solid thermal
conductivity greatly contributes to transport of energy
between the oxidation and reforming regions. Conditions
must be such that the walls are highly conductive solids.

P 860 °C
B 100°C
Solid thermal conductivity
W/(m-K) P 580 °C
B 100°c
0.02 B 400°C
B 100°C
0.2
P 320°C
B 100°C
2
P 280 °C
B 100°C
20
Temperature
200

Figure 9. Temperature contour maps in the microchannel
reactor with different solid thermal conductivity. The reactor
walls are constructed of stainless steel.

The effect of solid thermal conductivity on the hydrogen
yield of the microchannel reactor is illustrated in Figure
10 at different inlet gas velocities. The solid thermal
conductivity is 0. 2, 0.6, 2, 6, 20, and 60 W/(m-K),
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respectively. At the channel inlets, the gas velocity is 0.6
and 2.0 m/s or 0.6 and 3.0 m/s for the oxidation and
reforming reactant streams. The hydrogen yield generally
increases with solid thermal conductivity, and the
reactions must therefore be carried out in the reactor with
high solid thermal conductivity, at which methanol reacts
so rapidly steam that the conversion is nearly complete.
At high flow rates for the reforming reactant stream, the
conversion is incomplete due to the excess absorption of
thermal energy in the reforming region, since heat must
be balanced in the reactor. Accordingly, the hydrogen
yield is relatively low, especially at low solid thermal
conductivity. Stainless steel is cost effective and has
relatively high thermal conductivity. When the reactor
walls are constructed of stainless steel, nearly complete
conversion can be achieved in the reactor.

80
Ui (0Xidation): 0.6 m/s
[ tinre (reforming): 20 ms _ gym = == *-- -k
~ 60 w -9
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£ 3 * e Sl
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S 9
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o
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Solid thermal conduetivity (W/(m-K)}

Figure 10. Effect of solid thermal conductivity on the hydrogen
yield of the microchannel reactor at different inlet gas
velocities.

3.3. Reaction heat fluxes

The effect of gas velocity on the thermal behavior of the
reactor is evaluated based upon reaction heat flux in order
to understand the evolution of heat in the system. The
effect of the gas velocity at the channel inlets on the heat
fluxes of the oxidation and reforming reactions is
illustrated in Figure 11 for the reactor. The reaction heat
flux for oxidation and reforming is positive and negative,
respectively. The reaction heat flux for oxidation is
positive, since the heat released by the oxidation reaction
flows out of its region.

The reaction heat flux for reforming is negative, since the
heat consumed by the reforming reaction flows into its
region. The reaction heat flux in magnitude increases
with the gas velocity when heat is balanced in the reactor.
The positive heat flux is larger in magnitude than the
negative heat flux, and therefore the net reaction heat flux
is positive. There is a mathematical relation between heat
flux and temperature gradient, depending upon the solid
thermal conductivity. The total heat flux across the walls
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is proportional to the gradient of temperature within the
walls.

20
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Figure 11. Effect of the gas velocity at the channel inlets on the
heat fluxes of the oxidation and reforming reactions in the
reactor.

The effect of flow arrangement on the heat fluxes of the
oxidation and reforming reactions is illustrated in Figure
12 for the reactor. The heat flux results are presented for
the parallel flow design and for the counter-current
design. Several factors influence the operation of an
autothermal reactor.””5® The factor considered here is the
flow arrangement.
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Figure 12. Effect of flow arrangement on the heat fluxes of the
oxidation and reforming reactions in the reactor. The heat flux
results are presented for the parallel flow design and for the
counter-current design.

4. CONCLUSIONS

Numerical simulations are carried out to understand the
thermal transport characteristics of autothermal reactors
for hydrogen production. Enthalpy analysis is performed
and the evolution of energy in the chemical processes is
discussed based upon heat flux. The effects of solid

64

thermal conductivity, gas velocity, and flow arrangement
on the thermal behavior of the reactor is evaluated in
order to fully describe the thermal energy change in the
reactor. The major conclusions are summarized as
follows:

®  Ocxidation differs from reforming in enthalpy
change, depending upon the solid thermal
conductivity. The change in enthalpy is of
particular importance in exothermic and
endothermic reactions.

® The net enthalpy change for oxidation and
reforming is negative and positive,
respectively. The thermal behavior of the
reactor depends upon the thermal properties
of the walls. The net enthalpy change is
thermal conductivity-dependent.

® The net sensible enthalpy change is always
positive in the reactor, but depending upon the
solid thermal conductivity and the chemical
reaction.

® The reactor temperature is also thermal
conductivity-dependent. The wall heat
conduction effect accompanying temperature
changes is important to the autothermal
design and self-sustaining operation of the
reactor.

® The solid thermal conductivity is of great
importance in determining the operation and
efficiency of the reactor. The reaction
proceeds rapidly and efficiently only at high
solid thermal conductivity.

® The reaction heat flux for oxidation and
reforming is positive and negative,
respectively. The positive heat flux is larger
in magnitude than the negative heat flux, and
the net reaction heat flux is positive.

®  The change in flow arrangement significantly
affects the reaction heat flux in the reactor.
The parallel flow design is advantageous for
purposes of enhancing heat transfer and
avoiding localized hot spots.
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