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Microchannel reactors are a promising route for monetizing distributed natural gas resources. However, intensification
and miniaturization represent a significant challenge for reactor control. Focusing on autothermal methane-steam
reforming reactors, a novel microchannel reactor temperature control strategy based on confining a layer of phase-
change material (PCM) between the reactor plates is introduced. Melting-solidification cycles, which occur with latent
heat exchange at constant temperature, allow the PCM layer to act as an energy storage buffer—a “thermal
flywheel”—constituting a distributed controller that mitigates temperature excursions caused by fluctuations in feedstock
quality. A novel stochastic optimization algorithm for selecting the PCM layer thickness (i.e., distributed controller
“tuning”) is introduced. Furthermore, a hierarchical control structure, whereby the PCM layer is complemented by a
supervisory controller that addresses persistent disturbances, is proposed. The proposed concepts are illustrated in a
comprehensive case study using a detailed two-dimensional reactor model. © 2013 American Institute of Chemical

Engineers AIChE J, 59: 2051-2061, 2013
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Introduction

Natural gas deposits located in remote areas (referred to
as “stranded gas”) constitute a significant energy resource at
the global level, with reserves recently estimated at 170 tril-
lion cubic meters (6000 trillion cubic feet).! Natural gas is
also present in considerable quantities as associated gas in
oil reservoirs, coal mines, and landfills. Despite the vast
energy resources that they contain, most stranded gas reser-
voirs are presently undeveloped, whereas about two-thirds of
the associated natural gas that is inevitably obtained in the
oil production process are reinjected, and the remainder is
flared. Available data” indicate that in 2011 about 140 billion
cubic meters of natural gas were flared (with 7 billion in the
United States alone), wasting 4500 billion megajoules of
energy and releasing 265 million tons of CO, in the atmos-
phere. Further environmental impacts (such as the release of
volatile organic compounds (VOC), sulfuric oxides (SOX),
and nitric oxides (NOX), and formation of ozone) can
evidently be inferred.

An often-invoked reason for this vast energy resource to
remain unexplored is economical. Indeed, the traditional
approach for transporting natural gas and delivering it to end
users entails the construction of a pipeline, a costly undertak-
ing that is not justified when the resource is not available in
large quantities or is located in a remote, unaccessible area.
Further consideration of the underlying reasons of failing to
monetize stranded and associated gas deposits points,
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however, in a different direction. Such resources could, in
principle, be exploited economically by converting them to
other products, with either higher economical value, cheaper
transportation logistics, or both, including liquefied natural
gas, hydrogen, or Fischer—Tropsch liquids (synthetic crude).
Evidently, the condition is that such conversion processes be
carried out at the source/wellhead. However, existing lique-
faction and chemical processing technologies, including
steam-methane reforming (SMR) and Fischer—Tropsch syn-
thesis, have proven viable only when used on a large scale’™®;
their economic performance is severely degraded when proc-
essing small quantities of gas. In light of the above,
stranded and associated gas deposits remain unaccessible due,
in fact, to a vexing and paradoxical technology gap, whereby
a family of processes using natural gas as a feedstock have
very good scale-up performance, yet scale down very poorly.

As a result, recent developments advocate process intensi-
fication as a pathway to the development of small-scale
plants that facilitate localized production.” The thesis of pro-
cess intensification is “to do more with less,” minimizing
transfer and transport limitations such that the process is
governed by chemical reaction rates.® Catalytic plate micro-
channel reactors (CPRs) have proven to be one of the most
successful and promising solutions in this area. CPRs consist
of alternating millimeter-sized channels, separated by catalyt-
ically coated plates.

In the present article, we focus on autothermal microchan-
nel reactors for SMR, an important means for decentralized
hydrogen production and a potential intermediate step in
small-scale Fischer—Tropsch synthesis. In microchannel SMR
CPRs, the endothermic reforming reactions are supported by
the exothermic catalytic combustion of methane, occurring
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Figure 1. Flow configurations for microchannel
reactors coupling exothermic and

endothermic reactions.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

in parallel, alternate channels. Both cocurrent (Figure 1la)
and counter-current (Figure 1b) designs have been
explored,g_13 confirming that CPRs can achieve high conver-
sions with an order-of-magnitude size reduction compared
with conventional units. However, these studies have also
indicated several potential operational issues, such as flow
maldistribution and local temperature rises (hotspots) with
deleterious effects on the integrity of the catalyst coatings
and supporting plates. Several design modifications have
been proposed to mitigate these issues, including using cata-
lysts with nonuniform activity,"* distributed fuel feeds,'
reverse flow configurations,'>'® or offsetting the catalyst
coating in the reforming and combustion channels.'*!”

Furthermore, CPR operation is subject to fluctuations in
reforming flow and/or gas composition, with potentially seri-
ous consequences. For example, a rapid drop in reforming
flow rate can cause significant temperature increases in the
reactor and must be compensated, for example, by reducing
the fuel flow rate. Implementing an appropriate control sys-
tem is, therefore, an imperative requirement in practical sit-
uations. Addressing this need is, however, hindered by the
inherent difficulties of controlling distributed-parameter sys-
tems. Practical considerations pertaining to the design and
dimensions of CPRs also limit the availability of distributed
measurements (e.g., the constructive challenges and cost of
locating temperature sensors in a multiplate stack are prohib-
itive) and actuators (likewise, it is not economically feasible
to control the flow to each channel).

In this article, we concentrate on autothermal reactors pro-
ducing hydrogen via methane-steam reforming and introduce
a novel hierarchical control structure for CPRs. Distributed
temperature control is based on the unconventional use of a
layer of phase-change material (PCM) confined between the
reactor plates. Through its melting-solidification cycles,
which occur with latent heat exchange at constant tempera-
ture, the PCM layer acts as an energy storage buffer (i.e., a
“thermal flywheel”), which mitigates temperature excursions
occurring due to inherent fluctuations in feedstock flow rate
and quality. The supervisory layer consists of a model-based
feedback—feedforward nonlinear controller. In keeping with
the unconventional nature of the proposed distributed control
system, we also introduce a novel stochastic optimization
method for selecting the PCM layer thickness (i.e., for dis-
tributed controller “tuning”). Throughout the article, we use
a comprehensive simulation case study involving a detailed
two-dimensional (2-D) reactor model to illustrate the pro-
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posed concepts and to showcase the excellent performance
and robustness of our novel control approach.

System Description
Nominal reactor model

We consider as the nominal system a CPR consisting of a
catalytic plate with the adjacent reforming and combustion
channels, in a counter-current flow configuration (Figure 2).
We model the gas phase in each channel as a 2-D laminar
convection-diffusion-reacting flow, consider 2-D heat conduc-
tion in the wall plate, and use a one-dimensional reaction-dif-
fusion equation to capture the reactant composition in the
catalyst layers. The boundary conditions are set up as no-flux
(the channel outlets), equal flux (at the fluid—solid interface),
and symmetry (at the channel centers). The inlet velocity pro-
file is assumed to be fully developed parabolic laminar flow
between two infinite parallel plates. The detailed model equa-
tions can be found in Appendix A. An offset catalyst distribu-
tion'? is used to provide an optimal synchronization of the
heat generation and consumption fluxes in the exothermic
and, respectively, endothermic channels.

We assume that the following set of reactions is occurring
in the reforming channel, with the reaction kinetics derived
by Xu and Froment.'®

e Methane steam reforming (1)

CH4+H,0 = CO+3H,

AH=+206kJ /mol
o Water—gas-shift (2)
CO+H,0=CO0,+H,
AH=—41kJ/mol
e Reverse methanation (3)
CH4+2H,0 = CO,+4H,
AH=+165k]J/mol

The catalytic combustion of methane occurs in the combus-
tion channels:

e Methane combustion (4)
CH4+20, — CO,+2H,0
AH=—803%kJ/mol
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Figure 2. Nominal case catalytic plate reactor model
configuration.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 3. Catalytic plate reactor model with a PCM
confined within the solid wall.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

The catalytic combustion rate is assumed to be first order
with respect to methane and zero order with respect to oxy-
gen. Homogeneous combustion has a measurable impact at
high temperatures and is accounted for, with the reaction
being of order —0.3 and 1.3 in methane and oxygen, respec-
tively. Complete data concerning the chemical reactions are
available in our previous study.'”

Reactor with PCM layer

The melting and solidification of materials are phase transfor-
mations that involve latent heat exchange with the environment,
occurring at constant temperature. Owing to this property,
PCMs have found applications in thermal energy storage,'” and
temperature regulation for microelectronics®®*' and building
walls.? Through its melting-solidification cycles, the PCM acts
as an energy storage buffer that mitigates temperature excur-
sions. Thus, confining a PCM with an appropriately selected
melting point (i.e., with a phase-transition temperature above
the maximum nominal operating temperature and below the
maximum safe operating temperature) between the plates of a
CPR, as illustrated in Figure 3, has the potential to prevent
local temperature rises in the presence of disturbances which
would, under other circumstances, give rise to hotspots.

To investigate the potential for using PCMs for local tem-
perature control, we extended the model in the previous sec-
tion considering that the channels are separated by two
plates confining a PCM layer. To facilitate the simulation of
melting and solidification phenomena, the PCM layer is
modeled using the enthalpy, rather than temperature, as the
state variable (i.e., the celebrated Stefan formulation)

OH? 0 orP 0 orP
P () (i
"o oz (k 0z > - OxP (k axP> M

where p is the density, H” is the enthalpy, and k is the ther-
mal conductivity of the PCM. The PCM temperature, T is
calculated from enthalpy as

T+

HP < ¢(Tyy—Ty)
pres
TP = T, es(Tm—T;) < HP < ¢o(Tp—T;)+ 4.

m
HP—)—cy(Tm—T,
Tm“"& HP > Cs(Tm_Tr)+;L
C

@

where T, is a reference temperature, ¢ and ¢; are the specific
heats of the solid and liquid PCM, respectively, T;, is the
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PCM melting temperature, and A is the latent heat of fusion
of the PCM.

A “mushy region” approximation2 was used to alleviate
the numerical difficulties associated with the discontinuity of
the values of thermal conductivity, heat capacity, and density
at the melting front. This approximation consists of defining
a melting region in which the transition between phases
occurs gradually, rather than discontinuously as is the case
at the melting front. This assumption is captured by defining
an additional (fictitious) variable, the melt fraction f, whose
values vary between f = 1 (in the solid phase) and f = 0 (in
the melt)

3

1 TP < Ty
HP—c (T —T,

f: Ls( ) Tp:Tm (3)
0 i ™ > Ty,

Then, the values of the aforementioned physical properties
in the melting region are computed as continuous, smooth
linear combinations of their values in the solid and, respec-
tively, liquid phases. For example, the heat capacity in the
melt region can be expressed as Cpmr=fCps+(1—f)Cp,

Remark 1. The choice of PCM is influenced by the
desired operating temperatures which, in turn, strongly influ-
ence the potential onset of carbon deposition and catalyst
deactivation/sintering. It is very important to note that, in addi-
tion to a suitable melting point, the material chosen for the
PCM layer should not impede on the heat transfer between the
exothermic and endothermic channels. Consequently, materials
with high thermal conductivity are preferred. Although the ex-
perimental validation of the proposed designs is beyond the
scope of this work, an initial screening suggests constructing
the reactor of RA446 high-chromium steel with copper (melt-
ing point 1084°C) as the PCM, or of 316 L stainless steel
with a cobalt—titanium eutectic (melting point 1020°C) as the
PCM. Using a brass PCM layer will further lower operating
temperatures; depending on composition, the melting tempera-
ture of brass ranges from 900 to 1000°C, with other physical
properties being similar to copper.

Another potential challenge is associated with the discon-
tinuous change in density at the PCM melting front. Expan-
sion upon PCM melting can lead to local modifications in
the geometry of the walls. However, for most metals, this
expansion is quite small (e.g., the liquid density of copper is
95% of the solid density at the melting point) and, conse-
quently, we expect that such geometric effects will not be
deleterious. Furthermore, the malleability of most wall mate-
rials is high at elevated temperatures, which should increase
tolerance to such events.

Simulation Study: Steady-State System
Performance

We consider a practical CPR system, whose parameters
are presented in Table 1 using copper as the PCM. The
physical properties of copper within the operating tempera-
tures are shown in Table 3. Note that material compatibility
aspects (e.g., the potential diffusion of the melted PCM in
the solid plates) were not investigated in this study.

The mathematical models of the nominal system and of
the PCM-enhanced reactor were implemented and solved in
gPROMS.25 Backward finite differences were used to discre-
tize the axial domain in the reforming channel, the reforming
catalyst layer, and the solid wall on the reforming side.

DOI 10.1002/aic 2053



Table 1. Reactor System Details

Parameter Value
Reactor length 0.6 m
Reforming channel half-height 1.0 mm
Combustion channel half-height 1.0 mm
Reforming catalyst height 20 um
Combustion catalyst height 20 um
Lyer 9.0 cm
Lcomb 15 cm
Reforming inlet temperature 793.15 K
Combustion inlet temperature 793.15 K
Reforming inlet composition 19.11% CH,4
72.18% H,0
2.94% CO,
0.29% H,
5.48% N,
Combustion inlet composition 5.26% CHy4
22.09% O,
72.65% N,

Forward finite differences were used to discretize the axial
domain in the combustion channel, the combustion catalyst
layer, and the solid wall on the combustion side. A central
finite difference discretization was used for the axial (z) do-
main of the PCM, and orthogonal collocation of finite ele-
ments was used for discretizing the partial derivative terms
in the longitudinal (r) direction in every layer. For the axial
domain, a 30-node mesh was used, and in the longitudinal
domains, three nodes were used in every layer other than the
PCM, which had four nodes. No significant changes in the
numerical results were noticed upon using a finer
discretization.

Figures 4-6 compare the axial temperature distribution,
conversion, and heat flux for the base-case reactor and the
PCM-enhanced reactor at the nominal operating conditions.
Conversion is calculated by integrating the local mass flow
rate through each channel

R/
b dxE
Jo Py O, dx;|,

“

R/
Jo p_/guzjw%H4/dx]g|z:0(j:1),z:L(j:2)
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Figure 4. Axial temperature at steady state for the
PCM-enhanced CPR compared to the base-
case CPR.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5. Steady-state axial conversion profiles for the
PCM-enhanced CPR compared to the base-
case CPR.

Combustion flow occurs from right to left and
reforming from left to right. [Color figure can be viewed

in the online issue, which is available at
wileyonlinelibrary.com.]

Notice that confining a thermally conductive PCM layer
between the reactor plates of a CPR does not degrade the
steady-state reactor performance. Rather, it improves
performance with increased conversion in the combustion
channel, a more evenly distributed heat flux, a more uniform
temperature distribution along the axial coordinate (owing to
the high thermal conductivity of the copper layer), and a
reduction of the maximum reactor temperature, which
prolongs the life of the catalyst and ensures the structural
integrity of the reactor.

35 T T T T
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Figure 6. Steady-state axial heat fluxes for the PCM-
enhanced CPR compared to the base-case
CPR.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 2. PCM Parameters™

Parameter Value Units
PCM Copper -
Melting temperature 1356 K
Latent heat of melting 231,000 kJ/kg
Solid density —0.3757°+9130 kg/m3
Liquid density —0.4607°+8800 kg/m3
Solid heat capacity 481 J/(kg K)
Liquid heat capacity 531 J/(kg K)
Solid thermal conductivity —0.08997"+438 W/(m K)
Liquid thermal conductivity 0.049777+-89.7 W/(m K)

Latent Energy Storage-Based Temperature
Control

Hierarchical control structure

Under typical operating conditions, CPRs are subject to
inherent fluctuations in the flow rate, composition, and feed
temperature of the reactants in both channels. Fluctuations
that cause a reduction of the rate at which energy is con-
sumed by the endothermic reactions (e.g., a reduction of the
flow rate in the reforming channel) are likely to have the
most deleterious effects. Their result is an excess of energy
generated by combustion, with the evident potential for
large, local temperature increases. In such cases, the confined
PCM acts as a “buffer,” absorbing the excess heat at con-
stant temperature and preventing the formation of hotspots.
Evidently, this temperature control effect is limited by the
thickness of the PCM layer. It disappears once the material
is completely melted, at which time (assuming persistent dis-
turbances) the reactor temperature will continue to rise.

As a consequence, the implementation of PCM-based tem-
perature control must be carried out as part of a hierarchical
control structure, whereby the PCM layer acts as a fast, dis-
tributed controller, and a supervisory controller acts over a
longer time horizon to mitigate persistent disturbances.

Practical considerations limit the supervisory controller to
a boundary-control configuration, with the fuel flow rate to
the combustion channels being the only available manipu-
lated variable. Similar practical considerations also limit the
efficiency of this controller as a stand-alone control system
(i.e., without the PCM layer used for distributed control).
Specifically, the effectiveness of the boundary controller is
strongly dependent on (and limited by) flow distribution
among the numerous (possibly hundreds) millimeter-sized
channels that form a reactor stack. As mentioned before, it is
not possible to control the flow to individual channels;
rather, one has to rely on a distribution device (header) to
direct the stack inlet to each channel. Uniform and equal
flow rates to each channel cannot be established instantane-
ously and maldistribution can occur. Consequently, if the su-
pervisory controller is used without the PCM layer, the time
delays associated with flow distribution could be sufficiently
long for hotspots to form in channels with preferentially
high fuel flow, which endanger the catalysts and structural
integrity of the reactor.

Optimal calibration of PCM geometry for distributed
control performance
Physical arguments indicate that if the thickness of the

PCM layer is much smaller than the thickness of the cata-
Iytic plates (i.e., dpcm <K 6; and Jdpoy <K 55), the complete
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(local) melting of the material will occur rapidly in the pres-
ence of disturbances, and the temperature control effect of
the PCM will be short lived. In this case, however, the PCM
layers will not contribute significantly to the total height and
mass of the reactor stack. Conversely, if a thicker PCM layer
is used, local temperature control will extend over a longer
period of time, with the disadvantage that the reactor stack
will be larger. In practical applications, stack height and
mass are important factors: the operating principle of CPRs
is centered on flexibility and deployability in a broad range
of environments, including mobile applications such as off-
shore platforms. The cost of the PCM-enhanced reactor is
largely determined by manufacturing costs, rather than the
cost of the PCM itself, and will likely not vary significantly
as a function of the cost of the PCM. For example, consider-
ing a reactor with a height of 1 m, a width of 0.5 m, and a
length of 0.6 m, the cost of the copper is around $2000
assuming bulk pricing.?® However, the public availability of
CPR price information is very limited, and it is, therefore,
difficult to determine the exact contribution of this amount
to the total reactor cost.

In light of the above, the dynamic effect of the PCM layer
is directly dependent on its geometry, and determining the
layer thickness is akin to tuning a controller. Evidently, the
PCM layer thickness is fixed at manufacturing and such tun-
ing cannot be carried out online. Dynamic optimization rep-
resents a natural framework for determining, off-line, the
optimal thickness of the PCM layer. Intuitively, the objective
function should account for (1) the deviation of the peak re-
actor temperature from a desired target and (2) the weight
penalty of increasing the thickness of the PCM layer. A fur-
ther complication arises from the fact that the operation of
the reactor is subject to fluctuations in the reforming flow
rate. Therefore, the optimization calculations should be sto-
chastic and aimed at minimizing the likelihood of the peak
temperature exceeding the temperature target, rather than
considering the worst-case scenario of a significant disturb-
ance (which, as mentioned before, would result in a very
large PCM layer thickness).

In this section, we introduce a novel method for perform-
ing such optimization calculations. The proposed method is
based on uniting dynamic optimization with concepts from
nonlinear system identification. Specifically, the reforming
flow rate is represented as a pseudorandom multilevel
sequence27‘28 (PRMS), which is imposed on the reactor dur-
ing the dynamic optimization iterations.

The objective function to be minimized (Eq. 5) consists of
the time integral of the deviations of the temperature from the
PCM melting point, and a penalty for the thickness of the PCM

Ifinal

J=c><5p+J H (T () = Ton) X (Tonax () =T}t (5)

0

Table 3. Optimization Algorithm

Initial guess for PCM thickness, 6°

while [0}~ || > ¢ do

Simulate reactor from =0 to #g,, imposing the PRMS disturbance
Calculate objective function (Eq. 5)

Calculate objective function gradients

Update 6

end while
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Figure 7. Diagram of the optimization algorithm.

where 0P is the PCM thickness, ¢ is the cost penalty per unit
thickness, Thax is the maximum temperature in the z direc-
tion, and H(x) is the Heaviside function. The optimization
time horizon, #g,,, is fixed.

The optimization calculations proceed according to
the algorithm in Table 2, which is illustrated in more detail
in Figure 7.

Remark 2. Imposing the PRMS disturbance in the course
of the dynamic simulation, along with the time-integral
objective function and a sufficiently long time horizon,
allows the system to efficiently sample its possible states in
a Monte Carlo fashion. In the present case, we minimize a
time-integral objective function and do not account for path/
trajectory constraints. However such constraints can be eas-
ily imposed.

Supervisory control

As mentioned earlier, the role of the supervisory controller
is to reject persistent disturbances in the flow rate and com-
position of the feed streams. Fulfilling this role is limited by
practical considerations to a boundary-control approach,
where a limited subset of the inputs and outputs of the CPR
can be measured or manipulated. The former includes the
output temperatures of the two channel sets, whereas the lat-
ter is likely confined to altering the flow rate of the fuel
stream. Composition measurements can, in principle, be
obtained via gas chromatography, but the cost of the associ-
ated hardware is high.

As a consequence, the structure of the supervisory control-
ler should follow a combined feedback—feedforward para-
digm, with the feedback component relying on temperature
measurements from the reforming channel, and the feedfor-
ward component using information provided by a flow sen-
sor placed on the reforming channel feed stream. A control-
ler design approach is, on the other hand, more difficult to
prescribe a priori. In principle, any of the available inver-
sion- or optimization-based linear or nonlinear controller
design methods are applicable. However, the choice of con-
troller design is complicated by the distributed-parameter na-
ture of the system and will depend on the availability of an
appropriate mathematical model. Although the closed-loop
time constant for the supervisory control tier can be chosen
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to be relatively long, it is evident that the large dimensions
and stiff, multiscale nature of the detailed mathematical
model described in the previous sections prohibit its use for
online applications, in particular when optimization calcula-
tions are necessary, for example, in the case of model-pre-
dictive control.

Simulation Study (Continued): Controller
Design and Performance

PCM layer optimization

We used the algorithm described earlier to determine the
optimal thickness of the PCM distributed control layer for a
reactor with the nominal parameters presented in Table 1.
We assumed that the reforming flow rate (as determined by
the inlet velocity to the reforming channels) can exhibit both
positive and negative variations, with an amplitude of up to
50% of the nominal value, which occur with equal
probability.

To compute the PRMS required by the proposed optimiza-
tion algorithm, a frequency analysis on the nominal system
was performed. Based on physical considerations, the PCM
layer must reject disturbances with frequencies within a
bounded range. Due to the elevated thermal inertia of the
plates and PCM layer compared with the gas phase, the reac-
tor will naturally filter high-frequency disturbances. Con-
versely, the time constant for flow distribution to the chan-
nels and the supervisory closed-loop time constant dictate
the lower limit of the frequency range; lower-frequency dis-
turbances are addressed by the supervisory controller. The
upper bound of the frequency range was computed using a
simple linear analysis, whereby a series of disturbance step
tests were performed on the base-case reactor to obtain an
approximate first-order transfer function model relating the
maximum plate temperature to the reforming flow rate.
Equation 6 shows the first-order transfer function model that
best approximates the base-case system.

X -020 _,

M 666 M ©

where fmax represents the deviation from the nominal maxi-
mum temperature, and 1221a represents the deviation of the
reforming flow.

In our controller design, we assumed that disturbances
with frequencies slightly above the corner frequency (10~
rad/s) are filtered by the plates, and frequencies one order of
magnitude smaller will be rejected by the yet-to-be designed
supervisory controller. These results indicate a duration of
the PRMS steps, fprms € [50's,3505s]. This also suggests that
the closed-loop time constant for the supervisory controller
should be selected to be close to the upper bound of this
interval.

Figure 8 shows the 30-level PRMS used in the optimiza-
tion and the response of the reactor to these excitations, in
the absence of the supervisory control layer.

We used the algorithm described earlier to minimize the
design objective function (5), subject to satisfying all the
equations in the reactor model. Notice that the solution of
this problem depends on the choice of the cost penalty ¢ in
Eq. 5, which is influenced by the type of service and loca-
tion that the reactor will be placed in. Low cost penalties
will result in a thicker PCM layer and larger reactor stacks,
with the PCM providing a strong temperature control effect.

X

June 2013 Vol. 59, No. 6 AIChE Journal



Inlet velocity (m/s)

-
(4]
(=3
o

1400

1300

1200

Maximum temperature (K)

-
j—y
(=3
o

20 40 60 80 100
Simulation time (minutes)

Figure 8. Top: Multilevel random sequence of reforming
inlet velocity. Bottom: corresponding
response of the PCM-enhanced system
(maximum reactor temperature).

The objective function is calculated by integrating the
maximum temperature throughout the simulation when it is

above the melting point. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Conversely, increasing ¢ will diminish reactor stack size as
well as the temperature regulation efficiency of the PCM
layer. To investigate its effect on the solution of the optimi-
zation problem, we solved the optimization problem for sev-
eral choices of ¢, with the results displayed in Figure 9. As
expected, lower-cost penalties result in a reactor with a
thicker PCM layer.

Supervisory control

To compensate for sustained disturbances in the inlet flow
rate to the reforming channel, we derived an input—output
linearizing feedback—feedforward controller,” which adjusts
the inlet flow to the combustion channel based on measure-
ments of the reforming flow and the exit reforming tempera-
ture, requesting a first-order closed-loop of the form

dTref' B
Tref o+ z=L
[ —a

=T*P 7
where tcp is the closed-loop time constant (selected to be
240 s). A complete description of the derivation of the su-
pervisory controller is presented in Appendix B.

Control performance

We first performed simulation studies to compare the tran-
sient operation of the PCM-enhanced CPR without the super-
visory controller with the base-case reactor. The results
shown below consider the worst-case scenario of a thin PCM
layer, corresponding to the maximum value of the penalty ¢
as described earlier. In this case, the optimal PCM layer
thickness is 6 = 0.56 mm, and the additional confined mate-
rial accounts for about 18% of the total reactor volume and
51% of the total reactor weight. Table 4 displays parameters
used in the case study highlighting the differences between
the two systems.
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Figure 10 presents the evolution of the peak reactor tem-
perature (notice that the location of the temperature peak in
the z direction may shift in time), in response to a 50%
decrease in the inlet velocity of reforming flow. As the
reforming flow rate drops, the temperature in the reactor is
expected to rise due to a decrease in the endothermic reac-
tion rate. As seen in Figure 10, the rise time to a new steady
state is much longer for the PCM-enhanced reactor than in
the base case. There is an initial temperature rise to the
melting point, then the temperature remains constant at the
melting point until the layer has completely melted. Subse-
quently, the temperature rises slowly to the new steady-state
maximum temperature as melting continues in the axial
direction. Conversely, the temperature in the base-case CPR
rises very quickly, reaching a high value at which the struc-
tural integrity of the reactor would be compromised.

Subsequently, we performed simulations with the supervi-
sory controller operating in closed loop. In Figures 11a,b, a
300 min closed-loop operating period is simulated, with sus-
tained 40% drops, first in the reforming flow rate subse-
quently in the reforming inlet composition, followed by 30%
simultaneous change in both aforementioned disturbances.
The changes in flow rate are simulated as variations in inlet
velocity, whereas the composition change is assumed to
result in (and be reflected by) a decrease in the heat of reac-
tion of the steam-reforming reactions. The results evince
excellent control performance. It is also remarkable that,
although the controlled variable is the reforming channel
output temperature, the proposed control system is successful
at preventing the advent of hotspots: the maximum longitudi-
nal reactor temperature (Figure 1la) only exceeds the
melting temperature of the PCM on a brief occasion, which
corresponds to a dramatic 40% drop in the amount of heat
absorbed by the reforming reactions.

Conclusions

In this article, we proposed a novel temperature control
concept for plate reactors with microscopic channels. Our
approach consists of confining a layer of PCM between the

1.3 T T T T T

- -
- - [
h

Optimal PCM thickness (mm)
=)
©

0.5 . . .
1 1.5 2 25 3 3.5 4

Cost penalty per thickness (arbitrary units) x10°

Figure 9. Optimal PCM thickness as a function of the
cost penalty c.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 4. Case Study Parameters

Parameter Base Case PCM-Enhanced
PCM N/A Copper
PCM thickness N/A 0.56 mm
Solid wall thickness 0.5 mm 2 X 0.3 mm
Nominal Ref. inlet velocity 4.0 m/s 4.0 m/s
Nominal Comb. inlet velocity 4.0 m/s 4.0 m/s
Combustion flow time constant 60 s 60 s

reactor plates. Through its melting-solidification cycles,
which occur at constant temperature and with only latent
heat exchange, the material serves as an energy storage
buffer, which absorbs excess reaction energy that may arise
due to operational disturbances. The PCM layer, thus, acts
as a distributed control layer that mitigates fast and
potentially dangerous temperature excursions. This uncon-
ventional control system is augmented, in a hierarchical
fashion, with a supervisory controller that rejects persistent
disturbances.

We also introduced a novel optimization-based approach
for identifying the optimal geometry of the PCM layer (i.e.,
for tuning the distributed controller). The proposed algorithm
relies on ideas from nonlinear system identification to repre-
sent potential disturbances as PRMSs. A dynamic optimiza-
tion calculation aimed at minimizing a time-integral design
objective function is used. The PRMSs are imposed on the
system during the time-integration steps in the optimization
calculation, emulating a fast and effective Monte Carlo-type
exploration of the disturbance space.

We illustrated these concepts throughout the article using
a case study based on a detailed, realistic 2-D reactor model.
Incorporating an input—output linearizing nonlinear feed-
back—feedforward supervisory controller, the proposed
hierarchical control structure shows excellent disturbance
rejection performance and evinces that the PCM-enhanced
reactor can be operated safely under conditions that would
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Figure 10. Maximum reactor temperature responses in
base-case CPR (dashed) and PCM-
enhanced CPR (solid) to 50% drop in
reforming flow rate.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

2058 DOI 10.1002/aic

Published on behalf of the AIChE

jeopardize the structural integrity of a traditional microchan-
nel reactor.

Although the article focuses specifically on microchannel
reactors as a prototype system of elevated practical interest,
the results developed in this work are completely general,
and we expect that—following a thorough experimental vali-
dation—they will find applications in other process units
(and, indeed, in other fields outside the chemical industry),
which require controlling the temperature of small-scale, dis-
tributed-parameter systems with sensing and actuation

constraints.
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— — — Maximum temperature
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Figure 11.(a) The maximum reactor temperature
(dashed) and the controlled variable,

reforming outflow temperature (solid), under
feedback-feedforward control during a 300-
min operating period subject to disturbances
in both reforming flow rate and reforming
heat of reaction, (b) the combustion channel
inlet velocity (manipulated variable) (solid)
and reforming channel inlet velocity (dashed,
disturbance 1).

The normalized reforming heat of reaction (dash-dot,
disturbance 2). [Color figure can be viewed in the

online issue, which is available at
wileyonlinelibrary.com.]

June 2013 Vol. 59, No. 6 AIChE Journal



Notation
Symbol

aj.¢ = approximate model coefficients
¢ = PCM cost per unit thickness, AU
¢y = liquid PCM heat capacity, J/(kg K)
¢p = heat capacity, J/(kg K)
¢ = solid PCM heat capacity, J/(kg K)
= diffusion coefficient, m*/s
effective diffusion coefficient, m?/s
f= solid fraction of PCM
H = reaction heat flux, W/m2
p_

HP = enthalpy of PCM, J
K = thermal conductivity, W/(m K)
L = reactor length, m

L..¢ = reforming catalyst offset, m
Lcomp = combustion catalyst offset, m
= molecular weight, kg/mol
J = objective variable, AU
P = pressure, Pa
= reaction rate, mol/(m> s)
Thomog = NOMogeneous reaction rate, mol/
R = radial channel thickness, m
Rg = gas constant, J/(mol K)
t= time, s
tina = final simulation time, s
T = temperature, K
TiPP™ = approximate reforming outflow temperature, K
T\, = melting temperature of PCM, K
Tmax = maximum temperature of PCM, K
. = reference temperature, K
TP = setpoint temperature, K
u = controller manipulated variable

u, = axial velocity, m/s
u” = inlet velocity, m/s
W = controller disturbance variable
x = radial coordinate, m

X = local conversion

z = axial coordinate, m

O = radial thickness, m

AH,,, = heat of reaction, J/mol

€ = small parameter

negr = effectiveness factor

= latent heat of melting PCM, J/kg
v = stoichiometric coefficient
p = density, kg/m®
7123 = control time constants, s

7cL = closed-loop time constant, s

w = mass fraction

Superscript
cat = catalyst
g = gas phase
p=PCM
s = solid
Subscript
i = chemical species
J = channel

k = reaction

Numbering
Jj = 1 = reforming
i = CHy,H,0,CO,CO2,Hy N>
k = 1= Methane steam reforming reaction: CH4 +H,O0=CO+3H,
k = 2 = Water—gas-shift reaction: CO+H,0=CO,+H,
k = 3 = Reverse methanation reaction: CHy+2H,0=CO, +4H,
Jj = 2= Combustion
i = CI'[47 02, COQ, Hzo7 Nz
k = 1= Methane  catalytic = and
CH4 +202 g C02 +2H20

homogeneous
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Appendix
A. Model Equations
Gas phase Effectiveness factor
Mass balances (5
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Mass balﬂﬂceawm Appendix B. Supervisory Controller Design
%(ﬂ } Deri Wfi):fzk:(v"‘k'ﬂ"”M”) The first step in the design of the supervisory feedback—
Boundary conditions feedforward controller is the derivation of a suitable low-
Inlet conditions dimensional model. We proceeded by obtaining a model
Zero flux: (d) —uyyen =0 relating the reforming channel outlet temperature to the inlet
Outlet conditions ' velocities of the reforming and combustion channels (the dis-
Zero flux: 90"“|_7LW“[:0 turbance and, respectively, manipulated variables of the

o system).

Plate conditions L . . .
A steady-state analysis indicates a nonlinear relationship

between the two inputs and the output, as shown in Figure Al.
The response in Figure Al is closely approximated by a
second-order polynomial of the form
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Zero flux: 5| e —g.y. =0
i j i
Catalyst surface conditions
T . e — cat
Material transfer: o] g .. =f ‘/\.jcal: e

2060 DOI 10.1002/aic Published on behalf of the AIChE June 2013 Vol. 59, No. 6 AIChE Journal



T¥P™ =g, 12 +a;w* + azuw+agu+asw+ag (B1)

where u and w are the manipulated (combustion flow rate)
and disturbance (reforming flow rate) variables, respectively.
The coefficients are, a = [—27.0, —18.6, 42.9, 74.6, —57.0,
1015]. Subsequently, we used a first-order filter of time con-
stant 7; = 180 s (chosen to be of the same magnitude as the
dominant time constant of the reactor, which was identified
through simulations) to transform the static model B1 into
an approximate dynamic model of the reactor
drierx ]

et (—T:)‘Zp”‘+a1u2+a2w2+a3uw+a4u+asw+a6)
T]

(B2)

We then defined the auxiliary differential variables g and
h, such that

dg 1

a5 (—g+u) (B3)
dh 1

= (= +

d (=h+w) (B4)

with 7, = 73 = 10 s chosen to be much smaller than the
dominant time constant of the system. With these changes,
the differential model B2 can be reformulated as an input-
affine system of the form

x=f(x)+g(x)ut+h(x)w(t) (B5)
with
8 —g/n
x= h |f(x)= —h/13
TR (ag=T™) /71
1/‘[2 0
glx)= 0 h(x)= 1/13 (B6)
(a1g+tash+ay) /7 (axh+as) /7y
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Figure A1. Surface plot of the steady-state exit

reforming temperature at different
combustion and reforming flow rates.
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[Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

which was used to derive the static control law

. 11 /1L (TP =T _, ) —aawh—asw—ae+T2P™

B7
aigtash+ay (B7)

that imposes the linear input—output closed-loop response
given in Eq. 7. Note that this control law is effectively a
nonlinear proportional controller, but integral action can be
incorporated without difficulty.*
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