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SYSTEMS AND METHODS FOR THERMALLY ACTUATED FLOW CONTROL
CROSS REFERENCE TO RELATED APPLICATION

This application claims priority to U.S. Provisional Patent Application No. 62/126,878 entitled
“Systems and Methods for Thermally Actuated Flow Control,” filed March 2, 2015, the content of which

is herein incorporated by reference in its entirety.
BACKGROUND

Microchannel reactors are one of the most successful implementations of the process
intensification concept. Reduced geometric dimensions of the flow channels (typically on the order of
millimeters) increase the surface-area-to-volume ratio and minimize transport limitations, resulting in a
much faster, reaction rate-limited process. Equipment sizes of intensified processes using
microchannel reactors are at least one order of magnitude smaller than conventional devices of
equivalent capacity, and consequently result in significant capital savings. Additionally, reduced
holdups improve process safety and efficiency and make the process more agile. Microchannel
reactors have found many industrial applications, notably in small scale gas-to-liquids processing.

The capital and operating cost savings associated with microchannel reactors come at the price
of several control challenges. The combination of unit operations (heat exchange, reaction, fluid flow)
in a single device results in a loss of degrees of freedom. Additionally, reduced dimensions make it
difficult to incorporate distributed sensors and actuators, thus limiting the control of such reactors to a
boundary approach based on sensing and adjusting the channel output and, respectively, input
properties.

For steam methane reforming applications, the operation is typically autothermal, i.e., an
exothermic reaction provides heat to an endothermic set of reactions that are carried out in parallel,
alternating channels. While autothermal designs avoid the need for an external heating medium, they
can be more challenging to operate. Heat generation in the exothermic channels must be coordinated
with heat consumption in the endothermic channels. Improper alignment (in the axial dimension) of
heat fluxes can result in the formation of hotspots (if local heat generation exceeds consumption) or
reactor extinction. Several published design concepts for autothermal microchannel reactors seek to
improve steady-state temperature and conversion profiles and limit the advent of hotspots in steady-
state operation. Among these are distributed feed designs, in which reactants are fed at multiple
points along the reactor, offsetting the active sections of the catalyst coatings, which shifts the
consumption and release of heat towards the center of the reactor, and segmented combustion

catalyst designs which more finely modulate heat generation along the reactor. However, very few
1
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studies have focused on the dynamic challenges associated with the operation of microchannel
reactors.

Bimetallic strips convert temperature change into mechanical displacements. The bimetallic
strips include two metal strips. Each metal strip has a thermal expansion coefficient that is different
from the thermal expansion coefficient of the other metal strip. The metal strips are fixedly or rigidly
attached at both ends (e.g., by riveting, brazing, or welding). Assuming that the bimetallic strip is flat at
the reference temperature (Tref ), heating the bimetallic strip results in a deflection of the bimetallic
strip in one direction (towards the metal strip having a smaller thermal expansion coefficient a,), while
cooling results in the bimetallic strip deflecting in the opposite direction (toward the metal strip having
a larger thermal expansion coefficient a,). A deflection of the bimetallic strip due to heating the
bimetallic strip is shown in FIG. 1B. Bimetallic strips have found applications in clocks, thermostats, and
electrical devices as mechanical temperature sensors. In these applications, displacement of the free
end of the bimetallic strips typically moves another structure, such as a valve stem or a switch.

The curvature of the bimetallic strips can be computed as a function of temperature based on
the physical properties of the two metals. If one end of the strip is fixed (e.g., to a surface), and the
other end of the strip is free to deflect, the deflection, d, of the free end can be related to the

temperature of the bimetallic strip by Equation 1 below:

The deflection, d, is measured from the flat surface to the tip, and Lsip and Hgyip are the length
and thickness of the bimetallic strip at the construction temperature, respectively. The values m and n
are ratios of the metal thicknesses (H1/H2) and Young’s moduli, respectively. a; and @, are the thermal
expansion coefficients of the two metals used in the bimetallic strip. T is the temperature of the
bimetallic strip, and T is the temperature at which the anchor surface and bimetallic strips are
constructed (here, assumed to be 25°C).

In an exemplary reactor model, a catalytic plate microchannel reactor operates autothermally,
e.g., an exothermic reaction (combustion of methane) takes place in one set of channels and provides
heat for an endothermic reaction (steam methane reforming reactions) occurring in alternating

channels. The base case model is shown in Figure 2 with parameters given in Table 1 below.
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Table 1: Nominal reactor system parameters

Bpasitdon

5 In one implementation, at least a portion of each channel has an offset catalyst coating, where
the coated portions are located so as to coordinate heat generation and consumption and maximize

methane conversion.

The reforming reactions occurring in the endothermic channels are as follows:

® Methane steam reforming (1)

10 CHA + H20 ——CO + 3H2
AH = +206 ki mol™L

® Water-gas-shift (2)
CO+H20 ——CO2+H2

AH = -41 kI mol™1

15 e Reverse methanation (3)

CH4 +2H20 ——CO02 + 4H2

AH = +165 k) mol ™1
The reaction kinetics for a 15.2%Ni/MgAl203 catalyst are described accurately over a wide

range of temperatures and pressures by the Langmuir-Hinshelwood-Hougen-Watson approach

20 developed by Xu et al. See J.G. Xu and G.F. Froment, Methane steam reforming, methanation and
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water-gas shift . 1. Intrinsic kinetics. AIChE J., 35(1):88-96, 1989.
Catalytic and homogeneous combustion of methane occurs in the alternate channels and in

countercurrent flow.

¢ Methane combustion (4)

CH4 + 2072 = CO2 + 2H20

AH = -803 kI mol™!

The reaction kinetics for catalytic combustion on a noble metal catalyst (e.g., Pd or Pt) are first
order and zeroth order with respect to methane and oxygen concentration, respectively. Homogeneous
combustion has a measurable effect and the kinetics are given by a rate law of order -0.3 with respect to
methane and 1.3 with respect to oxygen.

The model reactor considers the combustion and reforming half-channels (with symmetry
boundary conditions at the channel centers), the combustion and reforming catalyst layers, and the
metal plate. Two-dimensional convection-diffusion-reacting flow is modeled in the channels assuming a
laminar, parabolic flow profile between infinite parallel plates. A 1-dimensional model assuming a
negligible thickness is used for the catalyst layers, and a 2-dimensional heat equation is used to model
the plate.

The model was developed and solved in gPROMS. Backward and forward finite differences were
used to discretize the partial derivatives in the axial domains for the reforming and combustion
channels, respectively, while central finite differences were used to discretize the partial derivatives in
the axial domain of the plate. Orthogonal collocation on finite elements were used to discretize the
partial derivatives in the radial domain of every layer. The complete set of model equations are available

in previous work and are included at the end of this specification.
BRIEF SUMMARY

Various implementations provide an inherently safer design feature for microchannel reactors
that provides temperature control at the individual channel level. Bimetallic strips are installed within
the combustion channel to regulate fluid flow in the channel, forming a thermally-actuated “valve”.
Bimetallic strips convert a temperature change into a mechanical displacement. Heating the strip
increases its deflection from a wall and thereby restricts but does not completely block flow in the
combustion channels, which consequently reduces the rate of heat generation, according to some
implementations. In other implementations, the thermally-actuated valve may be used in other
structures for which thermally actuated flow control is desired.

According to certain implementations, a thermally actuated flow control system includes a first

linear array of bimetallic strips disposed on a first wall of a channel and a second linear array of
4
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bimetallic strips disposed on a second wall of the channel. The first and second walls are opposite and
in a facing relationship with each other relative to an axis of fluid flow through the channel. Each
bimetallic strip includes a fixed end and a free end. The fixed ends of the bimetallic strips in the first
array are coupled to the first wall, and the fixed ends of the bimetallic strips in the second array are
coupled to the second wall. Each bimetallic strip includes a first metal strip having a first thermal
expansion coefficient and a second metal strip having a second thermal expansion coefficient. The first
and second metal strips are fixedly coupled together, and the first thermal expansion coefficient is
higher than the second thermal expansion coefficient. The first metal strip is coupled to the wall, and
the second metal strip extends towards the axis of fluid flow of the channel. A deflection of the free
ends of the first array of bimetallic strips away from the first wall and the free ends of the second array
of bimetallic strips away from the second wall increases as a temperature of the fluid flowing through
the channel increases, which decreases a flowrate of a fluid through the channel. Deflection of the free
ends decreases as the temperature of the fluid decreases, which increases the flowrate of the fluid
through the channel.

In some implementations, the first thermal expansion coefficient is about 5% to about 40% less
than the second thermal expansion coefficient. For example, in one implementation, the first thermal
expansion coefficient is about 33% less than the second thermal expansion coefficient. In another
implementation, the first thermal expansion coefficient is about 5% to about 10% less than the second
thermal expansion coefficient.

In some implementations, the fixed ends are directly coupled to the channel walls. In other
implementations, the fixed ends are indirectly coupled to the channel walls.

In some implementations, the length of each bimetallic strip is at least ten times longer than the
thickness of each bimetallic strip. The length is measured in the axial flow direction between the fixed
end and the free end, and the thickness of each bimetallic strip incudes a thickness of the first metal
strip and the second metal strip. Furthermore, the length of each bimetallic strip may be at least ten
times longer than a width of each bimetallic strip. The width is measured in a direction that is
orthogonal to the length direction and thickness direction. In some implementations, the width and
thickness of each bimetallic strip may be about the same. However, in other implementations, the
width of each bimetallic strip may be between about 5 and about 10 times greater than the thickness of
each bimetallic strip.

A distance between the first and second walls of the channel may be at least ten times longer
than a thickness of each bimetallic strip, according to some implementations. For example, in one
implementations, the distance between the first and second walls is around twenty times longer than

the thickness of each bimetallic strip.
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In some implementations, a thickness of the first metal strip may be at least 1/10%" of a thickness
of the bimetallic strip, and a thickness of the second metal strip may be at least 1/10™ of a thickness of
the bimetallic strip.

The free ends of the bimetallic strips in the first array may be aligned with the free ends of the
bimetallic strips in the second array within a plane that bisects the first and second walls and is
perpendicular to an axis of flow through the channel, according to certain implementations.

In some implementations, the first and second arrays of bimetallic strips are disposed adjacent to
a portion of the channel where the largest temperature changes are expected to occur. For example, in
some implementations, the first and second arrays are disposed centrally along a length of the channel.

Alength of each bimetallic strip is selected such that a distance between the free ends of the first
array and the free ends of the second array is at least about 5% of a height of the channel at a maximum
expected temperature for the fluid, according to certain implementations. The length is measured in
the axial flow direction between the fixed end and the free end of each bimetallic strip. Alternatively,
the lengths of the bimetallic strips are selected such that the free ends are not spaced apart at the
maximum expected temperature for the fluid, according to some implementations.

In some implementations, the channel is defined within a microchannel reactor. In particular, in
certain implementations, the channel is defined by at least two parallel plates.

In other implementations, the channel is defined by an inner wall of a cylindrically shaped pipe.
In one such implementation, a width of each bimetallic strip is between about 1/60th and about 1/6th
of a circumference of the channel, and a distance between edges of adjacent bimetallic strips is
between about 1/60th and about 1/6th of the circumference of the channel. Edges of each bimetallic
strip extend between the fixed and free ends of each bimetallic strip, and the edges are perpendicular
to the direction of flow through the channel. The free ends of the bimetallic strips deflect towards a
central axis of the cylindrically shaped pipe.

In some implementations, heat from the fluid in the channel is conducted through at least one
wall of the channel to a device coupled to an external wall of the channel. The deflection of the
bimetallic strips in response to the temperature of the fluid flowing through the channel controls the
amount of heat transferred through the channel wall to the device.

BRIEF SUMMARY OF THE DRAWINGS

The components in the drawings are not necessarily to scale relative to each other and like
reference numerals designate corresponding parts throughout the several views:

FIG. 1A is a side view of a bimetallic strip after construction.

FIG. 1B is a side view of the bimetallic strip in FIG. 1 after being heated.

FIG. 2 is a side cross sectional view of an exemplary microchannel reactor.
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FIG. 3 is a side cross sectional view of thermally-actuated valves disposed within a channel
according to one implementation.

FIG. 4 is a perspective view of thermally-actuated valves disposed in the channel shown in FIG. 3
according to one implementation.

FIG. 5A is a side cross sectional view of thermally-actuated valves having a nominal
displacement when a temperature of the fluid flowing over the thermally-actuated valves is within a
steady state range of temperatures.

FIG. 5B is a side cross sectional view of thermally-actuated valves having less displacement than
is shown FIG. 5A when a temperature of the fluid flowing over the thermally-actuated valves is less than
a steady state range of temperatures.

FIG. 5C s a side cross sectional view of thermally-actuated valves having more displacement
than is shown FIG. 5A when a temperature of the fluid flowing over the thermally-actuated valves is
more than a steady state range of temperatures.

FIG. 6 illustrates an exemplary steady state axial temperature profile before and after a
disturbance, according to one implementation.

FIG. 7 illustrates objective function (Faist/From) compared to a length of a bimetallic strip,
according to one implementation.

FIGS. 8A and 8B illustrate results of a simulation on a reactor model with and without thermally
actuated valves, according to one implementation.

FIG. 9 illustrates combustion and reforming conversion in each channel over time, according to
one implementation.

FIGS. 10A and 10B illustrate results of a +40% change from flowrate in a channel without
thermally actuated valves and in a channel with thermally actuated valves, respectively, according to
one implementation.

FIG. 11 illustrates a cylindrically shaped channel having a thermally actuated flow control system
disposed therein, according to one implementation.

FIG. 12 illustrates a device coupled to an external wall of a channel through which heat is
transferred from the channel, according to one implementation.

DETAILED DESCRIPTION

Various implementations provide an inherently safer design feature for microchannel reactors
that provides temperature control at the individual channel level. This approach relies on bimetallic
strips embedded within the combustion channel, forming a thermally-actuated “valve”. Bimetallic
strips convert a temperature change into a mechanical displacement. Heating the strip increases its

deflection and thereby restricts but does not completely block flow in the combustion channels of the
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reactor, which consequently reduces the rate of heat generation according to some implementations.
The thermally-actuated valve is not limited to use in microchannel reactors and may be used in other
structures for which thermally actuated flow control is desired, according to some implementations.

FIGS. 3 through 5C illustrate a thermally actuated flow control system 10 according to one
implementation. The system includes a first linear array of bimetallic strips 12 disposed on an upper
wall 13 of a combustion channel 11 and a second linear array of bimetallic strips 14 disposed on a lower
wall 15 of the combustion channel 11. The upper 13 and lower walls 15 are opposite and in a facing
relationship with each other relative to an axis of fluid flow through the channel 11. The bimetallic
strips 12, 14 disposed in the combustion channel 11 act as thermally-actuated valves that regulate flow
through the channel 11. FIG. 4 illustrates a perspective view of an autothermal microchannel reactor
with thermally-actuated valves disposed therein, according to one implementation.

Each bimetallic strip 12, 14 includes a fixed end 16 and a free end 17. The fixed end 16 of the
bimetallic strips in the first array 12 are coupled to the upper wall 13 of the channel 11, and the fixed
end 16 of the bimetallic strips in the second array 14 are coupled to the lower wall 15 of the channel 11.

Each bimetallic strip 12, 14 includes a first metal 21 and a second metal 22 that are fixedly
coupled together. The first metal 21 has a first thermal expansion coefficient a; and the second metal
22 has a second thermal expansion coefficient a,. The first thermal expansion coefficient oy is less than
the second thermal expansion coefficient a. For example, the first thermal expansion coefficient a;
may be about 20% to about 40% less than the second thermal expansion coefficient a,. In one
implementation, the first thermal expansion coefficient a; may be about 33% less than the second
thermal expansion coefficient a.

In the first linear array, the fixed ends 16 of the bimetallic strips 12 are coupled to the upper
wall 13 of the channel 11 such that the first metal 21 faces the direction of flow and the second metal
22 faces the upper wall 13. In the second linear array, the fixed ends 16 of the bimetallic strips 14 are
coupled to the lower wall 15 of the channel 11 such that the first metal 21 faces the direction of flow
and the second metal 22 faces the lower wall 15. The fixed ends 16 of the bimetallic strips 12, 14 may
be directly coupled to the channel walls 13, 15 typically by riveting, brazing, welding, or by any other
suitable fastening mechanism or means, according to certain implementations. In other
implementations, fixed end 16 is indirectly coupled to the channel walls 13, 15 via an attachment or
extension that is coupled or otherwise engaged with the channel walls 13, 15. Furthermore, the free
ends 17 of the bimetallic strips 12 in the first linear array are aligned with the free ends 17 of the
bimetallic strips 14 in the second linear array within a plane that bisects the upper 13 and lower walls 15
and is perpendicular to the flow direction through the channel.

When the bimetallic strips 12, 14 and the reactor channel 11 are constructed, the bimetallic
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strips 12, 14 are initially flat along the channel walls 13, 15, respectively. However, as the reactor starts
up, the temperature of the fluid flowing through the channel 11 increases, and the free ends 17 of the
bimetallic strips 12, 14 deflect towards a center of the channel 12 as the temperature of the fluid
flowing over the bimetallic strips 12, 14 increases. As the temperature of the fluid flowing through the
channel 11 fluctuates from nominal conditions (e.g., a range of temperatures indicative of steady state),
the free ends 17 of the bimetallic strips 12, 14 deflect more towards the channel center in response to
the temperature rising above the nominal conditions and retract away from the channel center in
response to the temperature dropping below the nominal conditions. When the free ends 17 of the
bimetallic strips 12, 14 deflect toward the channel center, the flowrate of the fluid (e.g., combustion
fuel) through the channel 11 is restricted, which counteracts the temperature rise. When the free ends
17 of the bimetallic strips 12, 14 deflect away from the channel center, the flowrate of the fluid is less
restricted, which allows for a higher flowrate. FIGS. 5A-5C illustrate exemplary deflection levels for the
bimetallic strips. FIG. 5A illustrates deflection of the free ends 17 during nominal conditions, such as
when the temperature is within a range that reflects steady state conditions, Ts. FIG. 5B illustrates
deflection of the free ends 17 when the temperature of the fluid is higher than the nominal
temperature range Ts. And, FIG. 5C illustrates deflection of the free ends 17 when the temperature of
the fluid is lower than the nominal temperature range Tss.

The nominal temperature range depends on the reaction system. For example, for a steam
methane reforming system, the nominal temperature range for steady state temperature may be
between about 850°C to about 1100°C, but is typically around 1000°C.

The materials and dimensions for the thermally-actuated flow control system 10 may be
selected to ensure that i) the bimetallic strips 12, 14 do not completely overlap at any of the
temperatures in the operating range and ii) if a fluctuation in the steady state temperature occurs, the
change in deflection results in a meaningful change in the fluid flowrate in the channel 11. Some of the
considerations that may be important in designing a reactor with the thermally-actuated flow control
system include: i) the location of the valves in the axial dimension (the direction of flow), ii) the selection
of materials for the bimetallic strips 12, 14, and iii) the dimensions {e.g., length, thickness, width) of the
bimetallic strips.

According to various implementations, the width W, and/or thickness Hsip of the bimetallic
strips 12, 14 are selected such that each does not exceed about 1/10 of the length L, because thermal
expansion occurs in all dimensions, and a wide bimetallic strip would deform at high temperatures. The
length L, of each bimetallic strip 12, 14 is measured between the fixed end 16 and the free end 17.
The thickness, or height, Hsip of each bimetallic strip 12, 14 includes the combined heights of the first

metal strip 21 (H1) and second metal strip 21 {H,) of the bimetallic strip 12, 14. And, the width W, of
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each bimetallic strip 12, 14 is the distance between opposite edges of each strip 12, 14. The edges
extend between the fixed end 16 and the free end 17 and are perpendicular to the axis of flow. In
certain implementations, the width Wi, is about the same as the thickness Hqrip. However, in other
implementations, the width Wi, of each bimetallic strip 12, 14 may be larger or smaller than the
thickness Hswip. For example, in some implementations, the Wi, may be between about 5 and about 10
times greater than the thickness Hsip of the bimetallic strip 12, 14. See, e.g., FIG. 1 showing the length,
width, and height dimensions of a bimetallic strip.

The effectiveness of the thermally-actuated valves as temperature control elements depends on
the sensitivity of the bimetallic strips 12, 14 to changes in temperature. In other words, a change in
temperature should result in a relatively large deflection for the bimetallic strips 12, 14 to be sufficiently
sensitive. Therefore, the valves may be placed along the axial dimension of the reactor channel 11 at
one or more locations where the largest (or large) temperature change occurs during potential
disturbances that affect the reforming channel, according to some implementations. This location is
typically at the center of the reactor. In addition, the materials and dimensions selected for the strips
may be selected to provide a large gain (deflection relative to temperature change), according to certain
implementations.

To identify the location of the largest or sufficiently large temperature change, the reactor may
be simulated without valves under a step disturbance in the flowrate to the reforming channels in open-
loop. The reforming flowrate may be reduced by 40% of the nominal capacity, resulting in excess heat
and a rise in reactor temperatures. An exemplary steady-state axial temperature profile before and
after a disturbance are plotted in FIG. 6. Intuitively, the largest change in temperature occurs at the
center of the reactor and its location corresponds to the location of the peak nominal temperature (also
the point where the catalytically active section of the combustion catalyst layer starts). Placing
thermally-actuated valves here results in the largest “gain” for the temperature feedback control loop
based on these actuators.

The metal strips 21, 22 in the bimetallic strips 12, 14 are selected to be able to withstand the
maximum expected temperature within the channel 11. For example, for a steam methane reforming
reaction, the metal strips 21, 22 should be capable of withstanding temperatures in excess of 1000°C.
Additionally, the thermal expansion coefficients a1, oz of the two metal strips 21, 22 should differ by a
sufficient amount so that a change in temperature results in a large change in deflection, d (i.e., a high
controller “gain”).

In some implementations, superalloy metals may be selected for the bimetallic strips 12, 14.

For example, in one implementation, the first metal strip 21 is Hastelloy X and the second metal strip 22

is Incoloy 801. Table 2 below indicates various properties of each metal.

10
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Table 2: Metal Properties

In addition, the dimensions of the bimetallic strip 12, 14 are selected to provide a large “gain,”

i.e., the dimensions that result in the highest change in flowrate to the channel 11 when subject to a

).

Bernoulli’s principle may be used to approximate the relationship between flowrate and

AFchannel

change in temperature (maximize T

pressure drop across the arrays of bimetallic strips 12, 14 based on the nominal deflection, dnom, which
can be calculated by Equation 1. Assuming a selected nominal flowrate of Fnom, the required pressure

drop at the nominal operating conditions (AP ) is calculated by:

The valve coefficient, Cq, is assumed to be 0.9, p is the density of the fluid at the location of the
bimetallic strips, and Hc is the channel height {see FIG. 4).

To determine the “gain” or the change in flowrate resulting from a temperature change, the
same equation is used, but the equation is solved for F as a function of the design pressure drop and

deflection d at the disturbance temperature Tgis:

]

Using Equations 1-3, the flowrate in the combustion channels can be determined as a function
of the temperature and the geometric dimensions of the bimetallic strip. To find the optimal set of

dimensions that give the highest gain, the following optimization problem is solved:

11
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where the objective is to minimize the flowrate F at the temperature (Tqist) reached during a

disturbance. Tgs may be assumed to be about 100°C above the nominal temperature, in some
implementations. As shown in constraints 4a-4g above, the bimetallic strip length Leip is at least about
ten times greater than the thickness Hsyip of the bimetallic strip 12, 14, the individual thicknesses of each
metal strip 21, 22 (i.e., H1 and H2) are at least about 1/9 of the combined thickness Hgyip, the bimetallic
strip thickness Hqrip is about 1/20 of the channel height, and twice the deflection d of each strip 12, 14 at
the disturbance temperature Tqis: is less than or equal to about 95% the channel height H. so as to not
completely obstruct the channel 11 at elevated temperatures (i.e., allow for continuous flow through
the channel 11). In other implementations, the bimetallic strip thickness Hsip may be between about
1/10 to about 1/30 of the channel height H, for example.

The number of degrees of freedom for the design optimization problem is relatively small, so a
search may be performed to determine the optimal dimensions of the bimetallic strips 12, 14, according
to certain implementations. The search space may be discretized into a certain number of points (for
example, 50 points) for m, which may vary from 0.111 to 9, and 100 elements for Lstrip/Hstrip, which
varied from 10 to 100. The objective and constraints may be calculated for every combination of m and

Lstrip/Hstrip using the following algorithm:

1. Calculate the deflection dnom at the current dimensions and the nominal maximum
reactor temperature using Equation (1).

2. Calculate the pressure drop required to achieve the nominal flowrate across the valve
with deflection dnom from Equation (2).

3. Compute the deflection d at the elevated disturbance temperature (Tgjst).

4, Calculate the flowrate F (Tgjst) from Equation (3).

In FIG. 7, the objective function is plotted compared to the bimetallic strip length Lip. The

thickness ratio had little effect on the optimal solution, so an equal thickness ratio was selected (m = 1).
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In FIG. 7, the points that do not satisfy constraint 4g at the disturbance temperature Tgis: are to the

right of the vertical line at Lstip/Hstrip= 55. The optimal point (Lswip/Hstip = 55) can achieve a 60%

reduction in the flowrate when subject to a 100°C rise in temperature. The strip thickness Hip is
fixed at about 0.1mm. Thus, the optimal strip length for this implementation is Lswip= 5.5mm. However,
optimal strip dimensions may vary from this implementation depending on the flow environment in
which the bimetallic strips 12, 14 may be used, according to various implementations.

The reactor may be simulated with and without the thermally-actuated valves to validate the
effectiveness of the arrays of bimetallic strips 12, 14. The following assumptions may be made to

simplify the problem:

. The flowrate of the gas in the combustion channel is determined by the pressure drop

across the valve.

. The effect of the valves in the flow profile is not considered; a parabolic flow profile is
maintained along the entire length of the reactor. This is justified by the strips being less than 1% of the

reactor length and the low Reynolds number of the flow.

. The response of the valve is assumed to be fast (i.e., the valve dynamics are not
considered). This is justified by the very small physical dimensions of the bimetallic strips.

The transient and steady state effects of the reactor are considered when subject to a sequence
of disturbances in the flowrate to the reforming channel.

Autothermal microchannel reactors with a natural gas feedstock may be subject to several
operational disturbances including fluctuations in inlet pressure, composition, temperatures, and
flowrate to the reforming channel. The disturbances with the most deleterious effects are those which
reduce the heat absorbed in the endothermic channel (e.g., a reduction in the flowrate to the reforming
channels). This results in an excess of heat that cause temperatures in the reactor to rise and form
hotspots.

Here a disturbance sequence is considered in which the flowrate to the reforming channels first
drops by 40% of the nominal capacity, then increases by 40% of the nominal capacity, and finally reverts
to the nominal value. Simulations are carried out on the reactor model with and without the thermally-
actuated valves (TAVs). The results are presented in FIGS. 8A-8B. The maximum plate temperature is
plotted for the reactors with and without the TAVs in FIG. 8A. The disturbance (flowrate to the
reforming channel), valve position (given by the valve open fraction (2d/Hc)), and the corresponding
combustion flowrate are plotted in FIG. 8B. The TAVs provide robust control of the maximum reactor

temperature. Throughout the sequence the maximum temperature in the reactor with the TAVs never

rises above 1060°C, compared to the reactor without the TAVs reaching temperatures in excess of
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1180°C.

Furthermore, as seen in FIG. 9, the conversion in either channel has less variability throughout
the disturbance sequence, and reforming conversion is maintained above 97%.

The effect of the reforming flowrate disturbances on the steady state reactor temperature
profiles may also be considered with and without the thermally actuated valves (TAVs). While in the
present context the change in reforming flowrate is the result of a disturbance, it can also occur as a
consequence of flow nonuniformity/maldistribution. Microchannel reactors can have hundreds of
channels, and it is difficult to design distribution headers such that the feed streams are distributed
evenly among all the many channels. Furthermore, it is difficult to ensure that flow is evenly distributed
in the horizontal dimension of each channel (the dimension “into the page” in FIG. 4). This unequal flow
distribution can potentially be harmful to the reactor. For example, when flow to one reforming channel
is lower than the average due to channel blockage, the result is an excess of heat generation, and
consequently higher temperatures that may cause damage to the catalyst coating or the reactor
structure. With TAVs, the flowrate in the adjacent combustion channels would reduce to compensate
for these high temperatures.

The results for a 240% change from the nominal reforming flowrate are presented in FIGS. 10A-
10B. FIG. 10A shows the steady-state plate temperature profiles for the reactor without the TAVs at the
nominal conditions (solid), and when the reforming flowrate is 40% higher (dashed) and lower {dash-
dot) than the nominal flowrate. In FIG. 10B, the same results are displayed for the reactor with the
TAVSs. In the reactor without TAVs, the flowrate in the combustion channel remains at the nominal level
for all cases. By contrast, in the reactor equipped with the TAVs, the flowrate in the combustion channel
decreases by 17.4% when the flowrate to the reforming channel is 40% below the nominal value, and
increases by 15.8% when the flowrate in the reforming channel is 40% above the nominal value. The
change in combustion flowrate results in a change in the rate of heat generation, which counteracts the
temperature change.

The results described above in relation to FIGS. 7 through 10B suggest that thermally-actuated
valves are an inherently safer design feature in autothermal microchannel reactors where distributed
measurements and actuators are not available, according to various implementations. The control
action provided by the thermally-actuated valves greatly reduces the impacts of flow nonuniformity
between channels and disturbances.

In some implementations, optimization and/or simulation of the thermally actuated flow system
may be performed by at least one processor of at least one electronic computing device or stored as
computer program instructions on computer readable medium.

Typically in microchannel reaction systems, a boundary feedback control system is implemented
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that uses temperature measurements at the channel exits to modulate the aggregate inlet flowrates.
While simulations have validated this method in mitigating the effects of disturbances, there are several
potential issues with the boundary control approach: i) the maximum reactor temperature is the
desirable controlled variable, ii) the time delay for detecting an event occurring within the reactor at the
boundary may be relatively long, and iii) distributed temperatures cannot be sensed. The maximum,
most harmful temperatures typically occur at the center of the microchannel reactors.

The thermally-actuated valves address these challenges, according to various implementations.
They directly sense and control the maximum temperature in the reactor as opposed to the channel exit
temperatures, and disturbances are immediately detected and mitigated. The result is a more robust
system with shorter response time. In addition, the thermally actuated valves may be disposed at any
distributed point along the microchannel reactors, allowing them to respond to disturbances more
quickly. Furthermore, the thermally actuated valves can control the flow rate in each channel, not just
at an inlet of the reactor.

Thus, bimetallic strips may be used as a thermally-actuated valve in an autothermal
microchannel reactor, according to various implementations. Through proper selection of the material
properties and dimensions, coupling bimetallic strips on either side of the combustion wall channel
creates a valve that provides significant thermal management benefits. If local reactor temperatures
differ from their nominal values due to operational disturbances or flow maldistribution, the deflection
of the strips effectively closes or opens the valve to change the flowrate and compensate for the
temperature change.

Simulations on a steam methane reforming microchannel reactor indicate that the thermally-
actuated valves can adequately control reactor temperatures during disturbances in flowrate to the
reforming channel. Additionally, the effects of flow maldistribution can be mitigated with the thermally-
actuated valves.

In addition, although the channel 11 shown in FIG. 4 is defined by at least two parallel, spaced
apart plates, the channel may have other suitable shapes. For example, the channel may be defined by
an inner wall of a conduit, such as a cylindrically shaped pipe or duct or other shaped conduit through
which fluid may flow. In some implementations in which the channel is defined by the inner wall of a
cylindrically shaped pipe, the width of each strip Wi, may be selected to be between about 1/60*" and
about 1/6™ of a circumference of the channel. In addition, a distance between adjacent bimetallic
strips, Dspace, may be between about 1/60™ and about 1/6™ of the circumference of the channel. The
free ends 17 of the bimetallic strips 12, 14 deflect toward a central axis of the cylindrically shaped pipe.

One such implementation is shown in FIG. 11.
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Furthermore, several implementations described above describe transferring heat from an
exothermic reaction in one channel to an endothermic reaction in an adjacent channel. However, in
other implementations, the thermally actuated flow control system may be used in a system in which
heat, Qsink, from the fluid in the exothermic reaction channel is conducted through at least one wall of
the channel to a device that is coupled to an external wall of the channel. The deflection of the
bimetallic strips 12, 14 in response to the temperature of the fluid flowing through the channel controls
the amount of heat transferred through the channel wall to the device. One such implementation is
shown in FIG. 12.

In addition, the above described implementations use bimetallic strips. However, other
materials may be used instead of bimetallic strips, such as strips comprising non-metallic materials that
are responsive to changes in temperature, or a composite of metallic and non-metallic materials.

Various modifications of the devices and methods in addition to those shown and described
herein are intended to fall within the scope of the appended claims. Further, while only certain
representative devices and method steps disclosed herein are specifically described, other combinations
of the devices and method steps are intended to fall within the scope of the appended claims, even if not
specifically recited. Thus, a combination of steps, elements, components, or constituents may be explicitly
mentioned herein. However, other combinations of steps, elements, components, and constituents are
included, even though not explicitly stated. The term “comprising” and variations thereof as used herein

is used synonymously with the term “including” and variations thereof and are open, non-limiting terms.
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Model Equations
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1.

CLAIMS
A thermally actuated flow control system comprising:
a first linear array of bimetallic strips disposed on a first wall of a channel; and

a second linear array of bimetallic strips disposed on a second wall of the channel, the first and

second walls being opposite and in a facing relationship with each other relative to an axis of fluid flow

through the channel,

wherein:

each bimetallic strip comprises a fixed end and a free end,

the fixed ends of the bimetallic strips in the first array are coupled to the first wall,

the fixed ends of the bimetallic strips in the second array are coupled to the second wall,

each bimetallic strip comprises a first metal strip having a first thermal expansion coefficient
and a second metal strip having a second thermal expansion coefficient, the first and second
metal strips being fixedly coupled together, and the first thermal expansion coefficient being
higher than the second thermal expansion coefficient, wherein the first metal strip is coupled to
the wall, and the second metal strip extends towards the axis of fluid flow of the channel, and

a deflection of the free ends of the first array of bimetallic strips away from the first wall

and the free ends of the second array of bimetallic strips away from the second wall increases as a

temperature of the fluid flowing through the channel increases, which decreases a flowrate of a

fluid through the channel, and the deflection of the free ends decreases as the temperature of the

fluid decreases, which increases the flowrate of the fluid through the channel.

2.

The thermally actuated flow control system of Claim 1, wherein the first thermal expansion
coefficient is about 5% to about 40% less than the second thermal expansion coefficient.

The thermally actuated flow control system of Claim 2, wherein the first thermal expansion
coefficient is about 33% less than the second thermal expansion coefficient.

The thermally actuated flow control system of Claim 1, wherein the first metal strip and the
second metal strip each have a melting temperature that is higher than about 1000°C.

The thermally actuated flow control system of Claim 1, wherein the fixed ends are directly
coupled to the channel walls.

The thermally actuated flow control system of Claim 1, wherein the fixed ends are indirectly
coupled to the channel walls.

The thermally actuated flow control system of Claim 1, wherein a length of each bimetallic strip
is at least ten times longer than a thickness of each bimetallic strip, the length being measured in
the axial flow direction between the fixed end and the free end, and the thickness of each

bimetallic strip comprising a thickness of the first metal strip and the second metal strip.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

The thermally actuated flow control system of Claim 7, wherein the length of each bimetallic
strip is at least ten times longer than a width of each bimetallic strip, the width being measured
in a direction that is orthogonal to the length direction and thickness direction.

The thermally actuated flow control system of Claim 8, wherein the width of each bimetallic strip
is between about 5 and about 10 times greater than the thickness of each bimetallic strip.

The thermally actuated flow control system of Claim 1, wherein a length of each bimetallic strip
is at least ten times longer than a width of each bimetallic strip, the length being measured in the
axial flow direction between the fixed end and the free end, and the width being a distance
between opposite edges of the strip that extend between the fixed end and free end, the edges
being perpendicular to the direction of flow through the channel.

The thermally actuated flow control system of Claim 1, wherein a distance between the first and
second walls is at least around ten times longer than a thickness of each bimetallic strip, the
thickness of each bimetallic strip comprising a thickness of the first metal strip and the second
metal strip.

The thermally actuated flow control system of Claim 11, wherein the distance between the first
and second walls is around twenty times longer than the thickness of each bimetallic strip.

The thermally actuated flow control system of Claim 1, wherein a thickness of the first metal strip
is at least 1/10% of a thickness of the bimetallic strip.

The thermally actuated flow control system of Claim 1, wherein a thickness of the second metal
strip is at least 1/10™ of a thickness of the bimetallic strip.

The thermally actuated flow control system of Claim 1, wherein the free ends of the bimetallic
strips in the first array are aligned with the free ends of the bimetallic strips in the second array
within a plane that bisects the first and second walls and is perpendicular to an axis of flow
through the channel.

The thermally actuated flow control system of Claim 1, wherein the first and second arrays of
bimetallic strips are disposed centrally along a length of the channel.

The thermally actuated flow control system of Claim 1, wherein the first and second arrays of
bimetallic strips are disposed adjacent to a portion of the channel where the largest temperature
changes are expected to occur.

The thermally actuated flow control system of Claim 1, wherein a length of each bimetallic strip
is selected such that a distance between the free ends of the first array and the free ends of the
second array is at least about 5% of a height of the channel at a maximum expected temperature
for the fluid, the length being measured in the axial flow direction between the fixed end and the

free end of each bimetallic strip.
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19.

20.

21.

22.

23.

24.

25.

The thermally actuated flow control system of Claim 1, wherein the channel is defined within a
microchannel reactor.
The thermally actuated flow control system of Claim 1, wherein the channel is defined by at least
two parallel plates.
The thermally actuated flow control system of Claim 1, wherein the channel is defined by an
inner wall of a conduit.

The thermally actuated flow control system of Claim 21, wherein a width of each bimetallic strip
is between about 1/60th and about 1/6th of a circumference of the channel, and a distance
between edges of adjacent bimetallic strips is between about 1/60th and about 1/6th of the
circumference of the channel, wherein edges of each bimetallic strip extend between the fixed
and free ends of each bimetallic strip, and the edges are perpendicular to the direction of flow
through the channel.
The thermally actuated flow control system of Claim 21, wherein the free ends of the bimetallic
strips deflect towards a central axis of the conduit.
The thermally actuated flow control system of Claim 1, wherein heat from the fluid in the
channel is conducted through at least one wall of the channel to a device coupled to an external
wall of the channel, and wherein the deflection of the bimetallic strips in response to the
temperature of the fluid flowing through the channel controls the amount of heat transferred
through the channel wall to the device.

The thermally actuated flow control system of Claim 1, wherein a length of each bimetallic
strips is selected such that the free ends of the first array and the free ends of the second array
are not spaced apart at the maximum expected temperature for the fluid, the length being

measured in the axial flow direction between the fixed end and the free end.
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