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(57) Abstract: A method is disclosed for the seamless scale-up of a micro reactor process, to transfer lab test to a pilot or production
unit, the process comprising the steps of using a wall material for the lab reactor with a thermal conductivity lower than 3 W/m-K,
and using a wall material for the production reactor with a thermal conductivity higher than 5 W/m-K. According to one preferred
embodiment, the velocity is kept constant, and the height of the channel is determined, in order to keep the volumetric heat transfer
properties constant, according to the formula: wherein Hg is the overall volumetric heat transfer coefficient in the pilot or production
process; A B and C are constants; Dy is the hydraulic diameter of the channel in the pilot or production process; A is the thermal
conductivity of the wall in the pilot or production process; b is the empirically determined power to which the Reynolds number is
raised in the equation for the Nusselt criteria (Nu = a-RePr;) for the type of flow in the pilot or production process; h is the height of
the channel in the pilot or production process; and Hg is the overall volumetric heat transfer coetficient in the lab-scale process.
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SYSTEMS AND METHODS FOR
SCALE-UP OF CONTINUOUS FLOW REACTORS

[0001] This application claims the benefit of priority under 35 USC §119 of European
Patent Application Serial No. 11305743.4 filed on June 14, 2011 the content of which is
relied upon and incorporated herein by reference in its entirety.

Field
[0002] The present invention relates to methods to easily scale up from microreactor lab

scale testing and reaction development to industrial production.

BACKGROUND

[0003] Continuous flow micro reaction technology is very promising technology, as it
offers, as compared to the traditional batch system, a very uniform residence time, much
better thermal control, and a lower hold-up, leading to a significant step change in terms of
chemical yield and selectivity, and safety.

[0004] Continuous flow microreactors are now widely used in labs for testing and
developing new routes of synthesis. For laboratory and development work, they offer a very
small hold-up with a sufficient residence time, leading to a very small use of material for
testing, which is of particular interest in the development phase, shortening the time required
to make a requested quantity, and when the raw material is expensive. In addition, the small
amount of material involved makes reduces safety and environmental risks significantly.
[0005] The typical throughput of these devices ranges from less than one milliliter per
minute to a few dozens of milliliters per minute.

[0006] These devices are usually formed in glass or in plastic (e.g. PDMS), which allows
visually observation of the advancement of the reaction, and makes them cheap (in some
cases even disposable), and easily reconfigurable.

[0007] Once a new process has been established, the challenge is to scale for mass
production, with much larger throughput (up to several thousands of milliliters per minute).
In addition, the properties of the reactor in terms of heat transfer, mixing, residence time
distribution, and with a lower or at least the same pressure drop should be maintained.
[0008] Entering into mass production thus typically requires using several units in parallel

to cope with the total quantity of product required.
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[0009] The complete duplication of one reactor line, with all its related equipment (feeding
pumps, control loops, sensing, supervisory personnel, and so forth) would typically be the
casiest way to place several units in parallel, and is often known as “numbering up.”

[0010] However, “numbering up” can result in systems that are too complex, too
maintenance-hungry, and/or too expensive to operate.

SUMMARY

[0011] The present disclosure includes a method of a reactor design and use which allows
the increase of production rates of continuous micro reactors by adjusting the physical
properties of the material the micro-reactor is made of, as well as certain specific dimensions,
allowing a higher throughput while keeping the same performance, particularly in heat
transfer capacity.

[0012] In particular, according to one aspect of the present disclosure, a method is
disclosed for the seamless scale-up of a micro reactor process, to transfer lab test to a pilot or
production unit, the process comprising the steps of using a wall material for the lab reactor
with a thermal conductivity lower than 3W/m-"K, and using a wall material for the production
reactor with a thermal conductivity higher than SW/m-K. According to one embodiment, the
velocity is kept constant, and the height of the channel is determined, in order to keep the

volumetric heat transfer properties constant, according to the formula:

1

1
(6-1)
Cx\D j
G = A (h) :HGO

[0013] According to another embodiment, the pressure drop and the volumetric heat

2x[A+£V+
H

transfer properties are kept constant, while the channel height and the velocity are selected as
calculated according to the simultaneous solution of the following two formulas:
B 1 B
2x| A+ +— =)
Ay C'xVex(D,)
A =Hg,

H; =

and

C Ve w2
AP=| D x + F x— |[x—=AP..
[ 7 D, | Ve, 0

[0014] Further embodiments and particular advantages of the present disclosure are

described below in the detailed description.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0015]  Figure 1 is a typical scheme of a rectangular channel with a length 1, a width w, and
a height h.

[0016] Figure 2 represents the variation of the height of the module h, according to the
present disclosure, to beep the same thermal performance while the thermal conductivity of
the material of the wall is changed.

DETAILED DESCRIPTION

[0017] A micro reactor can be seen as a combination of channels that may have different
shape and width. For the ease of the following discussion, we will take a rectangular channel
wilt a length 1, a width w, a height h, as depicted in Figure 1. Any other shape of channel
could be used without affecting the invention.

[0018] The volume of this reactor is V=w x h x . To make the demonstration easier, we
will take the width of the channel as being high as compared to the height (w>>h). The heat
transfer area S is then equal to S ~2 x 1 x w, but the basic features of this disclosure will still
be valid for any ratio between the width and the height of the channel.

[0019] Accordingly, the hydraulic diameter of the channel will be:

B 4x(wxh)

= ~2xh
"2x(w+h) ) (1)

[0020] To achieve a defined reaction yield, a given residence time is required, and
accordingly is set constant for the following discussion. For a change in the desired flow rate,
the desired residence time is maintained by a corresponding change in the volume of the
reactor.

[0021] Let’s assume that the objective is to double the production rate. Accordingly, the
flow rate will be multiplied by 2. We could then simply double the volume of the channel by
doubling one of the three dimensions.

[0022] Multiplying the length by 2 would keep the hydraulic diameter, and basically
double the velocity, the Reynolds number (Re), and the length of the channel. This would
lead to a pressure drop nearly 8 times higher than the base case (basically a factor nearly 4
effect for doubling the velocity, and a factor 2 effect for doubling the channel length), which
is unacceptable.

[0023] Increasing the width could be nice because it would keep the velocity constant, the

Re constant, and the hydraulic diameter constant, while scaling the heat transfer surface along



WO 2012/173848 PCT/US2012/041192

with the width. Accordingly, most of the properties of the microreactor (heat transfer,
pressure drop, and others) would be kept at the same value. However, a large channel that is
too large relative to the diameter of the feeding pipe would lead to fluid distribution problems
along the width of the channel, resulting in poor mixing and poor residence time distribution.
Further, if the width of the channel is not negligible compared to the length, internal by-pass
can occur, and the full heat transfer surface, as well as the full volume of the channel, would
not be used properly. In addition, a channel to large in width will decrease the pressure
resistance, of the channel, and thereby limit the field of application of the microreactor.
[0024] Multiplying the height of the channel by 2, in contrast, will keep the velocity
constant, and multiply the hydraulic diameter by 2 (where w>>h), and, accordingly, the
pressure drop will be divided by 2, which has a positive impact. As the hydraulic diameter
will be multiplied by 2, the Reynolds number will be multiplied by 2 as well. The properties
or effects linked to velocity (pressure drop at singularities, macro mixing effects, and the like)
will be kept at the same value. Keeping the velocity constant will keep the length of the
channel the same for the same processing time. Although the increase in Reynolds number
may cause slight changes in fluid behavior, provided that the flow remains within the same
flow regime (laminar, transient, or turbulent), the changes will not be very significant—and
for most flow properties or effects, the impact of increasing Reynolds number will tend to be
beneficial.

[0025] Because heat transfer is essentially all through the “floor” and “ceiling” of the
channel in devices of this type, doubling the height of the channel also means, however, that
the heat transfer surface will be kept constant (S = 2 x / x w), whereas the channel volume
will be multiplied by 2. Therefore, the volumetric heat transfer coefficient, which
characterizes the ability of the micro reactor to keep the temperature of the volume of the
fluid constant, will be divided by 2—assuming that the height increase has no direct impact
on the heat transfer coefficient itself—which is generally not acceptable.

[0026] If we keep the same heat transfer surface while increasing the volume by a factor
of 2, the only way to keep the volumetric heat transfer to a constant value is to double the
value of the heat transfer coefficient.

[0027] So the issuc becomes how to increase the heat overall volumetric heat transfer
coefficient when the height of the channel is increasing.

[0028] The overall heat transfer coefficient of the micro reactor is the resulting
combination of thee partial heat transfer coefficients: (1) the utility heat transfer coefficient

U ur (Watt/m?-K), (2) the wall heat transfer coefficient Uw (Watt/m>-K), and (3) the process
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heat transfer coefficient Up (Watt/m?-K). The overall surface heat transfer coefficient Ug is a

non linear relationship between these three partial coefficients:

-1
1 1 1
UGz[—+—+—j (2)
UHE UW UP
[0029] And the overall volumetric heat transfer coefficient that should be kept constant is
given by:
-1
1 1 1
2% +—t—
% _UxS Ux2xwxl Uy U, U, (3)
N wx I xh h

[0030] To keep Hg constant when h is increasing requires increasing in the same
proportion the value of the overall surface heat transfer coefficient Us. Accordingly, at least
one of the three partial heat transfer coefficients Upr, Uw, and Up must be increased.

[0031] U, is generally already optimized in microfluidic channel or module designs, and

an increase of the value of this coefficient would lead to an consequent increase of pressure
drop that could either lead to an operating pressure in excess of the design pressure, or to a
pressure higher than the operating pressure of the utilities of the end user. Therefore, this
factor will be kept constant.

[0032] Up can be calculated by a formula such as

- NuxA (%)

2xh

Where the Nusselt criteria Nu can be calculated by:
Nu = axRe’x Pre (5)

With a, b, and ¢ being constants determined from experimental measurements, the values
being specific to a given pattern.

[0033] [The determination of the coefficients a, b, and ¢ is a well-known practice in the
heat transfer industry, known to those of skill in the art. The general practice is that a number
of measurements are performed in two steps: In the first step, the Pr (Prandtl number) is kept
constant, while the Re (Reynolds number) is varied, and the Nusselt criteria or Nusselt
number Nu is measured. The obtained value of Nu is then plotted versus Re in a log-log
graph, and the slope of the obtained straight line gives the value of b. Repeating with Re held
constant and various values of Pr gives the value of c. Then the value of a is easy to

determine. |
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[0034] U, can therefore been written as:

U, =axVex(2xh)" ™ x p* x uV x 24 x Cp* (6)

Where Ve is the velocity of the process fluid; p is the process fluid density; u is the process
fluid viscosity; A is the process fluid thermal conductivity; and Cp is the process fluid heat
capacity.

[0035] Accordingly, we can see that Up can be written as a product of terms linked to the
process fluid thermal properties, and terms linked to parameters that can be adjusted (such as
height of the channel and fluid velocity).

[0036] If we mark the parameters linked to the intrinsic physical properties of the fluid

with a *, the above equation can be further written as:

UP =axVex (2 « h)(bfl) « p*b % ﬂ*(c—l) > )L*(l—c) % Cp*c (7)

[0037] orin asimpler way:

U,=KxVex(2xh)"™ (3)
taking K as independent of the fluid velocity and of the height of the channel.

[0038] If A, is the wall material thermal conductivity and e its thickness, then Uy, can be

written as:

U, = ©)
e

[0039] Substituting and solving for Hg: as a function of h, gives

e 1 -
2><[++ (bl)j
H - Uy Ay KxVex(2><h) (10)

¢ h

[0040] The objective as discussed above is to keep Hg constant, while increasing the height
h of the channel of a micro reactor. The parameters that could potentially be changed are the
wall thickness e, the fluid velocity Ve and the wall thermal conductivity A, . Although the
thickness of the wall e could be reduced; such reduction would generally have an adverse
impact on the mechanical properties of the micro reactor. Instead, according to the present

disclosure, the increase of the height of the channel h is should be fully compensated, in
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terms of maintaining a constant volumetric heat transfer coefficient, by changing the wall
material to a material of a higher thermal conductivity.

[0041] According to one embodiment of the present disclosure, the velocity is kept
constant. The velocity is kept constant to keep as many as possible of the flow parameters
(mixing, residence time distribution) at the same value. Thus, in this embodiment, the height
of the channel h is adjusted to match a change or variation of wall thermal conductivity

according to the following formula:

B 1 K
2><[A++ﬁ—jb1} (1)
H fy Cx(2x1) -H

with A, B, C being constant.

Examples
[0042] For the following numerical examples, it is assumed that the Nusselt law for the
channel is given by the following empirically derived formula:

Nu 7 x Re®%x pr® (12)

~ 10000
[0043] However, any other relation with different parameters could be used with the
method disclosed herein and would not change the principle of the disclosure.

Example 1

[0044] 1In a first example, we assume that the process fluid is an organic solvent, the value
of the Heat exchange partial heat transfer coefficient being equal to 8 000W/m?K, the wall
material being glass with a thermal conductivity of 1 W/m-K, and a thickness of 1,2 mm, the
height of the channel being 1,5 mm. Accordingly, the overall volumetric heat transfer

coefficient achieved is 400 kW/m3K. The data are summarized below in Table 1A:
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Table 1A

HE wall | process
1% kg/m3 860
H cP 0,5
Cp J/g 1,68
A w/m-K 1 0,13
channel height | mm 1,5
wall thickness | mm 1,2
fluid velocity m/s 2,2
Re 11352
Pr 6,5
Nu 11,53
H W/m?K 8000 | 833 500
Hg W/m2K 301
Ug KkW/m’K 400

[0045] If we now change the wall material and go to Alumina instead of glass, with a

thermal conductivity of 27 W/m-K, while keeping the wall thickness at the same value, then

we can increase the channel height from 1,5 to 2,2 mm , which is an increase of nearly 50%,

while keeping the thermal properties at the same level, as shown below in Table 1B:

Table 1B

HE | wall | process
P kg/m3 860
u cP 0,5
Cp J/g 1,68
A w/m-K 27 0,13
channel height | mm 2,2
wall thickness | mm 1,2
fluid velocity | m/s 2,2
Re 16736,6
Pr 6,5
Nu 16,35
H W/m?K | 8000 | 22500 | 481
Hg W/m?K 444
Ug KW/m’K 400
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Example 2
[0046] In a second example, we assume that the process fluid is similar to water, the value

of the Heat exchange partial heat transfer coefficient being equal to 8 000W/m?K, the wall
material being glass with a thermal conductivity of 1 W/m-K, and a thickness of 1,3 mm, the
height of the channel being 1,5 mm. Accordingly, the overall volumetric heat transfer

coefficient achieved is 710 kW/m>K. The data are summarized below in Table 2A:

Table 2A

HE | wall | process
1% kg/m3 1000
u cP 0,55
Cp J/g 4,18
A w/m-K 1 0,6
channel height | mm 1,5
wall thickness | mm 1,3
fluid velocity | m/s 3
Re 16360
Pr 3,8
Nu 11,12
H W/m?K | 8000 | 769 2223
Hg W/m?K 533
Ug kW/m'K 710

[0047] If we now change the wall material and go to Silicon Carbide inside of glass, with a
thermal conductivity of 140 W/m-K, while keeping the wall thickness at the same value, then
we can increase the channel height from 1.5 to 3.6 mm , which is an increase of nearly 2.5

times, while keeping the thermal properties at the same level, as shown below in Table 2B:
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Table 2B

HE | wall process
P kg/m3 1000
H cP 0,55
Cp J/g 4,18
A w/m-K 140 0,6
channel height | mm 3,6
wall thickness mm 1,3
fluid velocity m/s 22
Re 28730
Pr 38
Nu 18,45
H W/m?K | 8000 | 107692 | 1541
Hg W/m?K 1277
Ug kW/m’K 710

[0048] Therefore the benefit for the end user ranges from 25% to nearly 250%, which
means that, in the latter case, it would require 2.5 time less equipment to make the same
production with an industrial reactor made of SiC than if the original material, used for the
lab tests, had been also used for production. An additional positive effect in that case is that
the process pressure drop has been significantly reduced, allowing further saving in the
design of the process pump and on the energy consumption.

[0049] An additional benefit is that, because the thermal performance can be predicted
with a very good accuracy, there is no need to conduct further tests when changing the wall
material, which can save a lot of development time and money.

[0050] More generally, based on the formula mentioned above, it is easy to plot a
relationship between the wall material thermal conductivity and the height of the channel to
keep the same thermal performance.

[0051] Figure 2 is an example of such curve. Several cases are plotted, according to the
fluid physical properties (water or organic fluid), and the process fluid velocity (1.2, 2.2, or
3.2 m/s), for an initial channel height with glass of 0.5 mm.

[0052] Based on these curves, it is easy to determine what would be the height of the
channel, according to the type of fluid and the initial velocity, to achieve the same thermal

performance as with the prototyping equipment in glass.

10
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[0053] The embodiment above and the examples given have been made with an
assumption that w>>h to ease the illustration and make calculation simpler. However, the
principle remains exactly the same in a more general case where the width of the channel w is
not significantly larger than the channel height h. In that case, the hydraulic diameter is given

by:

D :M (12)
" (w+h)

and the objective is then, in the general case, to adjust the height of the channel h according

to a variation of the wall thermal conductivity according to the following formula:

-1
X 1
HG: 7 L :HGO (13)

[0054] In another alternative embodiment, the velocity of the process fluid is increased
rather than maintained at the same level, in order to provide a further increase of the partial
process heat transfer coefficient UP, while keeping the pressure drop at the same level as in
the lab or prototyping equipment. In this embodiment, order to keep the residence time
constant, the length of the channel has to be increased in the same proportion as the velocity
increase. The principle of optimization remains the same, however: the height of the channel
is adjusted according to a variation of the wall thermal conductivity, but in addition, the
velocity is determined in order to keep the pressure drop constant. In the case where the

width of the channel is much larger than the height:

. Velrd) . Vet Ve
AP =| D'x +E x2Z |xZE — AP
( WD h ) Ve o U4
Or
B A 7N |
AP=| D x FEx2 |x—=AP
( P P (1)

[0055] The optimization thus requires finding a solution of the two following equations

with two parameters (h and Ve), which may be easily found with any conventional method:

\ -1

2X(AV+5W+C' Vex(2 h)(”‘l)] (16)
XyeX X

HG: :HGO

h

11
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C Ve e e
0

[0056] In the more general case, where h cannot be neglected compared to the channel

width w, the equations to be solved by any appropriate conventional methods are:

. 1
. B 1
2x| A +—+— 1
[ Ay C xVex(Dh)(bl)j (18)
H; = P =Hg,

N S N 772 ) (19)

AP=|D x—(—y-i-E X— |[x— =AP

Dhlid D, Ve, ’

[0057] The methods disclosed herein allow seamless scale-up of a micro reactor processes
from lab test or prototyping to production, while keeping the overall performance of the
equipment, and particularly the volumetric heat transfer capacity, at the same level. This will
lead to a significant reduction in the number of reactors required in parallel, reducing the
installation and maintenance cost, and to a significant increase in reliability and predictability
in implementing micro reaction technology, without requiring full-scale production
equipment for reaction and process characterization.

[0058] In some cases, the reduction of the number of reactors in parallel will even make
feasible production operations that could not have been envisioned due to the high number of
reactor requested without the use of the disclosed methods. Additionally, the disclosed
methods provide a way to determine easily the height increase that can be made without
making an additional pilot phase to validate the impact of the scale-up, which otherwise
would take significant time and effort.

[0059] As the time to market is a key element in the competitiveness of a product,
especially in the fine chemical and pharmaceutical industry, the reduced time to market will
lead to a significant margin increase.

[0060] Although the examples above all use glass for the lab reactor, other materials
having thermal conductivity lower than 3 W/m-K, thought not currently preferred, may be
used, such as filled glasses or other composite materials, for example, or even organic
materials, where appropriate for the reaction(s) under development.

[0061] The seamless scale-up methods disclosed herein are generally useful in performing

any process that involves mixing, separation, extraction, crystallization, precipitation, or

12



WO 2012/173848 PCT/US2012/041192

otherwise processing fluids or mixtures of fluids, including multiphase mixtures of fluids—
and including fluids or mixtures of fluids including multiphase mixtures of fluids that also
contain solids—within a microstructure. The processing may include a physical process, a
chemical reaction defined as a process that results in the interconversion of organic,
inorganic, or both organic and inorganic species, a biochemical process, or any other form of
processing. The following non-limiting list of reactions may be performed with the disclosed
methods and/or devices: oxidation; reduction; substitution; elimination; addition; ligand
exchange; metal exchange; and ion exchange. More specifically, reactions of any of the
following non-limiting list may be performed with the disclosed methods and/or devices:
polymerization; alkylation; dealkylation; nitration; peroxidation; sulfoxidation; epoxidation;
ammoxidation; hydrogenation; dehydrogenation; organometallic reactions; precious metal
chemistry/ homogeneous catalyst reactions; carbonylation; thiocarbonylation; alkoxylation;
halogenation; dehydrohalogenation; dehalogenation; hydroformylation; carboxylation;
decarboxylation; amination; arylation; peptide coupling; aldol condensation;
cyclocondensation; dehydrocyclization; esterification; amidation; heterocyclic synthesis;
dehydration; alcoholysis; hydrolysis; ammonolysis; etherification; enzymatic synthesis;
ketalization; saponification; isomerisation; quaternization; formylation; phase transfer
reactions; silylations; nitrile synthesis; phosphorylation; ozonolysis; azide chemistry;

metathesis; hydrosilylation; coupling reactions; and enzymatic reactions.

13
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What is claimed is:
1. A method for the seamless scale-up of a continuous-flow microreactor process, to
transfer reactions characterized or developed at laboratory-scale directly to a pilot or
production unit, with limited or no additional experimentation, the method comprising the
steps of:
using a wall material for a lab reactor resulting in thermal conductivity across the
wall lower than 3 W/m-K, and
using a wall material for a pilot or production reactor resulting in a total thermal
conductivity across the wall higher than SW/m-K.
2. The method according to claim 1, in which the step of using a wall material for the lab
reactor further includes using a glass wall material for the lab reactor.
3. The method according to claim 1, in which the step of using a wall material for a pilot
or production reactor further includes using a wall material for a pilot or production
reactor resulting in a total thermal conductivity across the wall higher than 20W/m-K.
4. The method according to claim 1, in which the step of using a wall material for a pilot
or production reactor further includes using a wall material for a pilot or production
reactor resulting in a total thermal conductivity across the wall higher than 100W/m-K.
5. The method according to any of claims 1-4, wherein the step of using a wall material
for a pilot or production reactor further includes using a ceramic wall material for the
pilot or production reactor.
6. The method according to claim 5, in which the wall material for the production reactor
is Silicon carbide.
7. The method according to any of claims 1-6, further comprising the steps of:
using a velocity in the pilot or production unit that varies less than 10% from a
velocity used in the lab test unit, and
using a channel height in the pilot or production unit that selected so as to keep
calculated volumetric heat transfer during operation of the pilot or production unit
within 20% of calculated volumetric heat transfer during operation of the lab test
unit.
8. The method according to any of claims 1-6, further comprising the steps of:
using a velocity in the pilot or production unit that varies less than 10% from a

velocity used in the lab test unit, and

14
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using a channel height in the pilot or production unit that selected so as to keep
calculated volumetric heat transfer during operation of the pilot or production unit
within 10% of calculated volumetric heat transfer during operation of the lab test
unit.

9. The method according to any of claims 1-6, further comprising the step of:
using both an increased velocity and an increased channel height in the pilot or
production process, relative to a velocity and a channel height in the lab test
process, with the increased velocity and increased height selected such that a
process pressure drop and volumetric heat transfer within the pilot or production
process are each kept within 20% of a process pressure drop and volumetric heat
transfer within the lab test process.

10. The method according to any of claims 1-6, further comprising the step of:
using a channel height in the pilot or production process greater than a channel
height in the lab test process by a factor of between 1.2 and 8.

11. The method according to any of claims 1-6, further comprising the step of:
using a channel height in the pilot or production process greater than a channel
height in the lab test process by a factor of between 1.2 and 3.5.

12. The method according to any of claims 1-6, in which the velocity is kept constant,

and the height of the channel is determined, in order to keep the volumetric heat transfer

properties constant, according to the formula:

1

-1
Cx(D, )(“)j
P =Hg,

wherein Hg is the overall volumetric heat transfer coefficient in the pilot or production

2x[A+B+
Ay

H; =

process; A B and C are constants; Dy, is the hydraulic diameter of the channel in the pilot
or production process; Aw is the thermal conductivity of the wall in the pilot or production
process; b is the empirically determined power to which the Reynolds number is raised in
the equation for the Nusselt criteria (Nu = a-RebPrc) for the type of flow in the pilot or
production process; h is the height of the channel in the pilot or production process; and
Hgo is the overall volumetric heat transfer coefficient in the lab-scale process.

13. The method according to any of claims 1-6, in which the pressure drop and the
volumetric heat transfer properties are kept constant, the channel height and the velocity
being selected as calculated according to the simultaneous solution of the following two

formulas:
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. 1
x| 4+ B 4 , ! =)
Ay C xVex(D,)
HG: A :HGO
and
N S N 772 )
AP=|D x +FE x— |[x—=AP,.
Fh(ﬁf D, ) Ve, ’

wherein Hg is the overall volumetric heat transfer coefficient in the pilot or production
process; A' B'and C' are constants; Dy, is the hydraulic diameter of the channel in the pilot
or production process; Aw is the thermal conductivity of the wall in the pilot or production
process; Ve is the fluid velocity of the pilot or production process; b is the empirically
determined power to which the Reynolds number is raised in the equation for the Nusselt
criteria (Nu = a-Re"Pr°) for the type of flow in the pilot or production process; h is the
height of the channel in the pilot or production process; Hgo is the overall volumetric heat
transfer coefficient in the lab-scale process; AP is the pressure drop of the pilot or
production process; D' and E' are constants; d is a constant; Vey is the fluid velocity of the
lab scale process; and APy is the pressure drop of the lab-scale process.
14. A system of reactor components for the seamless scale-up of a continuous-flow
microreactor process, to transfer reactions characterized or developed at laboratory-scale
directly to a pilot or production unit, with limited or no additional experimentation, the
system comprising:
a plurality first reaction modules for a lab reactor having a first wall material resulting
in a thermal conductivity across the wall of the first reaction modules lower than 3
W/m-K; and
a plurality of second reaction modules for a pilot or production reactor having a
second wall material resulting in a total thermal conductivity across the wall of the
second reaction modules higher than 5 W/m-K.
15. A system of reactor components according to claim 14, wherein the second wall

material comprises silicon carbide.
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