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New Direction in Chemical Industries

Production of low volume and high value added products

- Precise control on temperature, flow pattern
and residence time, efc.

Mix A and B within 1 second, and heat up to 400 K within
2 seconds, keep the temperature at 400 K for 5 seconds,
then cool down to 300 K within 1 second for terminating

the reaction.

Residence

Batch Plant
M % Sl4 Chemists may not
Feed - know the concept
of residence time.
Heating medium L1 1 :
/ Coolant A | Flow chemistry

___>
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Characteristics of Micro Devices (1)

(1) Large surface-to-volume ratio

Device B
Device A ‘ @?

- Diameter is 1/100 of device A.
- Surface-to-volume ratio is 100
times larger than device A.

Efficient heat transfer through the wall femp-

— temperature can be controlled precisely \

time




Characteristics of Micro Devices

Temperature Control

7135

Enthalpy balance of heat exchanger

Increase rate _ Heatentered __ Heat removed ;. Heat entered
of enthalpy with input flow with output flow  from wall

0= Supc T(z) — Supc T(z+Az) + UndAz{T (2)-T(2)}

dT 4U
P (Ts-T)
dz  dupc,
S=1d2/4 Urd Az {T5 (z) — S .cross-sectional area

U :mean velocity

u, T (z +42) p :liquid density
c, :specific heat capacity
U : overall heat transfer
coefficient

T, :environmental temperature




-l Characteristics of Micro Devices

} Temperature Profile in Heat Exchanger

8/35

[Problem 1]
1) Solve Eq. (1) under the condition where r, v, p, Cp U, T, are constant.
dT (z 2U
(2) _ T.-T(»} (1)
dz rvpc,

2) Plot the temperature profile
in the heat exchanger for

following two cases: Length: L=1m
<Case 1> Feed liquid

Inner diameter = 25 mm Temperature: T (0) =100 °C
<Case 2> Feed velocity: v =0.1m/s

Density: p =1000 kg/m3
Specific heat capacity: ¢, = 4.0 kd/(kg K)
Wall temperature: T, = 25 °C
Overall heat transfer coefficient:
U = 1.0 kd/(m? s K)

Inner diameter = 0.25 mm

The other conditions are
given in the right box.




Characteristics of Micro Devices

Temperature Profile (Answer 1)

9/35

T(z):TS+(T(O)—TS)exp£— 2L zj

rvpc,
Case 1 (2r =25 mm)

T(2)=25+ 75¢ %

Reactor length: L =1m
Case 2 (2r=10.25 mm) Feed liquid
Temperature: T (0) = 100 °C
T(2)=25+ 75¢** Feed velocity: v =0.1 m/s

Density: p = 1000 kg/m?3

Specific heat capacity: ¢, = 4.0 kd/(kg K)
Wall temperature: T, = 25 °C
Overall heat transfer coefficient:

U = 1.0 kdJ/(m? s K)




Liquid

temperature[°C]

Characteristics of Micro Devices

Temperature Profile (Answer 2)
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... Device A
2L Device B
o VI
0.1 m/s Inner diameter = 0.25 mm

Inner diameter =25 mm
100 Device A T(z)=25+ 75¢ "%
80 —
60 |
40 [ Device B T(z)=25+ 75¢™"
20 |
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Characteristics of Micro Devices

Large Surface-to-Volume Ratio

Highly exothermic reaction  (ex. combustion)
hot spot

Feed

To avoid hot spot,

- Operate at low temperature (e.g. - 30 °C, - 80 °C)
- Dilute reactant with solvent

- Feed reactant slowly (Batch reactor)

-

Artificially slow down the reaction rate

By using micro reactor, - - -

11/35



Characteristics of Micro Devices

2) Rapid mixing

. Micro mixer
Conventional vessel

M

]

f 50um

It is not easy to mix the
oil and water in the order
of a few micro meters.

Mixing is finished
iInstantaneously

Rapid Mixing improves the selectivity



Characteristics of Micro Devices

3) Residence time control

A+B —C
C+E —F :Product
2C — D : Byproduct

B E Space time
[l [ =0.7 sec

A = ——
0.1mAs
7 m‘ Micro channel

C

Space time of 0.001 sec.
IS now available.

¥

We can handle
unstable intermediate.



Characteristics of Micro Devices

1) Large surface-to-volume ratio
2) Rapid mixing
3) Residence time control

-

In order to use these characteristics effectively,
new design and operation procedures are required.
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Chemical Engineering
Science (Micro)

Analysis of
phenomena on
nano-scale

New
results

Process Systems
Engineering (Macro)

Process design
using simple model
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Chemical Engineering
Science (Micro)

Analysis of
phenomena on

New
nano-scale

Design of micro
chemical plants

- Detailed model
- Embed the results of CES

Process Systems
Engineering (Macro)

Process design
using simple model

results

- Lumped parameter
system

- Overall heat transfer
coefficient

- Perfect mixing or
piston flow

Innovation of process design

Hasebe, PSE2003, Kunming




Design of Micro Device

Conventional design problem

Each unit operation is modeled as a lumped parameter system, i.e.
the values do not depend on the location in the device.

ﬂ Design variables are size and volume of the device

Design of micro devices

- Mixing of two kinds of materials

- Distribution of a stream

- Temperature control of a flow

0) )

The shape of the device is an important design variable.




Shape of the Channel

Tube in Channel in
Conventional Reactor Micro Reactor

—
el

+ 3D Printer



Ex.) Highly Exothermic Reaction

Design a microdevice so that the temperature in the
reactor is constant.

Q= UAAT

"
0

Amount of heat
generated in unit time

- |
time Surface area per unit

volume can be changed.
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Optimal design
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Measuring instruments and actuators cannot be installed
after the device has been constructed.

Conventional feedback
control is not adequate.

=
N\ <
A 0 » Product
Q%
B ) \
\
Coolant %Q » Coolant




Reduction of Controllers

Micro device

» Product

Cooling

Water )
1%
-

Cooling

Y g % Water

Prgduct



» Product

Cooling

Water )
1%
-

Ensure the process condition
not by control but by process design.



Design of Micro Device

| The shape of micro
The shape of manifold channel is optimized.

IS optimized so as to
achieve uniform flow _’: / #
distribution to the i —
channels. o .
Micro channel
_— 7
#( — O




A+ B — Product

Coolant
A

Shape of mixing
points is optimized

o Coolant temperature is

kept constant by large
flow rate of coolant.

N Temperature of reactants

are implicitly controlled by
controlling the coolant
temperature.

Flow rate of each channel
Is implicitly controlled by
the proper design of the
manifold.

Product

\— Coolant



Stacked Plate Type Micro Device

The controlling mechanisms are _

Coolant 7 embedded as the shape of the device. iamnﬁegitlgrrz('j
A e BN fnwirate af conlant

To develop the design procedure of the micro devices, these

Shi mechanisms must be made clear and included in the model.
poi Op =le z

roril IV\JI UaltuuTrT v vvir tvadoutdiitu

are implicitly controlled by
controlling the coolant
temperature.

Flow rate of each channel
Is implicitly controlled by
the proper design of the
manifold.

A
@O
1

B

— Product
Coolant
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Future Problems

* There are still many problems which must be solved
by Process Systems Engineers.

- Design with shape optimization

- Design of numbering-up structure

- Estimation of unmeasured variables

- Simultaneous optimization of design and control problems

* Microchemical plants are appropriate tools for
Process Systems Engineers to verify their ideas.

» Self control mechanism/ Robust design
Process should be robust for the unexpected disturbances.

* Reconstruction of conventional unit operations by using
precise models



Verification of New Ideas

Process Systems Engineers have proposed many new
design and/or control procedures.

We do not have real plants in the lab.
Real application depends on the mind of industrial engineers.

The real plant is different from the model.

We can design, construct and operate the plants by ourselves.
(ex. 3-D printer)
Your proposal is true only for the proposed model.

» Construct a plant that acts the same as the model

There arise many unforeseen problems in the real operation.

Propose the operation that does not generate disturbances,
or design the plant with enough robustness



Self control mechanism/ Robust design

* Positive usage of non-linear relationship

A

y="f(x,d) y /
d: disturbance /

g d

 Embedding of feedback mechanism



On steam engines, it regulates the

** admission of steam into the cylinder.
Boulton & Watt engine of 1788

From Wikipedia



Embedding of Feedback Mechanism

Building blocks of a device

Optimal design of
* Flow channel mm structure, size and shape

» Reactor channel
 Splitter Ly
e Mixer 4

+ Heat supplier #

* Pump with constant flow rate g
* Pump with constant pressure

* Temperature sensitive channel
high —> shrinking or expansion
* Pressure sensitive channel
high —> shrinking or expansion

e al!

Superstructure based
optimization (MINLP)
+

Process knowledge
+

Knowledge acquisition




Why does each stage need
60 to 100 cm?

Vapor space velocity = 1.0 m/s
Residence time = 0.01 sec

If we can find the structure
that satisfies above -
conditions,




From Improvement to Innovation

Development of precise physical model
Optimization without hardware constraints

Creation of new hardware structure

Micro systems have potential
to realize this design scheme
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