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Introduction

Microstructured devices offer unique transport capabilities
for rapid mixing, enhanced heat and mass transfer and can
handle small amounts of dangerous or unstable materials.
Continuous processes offer many advantages ranging from
controlled process conditions to high flow rates and mass
throughput. In bulk chemistry nearly all chemical processes
benefit from continuous operation. Fluid dynamics deter-
mine the characteristics of continuous-flow equipment, the
pressure loss, residence time, heat transfer and mixing
time.[1] Yield and selectivity of chemical reactions are greatly
influenced by flow situation, if their kinetics possesses a typ-
ical timescale in the range of the flow processes. The combi-
nation of continuous-flow processes with microstructured
devices allows us to use the benefits from both areas in the
laboratory and production environment. In contrast, batch
processes prevail in operation and production in specialty
chemistry, fine chemistry, or pharmaceutical production.
Batch vessels are versatile for many kinds of reactions and
can handle multiphase systems in multipurpose plants.[2]

Vessels can be arranged in various constellations to perform
different reaction routes and can also handle certain workup
steps like distillation or extraction. On the other hand, heat
transfer and mixing is often limited in stirred vessels, which
need high dissolution, long operation times or even do not
permit highly exothermic reactions.[3] Hence, the versatility
of batch vessels should be combined with the safety, repro-
ducibility and high transport capabilities of continuous-flow

microstructured equipment. Lonza has developed a toolbox
approach[4,5] with various types of reactors for various types
of mixing- or temperature-sensitive reactions or unstable
compounds. Each reactor type can be applied for a wide
range of chemical reactions and a certain range of flow
rates. These reactors are dedicated to chemical production
and reaction screening and have to be distinguished from
small devices for analysing purposes and molecule synthesis.
These devices belong to the field called Lab-on-a-Chip with
small channels (< 100 mm), low flow rates (�mLmin�1) and
low Reynolds numbers (Re<10). The main emphasis is
given to good optical and chemical observation for data gen-
eration. The microreactors dealt within this paper have rela-
tively large channels (0.1–1.5 mm), moderate flow rates (10–
100 mLmin�1) and Re numbers in the transitional regime
(100–3000). The production of pharmaceutical intermediates
or active pharmaceutical ingredients (API) can vary from
few milligrams for first studies to hundreds of tons per year
for a successful pharmaceutical blockbuster. This production
range demands various production devices on different
length scales for which the production process has to be
transferred to. First laboratory studies work with few milli-
grams in glass flasks, but continuous-flow devices with inte-
grated microchannels are also used for this purpose.[6] Pro-
cess development[7] leads from small-scale production,
sample production over pilot scale to large-scale production.
Often, stirred vessels serve as devices to perform the reac-
tion on wide-ranging production scales with scale-up of the
chemical process. However, in stirred vessels scale-up prob-
lems often occur concerning transport limitations in mixing,
heat and mass transfer.[8]

This concept paper shows the design and successful appli-
cation of various microstructured devices in the laboratory
for process design, chemical synthesis, and for production
on various scales. The design and characteristics of micro-
structured devices is explained by a handful of equations to
give an overview about transport phenomena and reaction
kinetics.[9] Due to their small internal volume, microreactors
are well suited for process screening and parameter evalua-
tion. Sample production is the next step in pharmaceutical
product development that is also feasible with microstruc-
tured devices in laboratory environment. The main task in
further development is the transfer of laboratory data and
processes into production environment. Strategies to imple-
ment production campaigns up to tons of pharmaceutical
chemicals are shown on the base of real cases, here a lithi-
um-exchange and coupling reaction, even for production
under good manufacturing practice (GMP) conditions. Ob-
stacles like fouling and plugging as well as integration into
batch-wise production are treated and measures to over-
come these are identified.
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Design of Microchannel Devices

Continuous processing with microstructured devices allows
the scale-up in mass flow rate and production time. Produc-
tion time often depends on the labour organisation including
laboratory environment, pilot plant, and production plant.
The mass flow rate in continuous processes is limited by
pressure loss in the device, but also by residence time,
mixing characteristics and, last but not least, heat and mass
transfer. With larger volumes in batch processes, the sur-
face-to-volume ratio for heat transfer drops inversely to size
enlargement and limits many reactions in larger vessels.

In the following, design strategies for continuous process-
es are shown in a simple way to illustrate the pathway. First
calculations give an orienting view; then, for critical steps,
detailed calculations must be performed and can be found
in common literature. Spreadsheet calculations can assist
this design method.[10]

Single-channel devices are easy to handle and clean, and
provide defined process conditions for precipitating flow or
varying fluid properties along the reaction path. A typical
setup is shown in Figure 1.

The volume flow rate (V̇ [m3s�1]) or mass flow rate (ṁ
[kg s�1]) gives the mean flow velocity (w) in the related sec-
tion with the density (1) of the fluid and the cross-sectional
area (A) of the smallest channel section or dominating chan-
nel section [Eq. (1)].

_m ðA1Þ�1���!w ð1Þ

In a straight laminar flow, the maximum velocity in the
channel centre is 2w. The mean residence time of the fluid
in the channel depends on flow velocity and channel length
tP= l/w. The flow regime in the channel is determined by the
Reynolds number Re and the ratio of inertia to viscous
forces by fluid viscosity (n [m2s�1]) [Eq. (2)].

w dh=n��!Re ðdh=RÞ1=2����!Dn ð2Þ

In Equation (2) the hydraulic diameter dh=4A/P=2bh-
ACHTUNGTRENNUNG(b+h)�1 indicates the characteristic length scale of the flow
cross section and perimeter P. With increasing Re number
starting from unity (Re<1 is always laminar flow), the flow
regimes can be categorised in the following order: from
straight laminar flow (Re<10) the first vortices appear at
flow bends (disturbed laminar flow), at first steady fluctua-
tions, then periodic and chaotic, leading finally to turbulent
flow (Re>10000) with chaotic, statistically distributed flow
structures like vortices or swirls. The related Re numbers
differ in a certain range, depending on channel geometry
and flow situation. Microchannels with high mass through-
put often operate in the transitional region of disturbed lam-
inar flow to turbulent flow.

A simple way to calculate the Re number from the volu-
metric flow rate (V̇ [mLmin�1]) for water (20 8C) in channels
with hydraulic diameter (dh [mm]) is the correlation Re=

16.6 V̇/dh. This correlation can easily be adapted to other
flow rates, dimensions, and fluids for rapid estimation of the
Re number. More detailed analysis of flow regimes in fluid
mechanics textbooks.[11,12] The Dean number Dn [Eq. (2)]
indicates vortex formation in bend flow often occurring in
microchannels.

The pressure loss is an important parameter in continu-
ous-flow devices and determines the mixing and transport
phenomena, described by pressure loss coefficient z or the
channel friction factor lf [Eq. (3)].

w,Re geometry, flow regime�����������!lf ,z
ðl=dhÞð1=2Þw2�������!Dp ð3Þ

In long channels [Eq. (4)] the ratio is important, but in
short channels, simply the pressure loss coefficient is consid-
ered as the channel length is not important [Eq. (5)].

Dp ¼ lf
l
dh

1

2
w2 ð4Þ

Dp ¼ z
1

2
w2 ð5Þ

In laminar flow, the channel friction factor is inversely
proportional to the Re number lf=Cf/Re, in which the con-
stant Cf is 64 for circular and 56 for rectangular cross sec-
tions. For disturbed laminar flow, the pressure loss coeffi-
cient can be given by empirical correlations, for example,
z=37.5/Re1/3 in T-shaped microchannel junctions for 100<
Re<600. For turbulent flow, lf and z have constant values.

Abstract in German: Mikrostrukturierte Bauteile bieten �ber-
ragende Transporteigenschaften f�r schnelle Vermischung, er-
hçhte W(rme- und Stoff�bertragung und kçnnen geringe
Mengen gef(hrlicher oder instabiler Stoffe handhaben. Die
Integration der Reaktionskinetik in die Transportvorg(nge ist
wichtig f�r erfolgreiche Anwendungen von der Prozesssyn-
ACHTUNGTRENNUNGthese im Labor bis zur Produktion. Scale-up-Strategien f�r
die Produktion von pharmazeutischen Chemikalien werden
anhand von Lonza-Projekten gezeigt.

Figure 1. Geometry of a typical microchannel, rectangular cross section
(top); contacting element and meandering channel with related pressure
loss coefficients or friction factors (bottom).
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The pressure loss is the starting point for describing the
heat and mass transfer at the channel wall and the mixing
performance. We start with heat and mass transfer at the
wall, which is also described by simple correlations. Here,
we concentrate on heat transfer; mass transfer is important
for heterogeneous catalytic reactions and transport at the
wall. The heat transfer at the wall is described by the heat-
transfer coefficient and the driving temperature difference
from bulk to wall [Eq. (6)].

_Qh

A
¼

_Qh

P l
¼ _q ¼ a DTw

ð6Þ

The area A is the channel surface available for heat trans-
fer. The Re number is the starting point to calculate the
heat transfer [Eq. (7)], with the heat conductivity of the wall
being l.

Re z,Pr��!Nu l=dh��!a
l,s,A��!k A DT tot���! _Qh ð7Þ

The heat transfer is expressed with a dimensionless
number, the Nußelt number [Nu, Eq. (8)],[13] which is deter-
mined by the pressure-loss coefficient, the Re number, and
the Prandtl number Pr=n/a, in which a is the temperature
conductivity.

a dh

l
¼ Nu ¼ 0:404ðzRe2PrÞ1=3 ð8Þ

The characteristic heat-transfer timescale (th) is deter-
mined by Equation (9), which means that a small diameter
and a high heat-transfer coefficient result in short transfer
times.

th ¼
1cpdh

4aR
ð9Þ

The wall mass transfer can be described with the same
correlations substituting the Pr number with the Schmidt
number Sc= n/D and the Nu number with the Sherwood
number Sh=bdh/D. Then, the wall mass transfer, ṅ=bADcw,
is calculated from the mass transfer coefficient b, the trans-
fer area, and the concentration difference from bulk to wall.

The entire heat transfer from the channel to the cooling/
heating fluid is determined from the sum of all resistances
along the heat-transfer path, that is, heat transfer in mixing
channel aR, heat conduction in the wall lf/s and heat trans-
fer in cooling/heating channel ac. The heat-transfer area
changes along its path, which complicates the calculation.
An estimation of all contributing resistances gives a first in-
dication of the entire heat-transfer coefficient k, which is
always lower than the smallest contributing element. The
entire heat transfer in the device is given by Equation (10)
and includes the total temperature difference over the
device.

_Qh

A
¼ _q ¼ k DT tot

ð10Þ

The overall heat-transfer coefficient is normally in the
range of 500 to 5000 Wm�2K�1 depending on device materi-
al, employed fluids and solvents, temperature and channel
geometry. A helpful measure for a device is its heat-transfer
capability, given in WK�1.

A typical micromixer consists of a contacting element (Y-
mixer, symmetrical or asymmetrical T-mixer, tangential
mixer or injection mixer), in which the components get in
contact for the first time. This element is often not sufficient
for complete mixing, hence, succeeding mixing channel ele-
ments form the mixing channel and lead to a homogeneous
mixture. These can be meandering structures with sharp or
round corners, winding channels (caterpillar mixers), corru-
gated walls (Herringbone mixer), Tesla valves, or split-and-
recombine elements with flow splitting.[14,15] Mixing channels
for convective micromixers often consist of meandering
channels with round bends and short distances in between,
resulting in a low pressure loss and chaotic flow behaviour
with excellent mixing characteristics.

Mixing is the homogeneous distribution of components
over an entire domain and related to interface enlargement
and distance reduction. The energy dissipation is a measure
for the interface generation between the components. We
distinguish between macromixing (vortex generation and in-
terface generation), mesomixing (mixing or blending of a
stream into bulk flow), and micromixing (mixing by diffu-
sion) on the smallest length scale of a fluid vortex. In micro-
channels with convective mixing, the vortex structure is very
small, so that macro- and mesomixing are on a similar
length scale. Again, the Re number is the starting point to
determine the timescale of the mixing process [Eq. (11)].

w,Re 1!Dp wðl1Þ�1���!e
ðn=eÞ1=2���!tm ð11Þ

The pressure loss is mainly consumed by vortex genera-
tion, which depends on the energy dissipation rate
[Eq. (12)].

e ¼ Dp w
Dl 1

ð12Þ

Typical values for well-stirred vessels are in the range of
10 Wkg�1, while micromixers generate an energy dissipation
rate of more than 1000 Wkg�1. The mixing timescale in vari-
ous microreactors was determined in an intensive literature
study [Eq. (13)].[16]

tm ¼ C
�

n

e

�1=2

ð13Þ

The constant C rates from 17 to 25, depending on the geo-
metrical setup and flow situation. This timescale is also valid
for mixing in stirred tank reactors indicating the dominant
role of vortex motion and engulfment.

With chemical reactions, a new timescale and energy
transport gain importance, described by reaction kinetics.
The reaction is defined by the rate coefficient and reaction
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order, but the reaction rate depends also on the starting
concentration and reaction temperature [Eq. (14)].

kR,m
T,c0��!r,tR! cðtÞ

r,DHR
_Qh�!TðtÞ

ð14Þ

The reaction rate r and the reaction enthalpy DHR deter-
mine the reagent temperature, which influences the rate co-
efficient itself, described by the Arrhenius correlation
[Eq. (15)].

kR ¼ kR,0

�
kR

kR,0

�
¼ kR,0 � exp

�
EAðT�T0Þ

R T T0

�
ð15Þ

The temperature of the reagents along the reaction chan-
nel is determined by the reaction rate, the heat capacity of
the reagents, and the heat transfer to the ambient. The tem-
perature of the reagents themselves determines the reaction
rate and the concentration development for an irreversible
reaction [Eq. (16)].

r ¼ _ni� _ni,0

ni 1mV
¼ kR cm

i ð16Þ

The characteristic reaction time indicates the timescale
for comparison with mixing and heat-transfer characteristics
[Eq. (17)].

tR ¼
1

kRc�10

ð17Þ

The reaction enthalpy and the energy balance with heat
transfer and fluid temperature change gives the transient be-
haviour and temperature development along the reaction
channel (plug flow) [Eq. (18)] for an exothermic reaction
with temperature Tc of the cooling fluid.

dT
dz
¼ 1

1wcp

�
kRcmDHR�k

4
dh
ðT�TcÞ

�
ð18Þ

This equation can not be solved analytically; Figure 2
shows a numerical solution of a typical concentration and
temperature development of an exothermic reaction along
the reaction channel.

The temperature development along the channel influen-
ces not only the reaction rate, but is also responsible for the
possible generation of side products in complex reactions;
for degradation of thermal unstable reagents, intermediates
or products and for the stability and possible runaway of a
reaction. The thermal behaviour is also described by the
heat production potential [Eq. (19)], in which the adiabatic
temperature rise is given by Equation (20) and the time
ratio of reaction and cooling is given by Equation (21).

S0 ¼ �DTad

Tc

Ea

RTc
ð19Þ

DTad ¼ �c01mDHR=ð1cpÞ ð20Þ

N ¼ tR
tc
¼ 1

kRðTcÞc�10

4k
1cpdh

ð21Þ

The heat-production potential (S’) should be in the range
of 15 or lower and the time ratio above 28 for a stable reac-
tor operation.[17] These values give a rough estimate; the ex-
perimental investigation of the chemical reaction will give
more accurate data. The comparison of the heat-release po-
tential of the reaction and the heat-transfer capability gives
another dimensionless group, the fourth Damkçhler number
DaIV [Eq. (22)].

DaIV ¼ 1mdhkrc0DHR

kðT�TcÞ
ð22Þ

The heat transfer, concentration and reagent temperature
vary along the reactor channel, which only allows determin-
ing a local DaIV. For an allowable maximum reagent tem-
perature, the DaIV number should be approximately unity.

As an overview, the sketch in Scheme 1 clearly shows the
influence parameters on improved reaction conditions for
microstructured devices. Rapid mixing below 10 ms in liq-

uids serves for homogeneous and stoichiometric concentra-
tion distribution over the entire microreactor. The reagents
are often mixed much faster than the reaction can start; this
effect can be called a “premixed reaction”. Scale-up of the
reactor for higher flow rates and mass throughput can be
done with less risk than for reactions in batch vessels.

High heat-transfer rates lead to homogeneous tempera-
ture distribution along the channel with less side-products
and higher selectivity and yield. The above correlations indi-

Figure 2. Concentration and temperature development along the micro-
channel for model reaction.

Scheme 1. Correlation scheme for fluid dynamics, transport phenomena
and reaction kinetics in continuous-flow devices.
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cate that continuous processes serve for controllable condi-
tions, which can be maintained as long as necessary. They
are easy to change in a certain range and can be adapted to
differing entrance conditions, for example, varying starting-
material concentration and quality.

Industrial Scale-Up Example from Production at
Lonza

Scale-up in process development and pharmaceutical pro-
duction ranges from sample production with few grams,
over kg-sample production and process optimization with
many data points, to pilot-plant production in the range of
tons of pharmaceutical intermediates or active ingredients
in a few weeks. Continuous-flow microstructured devices
allow for rapid experimental set-up of the laboratory plant
for process design and optimization. Changes can be realiz-
ed within minutes to hours and experiments can be per-
formed with little reagent consumption. Process parameters
can rapidly be screened, such as temperature, flow rates and
stoichiometry; only a little more effort is needed to change
solvent, reagents or chemical routes. Data points are rapidly
generated and analysis is assisted by design-of-experiments
(DOE) as statistical tool.

A chemical reaction illustrates the capabilities of pharma-
ceutical production in microstructured devices, in transfer-
ring from laboratory investigations to pilot-plant production.
Two key steps of four reactions of an intermediate are given
in Scheme 2:[18] a highly exothermic lithium-exchange reac-

tion and a coupling step resulting in an unstable intermedi-
ate.

The entire equipment chain of the process is displayed in
Figure 3 upper row. In addition to the lithium-exchange and
coupling steps, the process includes protection and hydroly-
sis steps, followed by two separation and two workup steps.
Overall the process occupies six vessels in batch operation.
The lithium-exchange and coupling steps were investigated
in a microreactor and a static mixer setup in the laboratory.
Within short time (3–5 days), optimal process parameters
were found and few kg of intermediate could be produced.
Two static mixers were arranged in parallel to allow for si-
multaneous operation and cleaning due to plugging issues in
that step.

The same setup from the laboratory was transferred to a
pilot plant with larger vessels (600–1600 L) for a production
campaign of nearly 700 kg of isolated product. The protec-
tion and hydrolysis were performed in stirred tanks, while
the lithium exchange and coupling occur in continuous-flow

Scheme 2. Organometallic and coupling reaction as example reaction.[18]

Figure 3. From batch to continuous process in several steps with optimised reaction yield and additional optimisation by continuous-flow reaction.
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devices, see Figure 3 middle row. The devices including
pumps, sensors and feeding lines were cleaned at the begin-
ning of the campaign and during batch switch. Starting with
parameters measured in laboratory, the plant was optimized
with respect to the stoichiometry during the first day. Pri-
marily, the plant was operated by shift workers under super-
vision of technicians; later, shift workers independently op-
erated the plant. After several weeks of operation reaching
the production goal, the plant was cleaned and the micro-
reactor and static mixers were moved to the laboratory. The
entire production campaign in a metal-microstructured
device[19] shows reproducible product quality with no batch
out of specification, which facilitated the workup procedure.
Cost-saving calculations depend on the financial base and
have been determined to approx. 9% compared to batch
production. Economic saving potential is assumed due to
wider application of continuous-flow devices,[20] see Figure 3
lower row, and is the subject of ongoing analysis.

Scale-Up Issues, Drivers, and Benefits

During scale-up and production implementation, several
issues may occur depending on chemistry, periphery and es-
pecially for continuous-flow microstructured devices. Here,
the scale-up concept within the Lonza approach is described
for single-channel devices allowing high flow rates. The
single-channel device allows rapid mixing of miscible liquid/
liquid, immiscible liquid/liquid and gas/liquid systems and
can be called multipurpose for a wide range of applications.
It can not cover all applications, for example, heterogeneous
catalysis or severe precipitation demand for different devi-
ces, often called dedicated devices. In a single channel, the
flow and process conditions are well defined; plugging is
measured by an increasing pressure drop. With solvent purg-
ing precipitated components can be removed; the success is
measured by the outlet concentration. This is very important
for production under GMP regulations, under which product
contamination must be avoided.

To increase mass throughput, simple enlargement of the
number of parallel channels is called numbering-up, which
can be done within the device (internal numbering-up) or
with complete parallel devices (external numbering-up). For
homogeneous systems without any change in fluid proper-
ties (density, phase transition, precipitation and viscosity) in
time or during the process, the numbering-up concept can
successfully be used. Careful attention must be paid to the
homogeneous flow distribution over all channels during
entire production time. Flow maldistribution can lead to in-
homogeneous mixing and stoichiometry, heat load or fouling
and plugging of channels. In Figure 4 the scale-up concept,
from laboratory to production at Lonza, is displayed for
single-channel devices. The operation time is the most im-
portant parameter to increase the production rate in labora-
tory and pilot-plant environment. A higher pressure from
the feeding pumps allows for higher pressure loss Dp over
the device and increases the flow rate. The highest allowable

concentration depends on the chemical system and on safety
issues. A larger cross section of the microchannel allows for
higher flow rates, but it has to be checked that the transport
processes in the microchannel are still sufficient for the
chemical system. A good indicator is the energy dissipation
rate e, which leads to the mixing time. A larger channel
cross section is compensated with a higher pressure loss for
similar energy dissipation rate and mixing time. Further-
more, the heat-transfer capability must be sufficient. A reac-
tion split with two or more injection points of one reagent
spreads the reaction heat over a larger area and avoids hot
spots. As a last measure, two or more devices in parallel in-
crease the mass flow rate, going together with higher invest-
ment cost and control effort.

According to our experience at Lonza, the implementa-
tion of microstructured devices follows a learning curve with
increasing experience and knowledge. Many issues must be
considered and each chemical system has its own peculiari-
ties. Fouling and plugging of microchannels is still a critical
issue, but several strategies can be given to overcome this
point. These measures can be substance- or chemistry-
based, equipment- or process-related: Regarding the sub-
stance, an appropriate solvent can be chosen, the starting
materials must be filtered and free of precipitating compo-
nents, and in some cases additives may prevent fouling. Con-
cerning the microstructured device, dead volumes should be
minimized, high flow velocities generate shear stress to
remove deposited layers, the surface should be very smooth
and the microchannels should be only as long as necessary.
Parallel devices allow for cleaning when the second device
is in operation. Process conditions have a large influence on
plugging behaviour: a high temperature increases the solu-
bility, cleaning intervals should be planned and pumps
should tolerate a pressure increase due to fouling.

The main driving consideration for implementing continu-
ous-flow microstructured devices is often not cost saving,
but comes from operational experience, enhanced safety
and quality and less scale-up risk. Time-to-market can be
shortened, but often the implementation of analytical and
chemical procedures takes more time and the overall project
schedule depends on external decisions. Continuous-flow de-
vices allow for rapid implementation and scale-up leading to
a faster time-to-decision as to what is the next step.

Figure 4. Scale-up concept of single-channel microstructured devices.
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Conclusion and Future Developments

After more than a decade of microstructured devices in
chemical production, the basics of engineering are roughly
understood, but still experimental and theoretical research
is necessary for running chemical reactions in microstruc-
tured devices. The interaction of chemistry, reaction kinetics,
involved phases and transport phenomena play the crucial
role for appropriate design. It is important to determine the
limiting steps in timescales and heat management. Often,
heat and mass transfer or mixing are sufficient for organic
reactions with slow kinetics, and hence, more benefit comes
from continuous-flow processing with small volumes and in-
creased safety. With microstructured devices, it is possible to
run continuous processes at the laboratory scale, which can
scaled-up to production scale with low risk. This multiscale
production potential from grams to tons allows a high flexi-
bility and offers short time-to-decision in a project. This has
to be demonstrated in the future with successful projects in
launching pharmaceutical production from research to
large-scale production. In automotive and aviation, com-
pletely computer-designed devices from series production
have been reality for some decades. In analogy, it would be
interesting to see, when the first molecule will appear on the
market, designed on a computer and solely synthesised and
produced by continuous-flow devices. This would be the
first step into new era for chemistry.
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