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ABSTRACT

A prototype device using a rotating spiral microchannel to produce multistage distillation has been
designed and used to separate 2,2-dimethylbutane from an initial 50:50 mixture with 2-methyl-2-butene.
Distillation or other phase-contacting processes in microchannels requires a strategy for handling surface
forces so that the phases can interact in a controlled manner and efficient mass transfer can take place. The
rotating spiral approach uses centrifugal force to maintain segregation of the phases into parallel-flowing
liquid and vapour layers. When centrifugal force is opposed by pressure gradient along the channel, these
layers can flow counter currently. Changing rotation rate and pressure allows adjustment of the phase
flow rates and the contacting layer thicknesses. Thus, it is possible to control the phase contacting and
take full advantage of the rapid mass transfer that is potentially available for small microchannel dimen-
sions. This efficient contact can be maintained over long channel distances, allowing a large number of
separation stages to be reached. A further advantage of the rotating spiral approach is that the mass
transfer is augmented by secondary motions produced by Coriolis force. The paper describes the design
of the prototype device, including flow and thermal aspects, and presents results for a simple binary
distillation. The results obtained demonstrate the practical feasibility of rotating spiral contacting and
provide initial quantitative data that are used to evaluate the performance achieved by the prototype

device.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Fluid phase contacting is a central problem in the area of sep-
aration of molecular species from a mixture of multiple species
and forms the basis for such processing operations as absorption,
extraction and distillation. Recently, interest has been directed at
implementing such operations in microscale analytical and pro-
cessing devices [1-4]. The phases may be immiscible liquids, a gas
and a liquid or combinations of these. It is well known that precise
separation depends on counter-current flow of the phases as they
contact one another [5,6], otherwise the enrichment produced is
limited by the equilibrium concentrations in the two phases. Con-
ventionally, gravity is used to drive the liquid phase downward and
the vapour phase is driven upward by imposed pressure difference
to produce the required counter flow. However, at the small scales
of a microchannel, gravity is weak both in terms of driving the flow
against friction and in terms of countering surface forces that tend
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to collect the vapour into pockets and the liquid into slugs that span
the entire channel section, preventing effective counter-current
flow.

The objective of the present work is to introduce and demon-
strate anovel method of contacting fluid phases in which the phases
are made to flow counter currently along a microchannel in paral-
lel layers controlled by centrifugal force and pressure gradient. The
method can in principle be applied to the entire range of phase-
contacting types, but here it is applied to distillation, arguably
the most difficult to implement due to the additional complexi-
ties associated with the requirements of thermal control. Equally,
there is noreason that the approach cannot be scaled up to the point
beyond which the phase layers are no longer stable. By forming the
contacting microchannel into a spiral and rotating this spiral about
its axis (Fig. 1) centrifugal acceleration occurs having components
both along the channel and perpendicular to the channel. The divi-
sion between the two components depends on the spiral angle,
i.e. the angle between the channel direction and the tangential
direction. The perpendicular component is used to counter surface
force and organise the phases into the parallel layers and therefore
relying on a difference in density between the phases. In place of
gravity, the component of centrifugal acceleration along the chan-
nel drives the liquid outward along the spiral and the vapour can
flow inward, with appropriate adjustment of the pressure gradient.

Coriolis force also plays a role in the phase contacting, acting on
the fluids in the direction approximately perpendicular both to the
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Fig. 1. Phase contacting in a rotating spiral microchannel.

channel direction and the axis of rotation. This is because the Cori-
olis force per unit volume of fluid is —2 02 x V where p is local fluid
density, £2is the angular velocity vector and V the fluid velocity vec-
tor in the rotating frame [7]. This force is proportional to both the
rotation rate and fluid velocity. Because the velocity is not uniform
over a cross-section of the channel, high in the core regions of each
phase and low near the walls, the Coriolis force induces ‘secondary’
convective motions such as those illustrated in Fig. 1. The nature of
these motions has been extensively investigated because of their
importance for gas turbines, where coolant channels run through
the rotating turbine blades. Laminar flow and heat transport in
rotating channels has been studied [8-10] and the magnitude of
the Coriolis secondary velocity relative to the streamwise velocity
has been shown to increase with Reynolds number[11]. Most inves-
tigations of the Coriolis secondary motions to date have looked at
flow stability [12-14] and the fully turbulent flow regime [15,16],
neither of which is directly relevant to the usual flow conditions
in small-scale channels. Computations by the authors for the lig-
uid phase indicate that the Coriolis motions produce a significant
improvement in mass transfer even at the low Reynolds number
conditions of the present experiments [17].

Other approaches to phase contacting have also used centrifu-
gal force to replace gravity but have employed the conventional
approach of driving bubbles or droplets of one phase through the
other. In the HIGEE approach, a rotating packed bed is employed to
increase the phase flow rates per bed area [18-20]. Counter-current
chromatography has been taken to high precision using plane-
tary gearing to rotate a coil of tubing (helical channel) to produce
contacting between two immiscible liquids characterised by alter-
nating layered flow and flow in which the phases are mixed [21,22].
While a high number of separation stages is achieved, the device
complexity may be of some concern. In both these approaches
the phases are driven through one another, requiring first gen-
eration of either bubbles or droplets of one phase, then forcing
these through the other phase and finally separating the phases
to allow the product flows to be formed. The dynamics of bubble
and droplet formation depend strongly on fluid and interface prop-
erties as well as phase flow conditions, so successful operation can
be highly constrained in these approaches.

A related technology to that addressed here is compact disk
(CD)-based microfluidics which has been under development in
recent years [23-27]. Essentially, for disposable ‘point of use’
analyses the usual pumping methods are viewed as expensive
and inconvenient and are replaced by centrifugal pumping. The
required solutions for the analysis (e.g. sample, wash, calibration)
are introduced into inlets of a suitable microchannel network on
a CD, the CD is inserted into a disk drive and the required flow
sequence for sample analysis is produced by control of rotation rate
with time. Coriolis acceleration has been used to assist the mixing

of the liquids and to switch the liquid flow at a branch junction [25].
In this method, separating particles from a liquid stream is easily
achieved by the centrifugal force [26,27]. Otherwise, functioning is
as for a stationary device but with pumping produced by centrifugal
force in place of, for example, syringes or application of pneumatic
pressure.

Relatively little work on distillation in microchannel devices
has yet been reported. In some work, co-flow of the phases is
accepted [1,3], thus limiting separation to just one equilibrium
stage. It is argued that more precise separation can be achieved
by linking together multiple units, with associated pumps to pro-
duce the necessary counter-current flows between the individual
units. Wootton et al. [1] use a complex network and helium car-
rier gas to produce one stage of distillation, first by evaporating an
acetonitrile-dimethylformamide mixture into the carrier gas and
then condensing and separating the liquid phase from the vapour
and carrier gas mixture. Hartman et al. [3] use nitrogen carrier gas
and segmented flow in a long heated channel to produce equilib-
rium between the liquid and vapour at a prescribed temperature.
The liquid is separated from the vapour and carrier gas using a
PTFE membrane, which allows the liquid to pass through but not
the gases when the pressures on either side of the membrane are
suitably adjusted.

Multiple stages of separation in a single device, as mentioned,
requires counter flow and one method of achieving this is to use a
film of liquid falling under gravity. The vapour flow can then be
forced by pressure gradient to flow vertically as it contacts the
falling film. Tonkovich et al. [2] describe the 15 stage separation
of cyclohexane-hexane using a falling film arrangement in which
a 178 wm liquid layer is stabilised using a woven wire mesh adja-
cent to a 1.35 mm gas layer flowing counter currently. Each stage
requires 8.3 mm of channel length. Stabilisation of the liquid layer
using a vertical grooved plate has also been employed [28-30]. Sur-
face forces and the sharp edges of the grooves compel the liquid
to remain within the grooves and gravity again drives the lig-
uid downward. This approach has been developed in relation to
gas/liquid microreactors and only the case of a co-flowing gas has
been investigated, although it would clearly be possible to drive the
gas in counter-current flow simply by changing the direction of the
pressure gradient. The use of gravity to drive flow at small scales
necessarily limits the achievable flow rates to modest levels.

Alternatively, multiple stages can be achieved using a mem-
brane barrier to maintain segregation of the liquid and vapour
phases in counter-current flow. A membrane with suitable pore
size and shape and of appropriate material prevents the liquid from
crossing. Pressure gradient is required to drive the flow along the
channels on both sides of the membrane, leading to a rising pres-
sure along the channel in one phase but a falling pressure along the
channel in the other phase and consequently a varying pressure
difference across the membrane. The presence of the membrane
introduces additional resistance to both heat and mass transfer
and fouling can be an issue [31]. Cypes and Engstrom [32] report
stripping of toluene from a water-toluene mixture into a nitrogen
stream employing a microfabricated membrane device. The mem-
brane comprises a regular array of 50 pm connecting holes etched
through the silicon layer separating the liquid and gas channels.
Zhang et al. [4] produce vacuum membrane distillation of a water-
methanol mixture using a microchannel device incorporating a
PTFE membrane. A cooling channel is used to regulate tempera-
ture along the contacting channels. The device produces just 1.7
stages of distillation for the 260 mm long contacting channel. This
performance is far lower than for the falling film distillation men-
tioned above [4], which would give about 30 stages for the same
channel length.

Rotating spiral contacting overcomes the limitations of gravity
flow and simplifies phase interaction to that between two parallel-
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flowing layers. Mass transfer between the phases is determined by
the layer thicknesses, the velocity field and the diffusivity in each
phase, along with the liquid-vapour equilibrium characteristics of
the mixture. The velocity and layer thicknesses are controlled by
spiral angle, rotation rate and pressure gradient. This means that
adjustment of rotation rate and pressure gradient can be used to
change the velocities and thicknesses of the phases and hence to
control the mass transfer during processing to accommodate the
requirements of each particular fluid system. Also, the layer thick-
nesses and velocities can remain constant over the entire length of
the spiral so that the mass transfer is controlled with each element
of liquid or vapour being an active participant at all times during
passage through the contacting channel.

Efficient distillation at microchannel scale opens the way for
improved analytical and small-scale production devices. High heat
and mass transfer rates and small timescales allow high precision
separation in a short time: minutes where a conventional sep-
aration requires hours. The high transfer rates can allow many
separation stages with results obtained rapidly. The small time
scale further means that changes in the operating conditions, e.g.
start-up or switching from one operating state to another, are rapid.
The time taken for species to transfer between the phase inter-
face and the adjacent regions of liquid and vapour determines
how rapidly separation can take place. Assuming that the trans-
fer of species is by diffusion alone, the characteristic time taken
for species to become uniform over the distance of the channel
width, W, is T=W2/D where D is the relevant diffusion coefficient.
For a 10 pm channel for example, 7=0.1s for a diffusivity in the
liquid phase of D=10"2m?/s (a usual level for small molecules
in ‘thin’ liquids). Thus, 100 stages of distillation would take 10s.
Increasing channel size to 100 wm would require 15 min for the
same distillation. The diffusion time scale used for these estimates
is conservative and the actual diffusion times will be even shorter.
Also, no account has been taken of the effect of Coriolis convection,
which will reduce the mass transfer time scale further, the effect
increasing with channel size. In practical devices, the limiting pro-
cess is likely to be not the mass transfer occurring within the small
channel but rather the heat transfer throughout the device, which
is important for many contacting operations. Careful design of the
overall device will be important if the potential of rapid adjustment
is to be fully achieved.

The paper describes the first successful distillation of a binary
mixture (2-methyl-2-butene and 2,2-dimethylbutane) using a
rotating spiral microchannel to contact the phases. The design of
the experimental device is described along with some key theoret-
icalresults and details of the concept used that are judged necessary
to understanding the results presented. This includes a description
of how the flow circuit was designed and an account of how the
heating and cooling rates to produce a satisfactory temperature
field were determined.

2. Experimental
2.1. Apparatus

The demonstration device uses a largely self-contained rotating
unit to produce stripping distillation. The rotating unit incorpo-
rates a central feed reservoir, two outer collection reservoirs, a
glass chip incorporating the spiral microchannels and heating and
cooling elements. Liquid feed mixture is pumped by centrifugal
force when rotation is introduced. The device is constructed with
appropriate geometric symmetry so that it is well balanced dynam-
ically under rotation. The assembly is rotated by direct drive with
a 24V DC motor (Maxon EC45) capable of 10,000 rpm, although
the experiments considered here are all at 5000 rpm. The motor is

Cooling
head

Rotating
unit

Fig. 2. General view of the apparatus.

mounted on an overhanging bracket such that the rotating exper-
iment is suspended above an inverted microscope (Zeiss Axiovert
100 with Epiplan 5x/0.13 objective lens), allowing visual observa-
tion of the flow during rotation. The rotating unit is self-contained
except that the electrical power required for heating is transferred
from an external DC supply (TTi EX354D) using commercial slip
rings (Fabricast Type 1926). The overall apparatus is shown in Fig. 2.

The spiral channel network is formed by isotropic wet etching
through a mask pattern into 2.3 mm thick optical glass. Access holes
are drilled and the channels are enclosed by thermal bonding of a
second 1 mm thick optical glass layer. The completed chip is shown
in Fig. 3. A binary liquid mixture enters at the feed inlet, increases
in temperature as it travels along the inlet channel, reaching its
bubble point temperature at the junction and then flowing along
the outer side of the spiral contacting channel. A radially increas-
ing temperature is imposed on the glass chip so that as the liquid
flows out along the contacting channel its temperature rises and
eventually becomes high enough to boil the liquid (i.e. the local
temperature of the chip exceeds the local bubble point sufficiently
to produce strong evaporation). This evaporation tends to increase
the pressure which drives vapour back up the spiral alongside and
counter currently to the liquid and out through the junction to the
inner, vapour channel. The contacting spiral and the vapour spiral
lead to the bottom and top outlet holes respectively via wide chan-
nels to assist condensation, which produces liquid product flows.
Temperature decreases in the radial direction in the outer part of
the chip beginning at a radial location that is about where the spi-
rals join the wide condensing channels. All channels are etched to
a depth of 95 um and the spiral channels are 250 wum wide (the
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Fig. 3. Glass chip fabricated from two glass layers. The 2.3 mm top layer is isotrop-
ically etched to form the channels, holes are drilled for flow access and it is
thermally bonded to a 1 mm bottom layer to complete the chip. The overall size
is 40 mm x 40 mm; the spiral channels are 255 wm wide and 95 wm deep and the
inlet and outlet holes are 1 mm diameter.

condenser channels are 800 wm wide and the junction channel is
500 pm wide). The spirals used are such that rsin o =0.00539 m,
which as will be indicated ensures a constant body force and hence
constant liquid layer thickness along the contacting spiral.

The chip is held in a base unit containing the flow and heating
apparatus (Fig. 4) and this screws into a rotating top unit (Fig. 2)
which in turn is directly fixed to the motor using a locking bush
(Tollok TLK110 8 mm). Fig. 4 shows two views of the assembled
base unit. On top are collection vials for the top and bottom outlet
flows and a central feed reservoir. The feed reservoir has a cylindri-
cal internal shape (not shown) and an atmospheric vent concentric
with the rotation axis. Under rotation a cylindrical atmospheric free
surface forms in the reservoir. Liquid flows between the feed reser-
voir and the chip and between the chip and the vials through PEEK
capillary tubing with connections made using NanoPort fittings
(Upchurch). The feed tubing has a 150 pm internal diameter and
the top and bottom connecting tubing has 50 wm internal diame-
ter. The vials each have two piercings in the cap: one to pass the
tubing through and the other to provide an atmospheric vent. The
vent piercings are made through the side of the cap and these are
turned towards the rotation axis to prevent liquid loss from the
vents during rotation.

The underside of the base unit (bottom view in Fig. 4) holds the
chip, which is clamped with a composite element that also allows
adjustment of the temperature field within the chip. This element
consists of an outer aluminium collar and a lexan insert into which
are embedded a copper heating ring and a central copper pin. The
pin, ring, collar and lexan surfaces are each in direct contact with
the chip undersurface. The base is otherwise constructed of PEEK
so the top side of the chip is thermally insulated. The ring is wound
with glass-coated nichrome wire (Pelican Wire Co., 35 AWG) to
allow heat generation. The central pin is cooled using an air jet (not
shown in Fig. 2). Thus, a radial temperature distribution is imposed
on the chip, with low temperature in the centre rising to a peak
in temperature at the heated ring and then decreasing to lower
temperature at the collar. Significant heat is also generated in the
motor windings and from slip ring friction. A water-cooled motor

Collection vials

Vent
~2
o ey

%

Top outlet Bottom outlet

Heating ring

Fig.4. Two views of the base unit showing (top) feed supply and product collection
vials with connections through the base to the chip and (bottom) the thermal clamp
element used to secure the chip and to control temperature field.

mount (Fig. 2)is used to limit heat flow down into the reservoir and
chip regions.

[llumination for microscope imaging was from a strobe light
transmitted through the objective lens and synchronised with the
motor using a LabView (National Instruments) program. A reflec-
tive plastic film placed between the chip and the base allowed
reliable visual detection of the liquid/vapour interface. Images were
recorded using a monochrome charge coupled device camera.

In order to establish that the distillation state has been achieved,
experimental determination of flow rates and compositions is
required. The collection vial arrangement is designed to contain
the collected liquid with negligible loss due either to leakage or to
evaporation. The volumes collected from the bottom outlet will
tend to be significantly smaller than those from the top outlet.
(Simple mass balance for the experimental stripping process, Eq.
(3), shows that the ratio of the top and bottom flow rates is much
greater than unity for high bottom stream purity.) For this reason,
while a standard vial bottle was suitable for the top flow, a vial with
a small-volume insert was used to collect the bottom sample. As a
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precaution against excessive sample evaporation, 100 p.L of a high
boiling point carrier liquid (n-heptane) was added to the top vial
and 25 p.L to the bottom vial prior to each run. Estimates of the mass
transfer through the atmospheric vent suggest that less than 2% of
collected liquid is lost by evaporation and that the liquid sample
composition is altered by less than 0.2% as a result. Composition of
the collected liquid in the two sample vials and that introduced to
the feed reservoir was measured using gas chromatography (Varian
3900) with an estimated uncertainty of less than 2%.

2.2. Flow network design

Design of the contacting spiral and connecting channel details

employs the relation between volume flow rate, Q, in a channel of
size d and the driving centrifugal and pressure forces. Expressing
average shear stress at the channel wall in terms of flow rate, chan-
nel size and fluid viscosity, the force balance in the z direction along
the channel is, for developed flow:
Z—Z—pr!ﬂ sinoz:—j::LT(z2 (1)
where « is the angle between the spiral channel and the tangential
(0) direction, £2 is angular velocity of rotation, r is distance from
the rotation axis (Fig. 3) and A is channel section area. This is the
usual Hagen-Pousielle result, but including the effect of centrifugal
acceleration [33]. With no rotation and for single phase flow, the
friction coefficient, f, is a constant for laminar flow depending only
on channel section shape (e.g. f=32 in the case of a circular section
of diameter d) and can readily be determined (either analytically
[34] or numerically [35]) for a given section shape. For a rotating
channel, f can be altered by Coriolis secondary motion, the effect
of which can be represented by the characteristic ratio of the sec-
ondary to the streamwise velocity. For low Reynolds number flow
this ratio is given by the non-dimensional parameter Ro = p£2d?/u
which is the Rossby number (alternatively the inverse Ekman num-
ber [11]). In the experiments here the Rossby number is expected
to be sufficiently small for the secondary motions to have negligible
effect on the friction coefficient and so fvalues for flow in stationary
channels can be used directly.

Eq. (1) can be integrated along the channel to produce the
required relation in terms of pressure and radius differences over a
length of rotating channel, Az. Noting that sin « =dr/dz, the result
of this integration is

1 2 2 fuQ
Ap—jp.Q A(r )——WAZ 2)
The A operation signifies the difference between the value at the
outlet and that at the inlet to the channel section concerned, so for
example A(r?) =12, —r2.

For the two-phase flow in the contacting spiral channel, Eqs.
(1) and (2) continue to apply for each phase individually except
that in addition to the shear stress at the rigid channel wall sur-
face the shear stress exerted at the moving phase interface must
be taken into account. For design purposes, this was done using a
rough approximation for the interface shear force in terms of the
average velocities and section dimensions of the individual phase
flows. The resulting model for the contacting channel along with
Eq. (2) for the other channels in the network allowed estimation of
flow rates in terms of channel sizes, radial position of atmospheric
liquid surface in each vial and in the feed reservoir and the fraction
of the contacting channel section area occupied by the liquid phase,
&, using standard flow network analysis techniques [36-38].

Eq. (2) can thus be used along with the modified versions for
each phase in the contacting channel to design the flow network.
In the channels with justliquid phase present (feed and outlet chan-
nels) Eq. (2) shows that even when the inlet and outlet pressures

are equal, the pressure can vary along the channel depending on
how r varies with z. Indeed, it is possible for the pressure to drop
below the liquid bubble point pressure and for cavitation to occur,
as has been demonstrated for a radial («=7/2) rotating channel
[33]. In the case of the spiral contacting channel, a uniform state of
flow along the entire length of the channel is desirable to maintain
consistent contacting effectiveness. For either phase, the interface
shear stress and the pressure gradient will be independent of dis-
tance along the channel for a fixed flow state. Eq. (1) then shows
that centrifugal body force must remain constant along the spiral.
Since density and rotation rate are independent of position along
the spiral (gas density approximately so), uniform contacting along
the spiral is achieved when r sin « is constant. Thus, the spiral angle
must decrease with increasing r and hence with distance along the
spiral to maintain a constant body force.

It is noted that for the experimental conditions of flow in the
contacting channel the liquid phase is driven primarily by cen-
trifugal body force, while the vapour phase is driven primarily by
pressure gradient. Further, the fraction & of the channel section area
occupied by the liquid is small since the liquid is much denser than
the vapour while molar flow rates of the two phases are similar.
Thus, the thickness of the liquid layer in the contacting channel and
the liquid flow rate are largely determined by rotation rate and spi-
ral geometry (rsin ) and the vapour flow rate is largely determined
by pressure gradient (since the liquid occupies a small fraction of
the section area and its velocity is small). It is also noted that the
pressure increase along the channel required to produce counter-
current flow of the vapour gives a corresponding increase in the
vapour density along the channel. For the experimental conditions,
pressure is around 1 bar in the contacting channel but changes by
about 0.1 bar over its length. Hence the vapour density is constant
to within 10% in the experiment. For longer channels or higher flow
rates account will need to be taken of vapour density and pressure
variation, or greater section area will need to be used to reduce the
pressure gradient along the spiral.

2.3. Thermal design

The temperature distribution throughout the chip must be pre-
cisely controlled if enrichment is not to be limited by the thermal
conditions. As liquid flows outward along the spiral it must become
enriched in the least volatile component. At approximately con-
stant pressure, as is the case, this corresponds to a requirement
of increasing temperature along the channel arising from ther-
modynamic equilibrium. In an adiabatic channel this increase in
temperature would be produced by heat transfer from the inter-
face caused by slight net condensation. However, at the small scale
of the chip the spiral channel is far from adiabatic and the fluids
in the channel may be expected to be close to the local chip tem-
perature. In order to control fluid temperature along the channel,
then, it is necessary to control the temperature distribution in the
chip as a whole. Therefore, the temperature field along the contact-
ing channel must increase going from the junction to the reboiler
and must continue to rise into the re-boiling region so that suffi-
cient heat transfer occurs to evaporate the liquid thereby supplying
the counter-current vapour flow. Also, the temperature of the feed
channel should remain below the bubble point of the feed mix-
ture, reaching the bubble point temperature at the junction, where
phase-contacting commences. Beyond the reboiler both product
streams are condensed to allow liquid phase outlet flow and sam-
ple collection. For this to occur, temperature must drop to below
the respective dew points beyond the re-boiling region and before
the chip outlet positions are reached. These requirements are all
satisfied by imposing an axisymmetric temperature field with tem-
perature increasing radially from the rotation (spiral) axis to a
maximum in the re-boiling region and then decreasing with radius
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beyond this point to allow the necessary condensation for liquid
outlet flows.

Computational studies were made in support of the apparatus
design in which variously the equations for flow and heat transfer
in both 2D and 3D representations of the design geometry were
carried out (using Fluent, Version 6). The most useful level of rep-
resentation was found to be a 2D axisymmetric approximation to
the actual geometry, including both the conduction heat transfer
within the solid regions comprising the main components sur-
rounding the chip and the turbulent flow and heat transfer in the
air adjacent to the apparatus. Including the flow in the surrounding
air allowed reliable representation of convective heat loss from the
device. The modelling employs the standard k-¢ turbulence model
[39] and includes the cooling jet flow and the effect of the moving
solid surfaces of the rotating unit in driving flow in the adjacent
air. The geometric domain employed can be seen in Fig. 5, where
results of a computation for the rotating condition are shown. The
cooling jet and the rotating surfaces of the unit induce strong con-
vection in the air, which aids heat transfer to cool the chip centre
through the copper pin and the periphery of the chip through the
aluminium collar. This moderates the heater input at the ring to
produce the desired rising and then falling temperature with radial
position.

Before attempting to operate the device, it was desirable to
determine what heater and cooling jet settings might be expected
to produce a suitable temperature profile to allow successful
distillation of a particular feed mixture. Measurements of the tem-
perature produced in the actual device could not be made easily
under the rotating condition of interest. Instead measurements
were made with heating and cooling jet flow but without rotation
to provide data to establish the reliability of the 2D computational
model. The model could then be used to predict the temperature
within the chip (at the level of the channels) for the rotating con-
dition.

Temperature was measured using a K-type thermocouple
formed by twisting the stripped ends of 75 pwm diameter insulated
chromel and alumel wires (Omega). This thermocouple was drawn
along a diagonal of the top chip surface so that it travelled at a
constant speed while temperature was continuously recorded. The
thermocouple was guided by a slot formed from the gap between
two pieces of 340 wm thick cardboard laid side-by-side on top of
the chip. The thermocouple fitted snugly in the groove and could be
drawn at a regular rate by winding it onto a slowly rotating spindle
of known diameter and rotation rate.
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Fig. 6. Measured and computed temperature along a diagonal of the top surface of
the chip with no rotation.

Fig. 6 shows temperature profiles (solid lines) for a series of dif-
ferent heating rates measured in this way. Symmetry is good and
the expected rising and then falling pattern of radial temperature
distribution is observed. Plotted with the measured profiles are the
corresponding predictions of the 2D computational model. Accept-
able agreement with the measurements is found in the important
region up to and including the peak temperature at the location
of the heating ring. It is in this region that the feed channel and
contacting spiral lie and the re-boiling must occur, and clearly the
model is able to estimate temperature there quite accurately. At the
peripheral regions of the chip agreement is poor, no doubt because
the model is axisymmetric whereas the square shape of the chip
(along with clamping bolts) spoils this symmetry at larger radii.
The important characteristic of the peripheral temperature field
is that temperature drops significantly below the respective dew
points of the product mixtures. For lower levels of heating power
the computational model underpredicts peripheral temperatures
and thus overpredicts the capacity for condensation and this needs
to be taken into account when interpreting the computed results.

Finally, the computation is used to predict temperature at the
channel level in the chip under rotating conditions. The predicted
result in Fig. 7 is for the same heating power, rotation rate and
jet flow rate used in the experimental tests. The normal boiling
points of the two pure components and the bubble point of the
feed mixture are indicated by horizontal dashed lines for reference.
Importantly, the junctionis near the feed bubble point temperature,
the outlet temperatures fall well below the respective dew-point
values and the peak temperature (in the vicinity of the heating ring)
exceeds the heavy-component boiling point.
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Fig. 7. Radial temperature profile at channel level under rotating condition pre-
dicted using the 2D axisymmetric thermal model. Jet flow rate, ring heating power
and rotation rate are set to the values used for the experiment.
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3. Results
3.1. Distillation operating state

Tests used a 50:50 (mol) feed mixture of 2-methyl-2-butene
(2m2b) and 2,2-dimethylbutane (22dmb). Normal boiling points
are 38.6 °C for 2m2b and 49.7 °C for 22dmb, so 22dmb is the heavy
component and the one to be purified. Even with the temperature
prediction of Fig. 7 it is not possible to predict reliably the flow
rates that will occur. This is because the flows depend on the heat
transfer rate to the liquid which determines the evaporation rate
in the reboiler region. This evaporation raises the pressure there
and consequently affects vapour flow directly and the flow of lig-
uid indirectly. The flow of liquid in turn affects the heat transfer and
an accurate representation of this coupled process is not yet avail-
able. Thus, some of the remaining parameters must be determined
by trial and error. Rotation rate is selected to give good segregation
of the phases to ensure that they flow in neat layers (this was esti-
mated early on to be in the region of the value of 5000 rpm used
here in the case of 100 wm channels and typical liquid density and
surface tension). This leaves the radial positions of the feed lig-
uid level and the outlets to the two collection vials to be chosen.
Flow is not sensitive to feed liquid level since from Eq. (2) depen-
dence is on the square of radial position and the radial position will
be small compared with the outlet radial positions. Thus, trial and
error was required to establish suitable positions for the remain-
ing parameters: the radial position of the outlet feeding each of
the two collection vials. Adjustment was made until satisfactory
counter-current flow and multistage distillation was achieved, i.e.
the phases flowed in layers along the contacting channel, signifi-
cant product liquid collected from both outlets and marked increase
in the bottom product 22dmb concentration relative to that in the
feed.

The operating state identified used 5000 rpm, an initially full
feed reservoir (radial position of feed level effectively zero), 4 W
heater power, 0.23 L/s air jet flow rate and a top outlet position of
rr=27 mm. With these settings, the relative flow rates from the top
and bottom outlets could be varied by changing just the bottom
outlet position, rg (from 17 to 21.5 mm in the experiments). This
adjustment corresponds to changing the amount of liquid evap-
orated in the re-boiling region, with increasing rg allowing higher
bottom product flow and correspondingly lower liquid evaporation
rate. Fig. 8 shows photographs taken with the microscope during
a run with rg =17 mm, i.e. a relatively high evaporation. The visi-
ble part of the chip is that between the central cooling pin and the
heating ring and this area is represented by the cropped chip photo-
graph at the centre of the figure. The photographs are from various
positions along the contacting channel as indicated, starting from
the junction (# =40°) and finishing at 6 =370°, where the contacting
channel reaches the radial position (10 mm) corresponding to the
inside radius of the heating ring. Beyond this radius the channel is
no longer visible. This visible length of the contacting spiral (junc-
tion to where it meets the ring) is 53 mm. Thus, the nine images
shown are at about 6 mm intervals along the spiral.

A number of important observations can be made with refer-
ence to Fig. 8. First of all, the liquid layer is clearly visible along
the outer side of the channel. This liquid layer is found to be stable,
steady and reproducible. As can be seen, the liquid layer width is not
uniform, being thinner on one side of the spiral (images at 8=90°,
135°, 175°) and thicker on the opposite side (images at =270,
305°, 340°). A survey of the geometry suggests this is probably the
result of the spiral not being exactly centred relative to the rotation
axis. The result of this offset is a relatively high value of rsin« on
one side of the spiral and a relatively low value on the other, i.e.
the driving force for the liquid is precisely constant as intended.
The survey indicates an offset of 340 wm in direction 6 =150° giv-

90°

175°

270°

Fig. 8. Photographs taken during the distillation flow (rg =17 mm) at various posi-
tions along the contacting channel. The central image of the chip shows the visible
portion and approximate positions of each photograph.

ing a position of lowest rsin« and, hence, thickest liquid layer at
0 =240°. This result is some 60° away from the region of maximum
layer thickness (at around 310°), a difference which is probably
due to error in determining the actual offset. A further observation
concerning liquid layer thickness is the apparently rapid reduction
between 340° and 370°. The contacting channel is very near to the
ring position where chip temperature, according to Fig. 7, reaches
the heavy-component boiling point and evaporation and re-boiling
may therefore have become significant in that region.

An observed feature of the contacting process is the genera-
tion of liquid droplets at the inner side of the contacting channel.
Droplets grow and then disappear (presumably meeting and then
very rapidly being drawn into the liquid layer along the outer side)
in a repeating cycle. The droplets tend to emerge from particu-
lar sites along the inner channel surface, spaced at intervals of a
few channel widths all along the contacting channel. Such droplets
are captured in Fig. 8 in the images at 6 =135°, 175° and 220°, but
could just as easily have been recorded in the images at other posi-
tions. The obvious explanation for the presence of these droplets is
vapour condensation on the cooler inner channel surfaces result-
inginagrowing pendulous droplet which eventually becomes large
enough to be pulled by the centrifugal force against the restoring
surface tension force to join the flowing liquid layer at the outer
channel surface. It seems likely that the droplet growth and direct
addition to the liquid layer will tend to promote somewhat the
equilibrium between liquid and vapour. A similar condensation
effect occurs in the initial length of the vapour spiral, where from
about 135° to 220° a liquid layer was observed, but with no liquid
visible either before or after this section. This is consistent with
the vapour moving initially in towards the axis from the junction
(in order to meet the vapour spiral, Fig. 8), which of course places
the vapour in contact with glass channel surfaces at temperatures
below its dew point. It is not until §=167° that the vapour spiral
returns to the same radial position (and hence temperature) of the
phase interface in the junction. An explanation is that condensation
of the vapour stream beginning at the junction finally yields visible
liquid at 135° and re-evaporation begins at around 167° and is not
completed until beyond 220°.

3.2. Determination of product flow rates and compositions

Quantitative determination of the flow rates from the top and
bottom outlets and the concentrations of these product streams
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Fig.9. Measurements of collected sample volumes when the experiment is stopped
at different times using the same experimental conditions (rg =17 mm).

proved possible and the details of this are now given. By repeating
a given test many times but stopping at different points in time, the
volume and composition of the liquid collected in each vial could be
determined as functions of time. Fig. 9 gives a typical result for col-
lected volumes of product liquid from the top and bottom outlets,
with time measured from the start of rotation. After an initiation
period of approximately 10 min, the figure reveals linear increases
in collected volume, i.e. constant flow rates. The initiation period
is associated with the way the distillation flow was initiated. In
each test, the apparatus was preheated using 8 W heater power for
10 min before the start of rotation. When rotation was initiated,
heating was reduced to the 4W value giving suitable chip tem-
perature for distillation. Thus, during the initial period of rotation,
chip temperature is adjusting due to the reduction in heating power
and also to the changes in convective cooling associated with rota-
tion. By 10 min after the start of rotation and reduction in heating,
the temperature throughout the device has reached approximately
steady state. Once the temperature field has become steady, re-
boiling of liquid becomes steady and mass transfer and species
compositions throughout the device consequently become steady.

Fig. 10 shows the corresponding measured mole fractions of
22dmb (least volatile component) in the collected sample lig-
uids, again as a function of time. In the bottom sample during
the initiation period, too little is collected to allow accurate GC
measurement, although composition can be measured for the top
sample during this period. The collected material from the top
shows that the mole fraction begins at the feed composition of
0.5, that of the feed mixture, and settles to a lower composition
as expected for vapour in equilibrium with the feed mixture. The
initial high temperature state resulting from the high preheating
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Fig. 10. Measured mole fractions for collected sample. Same tests as in Fig. 9.

Table 1

Results summary.
r (mm) Qs (nL/s) Qr (nL/s) Lr/Lg Xp Xy
21.5 74.3 95.0 1.35 0.657 0.410
20.5 68.5 123 1.92 0.736 0.404
20.0 45.0 131 3.13 0.783 0.442
18.5 36.0 142 4.27 0.826 0.453
17.0 20.3 144 7.72 0.870 0.463

power results in fully vaporised flow on the chip and feed fluid
passes equally from the top and bottom outlets. This initial vapour
flow also serves to clear air from the channel network. Beyond the
initiation period the mole fraction of the bottom sample shows an
increase to an asymptotic level that is reached within the measure-
ment accuracy in about 40 min. Since there is an initial deposition
of mixture similar in composition to the feed during the initiation
period and since the flow rate from the bottom outlet is subse-
quently small (Fig. 9) measured concentration is noticeably reduced
at early times, requiring sufficient dilution by sample flow before
the readings accurately reflect the steady state condition. Thus, for
purposes of quantitative comparisons, the compositions prevail-
ing during steady operation are taken as the average of measured
values beyond 40 min and the flow rates are taken as the slope of
the least-squared-error linear fit to the volume data beyond 10 min
(indicated by dashed lines in Figs. 9 and 10).

The above procedure was repeated for the bottom outlet radial
positions rg =18.5, 20.0, 20.5 and 21.5 mm. In each case, collected
volume was linear with time beyond the initiation period, com-
position settled to an asymptotic value by 40 min and the visual
character of the flow for a given case was reproducible. The results
of all the tests are summarised in Table 1 and, as expected, mov-
ing the bottom outlet to larger radius increases the flow rate from
the bottom and correspondingly decreases that from the top. Thus,
the ratio of top and bottom (molar) flow rates, Lt/Lg, is made to
decrease as rp is increased. An overall mole balance on the heavy
component shows that the bottom mole fraction depends on the
feed and top mole fractions and the molar flow rate ratio:

Xp =XF+(XF—XT)%T (3)
B

Since the mole fraction of the heavy component in the top vapour

flow is lower than that of the feed liquid this equation shows that

the bottom mole fraction of the heavy component must increase

with increasing flow rate ratio. This is indeed found to be the case

for the measurements (Table 1).

Some further characteristics of the distillation must be men-
tioned at this point. First, again associated with radial increase in
temperature in the central region of the chip, it is found that a
vapour pocket forms upstream of the junction in the feed chan-
nel. Fig. 11a shows this vapour pocket in the case of rg =17 mm. It
was intended that the feed mixture remain liquid up to the junction
where it first encounters vapour from the contacting spiral. How-
ever, with temperature gradient in the downward direction in the
figure, the feed liquid clearly enters the junction through a region at
slightly higher temperature than its bubble point and apparently
allows some evaporation of the feed liquid and formation of the
vapour pocket. The vapour pocket plays no role in the distillation
flow since its composition remains steady and, judging by the thick-
ness of the adjacent liquid layer, does not introduce significant flow
resistance. The liquid feed channel could have been routed into the
junction differently to avoid this bubble.

A second observation concerns the stability of the flow states
of the conditions tested. As the bottom outlet is moved to larger
radial position, the flow develops increasingly strong oscillatory
character. For rg =17, 18.5 and 20.0 mm increasing oscillation of
the vapour pocket just described is observed, but with no apparent
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Fig. 11. Images taken at the junction for (a) rs =17 mm and (b) rg =21.5 mm. Stable flow is present in (a) while intermittent flow occurs in (b).

effect on the contacting flow. By rg=20.5 mm, significant disrup-
tion of the junction interface at regular intervals throughout the
test takes place, with some liquid ejected upwards from the junc-
tion into the vapour flow and with waves of liquid being sent down
the contacting channel. Fig. 11b shows an instant in this intermit-
tent disruption during an rg=21.5mm test. These large rg cases
have a reduced vapour flow rate and, hence, re-boiling require-
ment. No adjustment of heating was made as rg was increased and
it is likely that reduced heating is required to produce satisfactory
flow in these cases.

3.3. Determination of the number of stages of separation

The number of equilibrium stages, Ne, produced by the device
can now be estimated. One stage corresponds to the length of the
contacting spiral channel required for the bulk concentrations of
exiting liquid and vapour to correspond to an equilibrium state.
Constant relative volatility and equal molar enthalpies of vapor-
isation for the species in the binary mixture are assumed. For the
stripping distillation considered in the experiments, the molar flow
rates of vapour and liquid remain constant along the contacting
channel and are equal to the top and feed flow rates, respectively.
(Constancy of flow rates is strictly true only when net heat trans-
fer to the contacting channel is zero.) This results in a single flow
parameter, taken to be the molar flow rate ratio Lt/Lg, determining
outlet concentrations. For constant relative volatility, «, the heavy-
component mole fraction of the vapour, yy, leaving stage n can
be expressed in terms of the liquid mole fraction of the heavy-
component leaving the same stage, x;, using the ideal mixture
result:

Xn

Zmy n=0,Ne (4)

Yn
This equilibrium applies equally to the re-boiling channel section
(n=0) which produces evaporation to supply the vapour counter-
flow and to the N contacting stages (n=1, Ne ). Note that the stages
are counted from the re-boiling section inward along the spiral until
the final stage (n) is reached just before the junction. Mole balance
on the channel from each stage n out to the bottom outlet gives the
Ne further equations:

xg + Ynlt/Lp
1+Ly/lg

Finally, the set of equations is closed by an overall balance which
gives an equation for xg in terms of the given feed mole fraction xg:

Lt ) _ Ynelr
I Ls

Xny1 = n=0,Ne—1 (5)

XB = Xf (1 + (6)
These 2(Ne +1) equations uniquely determine the unknown stage
compositions (Xp, ¥n), n=0, Ne given xg, Ne and Lt/Lg. Antoine equa-
tion representation of pure component vapour pressures is used
to determine the relative volatility as «=1.45 for the binary pair

considered, a value found to be constant to within about 0.2% over
the entire composition range and over the pressure range along the
contacting channel estimated for the experiment.

Fig. 12 compares the experimental data and solutions to the
above model equations for 5, 10 and 15 equilibrium stages and
for the experimental feed composition (xg=0.5) as a function of
Lt/Lg. Generally, both the measured top and bottom compositions
are in good agreement with the trend of the model. For Lt/Lg > 3 the
model results suggest that between 7 and 15 equilibrium stages are
achieved by the apparatus, the number of stages decreasing with
Lt/Lg. The error bars show the estimated experimental uncertainty
of approximately 13%, which is due principally to the determina-
tion of flow rates from the volume measurements. The error is not
enough to account for the impossibly high purity measured for the
two lowest Lt/Lg experiments. A somewhat higher value of 0.52
for the feed mixture mole fraction brings the model into agree-
ment with these low Ly/Lg data. However, it is unlikely that the
feed deviated this much from the intended value of 0.5. (Direct
measurements of the feed reservoir liquid just before the start of
each run gave values within 1% of the intended composition.) The
cause of the too high purity values may be the oscillatory flow state
mentioned previously that prevailed throughout the two tests con-
cerned. If the flow is thought of as alternating between two modes,
one with high flow rate ratio producing high purity and the other
with low flow rate ratio producing low purity, then it is possible for
the overall sample purity to be different from the value expected
for a steady flow at the ratio of the average flow rates recorded for
the test.

The most important outcome of the work is the demonstration
that rotating spiral contacting has successfully produced distilla-
tion corresponding to multiple stages. Interpolation of results of
the stage model indicates that the case with greatest reboil rate
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Fig. 12. Comparison with equilibrium stage model.
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Table 2
Contacting conditions and performance parameters for some reported microchannel distillation devices.
Zhang et al. [4] Tonkovich et al. [2] Present work
Contacting method Membrane Falling film Rotating spiral
Mixture Methanol, water Hexane, cyclohexane 2-Methyl-2-butene, 2,2-dimethylbutane
h (pum) 72 178 50
u (mm/s) 1.2 1 40
D (m?/s) 2x107° 5x 1079 5x107°
£ (mm) 150 8.3 53
T=/L[u(s) 130 8.3 0.13
£/t 38 13 0.26

(Lt/Lg=7.72 corresponds to 6.6 stages of distillation. This is for a
contacting length of 35.3 mm, the length along the spiral chan-
nel from the junction to the point along the channel where the
temperature reaches the bubble point for the bottom product com-
position (xg =0.87). Using this overall length, the length of channel
corresponding to one stage of distillation is found to be 5.3 mm.

3.4. Comparison with previous multistage microdistillation
devices

To help place the present results into context, comparison is
now attempted with the alternatives of membrane and falling
film contacting. Just two studies provide quantitative results for
counter-current distillation in a microchannel device: the mem-
brane contacting reported by Zhang et al. [4] and the falling film
contacting reported by Tonkovich et al. [2]. Thus, there is little
data with which to compare at this stage and considerable work
is required before the benefits of each approach can be fully clar-
ified. However, it may be helpful to give a rough comparison here
of the performance achieved with the various devices reported so
far. As mentioned, the present rotating spiral channel device has
produced an estimated 6.6 stages and a stage length of 5.3 mm. The
membrane device used a microchannel length of 260 mm to pro-
duce just 1.7 stages, giving a stage length of 150 mm [4]. The falling
film device produced separation corresponding to 15 stages with a
stage length of just 8.3 mm [2]. Certainly a short channel length to
reach one stage of distillation is important, but is this the appro-
priate parameter for direct comparison? An order of magnitude
estimate of the stage length, £, in terms of velocity, u, channel size,
h, and diffusivity, D, results from equating convection and diffusion
of species:

uh?

bo=—5- (7
This could be determined for the properties and conditions of either
phase but here just the liquid phase will be considered to simplify
the discussion. From this relation, the reduction in stage length with
channel size is evident. Decreasing channel size reduces both stage
length and time, tg = £/u; decreasing velocity also reduces stage
length (while also lowering the throughput). Table 2 summarises
the conditions for the reported membrane, falling film along with
those of the present rotating spiral contacting device. The velocity
and channel size values given are for liquid velocity and liquid layer
thickness in each case. The actual stage length values, ¢, listed in the
table are not directly helpful in making a comparison since these
may merely reflect differences in flow rate, diffusivity or channel
size according to Eq. (7). Even so, all three devices use similar chan-
nel size and involve liquids giving similar diffusivity. On the other
hand, the stage length of the rotating spiral and falling film are
much shorter than for the membrane device and the liquid veloc-
ity in the rotating spiral tests is much higher than for the other two
devices.

To make a fair comparison the stage length relative to that
expected from Eq. (7), i.e. £/£g, should be considered and the esti-

mated value in each case is listed in the final row of the table. The
rotating spiral has given a stage length that is relatively small com-
pared to that expected, that for the falling film is just about the
expected value and in the case of the membrane device the stage
length is much larger than expected. In the case of the rotating spi-
ral, it might be expected that Eq. (7) overestimates stage length
since it takes no account of the Coriolis secondary (Fig. 1) motion
and this may explain the smaller relative stage length compared
to that for the falling film. In the case of the membrane device,
the large relative stage length must indicate some major problem
with the device or the way it has been operated. There could be
problems with flow, pressure or thermal control. Processing time
for one stage, which can be taken as 7 = £/u, is a second important
indicator of performance. Again, its ratio with the expected time
T allows fair comparisons to be made and one can see that this
ratio is exactly the same as for stage length, so comments concern-
ing relative stage length apply equally to relative stage time. Actual
stage times for the different cases are listed in Table 2 and those
for the rotating spiral device tested here are far shorter than for
the other two devices. Not only is the stage length shorter for the
rotating spiral device but the liquid velocity achieved is about 40
times greater than in the other two devices.

It is emphasised that these comparisons are rough and depend
on just one example of each type of device. Further work is
needed before fundamental performance differences for the var-
ious approaches to microchannel contacting can be established
conclusively. Still, rotating spiral contacting appears clearly to per-
form well, delivering both an efficient use of channel length (small
£/€y) and reduced processing time. While the demonstration device
has produced around seven stages of distillation, the rotating spi-
ral approach should in principle enable a much larger number
of stages. The contacting channel can be considerably lengthened
using multiple revolutions of the spiral with reduced spiral angle to
achieve a compact device. It is also possible to increase the number
of stages by decreasing flow rate. Making the device larger increases
the rotation Reynolds number which is known to increase the effect
of the Coriolis secondary motion [11], thereby decreasing the rel-
ative stage length. Thus, there is considerable scope for improving
the technology and increasing the number of equilibrium stages.
For example, simply increasing the channel length of the present
device to 1 m using the same channel and flow parameters may
be expected to give in excess of 100 stages of distillation judging
by the results of the present work. There are a number of technical
challenges that remain to be addressed. These include developing
schemes (such as rotating seals) to allow fluid to be transferred con-
tinuously between the rotating unit and the stationary laboratory
frame, so that continuous processing becomes possible. Another
important issue, as has been mentioned, is achieving precise align-
ment of the spiral with the rotation axis.

4. Conclusions

Distillation in a rotating spiral microchannel has been demon-
strated experimentally using a prototype device. A binary feed
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mixture of 50:50 (mol) 2,2-dimethylbutane and 2-methyl-2-
butene has been distilled to give a product containing 87% (mol)
of the higher boiling component. Equilibrium stage theory indi-
cates that 6.6 stages of distillation have been achieved and it is
estimated that each stage requires 5.3 mm of channel length and
distillation time is just 0.13 s per stage. Comparison with the results
of other microchannel distillation devices reported in the literature
suggests the rotating spiral has produced a more efficient contact-
ing and more rapid separation. While further work remains in order
to bring rotating spiral distillation into a practically useful form, the
results demonstrate the essential feasibility of the approach.
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