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• Brief overview of CCLRC

• Background information on the Centre for Microfluidics and 

Microsystems Modelling (C3M)

• Example modelling activities

• Droplet modelling capabilities in C3M:

� EPSRC funded micro-droplet project

� Volume-of-fluid (VOF) technique

� VOF simulations using THOR-VOF (C3M’s in-house code) 

• Data requirements for the BioDrop modelling work

Outline of presentation
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• CCLRC - the Council for the Central 
Laboratory of the Research Councils 
is one of the UK Research Councils

• Provides access to major national & 
international scientific research 
facilities

• ~2000 staff, ~10,000 scientific users,   
~£250M operating budget

• CCLRC operates on three separate 
sites:

� Daresbury Laboratory in Cheshire

� Rutherford Appleton Laboratory in 
Oxfordshire, and

� Chilbolton Observatory in 
Hampshire

Chilbolton Observatory

Rutherford-Appleton 
Laboratory

Daresbury Laboratory

Overview of CCLRC
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CCLRC supports the U.K. research community by providing access to a 
wide range of advanced facilities including:

• ISIS - pulsed neutron source

• SRS - synchrotron radiation source

• MEIS - medium energy ion scattering facility

• Chilbolton Observatory - satellite and ground-based instrumentation for 
earth observation, astronomy and planetary science

• CLF - central laser facility

• CMF – central microstructure facility – (micro- and nano-technology 
research)

• HPCx - high performance computing facility

Advanced research facilities within CCLRC
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• C3M - the Centre for Microfluidics and Microsystems Modelling was 
established at Daresbury Laboratory in 1999 with the aim of providing a 
microfluidic research/design simulation service for the academic and 
industrial communities

• The Centre has developed a number of in-house Navier-Stokes codes: 
� THOR-2D, � THOR-3D, THOR-R13, THOR-VOF that have been 
specially adapted for microfluidic simulations

• In addition, use is made of the commercial computational fluid 
dynamics code CFD-ACE+, a fully-integrated simulation tool 
specifically tailored for complex multi-physics flow phenomena in 
microfluidic devices

• C3M has access to a wide range of computing facilities, including 
HPCx, and has the capability to exploit high-performance parallel 
computers

Overview of C3M
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• micro-reactors & rapid mixing devices for life-science applications

• air-segmented & capillary-driven fluid handling systems

• electroosmotic flows & electrophoretic/isotachophoretic separations

• electric/magnetic/ultrasonic/diffusion-based Field Flow Fractionation (FFF)

• hydrodynamic focusing techniques

• PCR & thermal problems

• gas-liquid & liquid-liquid micro-droplet technologies

• non-Newtonian rheological problems

• gas-phase microfluidic applications

• multi-phase microfluidic systems

• physiological flow phenomena

• biomimetics & device/flow optimisation

Design and simulation capabilities within C3M
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Example modelling activities in C3M
- recent highlights
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Simulation of a novel multi-star mixer for a PCR chip

Scale drawing of 
PCR reactor

SEM image of 
micro-pillars
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Acknowledgement: Dr. Philip Day (Centre for Integrated 
Genomic Medical Research, University of Manchester)
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Simulation of an ultrasonic cell washing system

Principle of operation:

Fluorescein 
concentration

Total flow rate
16.32 ml min-1

Total flow rate
2.55 ml min-1

Outlet D

Outlet C

Outlet D

Outlet C

Simulated sodium fluorescein distribution:

Source:

J.J. Hawkes, R.W. Barber, D.R. Emerson and W.T. Coakley, “Continuous cell washing and mixing driven by 
an ultrasound standing wave within a microfluidic channel”, Lab-on-a-Chip, Vol. 4(5), pp. 446-452, 2004.
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Bifurcation level (n)
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Source:

D.R. Emerson, K. Cieslicki, X.J. Gu and R.W. Barber, “Biomimetic design of microfluidic manifolds based 
on a generalised Murray’s law”, Lab-on-a-Chip, Vol. 6, pp. 447-454, 2006.

Biomimetic design of microfluidic channels

Normalised pressure distribution

C3M have developed a generalised 
version of Murray’s law that can be used 
to provide a biomimetic design rule for 
branching microfluidic systems composed 
of arbitrary cross-sections

Normalised wall shear stress distribution in a 
trapezoidal manifold
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Source:

S. Yuhong, R.W. Barber and D.R. Emerson, “Inverted velocity profiles in rarefied cylindrical Couette gas 
flow and the impact of the accommodation coefficient”, Physics of Fluids, Vol. 17(4), 047102, 2005.

Non-intuitive flow behaviour in gas-filled micro-bearings

Velocity inversion in a micro-bearing

The classic test case of cylindrical 
Couette flow highlights some important 
and very non-intuitive flow behaviour in 
microsystems
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Electroosmotic flow simulations

• Concave velocity profile increases 
sample dispersion and may cause band-
broadening effects in electrophoretic
separations

Source:

Y. Zhang, X.J. Gu, R.W. Barber and D.R. Emerson, “An analysis of induced pressure fields in 
electroosmotic flows through microchannels”, J. Colloid and Interface Science, 275(2), 670-678, 2004.

• Most EOF simulations ignore the energy 
losses at the entrance and exit of a channel

• We have found that these energy losses 
induce an adverse pressure gradient along 
the channel causing the velocity profile to 
become concave instead of the idealised 
uniform (plug flow) profile normally associated 
with EOFs

Reservoir 1 Reservoir 2
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Simulation of a droplet-based PCR chip

Source:

S. Mohr, Y.H. Zhang, A. Macaskill, P.J.R. Day, R.W. Barber, N.J. Goddard, D.R. Emerson and 
P.R. Fielden, “Optimal design and operation for a droplet-based PCR chip”, American Society of 
Mechanical Engineers - Paper No. ICNMM2006-96131, to be presented at the 4th Int. Conf. on 
Nanochannels, Microchannels and Minichannels, Limerick, June 2006. 
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The simulations indicate that the solid-fluid thermal interaction within the chip is subtle and 
the thermal development length is not simply a product of the Prandtl and Reynolds 
numbers, as observed in the standard Graetz problem.
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Source: H.G. Kerkhoff, R.W. Barber, D.R. Emerson, R. Muller, O. Nedelcu and E. van der Wouden, 
“Design and test of micro-electronic fluidic systems”, Proc. Workshop on MEMS, Design, Automation and 
Test in Europe Conference, Munich, Germany, March 2005.

x = 0 mm

x = 175 mm

x = 87.5 mm

Gate 
electrode

x = 262.5 mm

x = -87.5 mm

x = -175 mm

Simulation of the operating characteristics of a flowFET

Longitudinal
velocity (m/s)

x = 350 mm

Predicted longitudinal velocity 
field at the entrance to the 

gate electrode
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Simulation of the fluidic switching behaviour of a MEF-array

Symbolic representation of four 
flowFETs surrounding a MEF-array 

intersection

Predicted fluidic switching behaviour at 
the channel intersection

Source: H.G. Kerkhoff, R.W. Barber, X. Zhang and D.R. Emerson, “Fault modelling and co-simulation in 
flowFET-based biological array systems”, Proc. DELTA’06, 3rd I.E.E.E. International Workshop on 
Electronic Design, Test and Applications, Kuala Lumpur, Malaysia, January 2006. 
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Droplet modelling activities at C3M
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• C3M has recently been awarded an EPSRC grant entitled “Micro-droplet 
technology for high throughput systems and methods” as part of the EPSRC’s
High Throughput Technology Research Call

• Joint EPSRC grant between the University of Manchester, C3M and Astra
Zeneca to investigate the potential of two-phase fluidics for transporting 
individual samples or reaction volumes through a microfluidic device

• Investigators: P.R. Fielden (Manchester), D.R. Emerson (C3M), N.J. Goddard 
(Manchester), R.W. Barber (C3M) and I.D. Wilson (Astra Zeneca).

• Project goal: To develop new capabilities for the production and manipulation of 
micro-droplets in immiscible liquids for high-throughput technologies

• C3M’s role: To develop � THOR-VOF to model droplet generation, transport, 
splitting and merging operations, and to extend the modelling to include electro-
statically driven “droplet-on-demand” technologies

EPSRC funded micro-droplet project
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Droplet-based microfluidics

• Two-phase fluidics may provide a 
convenient method of transporting 
individual samples or reaction volumes 
through a microfluidic device

• Recent work at the University of 
Manchester/C3M has demonstrated the 
production of aqueous micro-droplets 
within a non-aqueous medium, such as 
silicone oil

• The potential advantages are that each 
droplet represents a transportable 
individual reaction volume that does not 
exchange material with its surroundings

Pressure-driven droplet generation from a 
100 mm side channel
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Simulation of droplet production using CFD-ACE+

Predicted droplet formation and velocity 
field using the volume-of-fluid (VOF) 

module within CFD-ACE+

Pressure-driven droplet generation from a 
100 mm side channel

Oil carrier fluid

Aqueous sample
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• The most common approach for modelling interfacial flow phenomena between 
two immiscible liquids is the so-called Volume-of-fluid (VOF) method

• The interface is tracked by defining a volume fraction, f, to distinguish between 
the two fluids:

• The evolution of the interface is then computed by solving the following 
transport equation for the volume fraction, f :

• Special care needs to be taken when solving the transport equation -
numerical diffusion in the scheme can cause the interface to be smeared

• In addition, coupling the interfacial surface tension force into the Navier-Stokes 
equations is often problematic, especially in microscale simulations

Volume-of-fluid (VOF) method
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• C3M’s in-house VOF solver, THOR-VOF, incorporates two novel features to allow 
the simulation of microdroplets:

• Tangent transformation procedure to increase the steepness of the interface. The 
original volume fraction function, f, is transformed to C by a tangent function:

where e is a small positive constant that can be used to tune the desired 
steepness of the transition layer

• Continuous Surface Force (CSF) model to convert the surface tension force from 
a boundary condition at the interface between the two fluids into a continuous 
volumetric force that can be incorporated in the Navier-Stokes equations

Reference:
X.J. Gu, D.R. Emerson, R.W. Barber and Y.H. Zhang, “Towards numerical modelling of surface 
tension of microdroplets”, Proc. Parallel CFD 2005, Moscow, May 2005. Proceedings to be 
published by Elsevier, summer 2006.

THOR-VOF
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Implementation of a novel Continuous Surface Force 
(CSF) model within THOR-VOF

Computed velocity vectors of an initially static droplet of radius, R = 2.5 mm at t = 1 ms
(a) conventional discretisation of the surface tension force using central differencing,
(b) new scheme consistent with the discretisation of the momentum equations

(a) (b)
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Test case: pressure distribution within a static droplet

In the absence of gravity, Laplace’s formula can be used to 
predict the pressure rise within a stationary droplet

Predicted pressure distribution in a 
stationary water droplet of radius 1mm

Predicted and theoretical increase in 
pressure as the size of the droplet decreases

P
R
s
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Test case: bubble rising through mineral oil
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Hnat & Buckmaster's steady state

r 1 = 0.8755 kg/m3, r 2 = 0.001 kg/m3, m1 = 1.18P, 
m2 = 0.01P, s = 32.2x10-3 N/m, g = 9.81m/s2

• The shape and behaviour of gas bubbles rising in a liquid depend on the balance 
of viscous, surface tension and dynamic forces

• Hnat and Buckmaster (Physics of Fluids, Vol. 19, pp. 182-194, 1976) observed 
the velocity of spherical cap bubbles rising through mineral oil

Predicted velocity vectors around a spherical 
cap bubble
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Data requirements for the BioDrop modelling work

• Characterisation of the electrowetting driving mechanism

• Accurate geometric specifications of the device 

• Initial conditions

• Fluid properties such as density, viscosity, diffusivity, surface tension, 
contact angle, etc.

• Ambient conditions (viscosity and diffusivity are very dependent upon 
temperature)


