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Residence time distributions (RTD) have been determined numerically and experimentally for channels
with and without herringbone structures. Computational fluid dynamics (CFD) and particle tracking with
random walk diffusion were employed for the numerical calculation of the RTD. The axial dispersion
exchanging mass with a stagnant zone model was shown to fit the particle tracking data for the channels
with staggered herringbone structures. This model provides a simpler method for RTD characterisation.
esidence time distribution
icrochannel
erringbones

Experimental RTD measurements were performed by monitoring the concentration of a tracer dye by
means of a LED-photodiode system. For all cases, the calculations agreed well with experiments. The
results show that for low Peclet numbers (Pe < 102) the use of herringbone structures does not have an
impact on the RTD, however at high Peclet numbers (Pe > 102), channels with herringbone structures
exhibit a narrower RTD than a plain channel of the same dimensions. Thus, at high Pe, inclusion of
herringbones to the bottom floor of rectangular channels allows the increase in channel dimensions

the R
without adverse effect on

. Introduction

Over the last few years miniaturisation of chemical processes
as been the subject of intensive research. Due to the small dimen-
ions of the channels, the surface to volume ratio is several orders
f magnitude greater than in conventional equipment leading to
nhanced heat and mass transfer and higher reaction yields [1].
esidence time distributions (RTD) have been largely utilised to
haracterise the flow behaviour in reactors since the pioneering
ork by Danckwerts [2]. Since reaction conversion and selectivity

re strongly affected by the RTD it is important to have an accurate
escription of it. The axial dispersion model proposed by Taylor [3]
nd modified by Aris [4] has been extensively used for description
f RTD in tubular reactors that deviate from plug flow behaviour.
evenspiel and Smith [5] provided the analytical solution to the RTD
f long circular channels subject to axial dispersion. Modifications
o the axial dispersion model have been suggested recently to adapt
t to geometries typical of microchannels [6].

Microchannels usually exhibit laminar flow. At this regime, mix-

ng occurs only by molecular diffusion and the RTD can be broad at
ery low and very high radial Peclet numbers [7]. Residence time
istributions in microchannels with Taylor (segmented gas–liquid)
ow have been studied by various investigators both theoretically

∗ Corresponding author. Tel.: +44 0 20 7679 3811; fax: +44 0 20 7383 2348.
E-mail address: a.gavriilidis@ucl.ac.uk (A. Gavriilidis).
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and experimentally [8–11]. Due to the recirculation patterns gen-
erated in the liquid slugs the microchannels act as series of batch
reactors where a small amount of dispersion is present due to the
communication of adjacent slugs with a thin liquid film. Salman
et al. [10] studied the effect of different parameters on the RTD of
a Taylor flow microreactor. It was found that increasing the Peclet
number (Pe = ubd/D) the Capillary number (Ca = �ub/�) or the slug
length increased the spread of the RTD. Traschel et al. [9] measured
the RTD experimentally for gas–liquid flow and compared it with
the case of single phase flow, demonstrating that the variance of
the RTD for gas–liquid flow was lower than for the single phase
case.

For single phase flow Adeosun and Lawal [12] showed theo-
retically that microstructured packed bed configurations exhibit
a narrower RTD as compared to a simple microchannel. Boškovic
and Loebbecke [13] investigated the RTD of three different split-
and-recombine micromixers by fitting an empirical model to
experimental data. It was found that for all cases the RTD became
narrower by increasing the flow rate due to the formation of
secondary flows causing chaotic advection. Stroock et al. [14] pro-
posed a chaotic mixer which consisted of staggered herringbone
structures patterned on the floor of the microchannel. It was

shown that this staggered herringbone mixer minimised dispersion
at high Peclet numbers compared to a rectangular microchan-
nel.

Several articles have characterised the mixing behaviour of the
staggered herringbone mixer [15–26]. However, only few studies

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:a.gavriilidis@ucl.ac.uk
dx.doi.org/10.1016/j.cej.2009.07.023
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Nomenclature

C concentration (arbitrary units)
Ccalc concentration obtained from model (arbitrary units)
Cin concentration at the inlet (arbitrary units)
Cout concentration at the outlet (arbitrary units)
C* concentration in stagnant zone (arbitrary units)
ˆ
C normalised concentration (1/s)
D diffusion coefficient (m2/s)
Dax axial dispersion coefficient (m2/s)
d characteristic dimension (width for rectangular

channels) and diameter for cylindrical) (m)
E age distribution function (1/s)
Etw age distribution function measured through the wall

(1/s)
f fraction of volume subject to plug flow (–)
F Fourier transform
F transfer function (–)
g scalar value dependent of the aspect ratio of geom-

etry (–)
h channel height (m)
I intensity of light measured by the detector (–)
K mass transfer coefficient between the flowing vol-

ume and the stagnant zone (s−1)
k reaction rate (s−1)
L length (m)
n total number of time intervals (–)
N total number of particles (–)
t time (s)
t′ time spent inside the region of interest for calcula-

tion of E(t) from deconvolution (s)
tm mean residence time (s)
t′
m hydraulic residence time (V/v0) (s)

T half of the time at which the tail of the distribution
vanishes (s)

Um mean axial velocity (m/s)
ub bubble velocity (m/s)
v velocity of particles (m/s)
v0 volumetric flowrate (m3/s)
V volume (m3)
w channel width (m)
�x vector of particle position (m)
x̄ mean conversion for a first order chemical reaction

(–)
y axial coordinate (m)

Greek letters
� surface tension (N/m)
� viscosity (Pa·s)
� density (kg/m3)
�2 variance (s2)
�2

�
dimensionless variance (–)

� dimensionless time (t/tm) (–)
� random number (zero mean and unit variance) (–)
�ti time interval ti+1−ti (s)

Dimensionless numbers
G = KL

Um

Pe = Umd
D

PeL = UmL
Dax

Re = Umd�
�

ˇ = Pe2
L + 4s	PeLtm
	 = f + G(1−f )
tms(1−f )+G

characterise its residence time distribution and its possible use
to minimise dispersion. Stroock and McGraw [27] presented an
approximate analytical model, called “lid-driven cavity model”,
that mimics the effect of the grooves on the flow behaviour. They
found that the patterned geometry (the microchannel floor with
the grooves) can be replaced by a flat wall with an effective slip
boundary condition representing the movement of the fluid caused
by the grooves. The convection of massless particle tracers was
used to characterise the flow behaviour. A comparison of the distri-
bution of tracers at several cross-sections along the microchannel
with experimental results showed that the model represented well
the mixing characteristics of the staggered herringbone microchan-
nel. They also presented RTD results for the staggered herringbone
microchannel with different degrees of asymmetry and compared
them to that of a rectangular microchannel. It was shown that
all the channels with herringbone structures had a narrower RTD
than the rectangular microchannel. Aubin et al. [20] using parti-
cle tracking confirmed that the RTD of the staggered herringbone
microchannel approaches that of plug flow. They further observed
that neither the groove depth nor the number of grooves per cycle
affected the RTD significantly, in contrast with the groove width.
These analyses are valid in the limit of Pe ∼ ∞ since particle tracking
considers only the movement of the particles by convection. How-
ever, as the characteristic dimension of the microchannel decreases
so does Pe and the assumption that convection dominates over
diffusion is no longer valid. In this case, for mixing applications
diffusion would be beneficial, while from the RTD point of view
diffusion may be detrimental. The RTD is not properly accounted
with a pure particle tracking method because the volume of the
grooves may appear to be dead space, while in reality, material will
seep out from the grooves by diffusion creating a long tail in the
RTD.

Residence time distributions are usually obtained by injecting
an inert tracer at the channel inlet and measuring its concentra-
tion at the outlet. Different approaches for the tracer introduction
and the recording of the outlet concentration have been presented
for microchannels. Günther et al. [28] used a T-junction along with
computer controlled syringe pump switching for the introduction
of the tracer and an LED-photodiode system for the measurement
of tracer concentration. Trachsel et al. [9] injected the tracer as a
Dirac-delta pulse by a piezoelectrically actuated membrane and
recorded its concentration by fluorescence microscopy. Boškovic,
and Loebbecke [13] injected the tracer with an HPLC valve and
recorded its concentration by an in-house made UV–vis flow-
through cell. Lohse et al. [29] described a novel method for the
determination of the RTD based on the optical activation of a caged
fluorescence dye. Tracer concentration was determined by fluores-
cence microscopy. This method allows for the determination of RTD
without the need of measuring the inlet signal because the inlet is
ensured to be a Dirac-delta pulse.

In this work, the RTD of a rectangular channel is compared with
that of channels with floor herringbone structures (see Fig. 1). Res-

idence time distributions are obtained experimentally by means
of a LED-photodiode array system and numerically by CFD simula-
tions with particle tracking. The effect of geometrical parameters,
herringbone symmetry and operational parameters on the RTD is
investigated.
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ig. 1. (A) Geometry of the staggered herringbone channel. (B) Geometry of the
ymmetric herringbone channel. Fluid travels from left to right.

. Theoretical approach

Two different theoretical approaches were employed for the cal-
ulation of the RTD. The first one is completely numerical, relying
n the solution of the Navier–Stokes equations and a particle track-

ng algorithm. The second one is based on a hydrodynamic model
ith adjustable parameters which are fitted using experimental or

article tracking data.

.1. Numerical particle tracking method

The channel with the staggered herringbone structure (Fig. 1A)
s similar to the one proposed by Stroock et al. [14]. The chan-
el is divided in cycles, each one consisting of twelve asymmetric
rooves. The position of the asymmetry changes every half cycle.
n Fig. 1B a schematic of a symmetric herringbone structure is pre-
ented. The grooves in both structures are placed at an angle � = 45◦

ith respect to the channel width. The groove depth is 0.17 mm, the
roove width is 0.7 mm and the ridge width is 0.3 mm (measured
long the axial direction). In addition to the herringbone floor chan-
els, an unstructured rectangular channel is also considered. The
idths of the channels are 2 mm for all cases and their heights are

.84, 0.71 and 0.81 mm for the rectangular, symmetrical and stag-
ered herringbone channels respectively. All the above dimensions
orrespond to experimentally determined values of microchannels
sed in the experiments and are summarised in Table 1. Due to
he repeating cycles, the velocity field is assumed to be periodic

nd hence the velocity field in one cycle can be obtained and used
epeatedly for successive cycles. The fluid properties of water were
sed for all simulations with density � = 1000 kg/m3 and viscosity
= 0.001 Pa·s.

able 1
imensions of microchannel geometries studied and fluid properties.

Rectangular channel S

hannel width, w 2 mm 2
hannel height, h 0.84 mm (±) 2% 0
ength per cycle 1.516 mm 1
umber of grooves per cycle – 1
roove width, gw – 0
idge width, rw – 0
roove depth, gd – 0
roove Asymmetry – 2
roove angle, � – 4

luid Properties
Density 1000 kg/m3

Viscosity 0.001 Pa·s
ring Journal 160 (2010) 834–844

The residence time distribution E(t), can be calculated by solving
the velocity field for the particular geometry and tracking the posi-
tions of massless particles convected by the flow. It has been shown
by Levenspiel and Turner [30] that to obtain the correct RTD when
the velocity profile after the injection and measurement point is
not flat (for example in laminar flow) the number of particles intro-
duced must be proportional to the velocity at each radial injection
position and the measurement must be the mixing cup reading.
For this reason 4400 particles are distributed proportionally to the
axial velocity at the channel inlet. The locations of the particles are
computed by integrating the equation of motion:

d−→x
dt

= v(−→x ) (1)

The Navier–Stokes and the continuity equation for the conserva-
tion of mass, are solved simultaneously with COMSOL Multiphysics
3.3 for a full cycle (see Fig. 1). No-slip boundary conditions are
applied to all walls and periodic boundary conditions were consid-
ered at the inlet and outlet. This allows using the simulated velocity
field for one cycle, over many successive cycles if entrance effects
are neglected. The volumetric flowrate is calculated by integrating
the velocity profile which is obtained after specifying a pressure
drop across the cycle and setting the outlet pressure equal to the
inlet pressure minus the specified pressure drop. 34,582 of tetra-
hedral mesh elements were used in the model and the simulations
were run on Windows XP with Pentium IV 3.00 GHz CPU and 2 GB of
RAM. At this number of elements the solution was found to be mesh
independent. The solution is exported to MATLAB where a particle
tracking algorithm obtains the velocity at the position of the parti-
cle by interpolation and gets its new position by solving Eq. (1) for
a fixed time step. A time step corresponding to an average distance
travelled 
x = 0.17h was found to be sufficient, as smaller time
steps did not change the RTD results. The positions of the particles
and their time of arrival at a particular location are recorded and the
procedure is repeated over a specified number of steps. This code
is set so that the velocity field obtained for the first cycle could
be used over many cycles. A standard fourth order Runge–Kutta
method with fixed time steps was used to get the solution of (1).

The particle tracking algorithm described by Eq. (1) may be
modified so that the particles have a convective transport and a
random diffusion step. This approach has been used to approximate
diffusion [31,32]. Therefore Eq. (1) is modified and the particle tra-
jectories are calculated with the following stochastic differential
equation [33]:

d−→x = v
(−→x

)
dt +

√
2Ddt� (2)
where D is the diffusion coefficient and � is a random number with
zero mean and unit variance. If a particle leaves one of the bound-
aries of the channel, it is reflected back to its previous position. In
this way the total number of particles is conserved. Eq. (2) approxi-

taggered heringbone channel Symmetrical herringbone channel

mm 2 mm
.81 mm (±) 7% 0.71 mm (±) 7%
.516 mm 1.516 mm
2 12
.7 mm (±) 2% 0.7 mm (±) 2%
.3 mm (±) 2% 0.3 mm (±) 2%
.17 mm (±) 25% 0.17 mm (±) 16%
/3 2/3
5◦ 45◦
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ig. 2. Dimensionless RTD of particle tracking methods and analytical solutions for a
odel vs. particle tracking with random walk simulation.

ates the solution to the convection–diffusion equation as the time
tep approaches zero. Due to the stochastic nature of the calcula-
ions an average of three runs is considered for all particle tracking
imulations yielding an error on the calculated mean residence time
f ±1.2%. Once the number of particles arriving at the channel exit,
i, as a function of time interval, �ti = ti+1 − ti, is obtained the RTD
an be calculated from:

(ti) = Ni∑n
i=1Ni�ti

(3)

here n is the total number of time intervals. The RTD in dimen-
ionless form is obtained from:

(�) = tmE(ti) (4)

here tm is the mean residence time.
Fig. 2 shows a comparison of both particle tracking methods

i.e. with or without random walk diffusion) with available ana-
ytical solutions for a 100 �m diameter cylindrical channel with
o diffusion (convective regime) [7] and with a diffusion constant
f D = 5 × 10−9 m2/s for Pe = 30 [5]. Measurements are made at a
imensionless length of L/d = 45. The agreement of both meth-

ds with the analytical solutions is satisfactory. Particle tracking
ith random walk diffusion is used for all subsequent calculations,

ecause it can incorporate the effect of mass transfer by diffusion in
he RTD, while the standard particle tracking method is only valid
n the limit of no diffusion or Pe ∼ ∞.
drical channel. (a) Convection model vs. particle tracking simulation. (b) Dispersion

2.2. Analytical method

Analytical expressions for the RTD for ideal reactors (CSTR,
convective model, plug flow) are available in the literature. A com-
prehensive review of the flow system models for chemical reactors
is given by Wen and Fan [34]. The axial dispersion model is com-
monly used to describe the behaviour in tubular reactors that
deviate from plug flow and is characterised by a dispersion mech-
anism acting on the axial direction. The governing equation of this
model is:

∂C

∂t
= Dax

∂2C

∂y2
− Um

∂C

∂y
(5)

Taylor [3] and Aris [4] provided analytical expressions for the
determination of the axial dispersion coefficient in cylindrical
tubes. Ananthakrishnan et al. [35] and Levenspiel [7] provide useful
charts for the limits of application of each expression. The axial dis-
persion model is not suitable for RTDs exhibiting long tails. In this
case the axial dispersion model exchanging mass with a stagnant
volume (ADEM) is more appropriate [36–39]. It is expressed by the
following system of differential equations:

Dax
∂2C

∂y2
− Um

∂C

∂y
= f

∂C

∂t
+ (1 − f )

∂C∗

∂t
(6)

(1 − f )
∂C∗

= K(C − C∗) (7)

∂t

where f is the fraction of the volume subject to plug flow with axial
dispersion, C* is the concentration in the stagnant zone and K is
the mass transfer coefficient between the flowing volume and the
stagnant zone. Estimating the model parameters by fitting the mea-
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ured response signal Cout(t) with the one calculated in the time
omain Ccalc(t) is shown to give the most accurate results [40,41].

Applying the Laplace transform to Eqs. (6) and (7), the transfer
unction subject to open–open boundary conditions is [36]:

(s) = 2ˇ1/2 exp[1/2(PeL − ˇ1/2)]
(PeL + ˇ1/2) − (PeL − ˇ1/2) exp(−ˇ1/2)

(8a)

here:

= Pe2
L + 4s	PeLtm (8b)

= f + G(1 − f )
tms(1 − f ) + G

(8c)

= KL

Um
(8d)

eL = UmL

Dax
(8e)

By using the definition of the transfer function F(s)=Ccalc(s)/Cin(s)
n the Fourier domain, which corresponds to the residence time
istribution, E(t), in the time domain, the calculated output signal

n the time domain is obtained from an inverse Fourier transform:

calc(t) = F−1[F(E(t)) · F(Cin(t))] (9)

The continuous Fourier transform and its inverse are approx-
mated by a fast Fourier transform using the Cooley–Tukey
lgorithm in Matlab. The model has three parameters: f, G and
eL which are obtained by minimising the root mean square error
RMSE) shown in Eq. (10)

MSE =
[∫ 2T

0
(Cout − Ccalc)2dt∫ 2T

0
(Cout)

2dt

]1/2

(10)

here 2T is the time at which the tail of the distribution vanishes.

he criterion for convergence is when the root mean square error
RMSE) is less than 0.1 [42]. The optimisation was done in Matlab
sing the fminunc function which uses the BFGS method.

Fig. 3. Picture of the experimental set up used for RTD studies.
ring Journal 160 (2010) 834–844

3. Experimental details

3.1. Set-up description

The channels were fabricated on a plate of PMMA (Polymethyl-
methacrylate) (RS-components), 8 cm × 8 cm × 3 mm by engraving
(Roland EGX-400). The engraved PMMA plates were cleaned in an
ultrasonic bath for 20 min using Decon 90 and dried with an air
gun. To produce closed channels the plates were clamped, along
with a top PMMA plate with feed-through holes, in a stainless steel
jig and placed in an oven (Lenton WF30) for 10 min at 110 ◦C (close
to the PMMA softening temperature) for bonding. The chips were
allowed to cool slowly overnight and were ready to use the next day.
The dimensions of the channels were measured with a profilometer
(Veeco, Dektak 8) and are given in Table 1. An HPLC pump (Waters
510) was used for feeding deionized water to the chip (flowrates 0.5
and 1 ml/min). The tracer pulse (Parker Blue dye) was introduced
by a 6-port sample injection valve (Rheodyne 7725(i)) equipped
with 5 �l sample loop and an internal position signal switch that
indicates the time of injection. The piping among all components
was Teflon 0.254 mm ID. The hydraulic residence time in the tubing
connecting the valve to the inlet of the chip was 1.5 and 7.6 s for
flowrates of 0.5 and 0.1 ml/min respectively. Tracer detection was
performed by light absorption. Illumination was provided by two
square LEDs (Kingbright L-1553IDT). To make sure that only light
going through the desired channel area was collected, black tape
was used to mask the neighbouring areas. To seal the system from
ambient light it was placed in a dark box. The detection system
was based on a linear diode array detector (TSL, 1401R-LF) which
had 128 diodes each of dimensions 63.5 �m by 55.5 �m. This was
driven using the manufacturer’s recommended circuit. A scan of
all diodes would take 1.28 ms and the interval between succes-
sive scans was 5.12 ms. Data from the sensor was collected using
a National instruments PCI-6010 data acquisition card before being
analysed and displayed on a computer using a program written in
Labview. Every 100 ms the computer would average the previous
two scans, calculate the absorbance for each diode and display the
result. The absorbance of the tracer dye was found to be in accor-
dance with the Beer–Lambert law. A digital signal from the injection
valve was also acquired to allow the absorbance data time to be ref-
erenced to the time of injection. In order to obtain the true RTD of
the system, the mixing cup concentration must be measured (flux-
averaged concentration). However, through the wall measurements
are usually the norm in experimental set-ups such as in this work.
Levenspiel et al. [43] and Levenspiel and Turner [30] have shown
that, when there is a spread in longitudinal velocity (such as in
laminar flow), through the wall measurements will lead to distri-
butions skewed towards the slower moving molecules. A correction
for through the wall measurements was suggested [43] that is valid
when interaction between streamlines is negligible. A picture of the
experimental set up is shown in Fig. 3.

The diffusion coefficient of the dye in water was obtained experi-
mentally in a rectangular channel 21 cm × 2 mm × 0.85 mm, by first
calculating the vessel dispersion number (Dax/UmL) by the follow-
ing equation [5]:

Dax

UmL
= 1

8

(√
8�2 + 1 − 1

)
(11)

where �2 is the variance of the distribution obtained experimen-
tally and L is the length of the region of study. The relationship

between diffusivity and axial dispersion coefficient for a rectangu-
lar channel with arbitrary aspect ratio is [6]

Dax = D + h2U2
m

210D
g (12)
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here g is a number depending on the aspect ratio of the chan-
el and is approximately 3.8 for the conditions presented here
h/w = 0.425

)
.

.2. Data analysis

The mean residence time can be calculated from the intensity
ata according to:

m =
∑n

i=1tiI(ti)�ti∑n
i=1I(ti)�ti

(13)

here I(ti) is the intensity of light measured by the detector at each
ecorded time, �ti is defined as ti+1 − ti and is constant throughout
he experiment. The variance may be calculated as follows:

2 =
∑n

i=1(ti − tm)2I(ti)�t∑n
i=1I(ti)�t

(14)

hich in dimensionless form is:

2
� = �2

t2
m

(15)

The intensity measured at both the outlet and inlet is normalised
o yield a normalised concentration:

ˆ (ti) = I(ti)∑n
i=1I(ti)
t

(16)

The input signal to the region of interest is not a perfect Dirac-
elta impulse since the injected plug is dispersed by the capillary
ube from the injection point to the inlet of the channel. The output
oncentration is then related to the input concentration and the
TD by the convolution integral [44].

out(t) =
t∫
0

Cin(t − t′)E(t′)dt′ (17)
The convolution integral corresponds to multiplication in the
requency domain, therefore:

(Cout(t)) = F(Cin(t)) · F(E(t)) (18)

ig. 4. Comparison of the RTD for the staggered herringbone channel obtained from
he particle tracking method with random walk diffusion and the model of axial
ispersion exchanging mass with a stagnant zone (ADEM) for cycles 5th, 15th and
5th (7.6, 22 and 38 cm). The parameters of the model were calculated using particle
racking results for the 15th cycle. Channel dimensions are shown in Table 1, Pe ∼ 104.
ring Journal 160 (2010) 834–844 839

The RTD is obtained by taking the inverse Fourier transform of
Eq. (18).

Etw(t) = F−1
(F(Cout(t))

F(Cin(t))

)
(19)

where Etw(t) is the age distribution curve of the region of inter-
est obtained from experimental data measured through the wall.
The Fourier transform and its inverse were approximated by a fast
Fourier transform as described earlier. Deconvolution is very sensi-
tive to noise, therefore signal filters and curve smoothing were used
[45]. The parameters of the filter and the curve smoothing were
chosen so that the convolution of Cin with Etw(t) resulted in Cout.
In addition it was checked that neither the mean residence time
nor the variance changed as a result of this procedure as suggested
by Mills and Dudukovic [46]. The number of experimental points
taken for Cout and Cin were always more than 2000 (�t = 0.1 s) to
avoid aliasing. In dimensionless form, the time and the RTD are:

�i = ti

tm
(20)

Etw(�i) = tmEtw(ti) (21)

Since the RTD obtained was measured through the wall and
transverse concentration profiles due to laminar flow are expected,
a correction must be made in order to obtain the correct RTD.
According to Levenspiel et al. [43] if both the inlet and outlet are
measured through the wall the correct RTD may be obtained from:

E(�i) = Etw(�i)

�2
i

(22)

The results without this correction yield measurements which
are skewed towards the right, resulting to higher average residence
time and variance.

4. Results and discussion

4.1. RTD from particle tracking and hydrodynamic model

Fig. 4 shows the E(t) curve obtained with the particle track-
ing method with random walk diffusion described in Section 2 for
a channel with staggered herringbone structures (see Table 1 for
dimensions) for Re = 0.013 and Pe ∼ 104 at a distance of 7, 22 and
36 cm (5th,15th and 25th cycles) from the channel entrance. It can
be seen that the particles experience a high peak followed by a
long tail which is due to particles trapped in the grooves that take
longer time to get out of the system. Tracking the particles for a long
time might be computational expensive. For this reason, a suitable
hydrodynamic model would help predict the RTD for longer times.
Hence, the RTD at the 15th cycle is fitted to the ADEM model as
described in Section 2.2. The values of the model parameters were
calculated to be: PeL = 597.7, G = 1.58 and f = 0.85 with a mean resi-
dence time tm = 31.76 s calculated with Eq. (13) replacing I(ti) with
Ni. It is worth noting that the hydraulic residence time t′m = V/v0 is
37.2 s. This gives a ratio of tm/t′m of 0.85 which is consistent with the
work of Aubin et al. [20] who found that for wide grooves (75 �m)
the ratio of the calculated residence time from particle tracking to
the hydraulic residence time was 0.85. Furthermore, the volume
fraction of the stagnant zone in the ADEM model (1 − f) = 0.15 is
close to the volume fraction of the channel occupied by the grooves
which is 0.13. From these PeL and G the original model parame-
ters (see Eqs. (6) and (7)) are found to be: Dax = 2.29 × 10−8 m2/s,
K = 0.052 s−1. Using these parameters, the RTD at different lengths

(5th and 25th cycles) are calculated and are shown in Fig. 4. The
agreement of the RTD prediction by the model at the 5th and 25th
cycle is satisfactory.

In Figs. 5 and 6, RTDs obtained via particle tracking for a rect-
angular channel and a microchannel with staggered herringbone
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Table 2
Reactant conversion for a first order reaction (k = 0.1 s−1) in a staggered herringbone
and a rectangular channel. The grooves of the staggered herringbone channel are
500 �m wide and 310 �m deep. A constant aspect ratio h/w = 0.425 is considered
for all channels. Conversions were obtained from Eq. (23) with the RTD obtained
from particle tracking at a distance of 15 cycles and a mean residence time of 12.3 s.
Fluid properties were density � = 1200 kg/m3 viscosity � = 0.067 Pa·s.

Conversion Pe = Umd/D �P (Pa)
ig. 5. Residence time distribution in the rectangular channel from particle tracking
ith random walk diffusion at 2 cm (�) and 6.2 cm ( ). The dimensions of the

hannel are w = 200 �m, h = 85 �m. Pe ∼ 104.

tructures for Pe ∼ 104 are shown. The microchannels are 200 �m
ide and 85 �m deep for both the rectangular and the herringbone
icrochannels; the grooves are 50 �m wide and 31 �m deep. These

imensions are similar to those of Stroock et al. [14]. The disper-
ion experienced by the rectangular microchannel is higher than in
he patterned microchannel as shown by the calculated variances.
ote that variances are calculated by Eq. (14), where I(ti) is replaced
y Ni. For the rectangular microchannel the calculated variances
ere 70.8 and 127.2 s2, for 2 and 6.2 cm long microchannels respec-

ively, while for the microchannel with staggered herringbones
ere 18.9 and 52.6 s2. The RTD for the rectangular microchannel

s characterised by an early peak after 6 and 18 s at 2 and 6.2 cm
icrochannel lengths respectively, followed by a long tail (typi-

al of a pure convection model with no diffusion). The hydraulic
esidence time for these two positions is 11.27 and 33.0 s respec-
ively. On the other hand, for the microchannel with staggered
erringbones, the peaks are located at 10 and 30 s for the same
icrochannel positions (2 and 6.2 cm). The hydraulic residence

ime for these two positions is 12.2 and 35.5 s respectively. These

esults show that the microchannel with staggered herringbones is
ble to reduce dispersion; the time where the peaks are obtained
re closer to the hydraulic residence time. The results are in qualita-
ive agreement with the experimental observations of Stroock et al.
14].

ig. 6. Residence time distribution in the staggered herringbone channel from
article tracking with random walk diffusion at 2 cm (�) and 6.2 cm ( ). The dimen-
ions of the channel are w = 200 �m, h = 85 �m, gw = 50 �m, gd = 31 �m, rw = 50 �m.
e ∼ 104.
Plug flow 70.8% 40,000 –
Staggered herringbone channel 2 mm wide 68.8% 40,000 6,300
Rectangular 2 mm wide 64.8% 40,000 6,700
Rectangular 450 �m wide 68.6% 9,000 29,500

If we would like to have a similar RTD in the rectangular
microchannel as in the staggered herringbone one, we would have
to decrease the size of the unstructured channel. One way of esti-
mating the dimensions of a rectangular microchannel that behaves
similar to a microchannel with herringbone structures would be
to obtain an axial dispersion coefficient from the variance of the
staggered herringbone microchannel distribution as shown in Eq.
(11). Then, if the diffusion coefficient is known, the characteristic
dimensions of a rectangular microchannel can be obtained for any
aspect ratio with Eq. (12). This analysis showed that, keeping the
aspect ratio constant

(
h/w = 0.425

)
, the dimensions of a rectan-

gular microchannel, that has a similar variance as a 2 mm wide
staggered herringbone microchannel, would be 450 �m. One would
expect that this procedure is not accurate enough since the RTD
of the microchannels cannot be correctly characterised by a sim-
ple axial dispersion model. However, we found that although the
shape of the RTDs for the staggered herringbone and the rectangular
microchannel was different, the conversion for first order chemical
reaction was the same. Since the conversion for a first order chem-
ical reaction is uniquely determined by the reaction constant and
the RTD in the reactor, it provides a basis for comparing different
RTDs. The mean conversion for a first order chemical reaction of the
type A

k−→B is given by:

x̄ = 1 −
∫ ∞

0

e−ktE(t)dt (23)

Table 2 shows the conversions and pressure drop for a rectan-
gular microchannel with and without herringbone structures for
a reaction constant k = 0.1 s−1. The results show that a rectangular
channel with 2 mm width has a conversion of 64.8% and a �P of
6700 Pa after 22 cm for Pe ∼ 104 while the staggered herringbone
channel achieved 68.8% with a �P of 6300 Pa for the same condi-
tions. If the width of the rectangular microchannel is decreased to
450 �m, a conversion of 68.6% is achieved but with a pressure drop
of �P = 29,500. For comparison, a Kenics mixer with a diameter of
1.2 mm (the hydraulic diameter of the rectangular channels con-
sidered was 1.2 mm) and the same conditions considered for the
rectangular channels would give a pressure drop of �P = 36,343 Pa
[47].

4.1.1. Effect of Pe
Although the herringbone structures prove to be an efficient

way to narrow the RTD at high Peclet numbers, for smaller Peclet
numbers where mass transfer by diffusion plays a more important
role, channels with and without herringbones have a similar RTD
as shown in Fig. 7 for Pe ∼ 102 (Pe was changed by changing the
diffusion constant). In this case, radial mass transfer by diffusion is
substantial and there is no need to have the herringbone structures

to narrow the RTD. Furthermore, for the staggered herringbone
channel, at high Pe, as the Peclet number increases the RTD remains
unchanged as shown in Fig. 8. This result has been pointed out
recently by Vikhansky [48] who showed that for a chaotic flow the
RTD is practically independent of Pe. Such behaviour opens the pos-
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Table 3
Influence of groove geometrical parameters (angle, depth and width) on the vari-
ance of the RTD. Parameters which are not specified have base case values: � = 45◦ ,
dg = 31 �m, wg = 50 �m, h = 85 �m and w = 200 �m. For all cases groove + ridge
width was 100 �m, number of grooves = 12 and cycle length = 1.516 mm.

Influence of groove angle �2
�

= 0.0654 �2
�

= 0.0206 �2
�

= 0.0194
� = 30◦ � = 45◦ � = 60◦

Influence of groove depth �2
�

= 0.0852 �2
�

= 0.0206 �2
�

= 0.0194
ig. 7. Dimensionless RTD for a rectangular microchannel and the staggered her-
ingbone microchannel from a particle tracking method with random walk diffusion.
he dimensions of the channel are w = 200 �m, h = 85 �m for both channels and the
roove parameters are: gw = 50 �m, gd = 31 �m, rw = 50 �m. Pe ∼ 102.

ibility of increasing the velocity or the hydraulic diameter of the
hannels (increase Pe) without compromising its performance in
erms of residence time distribution.

.1.2. Influence of geometrical parameters of grooves
A sensitivity analysis of the influence of the groove’s geomet-

ical parameters on the residence time distribution was carried
ut. The dimensionless variances for all cases were estimated from
n average of three simulations (with an error of less than 8%)
nd compared to the reference case with 45◦ groove angle, 31 �m
epth and 50 �m width at a length of 2.3 cm (15 cycles) and are
hown in Table 3. At the angles of 30◦ and 60◦ the variances of
he RTD are 0.0654 and 0.0194 respectively, compared to 0.0206
f the reference case. It seems that there is an optimum groove
ngle to maximise transverse fluid movement. In fact, for mixing
hich also is influenced by the transverse movement of fluids, a

roove angle of 53◦ has been found to be optimal [24]. The analysis
n the groove depth shows that the RTD exhibits a higher vari-
nce at low depth (15 �m) (�2 = 0.0852) compared to the reference
�

ase (�2
�

= 0.0206); at higher depths the variance remains nearly
onstant �2

�
= 0.0199 and �2

�
= 0.0194 for 43 and 60 �m depths

espectively. This indicates that increasing the groove depth nar-
ows the RTD, however there is a critical groove depth beyond

ig. 8. Residence time distribution from particle tracking with random walk for a
hannel with staggered herringbone structures for Pe ∼ 104 and Pe ∼ 105. Channel
imensions w = 2 mm, h = 0.71 mm, groove width is 0.7 mm and depth is 0.18 mm.
gd = 15 �m gd = 31 �m gd = 60 �m

Influence of groove width �2
�

= 0.1113 �2
�

= 0.0206 �2
�

= 0.0517
gw = 30 �m gw = 50 �m gw = 70 �m

which the RTD is no longer improved. The results by Aubin et al.
[20] also show that increasing the groove depth does not affect the
RTD significantly. The groove width has a significant impact on the
RTD. Both for wider and narrower grooves the distribution is wors-
ened with respect to the reference case. Narrow grooves (15 �m
wide) give the highest variance for all cases studied (�2

� = 0.1113)
because they are unable to stir the fluid and force it to sample
the whole cross-section. On the other hand, wide grooves stir the
fluid efficiently as has been shown by Aubin et al. [20] and Lynn
and Dandy [49]. However, although mixing is improved as the
groove width is increased, the RTD is worse (�2

�
= 0.0517) with

respect to the reference case, because of the increased volume of
the grooves which could potentially increase dispersion by allow-
ing a greater percentage of fluid to remain in the system for longer
times. Results by Aubin et al. [20] also showed that narrow grooves
have a detrimental effect on the RTD. However, they found that for
wide grooves the RTD was improved. Reasons for this discrepancy
maybe because in our work mass transfer by diffusion was consid-
ered and the particles are able to leave the low velocity zones by
diffusion.

4.2. RTD from experiments and particle tracking model

Residence time distributions have been obtained experimen-
tally for a rectangular channel and channels with symmetric and
staggered herringbone structures at a length of 22 cm with blue
dye (Parker Quink) as a tracer. Fig. 9 shows the normalised tracer
inlet and outlet signal, Ĉin(t), Ĉout(t) at Pe ∼ 104, for three separate
experiments, which were very similar (measured mean residence
times where within 1.1%), indicating good reproducibility. Since the

injected plug is not a perfect pulse, the RTD needs to be obtained
by deconvolution as discussed earlier. This procedure is accompa-
nied by an increase in noise for this reason signal filters and curve
smoothing were applied. The convolution of the RTD and the inlet

Fig. 9. Normalised tracer concentration at the inlet and outlet for the staggered
herringbone channel at 22 cm for three separate experiments. Pe ∼ 104.
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ig. 10. Dimensionless experimental residence time distributions for a rectangu-
ar channel and channels with symmetric and staggered herringbone structures
or Pe ∼ 104. The dimensions of the channels are listed in Table 1. The distance of

easurement from injection location is 22 cm.

racer signal reproduced exactly the outlet signal. RTDs for the three
xperimental devices are shown in Fig. 10. It is evident from this fig-

re that the RTD for the rectangular channel is consistent with the
symmetry of the convective model characterised by an early peak
t ca. half the mean residence time followed by a long tail. Fur-
hermore the RTD of the channel with the staggered herringbone
tructures and the one with the symmetric ones is similar which is

ig. 11. Comparison of the dimensionless residence time distributions obtained from ex
a) a rectangular channel, (b) staggered herringbone channel and (c) symmetric herringb

easurement from injection is 22 cm. For all cases Pe ∼ 104.
Fig. 12. Dimensionless experimental residence time distributions for a rectangu-
lar channel and a channel with symmetric and staggered herringbone structures
for Pe ∼ 103. The dimensions of the channels are listed in Table 1. The distance of
measurement from injection location is 22 cm.

consistent with the results obtained by Stroock and McGraw [27].
The dimensionless variance, �2

�
, for the staggered and symmet-

ric herringbone channels are 0.050 and 0.064 respectively much

smaller than that of the rectangular channel (0.229). Although it
has been shown that the symmetrical herringbone is a poor mixer
[27], in terms of RTD it does a good job by achieving flow inversion
through bringing material from the low to the high velocity zones
and vice versa. Fig. 11 shows a comparison between the experimen-

periments and from the particle tracking with random walk diffusion method for
one channel. The dimensions of the channels are listed in Table 1. The distance of
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al results and the particle tracking with random walk diffusion. For
ll the channels considered the agreement was good. As was shown
n Section 4.1.1 for particle tracking, as the Pe number decreases,

ass transfer by diffusion plays an important role and the impact
f using herringbone structures to narrow the RTD is reduced. In
ig. 12, experimental RTDs for the three channel types are shown
or a lower Pe ∼ 103, obtained by decreasing liquid flowrate. The
hannels with herringbone structures still have a narrower RTD and
ower variance (0.029, 0.033) than a rectangular channel (0.070),
ut the difference is not as great as in the case for Pe ∼ 104 (compare
ith Fig. 10.).

. Conclusions

Residence time distributions were obtained numerically via
article tracking with random walk diffusion and experimentally

or a rectangular channel and the results were compared with a
ectangular channel of the same dimensions with staggered and
ymmetric herringbone structures. Comparisons between RTDs
btained from simulations and experiments were in good agree-
ent. Both simulations and experiments show that at high Peclet

Pe) numbers, channels with herringbone structures have a nar-
ower RTD than a rectangular channel. However, this difference is
educed as Pe decreases. Simulations also showed that at high Pe the
TD for the herringbone channels remains unaffected. This result
pens the possibility of increasing the dimensions of the channel
ithout compromising its performance in terms of narrow RTD.

he RTD for the channels with herringbone structures can be fitted
o an axial dispersion exchanging mass with a stagnant zone model
ADEM). This was shown to be helpful to describe RTDs at long
engths. An analysis of the effect of the groove geometrical parame-
ers on the variance of the RTD showed that a groove angle of � = 45◦,
epth of gd = 31 �m and width gw = 50 �m is close to the optimum.
y calculating the conversion for a first order chemical reaction, it
as shown that the dimensions of the channel with herringbones

an be significantly increased relative to a plain rectangular channel
ithout affecting its performance.
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