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We discuss the possibility of designing a pressure-driven single-phase microreactor
with characteristics similar to that in an ideal plug-flow reactor. We consider equa-
tions for the moments of the residence time distribution and investigate the behavior of
the solution in long spatially-periodic channels. If the microreactor consists of a large
number of folding flow elements, the chaotic advection plays a double role: it mixes
the chemical species and suppresses the axial dispersion. It is shown using analytical
estimates and numerical modeling that chemical reactions have different sensitivity to
the axial dispersion and for some reactions the effect of dispersion can be successfully
eliminated. © 2009 American Institute of Chemical Engineers AIChE J, 56: 1988-1994, 2010
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Introduction

As a viscous liquid is driven through a microfluidic device
by pressure difference, some of the liquid spends more time
in the device than others as a result of the nonslip condition
at the bounding walls. This phenomenon which is known
as Taylor dispersion'™ or the residence time distribution
(RTD)*° significantly limits the effectiveness of microfluidic
devices.*” It has been realised recently that chaotic advec-
tion introduced by mixing elements provides a partial
solution to the problem.g_m Recent progress in the microflui-
dic technology has turned the research’s attention to the
RTD in the microdevices, usually operated under laminar
regimes.“’15

Although some dispersion is unavoidable, it can be signifi-
cantly suppressed by proper design of the mixer element and
its effect on the outcome of chemical reactions occurring in
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the flow can be effectively controlled. In Section 2, we dis-
cuss the Taylor dispersion in a microdevice consisting of se-
ries of identical elements. The equations of the moments of
the RTD are obtained and the structure of the solution of
these equations in spatially-periodic channels is considered.
Section 3 describes the effect of the dispersion on the out-
come of chemical reactions and formulates general require-
ments for the number of elements and the pressure drop.

Dispersion in spatially-periodic channels

Consider the steady flow of a viscous incompressible lig-
uid through a channel with space-periodic geometry. The ve-
locity and pressure fields are determined by the Navier-
Stokes equations:

pii -Vii = —Vp+uV*i and V-i=0 %)

where # is the velocity, p is the fluid density, p is the dynamic
viscosity and p is the pressure.
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The flow carries m species, which undergo n chemical
reactions. The advection-diffusion-reaction equations are:

i VC; — DV2C; = Z”

i1 Vi¥i(C); (2)
where C; is the concentration of species i(i = 1,m), D is the
coefficient of molecular diffusivity, v; is a stoichiometric
coefficient (with appropriate sign) for the ith component in the
Jjth reaction and Y; is reaction rate (in mole/m>s) of the jth
reaction. The walls are impermeable for the species, i.e., the
normal derivative of the concentration at the walls 0,,C; is zero.
Even if the mixer is operated in the Stokes regime and the LHS
in Eq. 1 can be neglected, the convection term in Eq. 2 is not
negligible since the Schmidt number, Sc = p/(pD), is typically
of order 10°.

We are mainly interested in systems with low diffusivity
and high Péclet number, Pe = dU/D, where d is channel’s
width and U is characteristic velocity of the fluid. It is
known that a low diffusivity impairs the performance of a
reactor in two ways: it leads to poor and slow mixing and
widens the distribution of residence times.' Chaotic advec-
tion offers a solution for both of this difﬁculties,g*m’]3718
and our task is to investigate whether this approach can be
effective in practice. Although the results presented below
hold for any chaotic micromixer with spatially periodic
geometry, we will look quantitatively at particular element
geometry: a folding flow micromixer operated under Stokes
conditions.'> The schematic view of the mixer is presented
in Figure 1. Two elements are shown, each serving to split
the flow and then recombine it such that (approximately) the
interface area between two initially segregated streams is
doubled and the striation thickness is halved. So, a single
step achieves an approximation of the baker’s transforma-
tion.'>'®

The volume and length of each element of the channel are
Vo and [y, respectively. The mean residence time of the lig-
uid inside the element and the mean velocity can be defined
as follows:

79 = Vo/Qo

where Qg is the volume flow rate. If the channel consists of N
elements and has total length L = NI, the mean residence time
of the liquid in the channel is as follows:

and U = l()/‘[(),

TR :N‘C() :L/U

As the flow field is nonuniform, some liquid parcels spend
more and some less than the mean time in the mixer. This
phenomenon results in what is known as axial (or Taylor)
dispersion.'™ The concentration of a passive scalar at the
inlet of the mixer affects the concentration at the outlet
through the RTD as follows:

Coult,L) = /0 Y E(©)Car(t — 7,0)dr. 3)

This formula constitutes the mathematical definition of the
RTD E().*?
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Figure 1. Schematic view of two periodic elements of
the mixer: dimensions and the coordinate
axis.

There are two numerical methods which allow investiga-
tion of axial dispersion: the Monte Carlo (MC) particle
tracking method and the method based on solution of auxil-
iary equations.g’19 Using the particle tracking method, we
are tracking a massless particle, which is advected by the
flow and undergoes Brownian motion, i.e., we solve the
following stochastic differential equation for a particle posi-
tion X

d% = iidt + \2DdW 4)

where dW is an increment of a Wiener process with unit
dispersion, and register the time spent by the tracer in the
channel element.

The second method is more involved. Consider the ages
of different particles: when a particle enters the channel its
age s is 0 and then increases as s = /. Denote the probability
that a particle at point ¥ has age between s and s + ds as
P(x;s)ds. Obviously, RTD E(s) can be expressed as flux-
averaged P(x;s) over the outlet A

E(s) = / P&, 5)it,dA / / UndA. )
A A

As a particle undergoes advection and diffusion in the
three-dimensional physical space as well as advection with
unit velocity along the s-axis, the equation for the probabil-
ity density function (PDF) P(X;s) reads:

ii - VP —DV?P = —0P/0s, (6)

The boundary conditions are the same as in Eq. 2.
We introduce the following transformation of the varia-
bles:

z 40 g 0 o 0 10 o
5§ = — —_—= —_— =
U 7 0s 000 0z 0z U
Substitution of Eq. 7 into Eq. 6 yields:
Published on behalf of the AIChE DOI 10.1002/aic 1989



2 2
i vp—pvip — —wk D[laP 181, 8)

00 T |Uozo0 U2 90*
where

U—u,
U

w= ©))
is the deviation of the axial velocity from its mean value U.
Multiplying Eq. 8 by 6" and integrating one can obtain the
following equations for the moments of the PDF:

- 100,y (m—1)
2 m—1
u-V0, —DV0, =mwl,_+mD U o + 7z

9m72 )
(10)

where 0,, = fO’”PdO and 0,, is O for negative m. It is known®
that the second term in the source term of Eq. 10 provides only
O(Pe?) contribution to the Taylor dispersion coefficient. As
we are interested in systems with low diffusivity, the second
term in the source term of Eq. 10 can be neglected. Our
numerical data justifies this assumption. Starting from the
obvious result 0, = 1, these equations can be, in principle,
solved for higher moments giving the complete solution of the
problem. Although the chaotic nature of the flowfield makes
this problem almost as difficult as the solution of Eq. 2, some
conclusions can be reached about the structure of the solution
of Eq. 10 without solving it.

We denote the averaging over one element of the mixer
as

1
@ =5/ v,

Consider the equation for the first moment:

i V0, —DV?0, =w, (11)

Equation 9 implies that the source term of Eq. 11 aver-
aged over an element of the mixer is equal to zero. This
means that there exists a periodic solution along the z-axis
such that (0;) = 0, i.e., a pulse of the solute introduced at
the inlet propagates downstream with velocity U.

To proceed further we need to consider the following
problem:

i-Vo—DVip=Ff, (12)

where (f) = 0 and the flux of ¢ across the walls of the mixer
is 0. If we denote a solution of the above problem such that
(o) = 0as Y(f), the solution of Eq. 11 reads: 0; = Y(w). As we
have seen, the mean value of the RHS of Eq. 11 is 0, therefore,
0, is periodic along the z-axis. If we substitute 0; into the
equations for the second moment, the RHS of the correspond-
ing equation is not zero and there is no periodic solution for 0,.
Therefore, 0, must be split into two parts: 0, = 05 + oz,
where (0',) = 0 is a periodic part and f3, is the mean gradient
of the second moment along the channel. Equation for ¢’
reads:

i - V0, — DV*0, = —u.p, + 2wl (13)
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To satisfy the solvability condition for Eq. 13, we require
that the mean value of the RHS is zero. Therefore:

Py =2(wby)/U. (14)

Solution for ', reads

0y = Y(—up, +2w0,). (15)

Acting in the same manner, i.e., splitting the solution of
Eq. 10 into the z-periodic and z-varying parts and applying
Eq. 14, we can make some useful qualitative conclusions
about the behavior of the higher moments of the RTD. The
solution for the third moment reads:

03 = 3ﬁ2291 + ﬁ3z + 6;,7 (16)

where
By = 3/U(wb, — Bou.0:), an
0y = Y (3w0y — yu. — 3p,ub;). (18)

The fourth moment is given by the following formulas:

Os = 3(Byz)*+ B4z + 20, + 0], (19
0, = Y (128,00, + 4f3w — 652u.) (20
By = 1/U(4w0h — w.0}), @D

0] = Y (4wl — u.0, — By, (22)

Therefore, the skewness Sk = 93/03/ 2 and the kurtosis
Ku = 04/05 — 3 averaged over an element of the mixer scale
as (Sk) = (Bs2)/(Poz) ~ 27" and (Ku) = (Baz)/(B2)” ~
27! As the length of the mixer tends to infinity, Sk and Ku
approach 0 and the shape of the pulse of the concentration is
Gaussian with standard deviation f3,z.

According to (14) the standard deviation of the residence
time in the whole channel (averaged over the last element of
the mixer) is 63 = f,L. It can be rewritten as

2LDy
o = BL = N

where Dy = U’f,/2 is the Taylor dispersion coefficient, i.e.,

the apparent diffusivity along the channel.'™° Finally, the

above formula yields after some algebra:

2Dy 2Dy , o,

a,ze:ﬁz e _]T]U_ZOTR_NTR’ (23)
where
D Bl
2 T 260
=L 27 24
LT T 2 e

is a dimensionless coefficient. If one denotes the standard
deviation of the time spent by a particle in a single element of
the channel as o, then o, can be interpreted as the ratio of the
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Figure 2. Parameters a, (circles), a3 (diamonds) and «,
(stars), as a function of Pe calculated by the
finite-difference method (open symbols, solid
lines) and by the Monte Carlo method (bold
symbols, dashed lines).

standard deviation to the mean residence time for passage
through a single element: o, = g¢/7. In the same manner, we
can define the corresponding constants for the higher
moments:

n lO L m—
= —5;"81 - %N ! 25)

Under Stokes flow conditions, o, is a function of the ge-
ometry and Péclet number. According to Eq. 11 0; can be
viewed as a passive scalar which is supplied to the system at
scales of order d by a source of intensity (U — u.)/U having
zero mean and then dissipated by diffusion. In a chaotic
flow with high Pe, the dissipation occurs at scales much
smaller than the main scale of the flow. As u, (x,y,2) is a
smooth function, the contribution of small scales to the prod-
uct (wf;) in Eq. 14 is small, and we can expect that in a
chaotic flow a, does not depend strongly on Pe. Inspection
of Egs. 12 and 13 shows that the same arguments can be
applied to evolution of the auxiliary variables 0; and, finally,
to the coefficients o,;. Our theoretical analysis and numerical
experiments with a model chaotic channel flow show a
nearly logarithmical dependence of o, on the Pe and a very
weak increase of o; (i > 2) with Péclet number for a wide
range of Pe.’

In Figure 2, we present results of the calculations of «; for
the folding flow micromixer. The flow field and the corre-
sponding pressure drop along the channel have been calcu-
lated by a Lattice-Boltzmann (LB) method.?® The calcula-
tions of «; are performed by the MC method and according
to Egs. 11-22. Unfortunately, the range of Péclet number ac-
cessible to both methods is limited. The increment of the
mesh which is necessary to keep the numerical diffusion in
Eq. 10 lower than the physical diffusion scales as Pe™!,
which makes a finite-difference method very time-consuming
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for high Pe. When MC stochastic particles tracking method
is used, the tracers can stack in a corner or in a “lens” with
numerically negative velocity divergence. If the diffusivity is
strong enough, the tracer leaves these regions quickly due to
the Brownian motion and the overall result is not signifi-
cantly distorted. If the stochastic term in Eq. 4 is small, the
small numerical errors in the flow field cause large errors in
the calculations of residence time. However, both methods
give the same results (for the corresponding values of Pe).
Note that while we have neglected terms of order D in the
RHS of Eq. 10, the MC method is accounting for the
neglected terms. Therefore, the numerical data justifies our
assumptions. Although the available range of the Péclet
numbers is rather limited to make quantitative conclusions, it
is found that the results for this folding flow mixer are simi-
lar to those for a model chaotic channel flow.’

After substitution of Eq. 25 into Eqs. 16-24 the skewness
and the kurtosis of the RTD can be expressed as

3 4
Sk = (ﬁ) N2 Ku= (ﬂ) N1, (26)
0%) [£%)

and the numbers in Figure 2 suggest that the RTD is
significantly distorted along hundreds of mixer elements.
The deviation of the RTD from a Gaussian distribution is
strongest for high Pe. It has been shown in’ that at high Péclet
numbers some liquid parcels spend much more time than the
average in the mixer due to the vanishingly small advection
near the channel’s walls.

According to Eq. 23, increasing the number of elements
(and correspondingly miniaturising the mixer) reduces the
axial dispersion. On the other hand, as og/tgx = ocszl/ 2 and
o, is around unity, creation of a very narrow RTD, say 1%
of mean residence time, requires a mixer consisting of thou-
sands of mixing elements. This severe limitation becomes
more obvious if one considers the pressure drop required to
drive the fluid through the channel. The pressure drop along
a single element is as follows'?:

Apo = yu/o, 27

where 7y is a dimensionless coefficient. Our LB results show
that for the folding flow mixer considered in this work y =
1190. After some algebra Eqs. 23 and 27 yield the following
expression for pressure drop in a chain consisting of N
elements:

4
Ap:y]\/ﬂ: yNzﬁ: ya‘z‘ <T_R) ﬁ (28)
To TR OR TR

The mean residence time 7z ~ 7., Where 7 is the charac-
teristic time for a reaction. Therefore, while the ratio gg/tx
decreases as N2, the pressure drop grows as N? and
although some reduction of the axial expression by the cha-
otic mixing is possible, the cost of the improvement rises
very quickly. For example, for a liquid reaction in aqueous
solution where 7 = 10s one can reach ogp/tp = 0.1 with
N ~ 100 and pressure drop about 10°Pa, which can be easily
achieved. But an attempt to reduce the axial dispersion
to very small levels faces significant difficulties: achieving
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orltg ~ 1072, for example, requires about 10* mixing ele-
ments and Ap =~ 100Bar, which although possible pushes
into an inconvenient range of pressure drop.

It might be of interest to compare the performance of the
folding flow micromixer with a straight channel. The pres-
sure drop in a cylindrical channel with the same length (i.e.,
lyp = 4d) is as follows:

32U _ 5y iU 15 1

AP =
d2 lo To

and the coefficient of Taylor dispersion is as follows:

Pe
Dy = —Ud.
T= 192V

Therefore, for the cylindrical channel y = 512 and o3 =
Pe/384. Eq. 23 shows that for Pe ~ 400 the folding flow
mixer provides the same oy as the stright channel, whereas
Eq. 29 implies that the folding flow mixer requires the same
AP at Pe =~ 600. To acheive the same value of o at Pe ~
10%, the cylindrical channel has to be more 10 times longer
than the flow folding mixer and requires approximately 100
times higher pressure drop than the folding flow micromixer.
Note that the typical microchannels have a shallow
proile”’12 and have higher pressure drop and higher coeffi-
cients of Taylor dispersion than the cylindical channel, then
the effect of chaotic mixing on the RTD becomes even more
pronounced.

Certainly, the mixer geometry considered in this work is
not optimal: avoiding sharp corners can reduce both o, and
7. However, Eq. 11 shows that the deviations in residence
time are generated by the nonuniformities of the axial veloc-
ity, which will in all cases be of order U and this cannot be
significantly changed due to the non-slip boundary condi-
tions at the walls of the channel. The decay of 0; depends
on the mixing properties of the flow, but all elements of
folding flow type have similar mixing characteristics, i.e.,
one period of the flow approximates the baker’s transforma-
tion.'® Therefore, the estimates given in the present work,
although based on one particular example, give estimation
about performance of a wide variety of pressure-driven
micromixers.

Effect of the dispersion on the chemical reactions

Although our analysis shows that design of a pressure-
driven mixer to approach plug flow characteristics is
severely limited by pressure drop, the results contain a germ
of optimism too. This is because the acceptable level of
axial dispersion in the reactor depends on the nature of the
chemical reaction. Consider the first order reaction under
perfect plug flow conditions:

dC/dt = —C/t¢, C(t) = Cyoexp(—t/tc) and

Cy = Coexp(—1tr/1c), (29)
where Cy, C,, are initial concentration and the concentration at
the end of the process. The mean concentration at the outlet is
jC(t)E(t)a,’t.5 To characterize the effect of the axial dispersion

on the yield of the reaction, we introduce the following
function:
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@) ) ( c@) )
&= —1|E(t)dt = -1/, (30)
/ (Cb(TR) @ Cv(tr)
which is the relative deviation of the yield of the reaction in
the pressure-driven mixer in comparison to the ideal plug-flow
conditions.

To evaluate the above integral, we represent ¢ as t = ¢
+ ¢ and expand the exponentials into Taylor series. Therefore

(6-1)- (2L )

1B () 1 [ 3+1 3oc‘2‘+ocﬁ ® 4+
ToN\twe) 6N2\zc) "24\"N2 N3 )\zo) T

(€29}

)

where 1/t = In(Co/Ch).

For Co/C, = 107 the second and third terms in the above
expansion are negligible when N > 100 and only the first
term is relevant for our analysis. If our aim is to keep the in-
tegral ¢ as low as 1%, we need about then 10° elements for
Pe = 10° and about 4 x 10° elements for Pe = 10*. The
corresponding pressure drops for aqueous solution are 1 Bar
and 16 Bar, respectively. Note that many applications, for
example, chemical kinetics experiments, require lower values
of Co/C;, and, therefore, lower numbers of elements and
lower pressure drops.

Similar analysis can be applied to the following second
order reaction:

dC/dt = —kC?, and 1/C(t)—1/Co=kt,  (32)
where £ is the constant of the reaction. For long enough times
C = Cy and the second of Eq. 32 reads C(¢) ~ 1/kt. Therefore,
an estimate can be made’:

k’L'R 1 1
ER |\ T — =
k(TR -+ t/) 1+ I//‘L'R

7\? 7\° 7\* o ol ot ol
~l—) =) +(=) +. =223 2+
TR TR TR N N N N-

(33)

and between 100 and 400 elements are sufficient to have ¢ =
1072 for Pe = 10°—10*. As in the previous example, for N >
100 the first term of the expansion (33) is significantly larger
then other terms.

Note that for characteristic width of the channel d is about
102,um, the Reynolds number based on the residence time in
a single element of the mixer is Re = pdz/(,ufo) = pdzN/
(utr) and therefore for water Re ~ 1 and the flow is in the
Stokes regime as was assumed at the beginning.

For a general reaction scheme, we replace Eq. 2 with the
following one-dimensional equation along the z-direction:

0.C; — Pe; ' 03C; = Z,ll vi¥] (C), (34)

where C is the concentration averaged over one element of the
channel, Pe; = UL/Dr is the Péclet number based on the
Taylor dispersion coefficient and the length of the reactor, i.e.,
while Pe characterises the micromixing, Pe; characterises the
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Figure 3. Distribution of species concentrations along
the mixer. Solid lines: Per = « (plug flow);
dashed lines: Per = 100; dotted lines: Per =
20 (a) and relative error ¢c for C = A (circles),
B (diamonds), R (stars), S (squares) as a func-
tion of Per
The dashed lines correspond to the &- = +1072 band (b).

micromixing in the entire channel; Y} is the dimensionless
reaction rate. Note that Eq. 34 reproduces correctly only the
second moment of the RTD, but as we have seen earlier the
contribution of higher moments of the RTD to the yield of the
reaction is negligible if the mixer is long enough. Certainly,
this assumption holds only for the given range of the Péclet
numbers. Under higher values of Pe the deviation of the RTD
from the Gaussian shape is stronger and the chemical reaction
in the near-wall zones may affect the performance of the entire
reactor.

To justify the replacement of C by C in Eq. 34 and the
corresponding replacement of Y;(C) by Y_;-(f), we need to
consider how quickly the fluctuations of the concentration
are dissipating due to the chaotic mixing. It is known that
from 10 to 20 mixing elements are sufficient to completely
mix two initially separated streams.'> As the mixer consists
of hundreds of the elements, one can expect that the charac-
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teristic mixing time is much shorter than the reaction time
and the replacement of Y}(C) by Y’ (C) should not cause a
significant error. A more precise analysis is as follows. The
generation rate of the fluctuations due to the axial dispersion
and decay rate of the fluctuations ¢’ due to the mixing are as
follows>!

2DT(826)2 and 2ic"” /B, (35)

respectively, where /4 is the Lyapunov exponent and f§ is an
empirical constant, which depends on Pe (based on molecular
diffusivity). Since the folding flow micromixer aims to
approximate the baker’s transformation, we estimate the
Lyapunov exponent as 4 = In(2)/to. The constant f§ for Pe =
10°—10"° varies between the values 3 and 5.>' From Eq. 23 D7
= a3Uly/2 and the gradient of the mean concentration can be
expressed through the characteristic reaction time as a. C ~ C/
(tcU). Equating the generation rate to the dissipation rate
yields after some algebra:

! I p oz
2 ‘0 2 0
~ = —. 36
L™ \/2In(2) = (36)

Since during the time 7. the liquid passes through tens of
the mixer’s elements and, therefore, 1o/t < 1, we can
neglect the effect of the fluctuations on the reaction rate.

As an example we consider the competitive-consecutive
reaction®*?

a

all

A+BR B+R s,

with k; = 10, k, = 1. In this case the outcome of the reaction is
sensitive to the mixing rate.?? In Figure 3(a) we show the
distribution of the species along the channel and compare it to
the results for a plug-flow mixer. As one can see (Figure 3b),
the effect of the axial dispersion is significant for Pe; < 10%,
which corresponds to a mixer containing tens of elements, as N
becomes of order 10% and higher, the results approach those of
ideal plug-flow. For design purposes we plot the relative error

& = C(‘ER)/C],(‘L'R) —1

for different species as a function of Per in Figure 3b. The
sensitivity of the error to the axial dispersion is different for
the different species. If our aim is to keep &- below 10~ for
every species, the axial Péclet number must exceed Pe; = 10°.
From Eq. 23 the number of elements is

N = o3Per/2, 37

and for Pe = 10* N ~ 2 x 10°. From Eq. 27 the necessary
pressure drop for a liquid reaction in water (t¢c ~ 10s, p ~
1073kg/(m«s)) in the folding flow micromixer is about 4 Bar.
Note that the high relative error for ¢4 and &g are due to the fact
that these species are consumed during the reaction and thus
even a small absolute error gives large relative errors. If we are
interested in minimisation of the relative errors only for the
products of the reaction, the necessary number of mixing
elements, and the required pressure drop can be reduced by
factors 4 and 16, respectively.
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Conclusions

Our analysis shows that design of a pressure driven micro-
mixer with characteristics similar to the ideal plug-flow reac-
tor is an achievable task. Although the mixer considered
above is operated under Stokes conditions, the result holds for
cases when inertia is not negligible. Chaotic mixing plays a
double role: it mixes the chemical species and also suppresses
axial dispersion. Although creation of an extremely narrow
Gaussian RTD requires a high pressure drop and a large num-
ber of mixing elements, in the case of chemical reacting flow
these requirements can be significantly relaxed depending on
the type of the reaction. Different reactions have different
sensitivity to the axial dispersion and for some reactions
nearly plug-flow performance of the reactor is possible.

The performance of each element of the micromixer can
be characterised by two parameters which depend on the
mixer geometry: the friction coefficient y and o,, which is
the ratio of the standard deviation to the mean residence
time in one element. Although the RTD is far from being
Gaussian, for the given range of Péclet numbers, the higher
moments do not play a significant role. However, one might
expect that for the higher values of Pe the higher moments
of the RTD are not negligible and it is important to have a
reliable estimate for these moments and the effect they have
on the yield of the reaction.

It is shown that the required number of elements scales as
o3 and the pressure drop under Stokes conditions as oj.
Although the parameters y and a, cannot be greatly reduced,
even a small decrease in o, can significantly improve the
performance of the micromixer. As the particular folding
flow micromixer geometry analyzed in this work has been
selected for simplicity and not optimum performance, refin-
ing mixer element geometry may well allow considerable
improvement to be achieved.

Notation

Dy = Taylor coefficient of dispersion
Ku = Kkurtosis
lo = Length of an element
L = Length of the mixer
N = Number of elements
Sk = Skewness
Qo = Flow rate
Vo = Volume of an element
U = Mean velocity

Greek letters

o, = Dimensionless coefficients showing the growth rate of the
corresponding moments of the RTD
or = Standard deviation of the residence time

0,, = Moments of the RTD
7o = Mean residence time of the liquid inside the element
g = Mean residence time of the liquid in the channel
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