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Microreactors are very promising tools for the design of future chemical processes. For example, emulsions of very nar-
row size distribution are obtained at much lower energy consumption than the one spent with usual processes. Micro-
mixers play thereby an eminent role. The goal of this study is to better understand the hydrodynamic properties of a
split-and-recombine Caterpillar micromixer (CPMM) specially with regard to handling viscoelastic fluids, a topic hardly
addressed so far in the context of micromixers in general, although industrial fluids like detergent, cosmetic, or food
emulsions are non-Newtonian. Friction factor was measured in a CPMM for both Newtonian and non-Newtonian fluids.
For Newtonian fluids, the friction factor in the laminar regime is fI2 = 24/Re. The laminar regime exists up to Reynolds
numbers of 15. For shear-thinning fluids like Carbopol 940 or viscoelastic fluids like Poly Acryl Amide (PAAm) aqueous
solutions, the friction factor scales identically within statistical errors up to a generalized Reynolds number of 10 and
0.01, respectively. Above that limit, there is an excess pressure drop for the viscoelastic PAAm solution. This excess pres-
sure drop multiplies the friction factor by more than a decade over a decade of Reynolds numbers. The origin of this
excess pressure drop is the high elongational flow present in the Caterpillar static mixer applied to a highly viscoelastic
fluid. This result can be extended to almost all static mixers, because their flows are generally highly elongational. ©
2013 American Institute of Chemical Engineers AIChE J, 59: 2679-2685, 2013

Keywords: non-Newtonian fluid, viscoelasticity, elongational flow, micromixer, caterpillar, pressure drop, excess pres-
sure drop, friction factor

Introduction tions in the explosive regime or reactions with fast decom-
posing reactants.” Hence, microreactors allow working under
process conditions nonapplicable with conventional equip-
ment, that is, microreactors open Novel Process Windows.?

Micromixers play an eminent role in all this. They are part
of the larger family of static mixers who have been intensively
studied in the last two decades not only due to their excellent
performance in the field of mixing and two phase dispersion
but also in their ability to redesign a discontinuous process into
a continuous process.”"* Most of the studies on static mixer
were focused on experimental measurements of pressure loss,
heat transfer, and mixing. Numerical simulations were also
performed on such systems.”’14 In the later article, it was
observed that a shear-thinning viscosity improve mixing qual-
ity, mixing efficiency, and lower the pressure drop in SMX
static mixer compare with Newtonian fluids.

It is only in recent years that micron-size mixers have
been technically largely available thanks to the emergence of
research centers and commercial suppliers dedicated to

microfabrication and able to manufacture high-precision
Correspondence concerning this article should be addressed to D. Funfschilling micromixers in Variety of materials
at denis.funfschilling@univ-lorraine.fr. :

Microreactors are very promising tools for process intensi-
fication and green and safe chemistry.'”’ Micromixers have
at least three important features that make them particularly
interesting for chemical synthesis'®: (1) they have an excel-
lent heat-transfer capability due to their high surface to vol-
ume ratio that enables an excellent control of the
temperature. It is very useful for highly endothermic or exo-
thermic reactions. This excellent heat transfer also prevents
the formation of potentially dangerous hot spots. It opens up
new fields of chemical synthesis and reactions; (2) in micro-
mixers and microreactors, residence times are very easy to
control and can be made very short; (3) moreover, the mix-
ing time can be short and quality of the mixing is usually
excellent. Good control of the residence time and mixing
quality are essential for the control of the kinetics of reac-
tions, which is the key for an enhanced selectivity and yield.
Besides that, this control makes it possible to handle reac-

There is an almost unmanageable variety of micromixers
© 2013 American Institute of Chemical Engineers described and available in the meantime (see Ref. 15 for a
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review). Most of them rely on multilamination initiated by
interdigital lamella arrangement, on chaotic mixing or on a
successive split-and-recombine (SAR) approach (Refs. 16
and references given therein and 17). The focus of this arti-
cle is on the so-called Caterpillar micromixer (CPMM) type
from IMM (Institut fiir Mikrotechnik Mainz GmbH, Mainz,
Germany), which follows essentially the SAR principle. In
an ideal SAR mixer, the stream is divided into two sub-
streams in each element of the mixer, and these two sub-
streams are folded/guided over each other and recombined in
horizontal and vertical planes. By repeated application, one
ends up in a multilaminated flow and an exponentially
increased interfacial area between the different elements of
the stream. So, when starting with a two lamella configura-
tion of 1200 X 1200 umz cross section, after eight mixing
steps, the fluid is ideally divided into 512 lamellae of 2.4
um width. Schénfeld et al.'® pointed out that albeit having a
highly regular flow pattern in this ideal SAR mixers, mixing
is characterized by a positive finite-time Lyapunov exponent,
which shows chaotic advection that proves an improved mix-
ing efficiency.

Albeit the CPMM type considered in this work follows in
its design the SAR approach, the principle is only imper-
fectly realized'®: for example, at low Re, the initial lamina-
tion is not kept due to internal friction, and at higher Re,
inertial forces induce a secondary flow that lead finally to a
considerable increase of interfacial area—both lead to a loss
of the ideal regular multilaminated flow. CPMMs have been
used in several synth<3sis.4’6‘18’19 They also reduce the energy
needed to mix or to disperse gas or liquids.>**°

Despite the growing interest in micromixers for industrial
applications as well as research tools, their flow characteris-
tics are still far from being completely known. Working with
micron-size micromixers (the Caterpillar has almost micron
size, 1200 pm) changes the balance between volume forces
(like inertia and gravity) and surface forces (like shear
stresses or surface tension) in favor of the latest. This change
of scale is one originality of this work. The goal of this
work is to characterize a CPMM (in the following called
only Caterpillar) in terms of pressure drop for Newtonian
and shear thinning—viscoelastic fluids.

The pressure drop is measured in a SAR CPMM for New-
tonian and non-Newtonian fluids. From the rheological prop-

v
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Figure 1. Technical sketch of the CPMM internal struc-
ture.
Visible is the ramp-like structure of the central mixing

channel. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 2. Experimental set-up.

erties of the fluids, we will be able to calculate the pressure
drop and shear rate'®'* inside the Caterpillar in case of
emulsification processes. This article is organized as follows:
in the first section, the experimental set-up and fluids proper-
ties are presented. Then, the pressure drop is measured in
the case of Newtonian fluids. A Metzner—Otto like constant
is measured to establish a correlation predicting the pressure
drop in the Caterpillar, knowing the rheological characteris-
tics of the fluids. The last section of this article is devoted to
the excess pressure drop that is observed in the case of
viscoelastic fluids.

Experiments
Experimental set-up for pressure drop measurements

The Caterpillar used is a CPMM-V1.2-R1200/8 (Caterpillar
Micro Mixer R1200/8) from IMM. The cross section of the
Caterpillar is quite complex due to its shape that drives the
SAR mixing. However, the Caterpillar channel is more or less
inscribed in 1200 X 1200 pm? cross-section. Hence, d = 1200
um can be considered as the characteristic dimension of the
Caterpillar. The Caterpillar consists of eight mixing elements
of /=2400 pm long each, so that the total length of the mix-
ing zone is L = 19,200 um. A technical sketch of the internal
Caterpillar structure is given in Figure 1.

The experimental set-up is presented in Figure 2. The flow
rate was imposed by a Harvard Apparatus PHD 2000 syringe
pump (Harvard Apparatus, Holliston, MA). The pressure
drop was measured by two high-precision pressure gauges
(PR234/0.5 bar and PR-41X/0.1 bar, precision: 0.08% of full
scale, Keller, Druckmesstechnik, Germany). The pressure
was acquired on a 12Bits Labjack Ul2 acquisition card
(LabJack, Lakewood, CO). Connecting pipes were chosen as
short as possible and have diameter of at least 3.5 mm to
avoid additional pressure drop. The pressure drop through
the Caterpillar is the pressure drop through the set-up from
which the pressure drop measured when connecting directly
the entrance and exit feeding pipes of the Caterpillar is
subtracted.

Determination of fluid properties

Eight Newtonian (distilled water and Emkarox/water solu-
tions), one non-Newtonian shear-thinning fluid (Carbopol
940 solution), and three non-Newtonian viscoelastic fluids
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Table 1. Densities and Viscosities of Newtonian Fluids at
20°C

Density p (kg/m®) Viscosity 7 (Pa. s)

Water 998 0.001
Emkarox d1007 1007 0.015
Emkarox d1019 1019 0.029
Emkarox d1020 1020 0.038
Emkarox d1046 1046 0.210
Emkarox d1060 1060 1.2
Emkarox d1067 1067 1.16
Emkarox d1082 1082 33

PAAm (polyacrylamide solutions) were used. The rheologi-
cal properties of the different fluids are thoroughly character-
ized. The viscosities of Emkarox/water mixtures were
measured with a capillary Ubbelohde viscosimeter (AVS
310, Schott Gerate, Germany; see Table 1). Carbopol 940
0.4% in mass aqueous solution was used as shear-thinning
nonviscoelastic fluid. PAAm 0.1, 0.25, and 0.5% in mass
aqueous solutions were used as viscoelastic shear-thinning
fluids (AN 913 SH, SNF Floerger, 42163 Andrézieux,
France). Viscosities were measured with an ARG2 (TA
Instrument, New Castle, DE 19720). The shear rate depend-
ent viscosities of the PAAm and Carbopol solutions are
given in Figure 3. The viscosity of PAAm and Carbopol sol-
utions can be modeled by a power law in the range of shear
rates usually used in industrial applications

n=kj""! M

where 5 is the dynamic viscosity, n is the flow index, 7 the
shear rate, and k the flow consistency index. A more com-
plete representation of the viscosity is given by the Carreau
law for a wide range of shear rates
m—1
T = 14 (357 @)
Mo~ Mo

The parameters of the viscosity models for the non-New-
tonian fluids are summarized in Table 2.

As the PAAm solutions are highly elastic, they have im-
portant first normal stresses that have been measured with a
cone and plate geometry on an ARG2 rheometer (TA Instru-
ments, New Castle DE 19720) and are given in Figure 3.

Elongational time scales were also measured on a poly-
meric filament thinning experimental set-up for the non-
Newtonian fluids. The microfluidic flow-focusing geometry
of Ref. 21 was used. The continuous phase was a . =10 X
1072 Pa.s silicon oil. The dispersed phases were the different
PAAm solutions. PAAm droplets were formed, and the for-
mation, thinning, and break-up of the neck are recorded on a
high-speed camera (CamRecord 600, Optronis, Germany).
The continuous phase is coming from the side channels, the
dispersed phase from the central channel (Figure 4). All the
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Figure 3. Viscosity and first normal stresses of the
0.4% Carbopol 940 and 0.1, 0.25, and 0.5%
aqueous PAAm solutions at 20°C.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

channels have a square cross section and a width of 250 um.
The flow rates of the continuous phase and the dispersed
phase vary from 5 to 10 pL min~ ' and from 0.2 to 1 mL
min~ ', respectively. A Matlab image analysis program gives
the temporal evolution of the width of the neck A(f). Similar
to Ref. 22 two regions of exponential decay of the filament
are observed (Figure 5). The extensional strain rate can be
immediately deduced from the neck width as follows*

_ 2dh
h dr

3

An elongational characteristic time can be calculated from
the exponential decay of the second region by
h(t)=Ce~"/3 2324

The characteristic elongational time Ag (Table 3) is very
similar to the one given by Bendova et al. We will see in
the next section that this characteristic elongational time is
of the same order of magnitude as 4., the effective visco-
elastic time characteristic of the excess pressure loss (see
“Excess Pressure Drop” section).

Results and Discussion

Pressure drop in the Caterpillar is measured in the case of
Newtonian fluids, shear-thinning fluids, and viscoelastic flu-
ids. It is an important characteristic of the Caterpillar,
because the product between the pressure drop and the volu-
metric flow rate is the energy dissipation inside the micro-
mixer. The energy dissipation is a key parameter in many
operations like in emulsification or mixing.

Table 2. Densities, Power Law Coefficients and Carreau Viscosity Law Coefficients of the Carbopol 940 and PAAm Non-New-
tonian Fluids at 20°C

Power Law Carreau Law
Density (kg m™—?) k(Pas™ ") N o (Pa s) oo (Pas) 2 (s) m
PAAm 0.1% 998 0.5 0.331 6.3 0.00615 38.3 0.29
PAAm 0.25% 999 1.54 0.294 25 0.009 50.6 0.28
PAAm 0.5% 1001 3.94 0.258 84 0.0016 69.5 0.27
Carbopol 940 0.4% 1000 0.32 0.499
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Figure 4. PAAm filament thinning in a flow-focusing ge-
ometry for a 0.25% PAAm aqueous solution.

Pressure drop for Newtonian fluids

The pressure drop through a pipe or any static mixer is
characterized by a nondimensional friction factor coefficient
J12 defined as

f AP d

U ¢ 4
2 4pulL @)

where AP is the pressure drop through the static mixer, p
the density of the fluid, u the superficial velocity, d the char-
acteristic diameter of the static mixer, and L is the total
length of the micromixer. An analytical calculation shows
that f/2 = 8/Re for a cylindrical pipe in the laminar regime,
that is, for Reynolds numbers less than 2100. The Reynolds
number for Newtonian fluids is defined as

_pud
n

Re Q)

The friction factor is measured in the Caterpillar for distilled
water and for Newtonian Emkarox solutions over a large range
of Reynolds numbers (Figure 6). The friction factor scales as

f_24+1.04

2 Re ©®

up to a Reynolds number of 100 where the intermediate re-
gime begins. It is interesting to see that this value is quite
close to the range of Reynolds numbers (Re < 15), where an
almost ideal multilamination is predicted by the Computa-
tional Fluid Dynamics calculations of Schonfeld et al.'® The
range of this laminar regime is also quite close to the one

1000
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Figure 5. Scaling of the filament thinning for a 0.25%
PAAmM aqueous solution.

 radius [um]
—971 exp[-t/(3 x/0.203)]
— 18393 exp[-t/(3 x 0.216)]

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Table 3. Viscoelastic Characteristic Time A,. of the Different
PAAm Solutions Obtained by Fitting of the Relative Excess
Pressure Drop (Curves Plotted in Figure 8)

}vve (S) b ;“E (S>
PAAm 0.1% 0.052 0.828 0.08
PAAm 0.25% 0.123 0.85 0.21
PAAm 0.5% 0.099 0.91 0.39

Elongational characteristic times are given in the last column.

found by Li et al.” for Sulzer SMX static mixers at macro-
scale where the laminar regime exists for Re < 15.

In the laminar regime, the power number in a stirred tank
N,=P/ pN°D> (P is the power, N the rotation speed, and D
the diameter of the impeller”) is related to the Reynolds
number by the following relationship

K, Iler
N, = p impe. 7
P Re 7
Ky impeliers the power constant is specific to an impeller

but does not depend on whether the fluid is Newtonian or
non-Newtonian.?®*

In analogy with the relationship developed for impellers,”®
a power constant can be defined for micromixers. A general-
ized relationship of the form K, =4 f/2 Re can be defined
for static mixers or any kind of pipe geometry to relate the
pressure drop to the Reynolds number.'"'* In our case, the
value of the power constant is K, =96. Table 4 compares
the pressure drop correlations for different kinds of static
mixers. It appears that the pressure drop in the Caterpillar is
significantly lower than in the Kenics or SMX static mixers.

Pressure drop in case of shear-thinning or viscoelastic
PAAm solutions

The pressure drop for non-Newtonian fluids in static
mixers has not been studied very often. The few existing
studies'®'*?° did not consider highly elastic fluids. In our
experiments, the friction factor of a shear-thinning Carbopol
940 solution and of highly viscoelastic PAAm solutions was
measured over a large range of flow rates (Figure 7). The
viscosity of these non-Newtonian fluids is shear thinning
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2
=
1.E+05 =L
b-.°
LE+04 S0
———Hagen-Poiseuille a%
1.E+03 2
------ 24/Re By
o
= + Water “Q my
1E+02 o Emkaroxd1007 . 3
A Emkaroxd1019 i h%
1.E+01 O Emkaroxd1020] “"'
O Emkaroxd1046 &4‘
1.E+00 A Emkaroxd1060 : ;i &S i
o Emkaroxd1067] .\
1.E-01 © Emkaroxd1082 T HE

1.E-02
1E-05 1E-04 1.E-03 1E-02 1E-01  1E+00 1E+01  1E+02  1E+03  LE+04

Reynolds Number

Figure 6. Friction factor for Newtonian fluids: distilled
water and Emkarox/water mixtures.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 4. Power Constant K, for Different Static Mixers

Geometry K, Reference

Empty tube 32 Hagen—Poiseuille flow
Caterpillar 96 This study

Kenics 170 Chemineer documentation
SMX 1200 Sulzer documentation
SMX 618 Li et al.9

(Figure 3 and Table 2). A generalized Reynolds number
based on approximating the shear-thinning behavior of fluids
by a power law in a cylindrical pipe is defined as

p u27ndn

L ®)
e

Repp =

where k is the consistency and n the flow index.

The friction factor for the Carbopol and PAAm solutions
are, respectively, correlated by f/2= (27 £ 1.1)/Rep.. and
/12 =20 = 1.05)/Repy. for very low Reynolds numbers in the
latter case. These correlations are similar to the ones
obtained for Newtonian fluids within statistical errors. The
measurement of the non-Newtonian viscosities on a rheome-
ter is the main source of uncertainties. They are about the
same order of magnitude as the uncertainty on K, The
Newtonian viscosities were measured on capillary Ubbelohde
viscosimeters that have a much higher precision. The shear-
thinning Carbopol solution and the viscoelastic shear-thin-
ning solutions of PAAm behave quite differently (Figure 7).
The friction factor of the Carbopol solution do not differ sig-
nificantly from the behavior of the Newtonian fluid, that is,
the regime where the friction factor f/2 scales as 1/Rep;. ends
up around Rep; values between 10 and 100. The viscoelastic
solutions behave completely differently with an increase of
the friction factor for Rep;, > 0.01.

The Metzner—Otto constant K°° is defined as
u

7 C))

q./cﬁ’ =K,
where 7}, is the effective shear rate of the non-Newtonian
fluid going through the Caterpillar. This effective shear rate
corresponds to shear rate of a fluid following the same
power law and having a process viscosity, npr corresponding
to K, = 4f/2 Re = 96 for the same velocity u, and same pres-
sure drop AP (and, thus, same f/2). In naming Kpny the
power constant measured for the non-Newtonian fluid

2"
KpN . 4f/2R€PL . Repy. N 8"’1k((3';::'))n (10)
K,  4f/2Rep, Rep, pud

Npr

where p, =k(ﬂ}gﬁ-)"71 =k(K;4)" . For the Carbopol 940 so-
lution, K, =5, whereas for the PAAm solutions, K, = 8.5.

In the case of an emulsification taking place in the Cater-
pillar, this process shear rate gives the effective shear rate
applied on the droplets. Hence, it is a way to estimate the
shear forces acting on droplet break-up, a key parameter for
an understanding of emulsification process.

n—1

Excess pressure drop

In the case of the highly viscoelastic solutions of PAAm,
the “laminar” regime, or more accurately, the regime where
the friction factor f/2 scales as 1/Rep;, ends up at a Reynolds
number of Repp = 0.01. Beyond this “laminar” regime, the
friction factor coefficient deviates increasingly from f/2 = 20/

AIChE Journal July 2013 Vol. 59, No. 7

Published on behalf of the AIChE

1.E+09

1.E+08

1.E407 .

1.E+06 ‘
1E+05 hurSHHIE
’-..'.
o~ 1 “'.
g 1.E+04 PAAM 0.5% .’.
W PAAM 0.25%
1E+03 | ———| s—parmox

Carbopola40 0.4%
1.E+02 <ot 20/Re

1.E+01

1.E+00

= "
1.E-01 \

1E-08 1E-07 1E-06 1E-05 1E-04 1E-03 1E02 1EO01 1E+00 1.E+01 1.E+02 1.E+03
Generalized Reynolds Number

Figure 7. Friction factor for 0.4% shear-thinning Carbo-
pol 940 and viscoelastic fluids: 0.1, 0.25, and
0.5% PAAm aqueous solutions.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Rep. The friction factor f/2 becomes much larger than that
predicted by this scaling law, although the generalized Reyn-
olds number remains so low that we should still be in the
creeping regime.

To our knowledge, pressure drop has not been measured
in static mixers for highly viscoelastic fluids, and as a result,
the excess pressure drop has not been observed outside
Langer and Werner’® who briefly mention it. However, this
sharp increase of the friction factor with the flow rate has of-
ten been observed on flow of viscoelastic fluids in porous
media.>*>"*? Most of the porous media used for these stud-
ies were in fact packing beads. The increase in the friction
factor in the case of viscoelastic fluids was explained and
modeled by an elongation of the fluids going through the
successively shrinking and expanding size of the interstice
between the beads.*> The role of the elongational viscosity
in the increase of the friction factor has been largely
accepted in most of the literature. To prove the validity of
this hypothesis, Deiber and Schowalter® studied the flow of
a viscoelastic fluid in a shaped tube with sinusoidal axial
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Figure 8. Excess pressure drop measured in case of
0.1, 0.25, and 0.5% PAAm solutions.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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variation of the diameter. They observed a clear increase in
the friction factor and also developed a theoretical model of
the flow in this wavy tube, confirming the importance of the
elongational flow in the increase of the frictions. Their
observations were confirmed by Koshiba et al.** in an undu-
lating channel. It is particularly relevant to link the elonga-
tion of the fluid to the excess pressure drop, because there is
also a kind of successive shrinking and expanding size of
the cross section in the Caterpillar.

An interesting way to represent this excess pressure drop
is to plot AP,./AP in function of the effective shear rate
Vo =Ks 4 (Figure 8). AP,. is named “viscoelastic excess
pressure drop” and is the actual pressure drop measured for
Rep. >0.01. AP is the pressure drop that would have been
measured if the scaling law obtained for Rep; < 0.01 would
be extendable to higher Reynolds numbers.

Following Ref. 23, the excess pressure drop can be
expressed as a function of a Deborah number De= i, where
/. is a fluid characteristic time and 7, is a process chaiacterls—

tic time that is taken here as 7,= % = i
The relative excess pressure drop be fitted by
AP, b
ap (D)= 1+ (2ve /1) an

where /. is an effective viscoelastic characteristic time of
the fluid. Values of A,. and b for the different PAAm solu-
tions are given in Table 3.

In their study of excess pressure drop flowing in a fixed
bed of particles, Bendova et al.*> compare this effective
viscoelastic time with commonly used characteristic times.
The time scale of the Carreau law (Table 2) is orders of
magnitude larger, but the time scale based on elongational
flow /g measured on a polymeric filament thinning gives sat-
isfactory results.

The main conclusions of this part are that (1) the excess
pressure drop is related to the polymer solution’s viscosity
that is elongation-thickening, (2) the Deborah number based
on an extensional characteristic time of the fluid is relevant
to express the onset of pressure drop, (3) we also have an
indirect confirmation that the split and recombining mecha-
nism of the Caterpillar mixers goes with an intense exten-
sional flow of the fluid. The latter has to be taken into
account, for example, when handling molecules sensitive to
elongation.

Conclusions

The results of this study show that CPMMs have a friction
factor scaling as f/2 = 24/Re for Newtonian fluids. This scal-
ing law is valid up to a Reynolds number of about 100
where the laminar regime ends and the intermediate regime
leading to turbulence begins. CPMMs have a low friction
factor in comparison to other static mixers at macroscale as
the Sulzer SMX or Kenics static mixers. The power constant
of the Caterpillar is K, = 96.

In the case of viscoelastic fluids, an excess pressure drop
due to the viscoelastic properties of the fluids begins at very
low Reynolds numbers. The physical mechanism is the same
as the one obtained for porous media or beds of packed
beads: a succession of elongation/compression of the visco-
elastic fluids flowing through. This excess pressure drop
exists for any highly viscoelastic fluids in all the static
mixers where elongational flows are important, what is the
case of most static mixers. Based on the elongation time
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scale measured on a rheometer, it will be possible to esti-
mate the critical flow rate above which the pressure loss in
the static mixer becomes excessive for an economical use.
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Notation

b = exponent of the correlation between the pressure drop and
the Deborah number (Eq. 9)
d = Caterpillar characteristic dimension, m
D = diameter of the impeller, m
De = Deborah number
/12 = friction factor
h(t) = width of the neck of the droplet in formation, m
k= flow consistency index, Pa s"
K, = power constant
K impener = power constant for an impeller
K, = Metzner—Otto constant
[ = length of a mixing element, m
L = length of the Caterpillar, m
m = Carreau law flow index
n = flow index
N = rotation speed, rotation st
N, = first normal stress difference, Pa
N, = power number
P = power, kg m* s
Re = Reynolds number
Repr = process Reynolds number
Repr, = generalized Reynolds number based on a power law
t= time, s
t, = process characteristic time, s
u = mean velocity, m s~
Greek letters
AP = pressure drop through the static mixer, Pa
AP, = excess pressure drop, Pa
= extensional strain rate, s
7 = shear rate, st
effective shear rate, s~
n = dynamic viscosity, Pa s
1o = zero shear rate viscosity, Pa s
o = infinite shear rate viscosity, Pa s

-3

1

1

1pr = process viscosity, Pa s
/= Carreau law time constant, s
Ave = Viscoelastic characteristic time, s

Ag = characteristic elongational time, s
T = shear stress, Pa
p = density, kg m >
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