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ABSTRACT

A computational study of microchannel reactorswith different static mixers
has been carried out. The influence of static mixers (rectangular and
eliptical static mixers) on the fluid velocity and conversion in a micro-
channel was studied for the case of enzyme catalyzed oxidation of glucose.
Simulations were performed over a Reynolds number range of 0.1 — 100.
The simulation results have been discussed along with the underlying
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mechanisms. Our results show that the shape of static mixer and its
orientation with respect to the axis of microchannel influences substrate-
enzyme contact and the substrate conversion. The study provides an
insight on the application of microchannels with static mixers for
bioanalytical application. © 2014 Trade SciencelInc. - INDIA

INTRODUCTION

Micro-reaction engineeringisafield that hasseen
rapid growth inthe past decade. Theides, initially de-
rived from theminiaturized silicon chipsof thee ectron-
icsindustry hasexpanded itshorizon, providing avari-
ety of solutionsin thechemical, biochemical andthe
biotechnological industries. One of the major factors
that encourageresearch and development inthisareais
the advantage of processintensification offered by the
micro-devices. Thisisadirect result of thedifferences
that ariseasaresult of reductioninthegeometry scale
leading to increased gradients (thereby increased heat
and masstransfer) aswell asincreased surfaceto vol-
umeratio. Navier-Stokesequation, origindly devel oped

for flow through channd sof diameter fev mmé& above,
isvdidfor flow inmicro-channe saswdll, provided the
appropriate boundary conditions are used ™.

Though themicroworld hasproved promising, cer-
tain observed phenomenacdl for themodifications of
designto suit the purpose. With ashift to operationin
thelow Reynoldsnumber region owingto thedecreased
dimensionsand flow rate,? viscousforces are domi-
nant and consequently theflow ispredominantly lami-
nar. One parameter that isaffected inlaminar flow is
themasstransfer of particlesto thereaction site. Brody
et al¥. observed that diffusion remained low inmicro
flowsasthetimerequired for diffusionwasnot avail-
ableat the specified fluid flow rate. Kamholzet d“ re-
ported the effect of channel width and thediffusion co-
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efficient on channel sdedling with surfacereactions. Re-
search focuson the study of transverse diffusion has
been limited till date. Walter et al'¥. investigated the
effect of channel dimensionsand temperature onthe
masstransfer inmicro channels. Thegenera assump-
tion used in masstransfer problemsisto proceed con-
sidering only the primary concentration gradientinthe
radid direction. Thisresultsinaone-dimensond Eingein
approximation of thediffusion equation. However the
diffusonof solutevariesat different axia pogtions, lead-
ingtointroduction of modificationsintheorigina pro-
filefor aconsiderabledistancefromtheinletf.
Todleviatethisproblem of dow diffusion, mixers,
both activeand passivehavebeeninuse. Shuand Kang
provided acomprehensvereview onmixinginmicroflu-
idic devices!™. Both active and passive mixers can be
used to address homogeni zation aswel| astransverse
diffusoninthemicroscale whilestaticmixershavethe
advantage of easier integrationinto thesystem!®. More-
over, datic mixersdo not requireexterna power tobring
about mixingandrely onthedriving forcefor flow. Hy-
drodynamic focusi ng using acontinuous-flow mixer to
reducethediffusiontimesby manipulatingtheflow from
different streamshasa so beenreported!®. Thediffusion
length between moleculesto bemixed isreduced by flow
focusingto achievemixingat shorter lengths!?,
Theeffect of arrangement and the number of ob-
staclesasmixersweretested inaY-channd toinvesti-
gatethe best layout of the obstacleswith circular cross
section™, Around the sametime Johnson et al* fo-
cused onthelatera transport of materia inelectro-os-
motic flow inmicro-channels. Both experimental and
simulation workswere carried out by different groups
to check theeffect of variationsin thegeometry on mix-
ingin comparisonto theconventional channelsf*34,
Yet another method to increase mixingistoforce
thefluid to take alternative path by the use of overlap-
ping barriersincreased mixing™. Theuseof herring
bone shaped structuresin the flow channelstoo have
been reported toincrease mixing™d, Herring bonestruc-
turesof higher depth werefound toimprovemixing more
effectively than shallow herring bone structures*,
Sotowaet d3. studied thebehavior of bafflesin micro
channels. Stroock et al*9. studied the use of ridges,
inclined at anangleto theflow for effective mixing. Fol-
lowing these semind studies, several static mixersfor
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low Reynoldsnumber flow have been modd ed towork
with an acceptabl e pressure drop??,

The present study focuseson theeffect of new types
of static mixerswith potentid to enhancethetransverse
flow for the purpose of facilitating enzymeaided sur-
facereactions. Thesereactionsarewiddy used for bio-
analyticd applications, which when carried out in mi-
cro-fluidic platform canlead to smdler andytevolume
and faster reaction.

MODEL

Theflow length scd e considered inthestudy makes
theuseof theequationsof classical fluid mechanicsvdid
intheregion and partia differential equations, derived
from continuum mechanics assumption are solved for
momentum and masstransfer.

ASSUMPTIONS

Thefollowing assumptionshave been made:

e Theflowisgteady, laminar (duetolow velocity and
lower channd hydraulic diameter) and incompress-
ible

e Density and viscosity are constant throughout the
domain. Thepresenceof smal quantitiesof andyte
doesnot significantly affect these properties.

e Theflowisisothermal, asthehest of thereactionis
negligibledueto low concentration of theanayte
and low level sof enzyme per unit areain thechan-
nes.

e The reactions are heterogeneous and enzyme-
based. The reactions occur only on thetwo side
wdls

GOVERNING EQUATIONS

Inlight of the above assumptions, the governing
equationsareasfollows:
The mass conservation or the continuity equation
at constant density isgiven by,
ou ov
oy =0 1
Themomentumtrangport (Navier-stokes) equation (2)
and thespeciesbd anceeguation (3) areasfallows: 24
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In Egns. (1-3), V isthevelocity vectorand Pis
the pressure. The velocity componentsin x and y
directionsareu, v respectively. The bulk density
and viscosity of the fluid are p and p respectively
and Sisthe sourceterm in the masstransport equa-
tion.

Inthe speciestransport equation (Eqn (3)), C, re-
ferstothe concentration of aparticular species(gmole/
m?) and D isthediffusivity of theanayteintheliquid
(m?s).

Theheterogeneousreaction taking placeat the sur-
faceisrepresented by the Michaelis-Menton equation
asfollows
—r = Vu IS]

A T K.+ [S] “)
where[§] istheanalyte concentrationingmole/m? K
istheMichadlisconstant andV _ isthemaximum reac-
tion velocity (U/mg). Thereaction rateisappropriately
included in the transport equation for species asthe
sourceterm for the heterogeneous reaction occurring
a thewall.

BOUNDARY CONDITIONS

Thefollowingboundary conditionsareusedtosolve

equations(1)-(4)

e Attheinlet, constant vel ocity and concentration of
the species(analyte)
u=C,C,=C, C andC, are constants. C, is
fixed in all the cases at 6.8e* (mass fraction of
andyteglucoseinblood), whileC, variesbased on
the Reynoldsnumber under consideration.

e Outletisspecified aspressureoutlet
P=P,, whereP, isatmospheric pressure.

e A nodipboundary conditionfor velocity near the
wall,u-u =0

e Massflux near thewall isequivalent to reaction
rate (Michaelis-Menton) at that region

a[s] Vv, I8 . .
—DAB% = ka[[s]] , if reaction takesplace

S : .
—— =0, if noreaction occurs

-D
"8 on

Geometry of static mixers

All the channel stested in the tudy were of dimen-
sions200 x 400 x 18000 wm (W x h x L). This results
in hydraulic diameter of 266 um and aspect ratio of
0.5.

Thefirst typeof static mixer tested wasarectangu-
lar block, 100 um longand 10 um inwidth and placed
perpendicular totheflow directiontoincreasetheflow
towardsthewall. They were placed alternately along
thelength of the channel with an offset of 90 um be-
tween two blocks. The depth of the static mixersand
the channel swere maintained the same. Thisarrange-
ment was madeto facilitatethe coating of thesdewadls
of thechannd with therespectiveenzyme.

Thedliptica mixer had an aspect ratio of 1.66 (ma:
jor axis= 100 um, minor axis= 60 um). Theangle of
orientation of the ellipse with respect to x-axiswas
changed, with distance between the centre of the el -
lipseand thesidewall kept constant. Thedistancewas
maintained at 70 um. Offset between the static mixers
was 100 um, measured from the centre of the mixer.
Simulation experimentswere performed for angles of
0, 30, 60, 90, 120 and 150 with the mixer placed at O
being streamlined to theflow.

A schematic showingthedifferent static mixersis
showninFigurel.

SOLUTIONALGORITHM

Thesmulationswere carried out using the solver
FLUENT of thecommercia softwareANSY S13. The
pressure-vel ocity coupling based on SIMPLE ago-
rithm,? and first order upwind schemewereused for
thediscretization. FLUENT usesafinitevolume based
codefor solving thetransport equations, thedomain
being broken down into anumber of grids. Theflow of
thefluidispressure-based, with theoutl et pressurefixed.

Parameter sused in thestudy

The micro-channel swith static mixer werecom-
pared with the channel without static mixer to ascertain
their efficiency intermsof mixingand transverse mass
transfer. To explicatethiseffect, theglucose assay re-
action hasbeen chosen. Accordingly, conversionof glu-
cosein micro-channel swith different geometries of
static mixers has been determined. Glucose oxidase
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Figurel: Schematic of different static mixersshown over a section of thechannel, a) rectangular static mixer, b) eliptical
static mixer streamlined totheflow, ) eliptical static mixer at 30°, d) elliptical static mixer at 60°, e) elliptical static mixer
at 90°, f) elliptical static mixer at 120°, g) elliptical static mixer at 150°.

enzymeis specifictothe glucose assay test and there-
action catalyzed by theenzymeisasfollows:

Glucose oxidase

Glucose+H,0+ 0, ——=—=-3Gluconicacid+H,0,

TheK_andV _vauesaretaken correspondingto
glucose oxidaseextracted from A.niger strain. Thevis-
cosity used correspondsto theviscosity of wholeblood
inphysiologicd conditions. Useof wholeblood viscos-
ity facilitatestesting the performance of such channds
with static mixers in analytic devices where serum
samplesareoftentested. Theglucoseconcentrationwas
fixed at 72 mg/dL which correspondsto amassfrac-
tion of 0.0006792.

Grid sensitivity test

To ascertain thevariation in the simul ated results
brought about by thegrid Szing, threedifferent grid sizes
weretested for dl themodds. Thedement sSizescorre-

sponding tolow, medium and high rangesweretested
and the level of conversion at each range was com-
pared. Structured grid was used for the micro-channel
without static mixer, while unstructured meshing was
adopted for thosewith static mixers.

RESULTSAND DISCUSSION

Grid sensitivity test

Grid sengitivity test wasperformed to ascertain num-
ber of gridsrequired beyond whichthesimulationre-
sultsareindependent of the number of grids. Thisis
required to ensurethat the simulationsresultsare not
influenced by choiceof number of grid elementsor the
grid size. The comparison betweenthesmulation re-
sultsfor conversion (Figures 2 and 3) using different
mesh sizesconfirm that the differencebetween the pre-
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dicted conversionsusing medium and higher number of
meshdementswasnegligible. Henced| thestudieswere
carried out using the central range of element sizing.
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Figure2: Grid sengitivity test (Re= 0.1, channel without
static mixer)
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Figure 3 : Grid sensitivity test (Re = 0.1, channel with
different static mixers)

Reynolds number of 0.1 has been taken as the
model casefor comparison of thedifferent static mix-
ers, asitliesintherangenormaly applicableto analyti-
cal devices. Thisreducesthe computational timesig-
nificantly tofacilitatecomparison of different geometries
of static mixers. Under the conditions of simulation
showninTABLE 1, theconversionin microchanne re-
actor without any static mixer is20 %.

Conversion inamicro-fluidic reactor can bein-
creased by increasing theresidencetimeeither through
theuseof longer micro-channelsor through use of lower
fluid velocity. Theuse of amicro-channel with static
mixers can lead to reduction in theanaysistimecir-
cumventing the need for alonger reactor for the de-

————, FyurrL PAPER

TABLE 1: Rangeof Reynoldsnumber and valuesof other
parameter sused for smulations

Parameters Values

Reynolds number range 0.01-100
Density of blood 1060 Kg/m®
Viscosity of blood 0.0035 N/ms
Diffusivity of glucose 1E-9 m%/s
K # 2.56 MM
V2 43.5 U/mg
Inlet glucose concentration 72 mg/dL

Sired conversion.
Residencetimeand analytevolume

A conventiona micro-fluidic reactor with 18 mm
long channel resulted in substrate conversion of 20 %
at aReynolds number of 0.1. Under these conditions,
theresidencetimewasfoundtobe14.4 s. Smulations
carried out for reaction in micro-channelswith rectan-
gular static mixersof width 10 um indicated that 20 %
conversion wasachieved within aresidenceof 11.78s.
Thereductioninresidencetimefor afixed conversion
(20 %) may beattributed to increased contact between
the substrateand enzyme. The presence of rectangular
datic mixer hascontributed toincreas ng theflux of sub-
stratetowardsthewall on which enzyme was coated.

Figure4 showstheeffect of themixerinincreasing
thelaterd flux, wherepostiveflux denotesflow towards
onesidewall and negativeflux denotesthe other side
wall. Theeffectisshownfor alength of 100 um of the
channd.

0.002

— nostatic mixer
—rectangularmixer
-=~ elliptical mixer

0.001

0
0.0006

-0.001

Y-velocity (m/s)

<0.002

-0.003

-0.004

Axial direction
Figure4 : Effect of mixerson lateral velocity. Simulation
conditionsRe=0.1.
Duetoreductionintheresidencetime, conversion
of 20 % could be achieved in 15.5 mm long channel
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with rectangular static mixers, ascompared to 18 mm
long channd requiredin theabsence of any static mixer.

Theorientation of therectangular static mixer with
sharp edgesin thedirection perpendicular to theflow
increasesthetota drag. Thereisalow pressureregion
created immediately behind the mixer whichismore
pronounced at higher velocities. Thevelocity vectorsin
Figure5for micro-channd with rectangular static mixer
showsthepresenceof zonesof lower velocity inlatera
direction (y-component vel ocity) closer to thewall,
behind therectangular static mixers. Thiscould be at-
tributed to the sharp edges of static mixer. The pres-
enceof sharp edgesleadsto higher frictional lossesand
hence higher momentum lossfor thefluid stream. This

4 :l‘m M

may be circumvented through the use of static mixers
with rounded edges and surfaces. Hence, €lliptical
shaped static mixers have been chosento study their
influence of mixing and conversion in micro-channel
reactors.

TABLE 2 showstheresidencetimerequiredinmi-
cro-channel reactor equipped with dliptica static mixer,
placed at different angleswith respect to x-direction. It
isevident that theresidence required for 20 % conver-
soninmicro-channd reactorswithdliptical staticmix-
ersisintherange of 9.25-9.6s. Henceareduction of
35.83-33.3 % in residence time can be achieved in
micro-channelswith elliptical mixers, when compared
to micro-channel swithout any static mixer.

l Lo iy

ﬂlA ",.l 8 m
-k '

90e(3

Figure5: Velocity vectorsfor Re=0.1

BioTechnology —

Hn Tudian Jounual



BTAIJ, 9(9) 2014

Kalpoondi Sekar Rajan et al.

359

TABLE 2: Residencetimeand relativeanalyte volumeto
obtain a conversion of 20% in micr o-channel reactorswith
static mixers. Thesimulation conditionsareRe=0.1; Tar get
conversion =20 %. Relativeanalytevolumerepresentsthe
analytevolumein achanne with static mixer with thechannel
without static mixer asreference.

Relative

Static mixer Time analyte Pressure
S volume (%) drop (Pa)
No static mixer 144 100 19.7
Rectangular
static mixer 11.78 82 459
(15.5mm)
Elliptical static mixer (15.5mm)

Angle0 9.59 66.6 541
Angle 30 9.6 66.7 645
Angle 60 9.28 64.45 813
Angle 90 9.59 66.6 845
Angle 150 9.25 64.26 809
Angle 180 9.25 64.26 822

Thereductionin anaytevolumeisal so observed
due to the presence of the static mixers. With 20 %
conversion asthe basisconversion, 18 % decreasein
therequired volume of the anal ytewas observed with
theuse of channd with therectangular static mixers. A
further decrease of 15-17.8% in the volumewas ob-
served with theuse of the channel with éliptica static
mixers. Thismakesthechannd advantageousfromthree
different aspects: Decreasein analysistime, require-
ment of areduced amount of solutionand reductionin
thelength of the channdl.

Effect of Reynoldsnumber (Re= 0.1t0 100)

Channd with no staticmixers

A channd without static mixersgivesthemaximum
possible conversionat low Reynoldsnumber and when
thevelocity of thefluid isincreased theconversionis
reduced. Thereduction in conversionwas99.8% when
the Reynolds number wasincreased from 0.1 to 100.
Thiseffectisshownin Figure 6. Diffusion effectsare
predominant in comparisonwith convection a very low
Reynolds number and hencethe moleculesareableto
reach thesurface of the channel for thereactiontotake
place. But at higher Reynoldsnumber, therapid flow of
fluidlimitsthelaterd diffusion.

Channel with rectangular static mixers
The conversion steadily dropsin thechannel with

————, FyurrL PAPER
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Figure6: Effect of changein Reynoldsnumber on converson,
in thepresenceand absence of mixers.

rectangular static mixerstill Reynoldsnumber of 55 and
increases after aReynolds number of 64 asshownin
Figure6. A transition occursinthemidregion. At low
Reynoldsnumber thefluid remainsattached to themix-
ersasit flows. With the presence of rectangular static
mixers, theve ocity isincreased intheregionsimmedi-
ately adjacent to and in between mixersbut the lateral
diffusonisdill limitedwiththeflow near thewall largely
undisturbed. Theconversionisincreased to 22.7 % as
compared to 20 % in the channel without static mixer.
Thisiscomplemented by the other advantages of de-
creased andyte volumeand residencetime.

At higher Reynolds number, thefluid asit moves
past the mixer doesnot remain attached toit. Thisleads
tothefluid beingdirected towardsthewdl and laterdly
movingfluid of higher velocity occursintheregionclose
to thewall. Thisleadsto aconversion of 24.8 % in
comparison to aconversion of 0.029 % at aReynolds
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Channel with elliptical static mixer streamlined to
theflow

In the microchannel with elliptical static mixer
sreamlined totheflow, the converdon steedily decreased
with increasing Reynolds number. Thiseffect was ob-
served in the channel without static mixersalsoand is
shownin Figure6. At the lower Reynolds number 23
% conversion was attained. Also, theresidencetime
wasreduced in comparison to the channel without any
mixer. Thesmilarity in the convers on-Reynolds num-
ber relationship can beattributed to thefact that stream-
lining the body keepsthefluid attached to the surface
of themixer even at high Reynoldsnumber. The con-
version decreased by 99 % when aReynolds number
ashigh as 100 was used.

Channel with dliptical staticmixer inclined at 30°

Inthechannd withdliptical static mixer inclined at
30° an inverse relationship was observed between con-
version and Reynolds number with higher Reynolds
number giving low conversions. However the conver-
sion obtained at Reynolds number of 1 and 10 was
higher by 4 % in comparison to the other positions of
thedliptical static mixer. Oneof theimportant reasons
for the observation of similarity in the conversion-
Reynoldsnumber relati onship between the streamlined
position and the static mixer at 30°, is the reduction of
fluid flow inthe centrd region.

Channel with dliptical staticmixer inclined at 60°

Inamicro-channel with elliptical static mixer in-
clined at 60°, the conversion reduces steadily till the
tested Reynolds number of 10 and increases after the
Reynolds number of 55. At Reynolds number of 55,
theincrease in conversion compared to the channel
without static mixer is99.7 % astheconverson seenis
13.176 % against alow conversion of 0.0477%ina
channd without static mixer. At higher Reynoldsnum-
ber, theconversion steadily increased yielding 22.5 %
converson at aReynolds number of 100. Itisobserved
that at low Reynoldsnumber theédlliptical static mixer
fixed a 60° does not really affect the flow near the wall
andthehigher velocity regionsare confined to the spaces
between the static mixers. At higher Reynolds number
however, thereisan effect on the flow near thewall

BioTechnology —

directing morefluid towardsthewall. Thisrelaionship
iIsseeninfigure6.

Channel with dliptical static mixer inclined at 90°

Inamicro-channel with dliptical static mixer posi-
tioned at 90°, the conversion-Reynolds number rela-
tionship observedinfigure6issuchthat thereisasteady
linear increasein conversion from Reynoldsnumber of
55. The conversion observed at Reynolds number of
55 was 29 %, whichisabout 99.87 % increasewhen
compared to the channel without static mixer. How-
ever higher pressuredrop in comparisontoal theori-
entationsof thedliptica static mixer isobserved.

Channd with dliptical staticmixer inclined at 120°

Theconversion-Reynoldsnumber relaionshipina
microchannd witheliptica staticmixer sationed at 120°
showsasteady linear increaseinthe conversion from
Reynolds number of 55. The behavior was observed
withthedliptical static mixer oriented a 60° as can be
seen in figure 6. A conversion as high as 31 % was
observed at Reynolds number of 100, which may be
attributed to pronounced effect on theflow behavior
caused by the static mixer.

Channd with dliptical staticmixer inclined at 150°

For al the Reynolds number above 55, the maxi-
mum conversonwasobsarvedinandliptica staticmixer
stationed at angleof 150. Theincreasein conversion
with Reynoldsnumber showsan almost linear trend as
observed infigure 6. Up to Reynolds number of 10,
there is a decrease in conversion with increase in
Reynoldsnumber.

Figure 6 representstheeffect of changein Reynolds
number on the conversioninamicrochannel reactor, in
the presence and absence of static mixers.

Conversionsat lower reynoldsnumber (Re<0.1)

Simulationswere performed at lower Reynolds
number to ascertain the effectiveness of static mixers.
The simulation results on theinfluence of Reynolds
number on conversionin micro-channel without static
mixer, micro-channel with rectangular mixer and mi-
cro-channel with streamlined dlipticd static mixer are
shownin Figure7. Thesimulationswere confined to
these geometries dueto computational expensein-
volved a lower Reynoldsnumbers. Theconversionin
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all thethree channelssimulated increased with reduc-
tionin Reynoldsnumber. Thisisattributed to thelower
fluid velocity and higher residencetime. Therectan-
gular static mixer provided anincreaseof 10.3% and
6.24 %in conversion, with respect to themicrochannd
without static mixer at Re=0.036 and 0.018 respec-
tively whilethe channel with elliptical static mixer
showed anincreasein conversion of 10 % and 5.5 %.
Theanalysistimereduction of 23.5% and 5.8% was
observed inthe channel with elliptical mixer and rect-

12no static mixer
welliptical staticmixer
Orectangular static mixer

i
1
1 1
i i
1 1
I 1
P i
i i
40 | ' T
1 i i
w0/ i i
i i i
i i i
gl i L

Re=0.0185 Re=0.0366 Re=01

Figure7 : Effect of mixerson conversion at lower Reynolds
number.

angular mixer respectively.
CONCLUSIONS

From the present study on computational investi-
gationsof enzyme catalyzed reactionsin microchannel
reactorswith static mixers, it can be concluded that
the microchannel reactor with streamlined elliptical
mixer resultedin higher conversion at lower residence
timesleading to lower requirement of analytevolume.
A very high conversion was obtained at aReynolds
number of 0.1, whichfallsin theregion of Reynolds
number of interest for bioanalytical application. At
Reynolds number < 55, the elliptical static mixer
yielded the highest conversion when oriented at 30°.
AbovetheReynoldsnumber of 55, thed liptical mixer
inclined at 150° yielded the highest conversion. The
angle of orientation at which the highest conversion
wasachieved isafunction of Reynoldsnumber dueto
variation of pressure drag with Reynolds number.
Streamlining reduces pressure drop and may contrib-
utetoimproving the structura integrity.
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