S-cell Problem (home work)

Calculate velocity field in an S-

cell (3D fluidic cell, 50um height).

What would flow field uniformity
across a Immxlmm array

spotted in the middle of the cell?

Data:

Flow rate: 100ul/min

Liquid: water, T=298K
Channel height (z): 50um
Channel width: 1mm in/outlet;
3mm chamber

Curvature radius: 1.5mm
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Lecture 7/

Flow and Diffusion.
Micromixers. Multiphysics

modelling with COMSOL



Brownian motion

« discovered by R. Brown and J.Ingenhous by
observation of pollen grains floating on water
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* macroscopic (concentration) and microscopic
approach to diffusion



Random walk

e Diffusion can be modeled as a random walk
using Monte-Carlo simulation
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Microscopic approach

 Model: 1D random walk on a grid (uncorrelated steps left and
right with constant step length |)

<Axi -ij>:l5..

1)

* Average distance after N steps (averaged over M walks):

I\l/ljz( i[xf”]z]+(iix§”x§” )=N|2+zz<xp>xy>>

i=1 k=i




Microscopic approach (cont)

« Rms distance after N steps

<Ax§ > = NI’

|diff,N=\/<Ax§>< Xy ) =Nl = L/

T

* In case of uncorrelated 2D steps
(RY) = +¥2) = () + (3 = 2N
G =+2Dt

(a) ‘ (b) ! (c) | @ 1




Macroscopic approach to diffusion

e First Fick's law

J =-DVc
e Second Fick’s law
@ = DAC
ot
OC / source/sink term
— =DAC—-VVC+S
ot
e Einstein formula
D= k_T D KT

Co } 67nR



Convection-diffusion equation

o Continuity equation for heterogeneous fluid

LeV(p)=0: p(N)= T p, 0 C,(11)= %r’tt))

e Inintegral form
Gauss theorem

[EL4v =~ [ n-(C,pu(r.0)+ I )da = [ V-(C,p0(r.t) + I )V
) ot : J

C L
Cop =V-(C_pV(r,t)+Jo")
ot
/{GC&P +\7.VC05:| _ _v.jSiﬁ
ot
oC_  _ 2 e .
“+v-VC_=D _V°C convection-diffusion equation

ot



Diffusion equation

« diffusion equation %:szc

e from dimensional analysis L,=DT,

* Typical values:

D~2-10” m°/s, small ions in water

D ~5-10"" m®/s, sugar molecules in water
D~4-10"m"/s, 30bp DNA in water
D~1-10""m?®/s, Skbp DNA in water



Limited point-source diffusion

 Normal (Gaussian) distribution

P(s) = ﬁe_%f ;(S)= T sP(s)ds = 0; <sz> = T S*P(s)ds =1;

» Let’'s consider diffusion from a point source described
by d-function.  c(x,0) = N,5(x)
The solution of the diffusion equation is:

2

X
- } =N,P(s,), s,” =

X 2

c(x,t)=N_ (47Dt) " exp| —
(X,1) 0( ) p|: 4D

2Dt

1% :<x2> = 2Dt<sX2> = 2Dt



Limited point-source diffusion

e In 2D case:
C(X,y,0) =Ny 0(x)o(y)

c(x,t) = N, (4zDt) ™" exp{— 4)I(DT }x (47Dt) ™ exp{— Y } _

4DT
=N,P(s,)P(s,)

1% 4 20 = <x2 + y2> = 2Dt<sx2 +sy2> = 4Dt




Spreading from a point source in 1D

Y

« . » Diffusion in x-direction [l

Concentration ¢ after time t
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Limited planar source

e Let’s consider diffusion into half space.
c(r,0) =2N,0(X)

X2

4DT

2

c(r,t) = N, (zDt)™"? exp{— } =2N,P(s,), s,” = X

2Dt



Constant planar source diffusion

(llkovic’s solution)
* Problem: consider a half-space with an initial

concentration c,. Concentration on the wall is zero at
any time. Find the concentration profile vs time.

ox ' r V4Dt "
J=-DVc¢,, =-C, b




Example: diffusion between two plates

 Aliquid drop contains nanoparticles that are
Immobilized upon contact with the walls. Find
the concentration dependence vs time
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Navier-Stokes equation: Diffusion of momentum

—>

P ="VP+ g + UV

* Inthe case of decelerating Poiseuille flow

oV _
_ :il ﬁ Vzv
ot \pj

\ kinematic viscosity V
Diffusion constant for momentum!

 Characteristic time for diffusion across the channel

ro&p
7,

- £ intrinsic property of the solution

Schmidt number=Sc = Y
D pD



Diffusion vs Sedimentation

Does the gravity force affects the diffusion?

« Let's compare diffusion and sedimentation time across a
microfluidic chamber

« sedimentation time: CpV, =671R,V, = ApgV;
2
V. ZZApgR
9 71
7, =d/V,
d2

e diffusion time: T, =
4D

2'1_d4D_4 KT 1
r, V. d* Amgd

B=

 If B<<1 sedimentation dominates



Diffusion Iin confined volumes

 For example, delivery of drugs relies on a diffusion Iin

Source
pipette

Cellular
element

cell arrangement in the human skin

e tortuosity: ration between the distance in liquid and
the straight distance between the points



Diffusion Iin confined volumes

It can be shown that:

« for any 2D regular isotropic lattice tortuosity is equal to 7 =+/2

=3

for 3D:

The situation is more
complicated for irregular
cells and in the presence
of intercleft volumes
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How to treat anisotropic media

« to treat a media with a preferential direction we have to
Introduce a diffusion tensor:

D, D, D A _
Dl=|D, D, D,|
' i s \ _f. . s o -
_D31 D32 D33_ P i ¥~ .
_‘J1_ N 5 et
e - . " >
J, :—[D]VC | ~
p,ip, " ip, " C D, +D, )1
at 0x° S dy° Tzt dyd Z
(D, +D,,) < +(D,, +D,, ) <
dzdx adxdy

* Dby rotating and scaling the coordinates it's possible to return to
a isotropic (scalar) D:

oc o’c  o’c  d’c
— =D YRS,
ot o0& on’  oc




H-filter: separating solutes by diffusion

« H-filter takes advantages of laminar flow (flow don’t mix) and
fast diffusion over short distances

 Characteristic times:

L concentration of solute

convection time: Ty = Ty = Tqie 1S the same through the
Vo channel

e w’

diffusion time: Tyir =——
4D

. e AT

 Critical diffusion constant: D =

4L



H-cell model
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» H-cell perform separation via Y
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d|foS|On dunng ContrOHEd ‘ to the flow transports
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* Modelling parameters:
— Cell height — 20pum i
. Inlet A Qutlet A
— Pressure at inlets: P,=2 Pa,; 8. - e

- _ _ 2 0 2 4 & 8 10 12 14 16
e Calculate critical diffusion < 10°
constant and compare

with the modelling results



Mixing on microscale

* Flow in microchannels is laminar and mixing occurs through

diffusion (slow!)

« Chemical reactions (necessary for Lab-on-Chip assays, but
also for DNA and protein synthesis etc.) require mixing of

reagents

Micromixer
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Passive micromixers

 General approach: to shorten diffusion time via increased
contact/decreased thickness or by chaotic advection

e Parallel lamination:

Sheath flow

(c) | (d)



Passive micromixers

e Serial lamination:

Splitting Reshaping Recombination

a0 —> fo=] — 1 —> w)smmmg
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Passive micromixers

« Chaotic advection at high Re numbers

Recirculation are
produced at the zig-zag
turns of channel or
behind the obstacles.
Critical Re numbers are
reported ~80 for zig-zag
channel
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Passive micromixers

« Another way to induce mixing In
laminar flow — patterned surface
— Top -- no surface patterning
— Middle — slants
— Bottom V-shape (herringbone) —

clearly see enhanced mixing

« Effective at low Reynolds numbers

(in the range of 1- 100)




Passive micromixers

* Design variations of chaotic advection mixers

HW ﬁ
(a) (b) (c)

HW (
(d) (e) (f)

e Droplet micromixers



Active micromixers

e Function via
— pressure disturbance,

=
(a) (b)
— mechanical microstirrers, ~ %ﬂ H%

— electrohydrodynamic

— electrophoretic disturbance %




e An analyte (c,=1)is injected into S-cell.
Plot concentration vs. time in the middle of

the cell. How concentration is varied across
the 1mm central area?

 Problems 5.7 and 5.8 (Bruus).




