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FleldS/A reas: Laboratéorio de Nano e Microfluidica e Microssistemas

* Heat & Mass Transfer and Fluid Flow in Micro and Nano Scale
* Continuum Mechanics and Complex Fluids

Micro-
Systems
Fabrication

Experim.
Analysis

Inverse
IEIVSS

Hybrid Methods
(analitical -numerical )
Integral Transforms (GITT)

Fast, accurate
and robust!




Application Areas s

Nanocomposites and il EOR — Enhanced Oil Recovery
Nanofluids ~

= Human on a chip (cell
Micro reactors toxicology)

S gCeII culture
c Micro-Heat Exchangers

3o Cell separation
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Micro-Sensors _ .
Bio-printing

Micro-Models of Porous Media
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R&D Challenges : Biodiesel Production Intensification with Heat Recovery
from High Concentration Photovoltaic Cells (HCPV)

Solar Cell Oil + alcohol +
catalyzer

. Heat Micro
COO"ng Exchanger reactor
System
—_— l - Rejected heat can be used for other

- purposes (desalination, heating, cooling,
nanofluids Biodiesel biodiesel production, etc) ;
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Project
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SIGNIFICANT POTENTIALS...
-Portable biodiesel production;
-Short residence time;
-Continuous mode;
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For the HCPV cooling system




R&D Challenges : Biodiesel Production in micro reactors

Take advantage of the high . Which results in lower
. Micro reactor :
surface area-volume ratio energy consumptiom

[ To achieve improved mass and ] [ Time scales ]
heat transfer rates reduction

Fig. : Advantages of microreactors in reactional systems.
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Take advantage of the high . Which results in lower
. Micro reactor .
surface area-volume ratio energy consumptiom

[ To achieve improved mass and ] [ Time scales ]
heat transfer rates reduction

Fig. : Advantages of microreactors in reactional systems.

Fig. Single micro reactor;

Fig. Module of micro reactors Fig. Complete manifold of micro
reactors



R&D Challenges : Biodiesel Production in micro reactors

> Design of optimized micro-reactor

[ Theoretical Analysis } L Experimental Analysis ]
x“‘a‘.‘c‘b\
20 ) U,
e Neore “erey
‘ese&\‘e\@( ‘_‘:&.\0‘@ Alcohol + catalyst hle""sa,.hti“s in

Vegetable oil

biodiesel

Triglyceride(TG) + Alcohol(A) # Diglyceride(DG) + Biodiesel(B)
Diglyceride(DG) + Alcohol(A) E—;> Monoglyceride(MG) + Biodiesel(B)

Monoglyceride(MG) + Alcohol(A) Eﬁ Glycerol(GL) + Biodiesel(B)




R&D Challenges : Biodiesel Production in micro reactors

> Design of optimized micro-reactor

L Experimental Analysis ]
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Kinetic constants

estimation
ky, ky, ks, ks ks, kg

Triglyceride(TG) + Alcohol(A) ;%ﬁ Diglyceride(DG) + Biodiesel(B)

Diglyceride(DG) + Alcohol(A) :tﬁﬁ Monoglyceride(MG) + Biodiesel(B)
ks

Monoglyceride(MG) + Alcohol(A) ;k:ﬁ Glycerol(GL) + Biodiesel(B)




R&D Challenges : Biodiesel Production in micro reactors

> Design of optimized micro-reactor

[ Theoretical Analysis ] Ll Experimental Analysis l

[ Metal — Glass micro reactor

Micro-fabrication ]

Interfacef- TS

Fig.: Exp. observation of stratlﬁed ﬂow pattem formed by the alcoholand the vegetable oil.



R&D Challenges : Biodiesel Production in micro reactors

» MODELLING

[ Theoretical Analysis } L Experimental Analysis ]

fully developed stratified laminar flow
[ Mathematical \ /
. e “
modelling Steady state diffusive-advective mass transfer

| equations with nonlinear chemical reaction terms

Residence time

Parametric analysis " Reaction temperature
Cross section




R&D Challenges : Biodiesel Production in micro reactors

» FLOW PROBLEM: FORMULATION AND SOLUTION

VGIOCIty- proﬁles u,(y,z)= Z‘Pveu(z)SSi {[1 + h]{—sz’nh[ﬂJ +Sinh(m—yﬂ +
for stratified flow: = Iy w w
H-2H_ i T\2H . -
+ 1-@ sinh ( TG)Z + sinh ke R ( 1o y) +
u, w w
w(H-H, - w(H+H, -y))] r( H -
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R&D Challenges : Biodiesel Production in micro reactors

» MASS TRANSFER MODELLING

Dimensionless reaction-convection-diffusion :

3D Model:

OF (X,Y,Z)

U,,(Y,Z) T

=G| 7

0’F (X,Y,Z) 9°F,(X.,Y,Z) _0°F (X,Y,Z)
T o 0Z*

]+ sG,

Table: Dimensionless kinetic relations for the species in the transesterification reaction.

Species :
Reaction terms G,

Fs

TG _k1FTGFA + kzFDGFB

A (_leTG_k3FDG_kFMG)F +(k FDG+kFMG+kFGL)FB
DG (leTG kFDG) ( kFDG+kFMG)
MG (k3FDG — ks )FA +(_k4FMG + ksl )FB

GL kF,.F,—kF,F,

B (kFTG+kFDG+kFMG) ( kyFpg — kFMG_kGFGL)FB




R&D Challenges : Biodiesel Production in micro reactors

» MASS TRANSFER MODELLING
- Solved thougth GITT (Generalized Integral Transform Tecnique)

Hybrid numerical-analytical solution with automatic error control

STEPS in the Generalized Integral Transform Technique (G.I.T.T.)

I - Choose the associated eigenvalue problem.
2 - Develop the integral transform pair.
3 - Integral transform the original PDE.

4 - Numerically (or analytically) solve the resulting coupled ODE system for the
transformed potentials.

5 - Recall the analytical inversion formula to reconstruct the desired potential.



R&D Challenges : Biodiesel Production in micro reactors

[ Theoretical Analysis } Ll Experimental Analysis l

Metal — Glass micro reactor

Micro-fabrication ]

multiple Metal — Metal micro reactor
+ micro heat exchanger
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[ Theoretical Analysis ] Ll Experimental Analysis l

[ Metal — Glass micro reactor

Micro-fabrication ]

multiple Metal — Metal micro reactor
+ micro heat exchanger

Features of the Device:

—Composed of 10 micro reactors

—Composed of 11 micro-heat exchanger

—Total Dimensions 2,5cm x 4cm x 1.27cm.

—Microchannels with square section 400umX400um

—Total Length of the microchannel of the reactor of 43.26 cm.

R d Tceecﬂt.fﬁgi da
rinted (FSL) z}

Renato Archer



R&D Challenges : Biodiesel Production in micro reactors

[ Theoretical Analysis ]

Ll Experimental Analysis l

[ Metal — Glass micro reactor

multiple Metal — Metal micro reactor
+ micro heat exchanger

Ethanol

I— -

Alcohol(A) (?.;._’ Diglycerid (DG Biodiesel(B)

Diglyceride(DG) + Alcohol(A) (_.:*_’ Monoglyceride(N

|.

Monoglyceride(MG) + /\lcuhul(:\)z:.‘if.:’(‘sl)’tcﬂ)l('GL Biodiesel(B)

99.6%

Biodiesel(B)

Micro-fabrication ]

Centrode
Tecnologiada
Informagao

Renato Archer

3D printed (FSL)

Ethanol/Soybean Oil ratio: 20: 1

Catalyst: NaOH 1,5% wt oil
Reaction temperature: 64,9°C

. Residence time: 35 seconds




R&D Challenges : Biodiesel Production in micro reactors

[ Theoretical Analysis J LExperimental Analysis

[ Inverse Analysis

|

Kinetic constants
estimation
ky, ks, ks, kg, ks, k¢

mplemented Metho

@t\\a‘“’\
Triglyceride(TG) + Alcohol(A) zﬁl Diglyceride(DG) + Biodiesel(B)

Diglyceride(DG) + Alcohol(A) Eﬁ Monoglyceride(MG) + Biodiesel(B)

Monoglyceride(MG) + Alcohol(A) Eﬁ Glycerol(GL) + Biodiesel(B)




R&D Challenges : Biodiesel Production in micro reactors

» SENSITIVITY ANALYSIS

,:-1 < -0.1
<
-02-
~03

— Ji1
— Ji2
Jk3
— Jk4
Jks

— Jis

0 100 200 300
7(s)

Range of search:

k: 107 to 10™

400 500 600

It increases the sensitivity
of parameters and reduces
the search region

2
o 1
3
g

|||||||||||||||||||||||||||||||

0 100 200 300 400 500 600

7(s)

Figure: Reduced sensitivity coefficients.

Range of search :

k :1to9



R&D Challenges : Biodiesel Production in micro reactors

» SENSITIVITY ANALYSIS

Table — Cases for each set of measures of the species used in the analysis of the |J7)].

Cases Meas. Species Determinant J1J
Case 1 B 6.922 x 10-?
Case 2 Band TG 2258

Case 3 B, TG, DG and MG 3.821x107
Case 4 B, TG, DG, MG and GL 8.073x107
Case S B, TG, DG, MG, GL and A 8.074x107

o~

ide(DG) + Biodiesel(B)

ﬂg Diglyceride(DG) + Alcohol(A) 7= Monoglycerid

Monoglyceride(MG) + Alcohol(A) tﬁ Glycerol(GL) + Biodiesel(B)

~/
Triglyceride(TG) + Alcohol(A) Eﬁl Diglyc

G) + Biodiesel(B)

Good Exp.




R&D Challenges : Biodiesel Production in micro reactors

» SENSITIVITY ANALYSIS

Table — Cases for each set of measures of the species used in the analvsis of the [JT]].

Cases Meas. Species Determinant J1J
Case 1 B 6.922 x 10-?
Case 2 Band TG 2258

Case 3 B, TG, DG and MG 3.821x107
Case 4 B, TG, DG, MG and GL 8.073x107
Case S B, TG, DG, MG, GL and A 8.074x107

N

Triglyceride(TG) + Alcohol(A) Eﬁl Diglyceride(DG) + Biodiesel(B)
EF) Diglyceride(DG) + Alcohol(A) iﬁ Monoglyceride(MG) + Biodiesel(B)

Bad Exp, | MOnOBYCeride(MG) + Aleohol(A) & Glycerol(GL) + Biodiesel(B)




R&D Challenges : Biodiesel Production in micro reactors
> MASS TRANSFER MODELLING

Dimensionless reaction-convection-diffusion :

——

3D Model:
JoF (X,Y,Z) IF(X,Y,Z) 9F(Xx,Y,Z) _9F(X.YZ)
N | LAy Ca e v AN

s=1TG,MG,DG,B,GL, A

=]

_N Red
OF (X.,Y,Z O°F (X,Y,Z) 9°F (X.,Y,Z Uceq
UTG(Yﬁz) (aX ) :§s£7/ (aXZ )+ (aY2 )]-'_gGs ]{Iodel



R&D Challenges : Biodiesel Production in micro reactors
> MASS TRANSFER MODELLING

Dimensionless reaction-convection-diffusion :

L —

3D Model:

=]

F(X.,Y,Z) IF(X,Y,Z) 9F(Xx,Y,Z) _9F(X.YZ)
d = |y— +—° +0— +G
0X g 0X* Y* 07Z°

s=1TG,MG,DG,B,GL, A

.  Rey
L OF.(X.,Y.,Z) 0’F (X,Y,Z) 0°F (X,Y,Z) ag, Yeeq
. = = - +— +¢G, "
D2 oy 5{7/ ox’ oY’ o



R&D Challenges : Biodiesel Production in micro reactors
> MASS TRANSFER MODELLING

Dimensionless reaction-convection-diffusion :

odel:

| —

3D

=]

F;(X,Y,Z): S(yaz (XYZ)+82 (X.7,2)

582 (X.Y,2) .
aX + +g

0.X?> oY* 07>
s=TG,MG,DG,B,GL, A

i

2 2 llc
1 « aF (X Y,Z) —f{;/a F;(aj((,zY,2)+a F;(a);y,z)) G M"defd
w i=1

1D - Lumped-Differential Model : ?\)e
Mg teeq
_ Ode
U —dFs(X) G TG, MG,DG,B,GL
O CIEA - Coupled Integral

_ dF (X) . Equations Approach
U, ;—X = ZjA (3P F, (X)+ 0 )+gGA (Improved Lumped Analysis)




R&D Challenges : Biodiesel Production in micro reactors

P)

’ T  (P)yr(Y
- BAYE'SFORMULA | (p)_;ply )= prior PIE(Y

exp T ( Yexp )

posterior < prior X likelihood

» MCMC (MARKOV CHAIN MONTE CARLO METHODS)
METROPOLIS-HASTINGS ALGORITHM

1. Sample a Candidate Point P* from a jumping distribution g(P* P¢D),
2. Calculate:

* (t—l) *
a:mh{l (P’ | Y)g(P ,P>}

(P [ Y)g(P' P

3. Generate a random value U which 1s uniformly distributed on (0,1).
4. IfU a,define PO = P* ; otherwise, define P® = P D),

5.  Return to step 1 in order to generate the sequence {PY , P@ | . . PM},



R&D Challenges : Biodiesel Production in micro reactors

» LIKELIHOOD

Y,y D=0 W el Y-

Y

model

) W(Y,,, -

Y

model

)

 The exp. errors are additive, with zero mean and normally distributed.
* The statistical parameters describing the errors are known.

 There are no errors in the independent variables.

* P 1s a random vector with known mean | and known covariance matrix W.

* P is independent of Y,,,.




R&D Challenges : Biodiesel Production in micro reactors

» LIKELIHOOD

(Y, \P) =(2 w!

‘—1/2

1
CXp| — E (Yexp ) Ymodel )T W(YGXP ) YmOdel)

=Y +¢&(P) E(P): ereduced(P)+8

model ~ "~ reduced
model model

exp



R&D Challenges : Biodiesel Production in micro reactors

» LIKELIHOOD

‘—1/2

_ 1
ﬂ’-(Yexp ‘P) = (2 W 1 CXp _E(Yexp - Ymodel)TW(Yexp - Ymodel)

Yo = Yiequeed TEP) € (P) =€ duced (P) T,

model model

— -1 r € — 0, measurement uncertainties have zero mean
e=¢ +& +I' T (P —u)
reduced exp PP FSP, — 0, neglecting the linear dependence between € and P”
~ _1 —_ - —_
wW=W +W -T" T'T E~E
€ Prg reduced
reduced exp p’ p’ model
model ~
W=W + W
reduced exp
model

model model

T
n(Y‘P) = (277:)_1/2 ‘W_l‘_l/z i l[Y B Yreduced (P) B g] W(Y - Yreduced (P) —€)




> SIMULATED MEASURES 0 =0.05Max(Y,,,

40

3D Model 2

i=1

X

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

1
2D Parallel Plates Model Z

i=1

---------

10+ — 3D Complete model 1 — 3D Complete model
+ . Simulated measures ] L . Simulated measures
as _ Parallel plates reference _ 020 [ Parallel plates reference
I 1 0a1s
_06F 1.
L 1 =
g -
= 1 1 ™ 010}
04} .
02f - -
Triglyceri ] '/ Diglyceride
3 glyceride 1 ool gly
0 100 200 300 400 500 600 ¢ 100 200 300 400 s00
7(s) 7(s)
------ T ™17 T T T T T T T T [ T L T T T r T T T T L T T LA B T T L T T T T T
[ - — 3D Complete model L
0.06 + _ [
r + . Simulated measures L
[ Parallel plates reference 2'0_"
0.05- [
ondk 1 st
2 T 1 . [
2 ooa: ] ‘E !
~ 0% 15 1
. ] I — 3D Complete model
-r “ [ . Simulated measures
L 1 0:: __ Parallel plates reference
001 | . 1 . . .
A Monoglyceride 1 Biodiesel
0.00F , 1 0.0+
0 100 200 200 400 500 600 0 100 200 200 100 00
(s) (s)
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1
3D Model Z X 2D Parallel Plates Model z

i=1 i=1

» Parameter estimation

1.0 — 3D Complete model 1 I JEOCEEETOR — 3D Complete model
+ @® Simulated measures 0.25) ) @® Simulated measures
08 r Parallel plates Parallel plates
“l —— Parallel plates estimated | I — Parallel plates estimated |
----- Confidence interval 1 azer Confidence interval
0.6 o0
z | %015t
= g I
=~ | =
0.4 0.10 L
0.2¢ 0.05; |
.. Triglyceride | oo/ Diglyceride ]
0 100 200 300 200 500 600 0 100 200 300 400 500 600
7(s) 7(s)
—— 3D Complete model Brooo - i
R @® Simulated measures  { [ L st
0.08 i — Parallel plates | 2.0- i
—— Parallel plates estimated
s Confidence interval
0.06
1.5¢ a
= 0.04f -
. 1.0}
—— 3D Complete model
0.2k 05 @ Simulated measures
’ Parallel plates
' . . . — Parallel plates estimated
o0l 4 Monoglyceride ool Biodiesel . Confidence interval

0 ‘ 100 200 300 a0 500 600 0 100 200 300 400 500 600
7(s) 7(s)
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3D Model Z X 2D Parallel Plates Model z

» Minimization of objective function

Minimization of objective function with 2D parallel plate model and
approximation error model

1200~~~ T T T T T T T T
: Iterations Step Acceptance Burning

1000 B size ;

100000 | 0.003 | 41.94% 20000 -

S sool. j

3 I ]
=

= > |

o 600F: .

= . 1

=) . i

3 400 - _

200 j

= . . 4

1 S S S A

0 10000 20000 30000 40000
Number of States of Markov Chain
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3D Model )" .. X 2D Parallel Plates Model "
i=1 i=1

» Markov Chains

—4.0!,
—4.6"
—4.8 -4.5/ |
& -50; &
_5-0 L
_5.2 L
—-54- —55l
0 10000 20000 30000 40000 0 10000 20000 30000 40000 0 10000 20000 30000 40000
States of the Markov chain States of the Markov chain States of the Markov chain
' ' ' ' ' —427 ' ' ' ‘
-35 | _44f
1 —46/
2 a0 neait ARCRROE 1y e 1
—5.0/
—45 ]
52/
0 10000 20000 30000 40000 0 10000 20000 30000 40000 0 10000 20000 30000 40000
States of the Markov chain States of the Markov chain States of the Markov chain

we= Estimated parameter
— REfErence parameter (Al-Dhubabian, 2005)
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3D Model )" .. X 2D Parallel Plates Model "

i=1

» Markov Chains

—5.1°F

i=1

-4
—4.6
_5.2 L
—-4.8 _
=53¢ |
< —54 -2.5
—5.5¢
_56" =-3.0
—5.7—‘ ‘ 35
0 10000 20000 30000 4 ) 10 30000 40000
States of the Markov chain < 40 States of the Markov chain
5
-5.0\
| [
l L L 1 L Il 1 1 L 1 1 L L 1 L Il 1 L L 1 Il L 1 1 L 1 1 L
=55 -5.0 -4.5 -4.0 =35
k3
-5.2 -7.0
0 10000 ‘ 20000 l 30000 40000 0 10000 20000 30000 40000 0 10000 20000 30000 40000
States of the Markov chain States of the Markov chain States of the Markov chain

we= Estimated parameter

— REfErence parameter (Al-Dhubabian, 2005)



3D Model 2

40

X

i=1

» ERROR MODEL

1
2D Parallel Plates Model z

i=1

Parameters estimated with 2D parallel plate model WITHOU'T approximation error model

Parameter | Guess |Reference [Estimated value [Minimum value |Maximum value [Relative error
Ky -6.43166 | -5.35972 -5.57254 -5.59546 -5,53751 3.97077
K, -6.02003 | -5.01669 -5,23631 -5.30769 -5.1436 4,37775
Ky -5.67101 | -4.72584 -5.04866 -5,10333 -4,9534 6.83088
Ky -4,76279 | -3.969 -4,36918 -4.,46756 -4,21497 10.0826
Ks -5.60913 | -4.67428 -4,76551 -4,79111 -4,72229 1.95178
Ke -7.25491 | -6.04576 -6.18009 -6.27219 -6.04436 2.22197

Parameters estimated with 2D parallel plate model WITH approximation error model

Parameter | Guess |Reference|Estimated value [Minimum value [Maximum value [Relative error
ky -6.43166 | -5.35972 -5.44772 -5.56511 -5.20121 1.64197
ks -6.02003 | -5.01669 -5.05721 -5.26888 -4.69399 0.807751
ks -5.67101 | -4.72584 -4.,66665 -5.13613 -4.06344 1.25259
ks -4.76279 | -3.969 -3.88106 -4.,53215 -3.1877 2.2156
ks -5.60913 | -4.67428 -4.,73256 -4.94991 -3.95707 1.24681
ke -7.25491 | -6.04576 -6.12605 -6.66355 -5.01081 1.3281




3D Model 2

40

X

i=1

» FIPHYR MODEL

1
2D Parallel Plates Model z

i=1

s -tmated with 2D parallel plate model WITHOUT approXu.. Omode]
_ I.\\ Guess |Reference |Estimated value [Minimum value |Maximum value|R € 2 el /—11
Ky -6.43166 | -5.35972 -5.57254 -5.59546 -5.53751 3.9, 171
K, -6.02003 | -5.01669 -5.23631 -5.30769 -5.1436 4.37775
Ky -5.67101| -4.72584 -5.04866 -5.10333 -4,9534 6.83088
Ky -4,76279 | -3.969 -4,36918 -4.,46756 -4,21497 10.0826
Ks -5.60913 | -4.67428 -4,76551 -4,79111 -4,72229 1.95178
Ke -7.25491 | -6.04576 -6.18009 -6.27219 -6.04436 2.,22197

" i *mated with 2D parallel plate model WITH approximati~~ & _¢
E Ai=1§'tx~.~.\ Guess |Reference |Estimated value [Minimum value |Maximum value hetat m(i ;l
kq -6.43166 | -5.35972 -5.44772 -5.56511 -5.20121 1.6.197
k; -6.02003 | -5.01669 -5.05721 -5.26888 -4.69399 0.807751
ks -5.67101| -4.72584 -4.66665 -5.13613 -4.06344 1.25259
ks -4.76279 | -3.969 -3.88106 -4.,53215 -3.1877 2.2156
ks -5.60913 | -4.67428 -4.73256 -4.,94991 -3.95707 1.24681
Ke -7.25491 | -6.04576 -6.12605 -6.66355 -5.01081 1.3281
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1
3D Model 2 X 2D Parallel Plates Model Z

i=1 i=1

» FIPHYR MODEL

" 21‘ ‘umated with 2D parallel plate model WITHOUT approxun. Omode]
A Guess |Reference [Estimated value [Minimum value |Maximum value [R € 2 el /_11
Ky ‘—6.43166 -5.35972 -5.57254 -5.59546 -5.53751 3.9, 171
K, -6.02003 | -5.01669 -5.23631 -5.30769 -5.1436 4.37775
ks model Comp. time for Comp. time for 6.83088
K 1000 states 200 000 states 10.0826
Ks 3D with 40 terms 21h 175 days 1.95178
Ks 3D with 1 terms 13s 44 min 2,22197

2D with 40 terms 10h 83 days
D) 1 1
2 2D with 1 terms 7 ~ 20s B 1h E~t
: Ai=1§tv.\ Guess |Reference |Estimated value [Minimum value |Maximum value hetat ;;l
kq -6.43166 | -5.35972 -5.44772 -5.56511 -5.20121 1.6.197
k; -6.02003 | -5.01669 -5.05721 -5.26888 -4.69399 0.807751
ks -5.67101 | -4.72584 -4.,66665 -5.13613 -4.06344 1.25259
ka -4.76279| -3.969 -3.88106 -4.,53215 -3.1877 2.2156
ks -5.60913 | -4.67428 -4.73256 -4.,94991 -3.95707 1.24681
Ke -7.25491 | -6.04576 -6.12605 -6.66355 -5.01081 1.3281
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3D Model 2 X 1D Lumped Model
i=1
» ERROR MODEL
L0y — 3D Complete model — 3D Complete model
} - Simulated measures «  Simulated measures
— 1D-Lumped 0.20; — 1D-Lumped
0.8¢
0.15¢
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L: LE 0.10+
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0.2+ * ]
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0 100 200 300 400 500 600 100 200 300 400 500 600
r(s) 7(s)
0.07 +
— 3D Complete model
0.06 } «  Simulated measures
— 1D-Lumped
0.05
. 0.04
S
=
n 0.03
— 3D Complete model
0.02 < Simulated measures
— 1D—Lumped
0.01
. /1 Monoglyceride e Biodiesel
0 100 200 360 400 500 660 100 200 300 400 500 600

7(s)

7(s)



1D Lumped Model

40
3D Model z X
i=1
1.0F ‘ I — 3D Complete model et —— 3D Complete model
f @® Simulated measures 0.25¢ ) @ Simulated measures
1D-Lumped 1D-Lumped
0.8 — 1D-Lumped estimated | 020l ] — 1D-Lumped estimated
----- Confidence interval ' ----- Confidence interval
0.6
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S N - (N S/ /N —— e S
A TN~y e T
0.4r 0.10f .l
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B T ! 25
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3D Model 2

X
i=1
» ERROR MODEL
10+ I I l ' — 3D Compl;.te model 1 | el — 3D Compllete model
\ + @ Simulated measures 0.25+ @® Simulated measures
——— 1D=Lumped — 1D=Lumped
08 \o. — 1D-Lumped estimated 020l — 1D-Lumped estimated
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Fogay

F pGav

Real Experimental data + 1D Lumped Model

» ERROR MODEL

Y

b,

Tl’lg I yce rl d e Experimental measures |
as r ~——— 1D Lumped with AEM -
-t . Confidence interval -
0.6} ]
0.4} ]
02 ]
0.0L, R S S S e 3
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R&D Challenges : Biodiesel Production in micro reactors

[ Theoretical Analysis }

f
\

Experimental Analysis ]

Validation Experiments

Estimated biodiesel concentration, based on the estimated kinetic
constants, in comparison with two additional cases of residence time.

Estimated

constant
K, 0,380
k2 0,983
ks 2,40x10°
ks 1,62x107°
ks 0,635
Ke

0,038

Validation
Case

1

2

Residence
Time

0.78 min

1.55 min




R&D Challenges : Biodiesel Production in micro reactors

[ Theoretical Analysis } L Experimental Analysis]

Validation Experiments

—1
Estimated biodiesel concentration, based on the estimated kinetic 0 t
constants, in comparison with two additional cases of residence time. - a
J
_ Biodiesel Conc. Biodiesel Conc.
Estimated Validation Residence Experim. Predicted Percentage
constant Case Time Result Math. Model error
0.380 [mol/m?3] [mol/m?3]
0.983 1 0.78 min 2.676,96 2.626,26 2,0%
5
2,40x10 2 1.55 min 2.646,54 2.623,22 1,1%
1,62x107
0,635

0,038



R&D Challenges : Biodiesel Production in microreactors

Biodiesel Device Device
Production Total weigth Total volume
1 module 1,33 L/day 123 g 2,5cm X 4cm X 1,27cm

10 micro-reactors

» SCALING UP...



R&D Challenges : Biodiesel Production in microreactors

Biodiesel Device Device
Production Total weigth Total volume
1 module 1,33 L/day 123 g 2,5cm X 4cm X 1,27cm

10 micro-reactors

» SCALING UP...

50 microdevices

|

500 microreactors

[f2en] ]

66.5 Liters of biodiesel / day

|

Volume 793.75cm?
0cm Weight 6.15kg
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Ethanol
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i B o ol Sl i il

> WASTE COOKING OIL (WCO) ...

| Ethanol/ Oil ratio: 20:1

------------------------------------------------------------------

99.5%

v

< E riglyceride(TG)

»

Diglyceride(DG) + Alcohol(A) ——— Monoglyceride(V:

-
-

-

3

Monoglyceride(MG) + Alcohol(A) &—— Glycerol(GL)¥

»

Alcohol(A) <—L_'—> Diglyceride(DU)

Ethanol




R&D Challenges : Biodiesel Production in microreactors

» Conclusions
Complex physical problem can take advantage of both Computational and Experimental Analysis ;
Successful fabrication of micro reactors — metal/glass and metal/metal 3D printed

Estimation of kinetic constants from inverse analysis using real experimental data and taking account the
error model;

Demonstration of micro reactors for the synthesis of ethanol based biodiesel with promising results
(99,61% of biodiesel production in 35 seconds residence time);
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» Conclusions

Complex physical problem can take advantage of both Computational and Experimental Analysis ;
Successful fabrication of micro reactors — metal/glass and metal/metal 3D printed

Estimation of kinetic constants from inverse analysis using real experimental data and taking account the
error model;

Demonstration of micro reactors for the synthesis of ethanol based biodiesel with promising results
(99,61% of biodiesel production in 35 seconds residence time);

»  Future work

* Fabricate a pilot plant with up to 200-500 microrreactors;
* Enhance the conversion of waste cooking oil in the esterification process in microreactor;
» Estimate the kinectic constant for the waste cooking oil esterification;

*  Optimize the micro channel structure based on the estimated constant;
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