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Model reduction

Separate fast / slow dynamics

o Discard redundant (invariant) states
* What 1s the minimal number of states (variants) ?
* Batch reactors: S — R extents
* Open reactors: § — R+p+1 vessel extents
* Open G-L reactors: S — R+p, +p+1 vessel extents

o Separate fast/slow dynamics
e Rates are fast/slow, not individual concentrations

— work with extents, not concentrations...

Bhatt et al, Comp. & Chem. Eng. (2011), submitted

M. Amrhein, PhD dissertation n°1861 (1998), EPFL, Switzerland
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Definitions

Extent vs vessel extent of reaction

o Extent of the i-th reaction &, (¢):
number of moles produced by the i-th reaction

Differential extent of reaction

fr,i(t):ths :rv,i<t) 5}*,1’(0):0

o Vessel extent of the i-th reaction x, , (¢):
number of moles produced by the i-th reaction still in vessel

Differential vessel extent of reaction

xr,i(t) :rv,i(t)_ u;;”(x) xr,i(t) xr,i(o) :O

N. Bhatt, PhD dissertation n°5028 (2011), EPFL, Switzerland



Definitions

Extent vs vessel extent of mass transfer

o Extent of the j-th mass transfer &, ; (¢):
mass transferred by the j-th mass transfer

Differential extent of mass transfer

éém,j(t):gj(t) ¢, (0)=0

o Vessel extent of the j-th mass transfer x,, , (¢):
mass transferred by the j-th mass transfer still in vessel

Differential vessel extent of mass transfer

xm,j (t) = é/j (t)_ u}‘:’(f;) xm,j (t) xm,j(o):()

N. Bhatt, PhD dissertation n°5028 (2011), EPFL, Switzerland



General concept of vessel extent

A vessel extent indicates the amount of material
(number of moles, mass, volume), associated
with one phenomenon, that 1s still in the vessel...

Differential vessel extent (i-th phenomenon 1)

N. Bhatt, PhD dissertation n°5028 (2011), EPFL, Switzerland
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Homogeneous reaction systems

Mole balance equations

Homogeneous reaction system consisting of S species,
R independent reactions, p independent inlets and one outlet

Mole balances for S species W,, u (t)

(
!

in 1n

n(t)=N'r, (£)+W,u, (1)=2n(), n(0)=n,

(
m(1)

Sx1) (SXR) (Rx1) Sxp) (px1) (§x1)

Mass, volume and concentrations

m(7)=1M n(7), V(t)=29, ¢(r)=21

Amrhein et al, AIChE J. 56 (2010) 2873



Homogeneous reaction systems

Decomposition in variants and invariants

o Condition: rank([N W, no]):R+p+1

X, (1) R

Xin t g F

202 | 4 o-n

_Xiv (t)_ L Q _

o Vessel extents (variants) and g = S — R — p —1 redundant information (invariants)
. _ T Uoy (1) —
X, (z‘)—RIN r,(¢ )+R0VVm w,, (1) ==X, (4), x,(0) =0,
. _ o ”out() —
in(t)_F NTr ( ) +F Wnuln( ) m(;; Xin (t)’ Xin (O) _Op
0,z I
xic (t)quNT ( ) +qTWn um( ) u::t(f;)(l-i_xic (t))’ xic(o) =O
H_/

Amrhein et al, AIChE J. 56 (2010) 2873



Homogeneous reaction systems

Decomposition in variants and invariants

o Condition: rank([NT W n0]) =R+ p+1

1

(1) R

Xin t g F

0 2 | o-m)

_Xiv (t)_ L Q _
o Vessel extents (variants) and ¢ = § — R — p —1 redundant information (invariants)

%, (0)=r.(0) S, (1), x,(0) =0,
X, (t)=u,(t) — mt(f;) X, (1), X, (0) =0,
()=t O (i), % (0) =0
Xiv (t) = 061

o Reconstruction: (n(7)—n,) ZN"x, (1)+W, x,, (1)+n,x, (1)

Amrhein et al, AIChE J. 56 (2010) 2873



Homogeneous reaction systems

Orthogonal spaces in 4-way decomposition

space of 1nitial space of invariants

conditions

space of reaction space of inlet extents

extents

S-dim space of the number of moles

Amrhein et al, AIChE J. 56 (2010) 2873



Homogeneous reaction systems

Transformation to RV form

o When rank([NT W, n0])<R+p+1 (w,, (¢) and u,,, (¢) known),

the numbers of moles are rearranged in Reaction Variant (RV) form:

n* (1)=N'x, (1)=n(t)-W,x, (1)—n,(1+x, (1))

mn in

o The R vessel extents of reaction are then computed as:

Amrhein et al, AIChE J. 56 (2010) 2873
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Kinetic investigation

From measurements to rate expressions

Experiments, measurements

‘
:
: Nw,
"
|
.
|
i c !
| '
!

N . all Linear Ty i ith ]
Bl ¥
! - cone: transformation W =4
N, lw., *(6r) 3 X
um(t)i uout(t) 'v. :
- ' -
V(L) s, CoEa(8r)
'. :
' ® ™ ®
| ..o. E EEES S— Fat: data regarding the global reaction system
; 4 ., i
| - d) CD * N P [ ae = Lean: data specific to a single reaction
e \\-'\ A —_— Experimental data flow
* 1
* : --- Simulated data flow
i ' B = Information flow
1
"0 14 .
*, " 3 Identified rate law
* r,-l '

(1) Simultaneous approach
@ Incremental approach (rate-based)
(3) Incremental approach (extent-based)

Bhatt et al, Chem. Eng. Sci. 8 (2012) 24

Rate law -
candidates ? ’
Library of

rate laws




Incremental model 1dentification

Extent-based method

o The kinetic problem is decomposed into sub-problems
of lower complexity that are solved individually.

o The model 1dentification proceeds in two steps:

o Transformation to extents (v+iv)
Computation of the contribution of each dynamic effect
(reaction, inlets and outlets) as extents

o Model identification (Parameter estimation)
Individual model identification of each effect from its
corresponding extent with the integral method
of parameter estimation.

Bhatt et al, Ind. & Eng. Chem. Res. 50 (2011) 12960



Extent-based model identification

Model 1dentification and parameter estimation

A dynamic model is postulated for each extent of interest
and a regression problem 1s solved individually using the
integral method of parameter estimation.

Example: fitting of R extents of reaction

Simulated extent X, ;(k) -

i ) =50
yat

///
Yy Computed extent x, (k)

Extent of ith reaction, x; ;

Time [h]

Bhatt et al, Ind. & Eng. Chem. Res. 50 (2011) 12960 17




Extent-based model identification

Model 1dentification and parameter estimation

A dynamic model is postulated for each extent of interest
and a regression problem 1s solved individually using the
integral method of parameter estimation.

Example: fitting of R extents of reaction

min |x, ,(¢) -%..(2.9,,) 2 i=1, ..., R
S.t. ')’ér,i (t’er,i) =F.i (t99r,i) - un(;m(t()t) )Acr,i (t)9 ')%r,i (O) =0

L U
Or,i S Or,i S Or,i

Bhatt et al, Ind. & Eng. Chem. Res. 50 (2011) 12960



Homogeneous reaction systems

Ethanolysis of phthalyl chloride in a CSTR

Ethanolysis of phthalyl chloride (A) comprising seven species
(S = 7), three reactions (R = 3), two inlets (p = 2) and 1 outlet

-1 -1 1 1 0 0 O
N =0 -1 -1 1 1 0 O
0 -1 0 -1 0 1 1]
B el
W= Wina 0 0O 0 0 0 O
in 0 w,, 0 0 0 0 0

[kmmol]

A+B— C+D o

C+B— E+D ) Anessssses

DAB e F4G R
Extents of reaction ?

N. Bhatt, PhD dissertation n°5028 (2011), EPFL, Switzerland



Homogeneous reaction systems

Ethanolysis of phthalyl chloride in a CSTR

R = 3 Extents of reaction

N, W _, n, .
Number of moles l VR g
- p = 2 Extents of inlet
B =
‘ - Q - C Y e T

o e 1 Extents of outlet

Each extent of reaction can then be modeled
individually, that 1s, independently from
all the other phenomena / extents...

1o 15 20 25 30 35 40
Time [h|
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Fluid-Fluid reaction systems

Mole balance equations

Fluid-Fluid reaction system consisting of:

P, inlets in G Outlet from G
Wi Wing
o Phase L: S, species with R, reactions, ( | he
p,, mass transfers, p, inlets and 1 outlet e
o Phase G: S species with R reactions, e W
p,, mass transfers, p  inlets and 1 outlet A

Phase L

Mass transfer described by various models...

Mole balances on phase B

R, reactions, p,, mass transfers, p, inlets, 1 outlet

I:lb (t) = Ngrv,b (t) i Wm,bgb (t) + “]in,buin,b (t) —— (t) nb (t)’ nb (O) = nO,b

(Syx 1) (Sp X Ry (R, X 1) Sy X Py @, % 1) (S X pp)(pp X 1) (Spx 1)

Bhatt et al, Ind. & Eng. Chem. Res. 49 (2010) 7704 22




Fluid-Fluid reaction systems

Decomposition in variants and invariants

o Condition:rank([Ng W, W, noab}) =R, +p, +p,+1

0 [
X (¢ M
& b
in(t) = | F, (nb(t)_no,b) be {f,g}
x, (?) q,
x, (1) |1Q]
o Vessel extents (variants) and g, =S, — R, — p,, — p, —1 1nvariants
x,, (t)=R, N, r,(t) £R, W, C, (1) +R, W, ,u,,(¢) _%an (2), x,,(0) =0,
I, 0, 0,
Xm,b(l[) :Mb NZ rv,b(t)iMb Wm,b Cb(t) +Mb Win,b uin,b (t)_u(:n%l(jz()t)xm,b(t)’ Xin,b(o):()pm
0, %z, I 0,
Xin,b(t)zl?b N;Jr I.v,b (t) in Wm,b Cb (t) +F Wn umb( ) _Lj;zt((tt)) Xin,b(t)’ Xin,b(O)zopb
0,k 0 L,
xic,b (ZL)Zqur NZ I.v,b (t) iqz Wm,b gb(t) +qu Wn,b uin,b(t) _u;:;,l()t()t)(l—i_xic,b (t))’ xic,b(o)zo
01><Rb 0, 0



Fluid-Fluid reaction systems

Decomposition in variants and invariants

o Condition:rank([Ng W, W, noab}) =R, +p, +p,+1

_Xr (t)_ Rb
Xm (t) % Mb
Xinétg = 217 (nb (t)_no,b) be{f,g}
‘xic { b
_Xiv (t)_ | Qb a
o Vessel extents (variants) and g, =S, — R, — p,, — p,, —1 1nvariants
Xr,b (t):r\/,b (t) _%ft()t)xr,b (t)’ X”,b (O) :0Rb
X, (£)=6,(¢) _%Xm,b (2), Xinp (O)Zﬂpm
Xin,b (t) - uzn,b (t) _ L:nb((tt)) in,b (t)’ Xln b (O): OPb
o (1) ==l =t (1), (0)=0 withx,, (1) =0,




Fluid-Fluid reaction systems

Orthogonal spaces 1n 5-way decomposition

space of invariants

space of initial

conditions
space of mass-

transfer extents

space of reaction space of inlet extents

extents

S,-dim space of the number of moles in phase B

Bhatt et al, Ind. & Eng. Chem. Res. 49 (2010) 7704



Fluid-Fluid reaction systems

Transformation to RMV form

o When rank([Ng W, W, noab}) <R +p +p, +1 (um’b (¢) and
Ui b (¢) known), the numbers of moles are rearranged in

Reaction Mass-transfer Variant (RMV) form:
™ (1)=N"x,, ()W, x,,, (£)= [NT - Wm,b]k“b (t)}
=n, (1) =W, X, (£) =0, (1+x,, (1))
o The R, vessel extents of reaction and p,, extents of mass transfer

are then computed as: Xr,b(t) _[NT +W | nf™MV(;
Lm,bo) L 2 L)

Bhatt et al, Ind. & Eng. Chem. Res. 49 (2010) 7704 26




Fluid-Fluid reaction systems

Chlorination of butanoic acid in a CSTR

Chlorination of butanoic acid comprises S, =5 (BA, MBA, DBA,
Cl,, HCl) and S, = 3 (Cl,, HCI, air) species, R, = 2 reactions,
p,=1and p,= 1 inlets and 2 outlets

...... :
u Uy oM, (1) Gas-phase 3
measurements = e
in,Cl, > I\
Phase G 3 ~..
C12> HC1> Alr 0.1 ,-‘" ‘.Mx"“w,...(_
| BA+Cl, —sMBA+HCI Rl P
é‘ ; cat b
cl, HCI BA +2Cl,——DBA+HCI R2 A
Win net — o e’
AV Y Phase L . . _g - "“/x/?
in,HCI BA, MBA, DBA uout,ﬂ 1, (t) quUId-phase i ) e It
Cly, HC1 = S
measurements s J
2 \%{; S
Extents of reaction ? e

Time [h]

N. Bhatt, PhD dissertation n°5028 (2011), EPFL, Switzerland



Fluid-Fluid reaction systems

Chlorination of butanoic acid in a CSTR

R =2 Extents of reaction

N Wmﬁ' vaf' 0,/

Number of moles
in liquid phase

x, |kmol]

p,, = 2 Extents of m.t.

I“I,r(t) [km0|]
S,
.
Il

2|_ }q’i_e GO0 O e «')-(;7«;,.7 - -

—5—,
‘N—ﬂ—'\p— Fr—L(—E:' _Eﬁ —i‘k

Tlme [h] E 00

N. Bhatt, PhD dissertation n°5028 (2011), EPFL, Switzerland



Fluid-Fluid reaction systems

Chlorination of butanoic acid in a CSTR

o Identification of the rate expression for the main reaction R1

4.5
o Rate expression candidates it
(1) . 3.50 ‘e‘_‘
B =k Copa Coa, 1 :
(2) _ _
no=k g, R S
(3) _ [ R R
R =k Copa Coer, Conpa : !
(4) _ 15} 5‘
no =k CrBa Coc1, \/Cr,MBA I
;. ® Extents of R1 computed from concentration measurements
h - - Best fit for R1 using rate expression (1)
b b | - - - Best fit for A1 using rate expression (2
o Identified rate expression e e et

(4) _ '?:' o5 1 15 2 25 3 55 2 5 5
n =13543 ¢, 5, Coc, \Cr,MBA Time i

N. Bhatt, PhD dissertation n°5028 (2011), EPFL, Switzerland



Fluid-Fluid reaction systems

Chlorination of butanoic acid in a CSTR

o Identified rate expressions

no =k Copa Crc, A/ €r.MBA

no =k K,
g cl, _kc12 AV, M, Cl, (Célz _06,012)
Cicr =hicr 4, Vs My ier (€101 = i)
o Results of curve fitting (2% noise level)

Simulated value | Estimated value | 95% Confidence interval

1.3577 1.3543 [1.3207 — 1.3879]
k2 0.1 0.105 [0.0884 — 0.1216]
kc12 0.666-10 0.594-10+ [0.514-10%—0.674-10]
ke 0.845-10+ 0.813-10 [0.763-10* — 0.863-10]

N. Bhatt, PhD dissertation n°5028 (2011), EPFL, Switzerland
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Recent extensions

Rank augmentation of conc. data by calorimetry

o Homogeneous reaction systems

nszgc):{“sv“)H N [ 0= )

O.(t) | [-AH,
x, (£)=(NI,) n (¢)

o Fluid-Fluid reaction systems

nRMV (t) — _nilc\z/lv (t):| — |: N;{,a Wm,(,a i||: r,
aug :

i Qrm (t ) _AHI,E _AHZM

Srinivasan et al, Chem. Eng. J. 207-208 (2012) 785



Recent extensions

Construction of calibration models in spectroscopy

) FRV

locdls cal

Required Calibration
measurements model
RMV RMYV RMV CAL v
P (Cl,cai ) cal » Fr
RMYV
cal
CAL
(Cl,cah Acal) O ) F
RV
cal
Cg.cat(?) RV > ( RV RV) CAL

RMV, RV : transformation to RMV-, RV-form

CAL construction of calibration model
i = {u.n.Lt:ai(f‘)e uoun‘.l.r_:ui(!}- 'f”'f.(:af(!')s L’rnl',r.:{u’(f-}-. W.‘n.?.ua!-. 140, cal Ar‘n.cu!- an cal }
5o = {u-u.f,(!{l-lr(t}'. H‘tlih’..f.('tll'(t)' '”"-f.t:(u'(t)- 'V:r'.t'uf{t}- wu..f.vul- wrr:.f.c.‘tri~ N0 cal, Am.t:(u‘- ag cals Am.(*ul}

Billeter et al, Anal. Chim. Acta 767 (2013) 21




Recent extensions

Prediction of concentrations from spectral data

Required Predicted concentrations of Predicted
measurements calibrated species extents
RMV FRMV g RMV 2, (t) RMV
, Ji!'k*i'\/(i_) ) RU’V(t) ’ ( xr:g(t) )
A

Sil MV

spv |@ spnv (®

RMV

Vi(t) Xin,1(t)

Predicted

concentrations

— lt)

()
7
a(t) 7 » &c() —)» Xma(t) | —— 3 &(?)
@ ® ( )

Ai(t)

SRV v
- @ s |(6)

cy(t) |RV
cq(t)
q
:
RV FrY PRV R
“ RV ARV [ - -
L2y amv) By ) ——— %) —Z2 3o
F, F*v, FeMv ;. prediction via calibration ST = (t), wouna(t), mu(t), Vi(t), W1, mo}
&, ™Y linear transformation to extents Sg” d {A Elu}
%, #*, @M ¢ reconstruetion of all concentrations from extents S{w = {ll f fj i, gj(f) ?ﬂf( -L’}{f) W,,,._{ W.. ﬂfn}. where f € {_f}r‘}
RAMV, RV : transformation to RMV-, RV-form S5 ={A.. A, a}

Billeter et al, Anal. Chim. Acta 767 (2013) 21
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Perspectives

Distributed reaction systems

G Film F L

(BC, ODE) c; (¢)

X5
I n,(¢) (BC, ODE)

- N

0 X o
PDE: £¢(t,x)=N'r(t,x)+D<4c(t,x), ¢(0,x)=¢,(x) (IC)
How to decouple reaction and ¢(1,0) = g(()t ) (BO)
diffusion phenomena? c(t.6) =57 (BO)

Bonvin et al, TFMST, Lyon, July 13—16, 2013 (to be published)



Perspectives

Distributed reaction systems

1-dim
(BC) ¢, () —a(%\c(t,x) ( G—) ¢, (t) (BC)
X I )!J

PDE: <¢(¢,x)=N'r(t,x)—v,Lc(t,x)+ D;%c(t,x), ¢(0,x)=c,,(x) (IC)

How to decouple reaction, convection
and diffusion phenomena? c(t,6)=c,, (1) (BC)

Bonvin et al, TFMST, Lyon, July 13—16, 2013 (to be published)
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