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Kinetic Identification Methods

From data to rates/extents

Experiments, measurements

Can one identify

: \ ! Distributed Reaction Systems
| v

N all Linear Ty i ith ) L3 . ?
i A | e e via incremental approach?
N, !w *(6r) 3 X
um(t)l uout(t) 'v. :
- ' -
Vi) ., boEi(6)
*
' ® ®
| .'.. E EEES S— Fat: data regarding the global reaction system
. 4 s, i
| - d) Q "‘.‘ & [ ae I Lean: data specific to a single reaction
e \\-'\ A —_— Experimental data flow
A '
‘0.‘ : e Simulated data flow
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i ".. T e = Information flow
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.‘.. . ' . Identified rate law
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@ Simultaneous approach U
Library of

@ Incremental approach (rate-based)

rate laws

@ Incremental approach (extent-based)



Incremental Model Identification (PDE)

Material balance equations in (z,¢) domain

* Two-phase plug-flow reactor (1 dimension, without diffusion) with
—  Spspecies
— 7preactions

— m mass transfers

described by a set of s; Partial Differential Equations (PDE)

o
?—(gfcf( )2+ (8fvfcf( )) Nfé‘fl’f(zt E0 (1)
Accumulatlon Transport by advection Reactlon Mass T ransfer
€ (20)=¢, () (I1C), c,0t)=c, (1) (BC), F ={L, G}, f ={l,¢}

State variables: ¢, (z1) (s; % 1) concentrations, & := & () volumetric fraction, v; := v;(2,t) velocity of phase F

Structural information: N, (7 X s;) stoichiometry, E  ; (s; X m) mass-transfer matrix (+ for L, — for G)

f
Time-variant signals: r; (z,2) (r; X 1) reaction rates, ¢, ; (zt) (m X 1) mass-transfer rates



Incremental Model Identification (PDE)

Step 1: Transformation to extents (1/2)

e The effect of advection on IC and BC in absence of other dynamic effects
is computed using c;,. , (s; % 1) and the velocity profile v; (2, )

%(ec. (z,t))+ai(£vc (2,1) =0

fibe.f U ibe s ;

€,y 1 (20) =€, o (2) (IC), ¢ (t) (BC)

ibc,f( ’ 0 t)

’ zbcf( f

* Removing the effect of advection on IC and BC via d¢;:= ¢;— ¢, yields

%(Efécf(z, t)) + %(Efvf§cf(z, t)) = Nfé‘fl‘f(z t) \Em’fEfQ)mj(z t

Reactlon Mass Transfer

5cf(z, 0) = 5cf(0,t) =0

f



Incremental Model Identification (PDE)

Step 1: Transformation to extents (2/2)

o If rank([N; tE J)=r +m, thenT, = [N, +E P transforms dc;in

m, f f f m.f "~ f
X,r f(z7 t)
’ T
= = +
X, (21) Tféc ((z,1) ¢ (zt)=N.X ()tE X (st)+¢, (20
X (2,1
| i SN

« T, splits the material balance in 3 sets of PDE:

(e X, (= t) +2 (g0 X, (= t)) = &x (z1t), X_ (20 =X ,(0¢) =0 Reaction

/ I r rf mf "t variants
Advection\gf material
produced by the reactions
d d — — —
m (SmeJ (2, t))+ 3 (Sf’l}me’f(z, t)) = 8f¢m,f (2, 1), Xm7f(z, 0) = X o (0,t) = Om \lygllz;isas;lttléansfer
Advecti(;gf material
exchanged between phases
Xz‘v,f (z,t) = 05[ (5 +m) Invariants




Incremental Model Identification (PDE)

Step 2: Model identification

e Incremental identification of the reaction rates r;
P H

2
min ZZ( T, .(2t)— xrﬁf’i(zp,th,erw)) Vi = L...,rf
i p=1h=1
s.t. L(ex . (54,0  ))+2L(evz (240  ))=€ET (E,(%1),0 )
2t Ny N e g i) )T e U i B B Y g Flrale Bt Y g
T, 5500, )=7 ;.00 )=0
* Incremental identification of the mass-transfer rates ¢, ,
2
mmZZ( ZNRICH ot ’th’em,m)) vi=l...m
n.f.J p =1 h=1
9 _ ~ ~
s.t. & (Sfxmvf’j(z,t,ﬂ 7f7.))+a (vafa: S t,0 7f’j))—8f¢mﬂf’j(cl(z,t),cg(z,t),ﬂmjfvj)
T (00, )=, 080, ,)=0

e This method requires measurements along the z direction of the reactor!

(j) denote measured quantities or variables computed from measured quantities



Simplified Incremental Identification (ODE)

Material balance equations in 7 domain

e Typically: measurements are only available at the reactor exit!

e Simplifications

— Steady-state mass transfers,

— Constant volumetric fractions,

— Constant and identical velocity in the two phases,
— Constant boundary conditions.

e To an observer sitting on a particle of velocity v, the state vector c(z,t) is viewed
as ¢,(7), with 2 = v 7and ¢ =7 (time spent in the reactor up to position 2),
described by a set of (s,+s,) Ordinary Differential Equations (ODE)

e ()=N"ro)+E ¢ (1), ¢ @©=c, =[]




Simplified Incremental Identification (ODE)

Step 1: Transformation to extents

o Ifrank(IN' E [)=r+m,T=[N" E P is applied to dc,:=c,— ¢,

=Tde (7) ¢c (7) = NTpr(r) +E x (0)+e

D m p,m m

e T splits the material balance in 3 sets of ODE:

%ijr(f) =r(7), Xp,T(T) =0 Reaction variants
%Xp’m(z') = (I)m(r), Xp7m(1') =0 Mass-transfer variants
Xp’w(r) = O(Sﬁsg)_(Hm) Invariants




Simplified Incremental Identification (ODE)

Step 2: Model identification

Model identification requires measurements ¢ (z,) for various values of 7

K measurements can be obtained by measuring the concentrations ¢ (z,)
at the reactor exit z = z, for K different values of the velocity v, ==

7

Incremental identification of the reaction rates r

. K ~ 2 .
min Z(xpm(rk) -z (1, Bm)) Vi=1...,r
e k=1
d — r(c —
8.t dr xp,r,i (T’ 97“,7?) - Ti(cpJ(T)’ 97“,71)’ :Up,r,z'(o’ 07" z) =0

Incremental identification of the mass-transfer rates ¢,,

2
1511111 Z(zp,m,j(fk) =y Om./j)) vi=l..,m

d _ ~ ~
5.t dr xp,m,j(r’ em,j) B ¢m,j(cp,l(r)’ cp,g(r)’ Bm,j)’ xp,m,j(o’ﬂ

() denote measured quantities or variables computed from measured quantities



Simulated Example

Chlorination of butanoic acid

* System composed of s, = 2 species in phase G and s, = 5 species in phase L

e r = 2 reactions in the phase L

R1: BA, + Cl, —>MBA o+ HClL, n=Fkey,c 2

1 "I,BA "[,Cl, "[,MBA

R2: BA +2C1 %DBA +2HC1 r—k 21 G,

e m = 2 steady-state mass transfers obeying the rates

* * Pey
¢ . =k, al(c, —c.) c., =2
Y
m,CL, cl, ilQ 1,CL, 32 1;012
— _ — fHa
¢m,H(n o kHCl a (CHCI Cl,HCI)’ Char H

e Known structural information




Simulated Example

Chlorination of butanoic acid

* System composed of s, = 2 species in phase G and s, = 5 species in phase L

Stacked reactor (10 plates)
e r = 2 reactions in the phase L z=z =1m
C.(z,.,t)
R1: BA, + Cl,— MBA, + HCL, 7=k ¢, ¢ | 0" k=10 e
: — C.(z,t
R2: BA +201 a DBA + ZHCl n=h, 1, o sCert)
cf(z7’th)_E k=28
k = 7 cf(zﬁvth)
e m = 2 steady-state mass transfers obeying the rates e I e C o)
k=5 FEarty,
el €. (2,1) -
= k a C* — C C* = 2 P\l k=4
¢m,C12 cl, ( cl, 1.l ), cl, He, = ¢, (z,01,)
. * * Py C . (2,t,) -
¢m,HCl = kHCl a (CHCI Cl,HCI)’ Char = W el W ATEY €, ty)
HCI E=1 =0
ives access to measurements
 Known structural information ¢ oot
along the z direction

1 -2
(z,8): NT =[i ‘é], E =[
9 l 1 2 m,l

0 1

], N'=0,  E =1 z: N' =[N7‘], E =[+E]




Simulated Example

Dynamic experiments in (z,¢) domain (PDE)

2 T T T T
- L1 (R1)7 Lo (Rz)? CIQ: o xm,g,l? = T 11
Qé:\ _HCI: o xm.,g,% = Ty o _
2 S
s
%)
»

1o 1 2 3 4 5
t(s)
2

Tr1 (R1)> ‘:Llr,Q (R2)7 C12: o x’m.,g.jj,l? T

xm., 1

E e I 0 = |
i3
)
»
1o 1 2 3 4 5
z (m) t (s)
Simulated (noise-free, —) Modeled (with identified models, —)
and experimental (2% noise) concentrations and experimental (2% noise) extents
at t=>5s at z= 0.5 m (above) and z = 2, = 1 m (below)



Simulated Example

Steady-state experiments in 7 domain (ODE)

2.0 ‘ ‘ w w 4.0
o “lao
1.5} ° MBA (154 —~
+ BA(Z) o N 'T'
T O™ 2 =
— O — g
;CEJ/ 1.0 - 2.0 é =
5‘ § N HCl(g)] uz N;
05 Cly, A& > 1.0 8
=TT PBA
0 R 0
0 2 4 6 8 10
7 (s)
Simulated (noise-free, —) Modeled (with identified models, —)
and experimental (2% noise) concentrations and experimental (2% noise) extents

7e(0.1] 10]s < ve (10, 0.1 w



Simulated Example

Incremental identification of reaction rates

Incremental model identification of reactions R1 and R2
based on their respective extents of reaction,
with corresponding sum of squared errors (SSE)

SSE SSE
R1  Rate expression R2  Rate expression
z.1(2t)  ,,1(%) To(Zptn)  3,,0(7)
ke 0.923 1270 Y kkey, ¢ 0.153 0.018
WY ke 5.120 0.563 7Yk ko o 0.131 0.017
A1(3) kl €A Ca, CivBa 2.013 0.320 A2(3) k, k, € Ba 612,012 RVITY 0.107 0.010
2 R G S 0.089 0.026 7Y ke, el o 0.049 0.005




Simulated Example

Parameter estimation

Estimated rate constants for reactions R1 and R2, and mass-transfer coefficients
for Cl, and HCI, with corresponding 99% confidence intervals

Reaction R1 (7;)
xr,l(zjﬁth)

xpﬁl(_rk)
k= 1.3577 @weseesees I ----------




Simulated Example

Parameter estimation

Estimated rate constants for reactions R1 and R2, and mass-transfer coefficients
for Cl, and HCI, with corresponding 99% confidence intervals

Reaction R1 (7;) Reaction R2 (ry)
xr,l(zpath) xr,Z(Z;vth)
xpm,l( k) =T
I T xp,r,?(Tk)
L 4 A T, — ky = 0.6788 @scesrennss -




Simulated Example

Parameter estimation

Estimated rate constants for reactions R1 and R2, and mass-transfer coefficients
for Cl, and HCI, with corresponding 99% confidence intervals

Reaction R1 (ry) Reaction R2 (r,)
xr,l(zpath) xr,Z(Zpath)
xpﬁl(_k) -1
xp,r,?( Tk )
Fy = 1.3577 @«eammeeananfacmmeananna ky = 0.6788 @-===-nnx--- | G I
[}
Mass transfer Cl, (¢ ., ) Mass transfer HC1 (¢ ..,)
P )
me,Q(Z vth,)
x]inl_( Tk ) _i xp,m,?( TL )
SU?n,l,l(Zp?thT_ xm,g,Q(Z[nth)
k012: 0.6660-10% @------ } ------- ' T ¥ ] ko = 0.8450-10 @-suremcfnnnnss [ -------
xm,g,l(zwth)__ - T




Conclusion and Perspectives

 Extend-based model identification for 2-phase distributed reaction systems
— via dynamic experiments collected at several (z,¢) points — (2,f) domain — PDE

— via steady-state experiments collected under various velocities = 7 domain — ODE

e Extension to distributed systems with diffusion
— to identify kinetics independently from the effects of diffusion

— to extract extents of diffusion

 Applications of industrial relevance
— to distributed reaction-separation systems (reactive absorption, reactive distillation)

— to 3D distributed reaction systems (tubular reactors, micro-reactors)



Final word

Thank you for your attention
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