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2 Introduction

This work is part of a new project between the SRLtEam at the LAGEP (UMR CNRS
5007 UCBL1) and SKLOCHE (State Key Laboratory oe@tical Engineering) from ECUST
(East China University of Science and Technolo§anghai, China. As a result, the report
is in English because of the convenience of thengomication.

A dynamic model was developed by ECUST for the debgenation of propane and the
regeneration of the catalyst Pt-Sn/AlI203. It isyaainmic process considering the internal and
external mass transfer and the heat transfer ddin@grocess. An ECUST simulator (open
loop) exists in Matlab, which can simulate the 2gds of operation (dehydrogenation and
regeneration).

We are interested in the synthesis of the modelusndy the optimal control (which does not
seem to have been studied so far) possibly predictntrol, to control the reactor during the
two phases operations to maximize overall perfogaan

Compared to what was originally planned, we have many problems. The existing
documents (We have a report from ECUST not yetiphietl and some chemical reports) and
programs are difficult to use for analysis and oanffor example, data and equations may
differ between the ECUST report and the ECUST rhdilas (for the activity equation e.g.).
Sometimes, if the ECUST matlab files, we have cdikes compute activity (which should
be mathematically >0)if activity<0 ,activity=0 ; &n

Firstly, we had to write the full model form of PDdynamic system, which is exploitable
from an automatical viewpoinAll the numerical values of all model parametersento be
found and are now listed here in the Annex. Unfoately, we have some numerical
problems .So our work is stopped in the open-logipydrogenation model numerical study.

Master thesis by ZHOU Weijun 11/07/2011 5



3 Synthesis of the model

3.1 Introduction

The increasing demand for propylene derivativeshsas polypropylene, acrylonitrile,
propylene oxide, cumene, phenol, isopropylic altotlod many others has produced a
correspondingly heavy increase in propylene dentamohg the last 20 years. It is expected
that the propylene extracted from steam crackerabcracking does not satisfy the growing
demand. Consequently, there is a great interesit@mnative routes to propylene. Propane
dehydrogenation is believed to have a great patiesisi a propylene booster in the future.

For model based optimization control of this premd production process, dynamic models
studied at ECUST are reminded here:

e an adiabatic fixed bed for propane dehydrogenatitim continuously deactivating

* adynamic heterogeneous model for the coke bunmiogess (to regenerate the catalyst)

The operation of the process consists of four apgaequential modes (Fig. 1):
» propane dehydrogenation (DH)
* purge
e catalyst regeneration (RG, coke burning)
* and evacuation

DH and RG feature dynamics to be controlled. Puagd evacuation are the preparative
modes that are instantaneous.

cycle 1-1 cyele i eyele 141

t, M BG 1 DN RG ty m B3
1 1T 1 T |
T o) ' T-_:_ |
svacuallon purge evacaall on purgs avacuats on purge @vacuation

Figure 1: Production cycle.

The Fig. 2 shows a simplified view of the process used. Thistrial reactor is usually a
radial-flow reactor, where there is no axial flawthe reactor. The inlet is at the inner surface,
and outlet is at the outer surface.lt consists aoftigle parallel adiabatic fixed bed reactors
that contain catalyst, where the DH of propane R@dof catalyst are carried out alternatively
after instantaneous periods of purging and evamoati

Many molecules are involved in several chemicalctieas, where the -coefficients
signification is given in the table 1 (in the anpex

Master thesis by ZHOU Weijun 11/07/2011 6



catalyst [z0lid)

void (gas])

; A
\

Figure 2: Simplified view of the process.

3.2 Model for dehydrogenation

Propane dehydrogenation is equilibrium limited andhighly endothermic reaction that is
generally carried out at 525-625C and atmospharsspre using platinum or chromium
catalysts; those catalysts are not full selectarej the catalyst is continuously deactivating
owing to coke formation, which needs to be burhpefiodically to regenerate the catalyst.

At the inlet, propane is mixed with argon, whichthg inert gas (since using pure propane
would decrease the propane conversion and thetseky, which is not good for the
production). Though the productivity will be incesal if pure propane is used, but the yield
to propene would be low.

3.2.1 Definition of the state and input vectors

We consider dynamic model stateasc<follows with 11 components:
U sr <r,t <t<t +T,,

« C, (r,t) multilayer coke content

« C.(r,t) monolayer coke content
« n(r,t) transient total flow rate

« P(r,t) pressure inside the reactor

« T(r,t) temperature inside the reactor

« X, (r,t) mole fraction of Argon inside the reactor

s X, (r,t) mole fraction of methane inside the reactor

o X,u,(1t) mole fraction of ethylene inside the reactor
+  X,n,(r.t) mole fraction of ethane inside the reactor

+ X, (1) mole fraction of propylene inside the reactor

« X, (L1 mole fraction of propane inside the reactor

+ %, (1) mole fraction of hydrogen inside the reactor

Master thesis by ZHOU Weijun 11/07/2011 7



We consider the candidate manipulated variables)(M¥s follows, with a maximum of 3
components:

- input flow rate of mixture (propane argof () atr=ri t>0

- hydrogen concentration in the feéd, (t) [3] atr=ri t>0
« duration of dehydration phasen (t) t>0

After some discussions with ECUST:
e Ifonly 1 MV should be used for online control, weuld chooseng asul.
 If 2 MVs should be used for online control, we Wibuhooseng andXy 20 asu2.

« 1f 3 MVs should be used for online control, we alig as a new M\3.
» If one of the previous candidates MV is not a id¥], it is turn to a constant value.

3.2.2 Reaction kinetics

The kinetics expression comes initially from therkvef J.Gascén and C.Téllez [5]. The
kinetics of propane dehydrogenation to produce yese over a Pt-Sn/Al203 catalyst has
been investigated over the temperature range of&ZEC at atmospheric pressure.

Propane dehydrogenation [7]:
C3H8 <=> CSH 6+ H 2

POk, .P
_kl(T)(PD(QHB - DE 6(.l_)B(HZ)
rl(P’T’XCjHG’XC3H8’XH2)= =
1+ PO
Ky (T)
_ —Ex 1__1
Ky (T) =Koy expﬁ (? T ) 1)

-AH 1 1
Kl(T) = K01' eXp( R % _ﬁ))
15934 148728

Ke(T) =€exp(16.858 = T2

)

Cracking [7]:

Master thesis by ZHOU Weijun 11/07/2011 8



CH; - CH,+CH,

Ethylene hydrogenation [2]:

C2H4+H2 - C2H6
rS(P’T’xCZH4’XHZ):_kS(.I-)'PD(CZH4PD(I-|2 (3)

6(T) = Koy XD € =)

rz(P’T’xgHs): —k,(T)P D(<:3H8 (2)
_ B A1
kz(T) - koz- exp% # Tm ))

More details about constant and variables arebies$a(in the annex).

3.2.3 Coke formation dynamic

The model used in this work to describe coke foromaat the surface of the catalyst is called
the monolayer—-multilayer coke growth model. In thiedel, coke content in the catalyst
versus time and space can be described taking into account a simultapdéotmation of
coke over the surface of the catalyst and a maytd coke deposition. Therefore, the total
coke formation velocity must be described as thditeah of monolayer and multilayer coke
growth. Based on [2], we obtain by differentia@fm and CM:

c=c,+C,
oT
aCM M —a,c E
=k +—
ot 2 M RT? (4)
acm _ kazc )RT + CM Ealck2C (r) E

As %—I is negligible, we have:

Master thesis by ZHOU Weijun

c=C,+C,
aC Eazcaa% D
6tM =K,c (T)(1+?)
alc%%n
oc, KoM 1+ 0
ot A+C, ke (T )t)?
-E.. 1 1
K. (T)=kg, ex L ec-—
|c( ) 0Oic pFR # Tm ))

Ot CyRTZ(Ky(T)+CpuCuke(T))

K (T)=Kqe eXpiRaic é _Ti )
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C=C, +C,
aC,
ot
aC, C, k2. (T)RT? (5)

ot CyRT2(ky(T)+C,, Cyki(T)

ke (T)=kyy expi;‘: é—Ti))

= ke (T)

More details about constant and variables arebies$a(in the annex).

3.2.4 Catalyst activity

The catalyst activity is a simple and empirical activity—time relatioipstieactivation model

[7]:
a(C,,C..T)=(-a,T)C. )+ azcme_”f:
Fal g (6)

1
=)
aM=re™ '™

More details about constant and variables arebies$a(in the annex).

Some remarks about the activay

e According to (6)0<a<1.

« If a—1, the catalyst is in perfect condition for its use.

e If a—0, the catalyst does not work.

* When it is too low, the process must be switchedhfdehydrogenation to regeneration
(in the same reactor).

e During DH,a will be decrease.

The patrticular value ok when the process must be switched from DH to R@otsdefined
but will be controlled by the closed loop controlle

1.0

09
0.8
o7
06t

© 051
0.4}V
03} \
02f
01t

0.0
0

Figure 3: Catalyst activity at some temperatures [7]
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Indeed, Fig. 3 shows that at the beginning, catagsvity decrease rapidly. Sometime later,
the decline rate slows, corresponding to the mgmoland multilayer coke growth. Moreover,
the higher the temperatufes, the fastea decrease.

3.2.5 Stoichiometric analysis

Assuming initial mole fraction of each component feed, according to stoichiometry
analysis, mole fraction of each component at tinseas follows [9]:

X83H8+XI(-)|2+XC(Z)H4+2X§2H +X/Sr 0
N (07 Xepga0 Xy, Xogty Xn2) = 6
H4? PCHg ? TCHg T H 2 (1_XC3HG_XCH4+XCzH6)

0

X
XAr(XCH4’xCZH6’xCEH 6’XE| 2):xg3H8+XI(-)|2+2x§2rH6+XC?2H4+X£r (l_XC3H6_XCH4+XC2H 6)
0 —x0 4y
XCZH4(XCH4'XCZHG'XCEH 61X|(-)|2)_ Zoana ™ X oo 0 (1_XC3H6_XCH4+XCZH6)+XCH s X me

L0 0 0 0
XC3H8+XH2+2XC2H6 TXomat Xar

0 4y 0 L0
XC3H8(XCH4’XC2HG’XC3H6’XIC-)|2)= 0 Yeano T Koao ™ a4 0 (1_XC3H6_XCH4+XC2HG)_XC3—|6_XCH4

0 0 0
XC3H8+XH2+2XC2H6 T Xe a4t Xar

0 0 0
X2 ~ XeanetXcai s
0 130 +2%%  +x%  +xO (1_XC3H6_XCH4+XC2HG)+XC3—| 6~ X2
Xeangs T X2t 2%, T Xc a4 Xay

(7)

X2 (X 23 Xc 21 60 Xz 6+ Xg 2) =

More details about constant and variables arebie$a(in the annex).

3.2.6 Balances

The model is as follows [9]:
*+ Mass balance:

X4 — A(r) Cpg 0

or n
[_XCH4 @&(Cy.C,,T) ml(PaT-)@Ha ’XC3H8'XH2)+ - XCH4)|]2 E.T !chs)_ Xea s @ T Xer, KoHe KeHs )]
0Xcatie — Ar) Cpg 0

or n
[=%cans (Cy, C,, T) |]1(P’T’X%H6 1XCH, 7XH2)_XC2H6 (e, (P.T 1XC,H, )+ 0= Xeo6) (P T 1XeH, 1XC,He 1XeH )]
aXC%Hs - A(r) @B 0

or n
[(1_)(CSH 6) @-(CM ’Cm'T)ml(P’T 1XeHg 17X, H, )- Xcane s e.T Xe,Hg )as (2_xC3-I 6 )]3 eT XeH, KoHe Kep, )]

(8)
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where A(r) = 27Lr

* Energy balance:

T _ Ar)Cp O

or n‘l’(n'?’XCHA’XCzHa'xC3HG)|]:pm(TvXAr Xen, Xe i, Ko i oo w Ko w2 2)'

(...

(“HT) (G, o TIE(PT Xy, o, X ) - ©)
(~Ho (M) TP, T Xy )+ -

(=H, (M) (P, T, X, 0%, )

)

* Pressure drop of bed:

Py(PT XU (0 P T X Xi,) 1= €

oP _
E__fr(nT’r’T'xi) Q. = (10)
where :
3 150
f,(nT,r,T,>q)——F\)e(nT rT X )+ 1.75
_dsG(nT’r’X) 1
Re(. r T x )= E
TUIATTa ) de
_ G(n;.r.%)
u(n.,P,r T,x)=———=
(" %) Py (P.T,%) (11)
Ma(x
G(n“r"):ZTO(zgzng;
PIM_ (X
pd”»sﬁ%
Mg (%)= %M, idArCH,CH,CH,CH;CHH,}

3.2.7 Synthesis of this mathematical model

According to the above equations and previous giftecomponents) and input (3 possible
components) definitions, we have the following masteucture for the DH model based on
PDE, with some equatiorfsinside the spatial domain (D) and some otherhatbbundary

(B):

Master thesis by ZHOU Weijun 11/07/2011 12



(- Xx.u)
DH.D
ot ; 0 (12)
X
fDH.B(E’X'u) =0
« The equations inside the spatial domain D
oC,, oT
W = fDH.D.(:m (Cm’CM T 'E)
oC oT
6—tM = fDH.D.(:M (CM ’T’E)
n. = fDH.D.nT (XCHA’XCZHG’XC3H6'ul’u2)
oP
E - fDH.D.P(nT’ P.r T Xy Ko, Ko, Koo Koo Ko X 2)
oT _
E - fDH-D.T (CM ’Cm’nT ’ P’T ! ’XC2H4 ’XcaHe 7XC§-|8 ’XH 2 )
XAr = fDH.D.><Ar (XCH4 ’ XCZHG ’ XC3HG ’UZ) (13)
0%
o= forns, (G Con e P X, X, Xept, Xon, X,)
XczH4 = fDH.D.x02H4(XCH4’XCZHG'XCQ-IS'UZ)
P — ¢ Cy.Cooy,P.T
T - DH.D.szHG( YRR TAL L I ’XCH4 ’XCZHs ’XC#e ’XCd"s ’XHz)
P - Cy:Cpiy ,P.T
o 1oy (G G e P Xy, X, Kot Xogr, X, )

Xets = Tompagy, (Xeryr Xe g %oy 0 U2)
XHZ = fDH.D.xHZ (XCH4 ’ Xcsz ’ X03H 6,U2)

wheret,<t<t +u, , I, <r <,

e The.initial conditionsat the beginning of the DH phasetat, I, < <I; are:
Cu(r,t)=C,°(r),C,(r,t)=C, ()P t)=P°C)TC L)=T°C)n ¢ 1)=n’¢)

XAR(r’t):é’XCH4(r’t):O’XCZH4(r 1)= 0% €1)= OXcqe (1 F Oyt )::_]); Xy oML F '(14)

at t=0, C,,°(r) =C,°(r) =0,P°(r) = Py ., T °(r ) = T, at first DH phase

* The boundary condition§ <t<t, +u,, r=r
F)(ri’t)= F?nleti T(ri !t)zTinIet’ XCH4 (ri ,t): O’ XCzHe (. t )= O’XC3H6 f( t, ): ((15)

We consider the model outputay follows as the mol flow rates:
N %) = N (00 X0 X, Xty Xn2)% i0LH, CH, CHCHCH,I(16)

Master thesis by ZHOU Weijun 11/07/2011 13



Theses flow rates are all measured.

The temperature and pressure are measured onliheutviany delays and the concentrations
are measured with the delay which will be about\a minutes, or a few seconds for on-line
mass spectrometry. All these are measured at titet.ou

Master thesis by ZHOU Weijun 11/07/2011 14



3.3 Model for regeneration

During dehydrogenation, coking that deactivatescdialyst should be periodically burnt in
oxygen-diluents mixture: this is regeneration of ttatalyst, where no propylene production
takes place.

The coke combustion involves both chemical reactind transport processes, since oxygen
must be transported by the external mass tranefkthee pore diffusion to the internal coked
surface where the combustion reaction takes pland, the heat of combustion must be
transferred to the bulk fluid.

In this report, a dynamic model [9] for the cokentmistion regeneration of Pt-Sn/Al203
catalyst regeneration studied at ECUST is reminddugch is capable of predicting the
changes of the solid temperature and the cokedmdidbution with time t and space r.

3.3.1 Definition of the state and input vectors

Our colleagues at ECUST gave us an effectivenessrfmmodified coke burning model [1]. In
this model, the influence of gas reactants diffmsiithin particle describe by the
effectiveness factor.

When heat effect is very large owing to the cokmddurning rate and smaller gas flow rate
or other factors, the effect of external diffusiii have to consider, In this case, respectively,
the heterogeneous model that takes into considarttie mass balance and energy balance of
gas phase and solid phase is necessary.

We define the dynamic model statesfthe system as follows, with 6 components:
Ur srsryt,, —Tgs <t<t,,
e ¢, (r.t) multilayer coke content
e ¢, (r,t) monolayer coke content
e Pp.(r,t) pressure inside the solid
* P(rt) pressure of the gas
e T.(r.t) temperature of the solid

e T(r,t) temperature of the gas
*  x,(r,t) mole fraction of oxygen inside reactor

We consider all our candidate manipulated variahiess follows:
* Inlet flow rateG(t): atr=rit>0
« Inlet pressure of the g& (t): It may be kept constant, but can be differenntha
atmosphereat r=ri t>0

» Inlet temperaturd 0(t): key factor (consider catalyst tolerance tempeeaéund multi-
steady state) at r=ri t>0

Master thesis by ZHOU Weijun 11/07/2011 15



e Duration of dehydration phaseg, (t) t>0
* Inlet O2 concentrationgz (t): not economic to use a value higher tharagirri t>0

After some discussion with ECUST colleagues, ferdhline control:
« Except of course the duration of this phager,. that is always needed, we prefer the

inlet temperatureT0 as the first MVu;.
* If needed the flow rat& is a possible second M,
* If one of the previous candidates MV is not a ¥, it is turned to a constant value.

3.3.2 Balances
The mass balance and energy balance equationsspectively given as follow [9]:

* Gas phase:

ac, 1
=->p(C,.C,.P,T ). (C, .C,.P.T

6t 3,7( M m as)m( M m? as as)
0C 2

m=-2n(C,,C,P. TN (Cyy .C P T,

at 3,7( M m as)m( M m?' as as)

P, T,%,u?(G,P.T, -

_gt’:—fr(G,T.xoz)'og( X"Z)d( XOZ)Dlg,f a7)

oT oT
(fpg(P,T,on)Cp(T,X02)+,OBCS(|—))E = _ch(r 'XO Z)E-'- 6AH rpé] CM Cm P -'I—as)rm(CM 'Cm’Pas'Tas)

P,T,x,,)0 0
PP T X0)06G, G 0%, 0:71(C,y .C . P T Cy .Co P T )
Mg(XOZ) ot M Q(XOZ) or

where:
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C=C,+C,
150

f (G,T, = +1.75
I'( on) Re(G ’T ,XOZ )+
G
uG,P,T,x, ) =—————
o) (PT %)

-1000Ea, 1_ 1

r.(C,P.T.)=ke ® ™= T [P[C
Co(T,%,)
c (T,x, )=—"——"
P T Mg 06,)

3.007551

T2

c,(T) = (102.429+ 38.749B— 159108+ 2.628T8%

_10132%Mg &, )
Py(P.T %, ) = T

Mg(xoz) =M NZ(l-XOZ)+ MooXo,

* Solid phase:
] nc,.Cc, P17, C, C, P T )RT
ks (G, P.T. X5, )a,
1 2 1(Cu Cp PTG Cyy Coy Poc ) (BH, )
h(G, T, X, )a,

Ps = PXo,

Tas

* The initial conditions:

(18)

(19,

U=ty = Uy, [ <T <1, %, (M) =0C, € 1)=Cy €)C, € 1)=Co€)PE1)=P T (1)=T ()

X, (rt)=0
(20)

For solid phase, no initial conditions are needechlise we have only algebra equations.

e The boundary conditions:
r=nt>0x, (rt)=x3, €)T¢LH)=T"¢)P¢1L)=P (21)

3.3.3 Synthesis of this mathematical model

According to the above equations and previous gt&ateomponents) and input (3 possible
components) definitions, we have the following maosteucture for the RG model based on
PDE, with some equatiorfsinside the spatial domain (D) and some otherdhatbbundary

(B):
0x 0x
— = frep (=, X,U)
ot or 22)
1)
f — X,u) =0
S CARAD)
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® \With some equation inside the spatial domain D:

oC
O—tM = fRG.D.C,\,I (CM 'Cm’ P, Pas ’Tas)
oC
a_m = fRG.D.Cm (CM 'Cm’ P, Pas ’Tas)

t
oP
_r = fRG.D.P(P’T'XOZ ’uz)
Pas = fRG.D.Pas (CM ’Cm' P’ Pas ’T ’Tas ’XQ ,U2 ) (23)
oT oT
= = feen7(Cy»Co Py Py o T T X, u, )
Tas = fRG.D.Tas (CM 'Cm’ P’ Pas ’T ’Tas 'XO2 ' u2)
0%, 0%,

ot - fRG.D.xOZ (CM ’Cm' P, Pas T ’Tas ’a_r ’X02 U, )

where t,, —U,<t<t,,r <r<r,

» with the initial conditionsat the beginning of the RG phasetat,, —U,, I, ST <[
=t —Us(),r <1 <rg,%, (F1)=0C, € 1)=Cy ¢)C, ¢ £)=Co€)PEL)=PE)T €t FT )
X, (rt)=0

(24)

» with the boundary conditions, - u,<t<t,,, r=r
Fr=rt>0x, (rt)=x3 ¢)T¢t)=u Pt1t)=PR, (25

We consider the bed temperatui®r, <r <r,,t) and outlet CO2 concentration are the model
outputs y, whereeo, = %o, (1) = %o, (o, t)

As the time for regeneration may not be very ldhg,coke content C may not be 0 at the end
of regeneration. When it reaches at a low value,ghocess must be switched to the
dehydrogenation phase. This must be decided byahioller.

The temperature and pressure are measured onlineuwvany delays and the concentration is
measured with the delay which will be about a feinutes, or a few seconds for on-line mass

spectrometry.

We measure the temperature at different locatimora fnlet to outlet including. We measure
the pressure at inlet and the concentration at amd outlet.
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3.4 Connection between process state when switching
between the 2 models

The operation of the process consists of repetitbfour sequential modes: propane
dehydrogenation (DH), purge, catalyst regenerdfRid, coke burning), and evacuation.
Purge and evacuation are the preparative modespiihge and evacuation cannot be
considered to reset the system because the coksitlepd the temperature are transferred
from DH to RG and also RG to DH, respectively, dhd process can be classified as a
repetitive process instead of a batch processiBy& and evacuation are the preparative
modes, that are assumed instantaneous.

The following table sums up the condition for thates when switching at the end of DH
(resp. RG) to the beginning of RG (resp. DH):

The final value of one state in DH (resp. RG) gitles initial value for the state in RG (resp.
DH), if the states always existCCn, P, T)

DH previous final condition at =tf - - RG
next initial conditions at = tf +
Cu h@[—l» Cu
C., “Fr C,
n
P possible to use different pressure P
Pas
T T
«— E—)
Tas
2
Xy = 3
Xen, =0
X, =0
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Xeh, =0

1
XcaHs-g
Xy, =0

Xo, = %o, (1)

3.5 Control objective

The process can be classified as a repetitive psocestead of a batch process because the
coke deposit and the bed temperature are trangdfgmen DH to RG and also form RG to DH.

During the DH phase, we consider

« the candidate manipulated variable: input flow rdé(t) and the hydrogen

concentration in the feedh (t)
« the model output: flow rate of propafg,, (" =To,1) , propylenenc, (T =ro.t),

ethandlc,, (T = o.t) , ethylendl, (T =To,1) , and methandl, (r =To,1)
During the RG phase, we consider

» the candidate manipulated variable: inlet tempeeaTuO(t) and flow rateG(t)
« the model outputs: bed temperatufe(l; <r <r,,t) and outlet CO2 concentration

XC02 (r = I’-o’t)
For Pt-Sn/Al203 catalyst, the different betweegyaid T is small.

We will have to pay attention to the gas tempemtund gas flow rate in order to avoid the
multiple steady state condition

We have some variables of strong interest, in ci@assess the reactor efficiency:
e c=c,+c, carbon (coke) content defined during DH and R@spel by the models

(12) and (23)
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a: activity of catalyst defined during the DH phdgeren in (6) )

*  Xeayg conversion defined during the DH phase (givenHgyDH model (12): because
of catalyst deactivation, the conversion changéks time.

» Selectivity [9] defined during the DH phase, whighthe amount of propylene
produced divided by the sum of the amount propytetiee amount of by-products:

Xeanar (M0 Xa, Xy X, X,

XCSHSOn'I(')-nCSHB(nT 1 Xe 8)
* And the Yield defined during the DH phase:
Yield (N, Xca6: Xcare) ZS(nTlxcsHelxcws)* Xc3Hs (27)

S(Nr s Xearer Xcane) = (26)

In terms of process control, globally, we will hasetackle different problems at the same
time:

1. optimize the averaged daily productivitiypropylene, which is

4 +Tpy (i)
207 e
n= G+ Ton (0o
ZIs
where  IO{LN)  with Y T, (OFTe () 28

(28)
We can consider a yield = 100% as our target ofvopation even if it is not possible. The
maximum value has to be found.
2. maximizen® (ty=u, (ty during DH phase
3. some constraints must be satisfied during DHRGdhases
T < T_max (catalyst must not be destroyed)
U _min<u<u_max

U umin umax
n’ 0 +inf

X3, 0 1

TO 673.15K 893.15K
G 0 +inf

According to above equations and discussions, wepanposed to construct a predictive

controller [8].
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4 Numerical simulation of the open loop dehydrogenation
model

4.1 Introduction

In the chapter 1, we have presented the modeleoptbpylene production process, where we
have 12 model stats during the dehydrogenation7antdel stats during the regeneration.
This chapter is dedicated to the study of the méalethe predictive control of this process

based on the system of ordinary differential equatind partial differential equations. We

will here get into the discretization of dehydroggon and its numerical simulation.

4.2 ECUST existing simulator

We have received two matlab files which descriteedimulation of the system. However,
after some synthesis, we find that though the @ogrreturn some data, the dynamic make
no sense. Because by example for the dehydrogeregiare have a model of 12 states, in the
file the dynamic is calculated by a function of mbaith 5 states and the other 7 states are
calculated by the 5 states with mathematic expoassiHowever, the 5 states calculated are
not independent .And we do not agree with the mdthow the discretization is
calculated .Furthermore, some variables appearmmyrfunctions and are calculated several
time which is not necessary. There is no connedigiween the switching of the 2 models.

4.3 Model used for our simulations

As we have study in chapter 1, we have obtaine@d@tions as follows:
0X
— = foup(xU)

ot

()4
f —,X,u) =0
DH.B(ar )

(29)

We have 2 dynamic model states and 10 static nstdtgds. As a result, we can consider the
system of differential-algebraic equations as feipwhere the origin is defined in 3.7, page
10.
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A fDH.D.cm (Xdynl ’ Xdyn2 ) Xdyns)

ot
)

2= Foy 6, o Xa)
Xstat1 = fDH.D.nT (Xstat5 ! Xstat7’xstat8’ul’u2)
OXsat,

ar For.o.p (Xaat, » Xtat, 7+ Xstaty 1 Xstat, 1 Xstaty Xestaty Xstat, Xstat , Xetat o Xstat 1)
X,

ar Foror (Kyny » Xayn, » Xetaty 1 Xstat, Xstaty o7 Xstat o sty Xetaty Xstat ;)
Xstat4 = fDH.D.xAr (Xstals’xstat7’xstat8’u2) (30)
OXsar,

or om0y, S Xam, Xt X, Kooty 1 6o Ko K Koy X, )
Xoaty, = Forpa,,, (Xeaty » Xsaty + Xsarg 1U2)
X,

o 1ot (Ko Xam, Xt K, Koo, T Koy Ko, Koo, Kooty Kt )
OXsar,

o 100t (Ko X, X, X, Ky Koty Kot Xty Kt Koy )
Xaaty, = For by, Ksaty» Xt » Xt 1 Uz)
Xstat10 = fDH.D.><HZ (XstatS’ Xstat7’xstat8'u2)

» Thenitial conditionsat the beginning of the DH phasetat, are:
Cu(r,t)=C,°(),C,(rt)=C, ()P t)=P°E)TC L)=T°C)n € 1)=n’¢)

K110 =2 Xona ()= 0 € £)= 0% € 1)= Ok o €1 Ok o 35 ol 3

(31)
at t=0,C,,°(r) =C °(r)=0?,P° ¢ )= P,q T ° € )=Tua at first DH phase

Within the 10 static states, the expressions charang pressure, temperature, molar
fraction of CH4, C2H6 and C3H6 have the differdrgiguations where the states are derived
by r. The boundary conditions are:

P(ri,t) =P, TO ) =T as XeH, G t)=0, XeHe (t)F O’XC3H5 it ¥F ((32)

ot HStSt +u, 1=y

Then the rest 6 static states have just the algebgaiations, which is not necessary to define
the boundary condition.

For the resolution of the model, we will resolvermerically the system with the finite
difference method.
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4.4 Discretization of the dehydrogenation

The balances of the system are govern by diffeeém®guations of infinite dimension,
involved many independent variables. The numeresdlution will resolved by transforming
the initial problem to differential-algebraic equais by a spatial discretization. Using odel5s,
we can solve the problem with a mass matrix sigula

In the general case of the model defined, we camngtie class of the distributed parameter
system defined by the equation:
Mly(z; )] +9(z; 1) =0 (33

The limit condition of type Dirichlet at the lefkgemity

y(zmin; t) = v(t) (34)
The initial condition :

y(z; 0) =y0(z) (35
The problem is a function y defined 1@ t) U [zmin; zmax} ]0;+ [, M is a linear operator

and g(z,t) a source term. The conditions (34) B} &e compatible:ofzmin) = v(0).

4.4.1 The finite difference method

We consider the equation (33) associate to the bomdition (34) and the initial condition
(35). The finite difference method is a numericaltbased on the local equation which is
discretized and resolved gradually. The spatidd fi© divided on a finite number of intervals
called step of discretization. These discretizapfjiomts consist of a finite number of points zi
of field [zmin; : : : ; Zmax].On the discretized axis to constant stey is supposed derivable 2
times. The development of Tayer of second ordénervicinity of zi is as follows:

ay(t AZ? 0°y(t
roa®0| S0 vowr)

7=z

y(z +4z1) =y, (1)=y ¢

7=z,

B _ _ o ooy AZ 9%y ()| ;
¥z -020) =y, ()= y O)-02=75  +=-=0 +0@2)

(36)

|z:4 z=z

Limiting the development in the first order, thesfiderivative is written:
The schema of finite difference in the left or lrefo

WOl ZYu® %O, 5y

0z |Z:; AV (37)

The schema of finite difference in the right oeaft
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oM  _y®-y.0, 0O(A2)

0z |qu Az (38)

The schema of finite difference in the center:
ay(t)| e y|+1(t) - yl—l(t) + O(AZZ)

0z |z=a 2Nz (39)

Considering the finite difference method described,apply it to the equation (33) of our
model of dehydrogenation. The function nlp is clésea finite number points of

discretization ri fori= {0,1.....,N} The field is divided to N elements of fixed length
(figure 4)

ro T1 T TN-1 TN
(figure 4)
The numerical resolution obtained at the pointdistretization ri is noted ; (t) = X(r, )

With the approximation of the operator of finitéfdience in the left, the model becomes a
system of N differential-algebraic equations (DAES)

0
a—x"t“ = fonn.c, a1 Xamy+ Xan,)
0
= oo, (X X
Xsat, = Tor.0.n Ktaty» Xtat, » Xsaty 1 U1 2Uz )
Xsatyi ~ Ratyi-1 _
A—rl - fDH.D.P(Xstatl J Xstat2 at 'Xstat3 ’Xstat4 ’Xstat5 'Xstat6 ’Xstat7 ’Xstatg ’Xstatg J Xstatm)
Xstatsi _Xstatai— _
Tl - fDH.D.T (Xdynl’xdynz ’ Xstatl'xstat2 ’XstaI3 1l 'Xstat6 ’Xstat8 ’Xstatg ’Xstatm)
Xstat4 = fDH.D.xAr (Xstals’xstat7’xstat8’u2) (40)
Xsatgi ~ Xtatgi-1 _
A—rl - fDH.D.XCH4 (Xdynl’xdynz 1 Xstat, 1 Xstat,r Kataty 11 1 Kty » Kta, 1 %staty Xstat 'Xstatm)
Xty = Tort s, Xty Xty Xty 1Uo)
Xeatyi ~ Xatyi-1 _
= oo, o X e, X, Yoo Ko, Kot K, Xy X )
Xstatgi - Xstatgi— —
T T, (R X, X, X Ko, T X Ko, X, Kot Kt

Xstat9 = fDH.D.xC3H8 (Xstat5 ! Xstat7 ’ Xstat8 ’uz)
Xsaty = Tom.0x,, Rtaty Xstaty Xsaty1U2)
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4.5 Calculation of the system with odel5s

The system of N differential-algebraic equation&H3) can be solved by applying the ode
15s.

We have to define the input argument ‘odefun’ ® sblvers. The function evaluates the right
side of the differential equations. All solvers w®lsystems of equations in the form

y'=1(ty) or problems that involve a mass matM(,(t’ y)y'=f(ty) :

In order to realize odel5s, we have to transfeeth&tions as follows:
{y' = f,(t,y)
0: f2(t7y) (41)

In our case, we obtain

0
a—Xd:m = fDH.D.Cm (Xdynl'xdynz'xdynS)
0
);d:“z = fDH.D.C,\,I (Xdynz’xstat3)
0= Xsat, ~ fDH.D.nT (Xstat5 1 Xsat, 1 Xsat, 1U1 ’uz)
Xsat,i ~ Rtat,i-
0 :tTatl_ fDH.D.P (Xstall ’Xstat2 1l ’Xstat3 ’Xsta14 ’Xstats ’XstaI6 ’Xstai7 'Xstals ’Xstalg ) Xstatm)
0= Xstat3i - Xstat3i—l —f
== foror (Xayn, » Xayn, » Xstat, +Xstat, 1 Xstat, 7 Xstat, Xty Ktaty Xetat )
0= Xsat, ~ fDH.D.xA, (Xstat5 1 Xsat, 1 Xgat, !uz)
Xsati ~ Xstatgi-
0= Fon e, O Ko, Xt Kot X, X, X, ety Xy X, ) (42)
0= Xstat6 - fDH.D.><CzH4 (Xstat5 ’Xstat7 ’Xstat8 ’UZ)
Xsatyi ~ Rtatyi-
0= =~ o, (o X, X, X, e, o e, e, X, X, X, )
Xstasi _Xstasi—
0= ==~ o oy, (o Ko, X, K, X, o X, Ko, Ka, Ko, e,

0= Xsaty fDH.D.XCSHB (Xstat5 1 Xsat, 1 Xsat, ’uz)
0= Xsatyy ~ fDH.D.xHZ (Xstals’xstal7 1 Xsat, 1u2)
Y =0pn (X
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4.6 Manipulation of open loop simulation of the DH phase

4.6.1 Organization of the files

As the system is complicated, in order to well ariga the coding of the model, we have

several files as follows:

® a function main.m program used to start the sinmaat

a function initialize_offline_all_constants.m allsuo initialize the constants parameters

a function initialize_offline_initial_state_model.tm initialize the initial condition

a function compute_dh_model.m allows computingranthe model

a function compute_SO_or_process_state _dh.m atlowgecify, the dynamic equations

of the process and (SO model)

a function split_ x_dyn_k_x_stat_k.m allows to tf@nghe matrix of states into matrix of

static states and dynamic states

® a function merge_x_dyn_k x_stat_k.m allows to tf@nthe matrix of static states and
dynamic states into matrix of states

® a function plot_my_figures.m allows to plot thedimesults

® 17 functions compute_dh_function.m allows to coreghe factors we need in the
calculation of the system

4.6.2 Initialization of all constants parameters

We construct a function [constant,c,m,o0,p,t]=irflida_offline_all_constants that will be
called at the beginning of main.m in order to defaonstant, model parameters and time
parameters. We give each of them a structure.

By example, all the model parameters are set as

* m.parameter for the simple parameters

* m.size.paramter for initialize the size of the nxatr

* m.u.openloot.parameter for the controls

4.6.3 Function of the dynamic equations of the process

As all constants have been initialized, we cantstading of the function of the system.
According to (30), we initialize the 2 dynamic médeates as xdyn and 10 static states as
xstat, with the matrix size of which is definedre structure m.

Odel5s receive and return a column vector, sodrbdginning; we have to transpose all the
model statees.

As the model is complicated, we call 17 functiotabished to calculate the factors in the
equations.

With the finite difference method, according to \4@ach model states is defined as a vector
of size ri, where the finite number points of detization ri fori= {0,1.....,N} Each element
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of the matrix gives the dynamic of the system.

4.6.4 simulation with odel5s

As described in 4.4, we have to initialize a simguhass matrix M in order to separate the
dynamic states and static states.

With a lot of work in the Odel5s, the result of alation is not satisfied because the dynamic
of the system is not clear. We observed that thdehstates stay always at the initial
condition.

4.7 Correction of the coding

4.7.1 Verification of odelbs

As we haven’t found the error with several tries, started to verify if the odel5s is correct.

4.7.1.1Try with a simple DAE (finite dimension)

Considering a system as follows:

{)ﬁ' ==ty
i +¥,=0
(43)

We set M as [1 0 ; 0 0],and the initial conditiam Y1 as 2
We obtained the figure as follows:

1.8
1.6
1.4 f\

1.2

[,
T

0.8

0.6

0.4+

0.2

(figure 5)
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The figure of y1 verifies that ode15s operated wwvethis case.

4.7.1.2Try with a simple DAE (infinite dimension)

Considering a system as follows:

0%,

—_ = + X
o et

% = x x
o ke
(44)

which has the same type of our complicated system .

We consider the size of vector or number of diseadton points as 3. The boundary
condition of x2 is 1, the initial condition for X2 is [2 2 2;1 1 1],and set M with the same
method in 4.5.4

We obtained the figure as follows:

350
300 -
250

200} /—

150

100+ /

50t -

% os 1 15 2 25 5 35 4 45 5
(figure 6)
The figure of the 2 first points of y1 verifies thade15s operated well in this case.
As a result of the simulation of two simple systethe solver odel5s can solve our problem.

4.7.2 Options of odel5s
In order to find where the problem lays in, wedrte check all the options of odel5s
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4.7.2.1 RelTol, AbsTol
Our problem is that the values of the system dammte. | think the numerical problem most
probable is that the tolerance too small for thecfion to integrate.

AX

Considerin97 =0.1%

, this step size tolerance of integration pernsitta calculate the

system. So we have to set the absolute error todesa AbsTol as a column matrix as
m.AbsTol=[10"* 10* 1G 106 16 16 10 10 10 100 “10°%

Then we set the scalar relative error tolerancd ®dle-3 by default.
After the simulation, the system stay the samergso there will be some other problem.

4.7.2.2 JPattern

In the help of matlab concerning odel5s, we firelséntences as follows:

If there are many differential equations, it is or@ant to exploit sparsity:

. Return a sparsM(t,y) .

of of
« Supply the sparsity pattern of oy using the JPattern property or a spar y

using the Jacobian property.

After the try, unfortunately, this did not work.

4.7.2.3Mass

As we have described at 4.4,we should set a mdass’ in order to separate the algebraic
equations and differential equations.

4.7.2.4Mass Singular

In 4.6.1, we have simulated two systems with odeibthe Mass is singular; we set yes for
this option. However, in this case where the systeecomplicated, even if the Mass is always
singular, | get the error message:
??? Error using ==> daeicl2 at 167
Need a better guess y0 for consistent initial ciooms.

Maybe the initial guess is too far away from therect value, and the solver fails. We have to

start from a physically senseful solution because this solution which is the basis for the
following time integration.

Master thesis by ZHOU Weijun 11/07/2011 30



We tried to calculate this solution by using MATLASBfsolve before calling the
DAE integrator.

4.7.3 Consistent initial conditions

4.7.3.1FSOLVE

x = fsolve (fun, x0, options) solves the equatiwiih the optimization options specified in
the structure options. Use optimset to set theterap

FSOLVE attempts to solve equations of the form:
F(X) =0 where F and X may be vectors or masrice

In our case, in order to calculate the consisteitital condition, we set the fun in the form
F(X) =0, with the equations obtained in 4.6.3 hyité difference method. And the initial
condition of fsolve is the initial condition of tlmeodel.

When we start the simulation, the problem appeakkatlab shows:
"fsolve stopped because the relative size of thieeot step is less than the selected value of
the step size tolerance, but the vector of functialues is not near zero as measured by the
selected value of the function tolerance.”That nsetfa@ integration stops before the solver
finds the minimal value. We consult the value weehtbound with the calculate. There are
jumps of values in the last number in the vectathefvariable. Some values became negative,
which is not available physically. The problem lieghe boundary condition at r=ro with the

statesCy .G, .G H, .G H .G H ,CH H

As some values of the states become negative ywe limit the states in the functions, or try
another solver.

4.7.3.2lsgnonlin

Lsgnonlin can solve the equations limiting the \edpositive. We have tried the same
method to calculate the consistent initial conditio

When the program is simulated, Matlab shows” Oaton terminated: search direction less
than TolX.”

In order to solve this problem, we have lower tlodXT However, even if we set TolX 10e-20,
the problem remains.
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5 Conclusion and perspective

5.1 Conclusion
We are interested in the synthesis of the modelusimdy the optimal control (which has never
been studied for this process by LAGEP) to corttrelsystem. However, we haven't arrived
the step of control.

The work consists of modeling of the process antukition of the system .We had written

the full model form of PDE dynamic system exploiealyom an automatical viewpoint. We

have worked for the numerical simulation for thedeloof dehydrogenation. With 31 matlab

files and 1774 lines of codes, we tried to simuthgesystem with the finite difference method.
Unfortunately the dynamic of the system do not warken if a lot of works have been

realized in searching the error.

5.2 Perspective
It's not easy to communicate with the ECUST spéstiah distance, if there is some problem
in the model. In my opinion, the problems wheran’tsucceed to simulate the system are:
* problem of the model(initial condition is not costsint or some value of model is not
available)
» check if all constants, including those remainimghe equations, are expressed
numerically in the right Sl units
* inside code problem matlab(some options we haventgnized)

We have to discuss with ECUST for ask

« if the dynamic equations (especially foft)) is from an experimental analyze with a
certain manipulated variable already chosen

» if the system is just available for this manipathtariable.

As the system to simulate is complicated and tieeenew part for me also for my teacher
Mr. Dufour. We suggest having a system less complbich is reduced. We should have
started the work for the control.

And our plan for the control study is the following
* open loop study of the DH phase

1. code validation

2. MV sensitivity analysis

3. Tou sensitivity analysis
* open loop study of the RG phase

1. code validation

2. MV sensitivity analysis

3. Tou sensitivity analysis
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open loop study of DH+RG+DH+RG... for different THO' _RG ratio (T_DH and
T_RG constant)

- MV sensitivity analysis: 1 MV during DH + 1 MV ding RG

- MV sensitivity analysis: 2 MV during DH + 1 MV dng RG

- MV sensitivity analysis: 1 MV during DH + 2 MV ding RG

- MV sensitivity analysis: 2 MV during DH + 2 MV ding RG

Closed loop study of DH+RG+DH+RG... for different THO' _RG ratio (T_DH and
T_RG constant)

-1 MV during DH + 1 MV during RG

- 2 MV during DH + 1 MV during RG

- 1 MV during DH + 2 MV during RG

- 2 MV during DH + 2 MV during RG

Master thesis by ZHOU Weijun 11/07/2011

33



6 Bibliography

[1] X. Zhang, Z. Sui, X. Zhou and W. Yuan, “Moddimand Simulation of Coke Combustion
Regeneration for Coked Cr203/Al203 Propane Dehyaitagjon Catalyst”, Chinese Journal
of Chemical Engineering, 18(4) 618-625,2010.

[2] M.P. Lobera, C. Tellez, J. Herguido, M. Menendé Transient kinetic modeling of
propane dehydrogenation over a Pt—-Sn—K/AI203 CsifaBpplied Catalysis A: General 349
156-164,2008

[3] M. van Sint Annaland, J.A.M. Kuipers, W.P.M.n/&waaij “A kinetic rate expression for
the time-dependent coke formation rate during pmepdehydrogenation over a platinum
alumina monolithic catalyst Catalysis Today 66 4236,2001

[4] E. A. de Graaf, G. Zwanenburg,G. Rothenberg] @ Bliek “Two-Step Catalytic
Oxidative Dehydrogenation of Propane: An Alternativoute to Propene Organic
Process” Research & Development 9, 397-403, 2005

[5] J. Gascon, C. Téllez). Herguido and M. Menéndez “Corrigendum to “Prapan
dehydrogenation over a £;/Al,0O3 catalyst: transient kinetic modeling of propend anke
formation” Appl. Catal. A: Gen. 248 105-116, 2003

[6]W. Won, K. Lee, S. Lee, C. Jutigepetitive control and online optimization of Catof
propane process” Computers and Chemical Engine8drig8-517,2010

[7] “report_of_modeling_for_propane_dehydrogendtiginen by ECUST, not yet published.

[8] P. Dufour, Y. Touré, D. Blanc, P. Laurent"Onntiaear distributed parameter model
predictive control strategy: On-line calculatiomé reduction and application to an
experimental drying process “Computers and Chenkiogineering, 1533-1542, 2003.
[9] “radial_reactor_dehydrogenation.m “, “radialacéor_regenerationl.m”
“cokecalculation_ra.m” given by ECUST

Master thesis by ZHOU Weijun 11/07/2011 34



7 Annexes

7.1 DH model additional equations

7.1.1 Gas heat capacity

The correlation for gas heat capacity is a senpa®sion in temperature [7]:

Con (T) =20.786+2.82591*10T -1.46419910°° +1.0921G™T *-3.66137*10° T *
Coonia(T) =25.360+ 168.678*10T + 713.121*10°°~ 408.371%0°

Cocana(T) =3.798+ 156.498*10T - 834.666*10°+ 175.615*10 °

Cocano(T) =8.181+ 161.465*10T - 400.710*10°- 694.209%10°°

Cocans(T) =5.084+ 225.639*10T ~ 999.265*1r*+ 133.106*10 °

Cocans(T) =—5.338+ 310.239*10T - 164.640*10*+ 346.908*1 °

Coi2(T) =29.062- 0.820*10T +1.9903*10°T*

[OPRER

(45)
Mixture heat capacity is calculated using the fwlltg expression:

Con(x:T) =X (M) 104 CH, CH, CH CHCH H A} 46
7.1.2 Gas mixture viscosity

The correlation for gas mixture viscosity is alsgeaies expansion in temperature [9]:
U, (T)=0.26324-9.3755310 T+1.276B10° T -5.338B3'A0 ° T
Ues(T)=-0.08525+3.4353810 T-3.7286°10° T +M510 ° T
Ueona(T)=-0.03837+1.6706910 T-1.596 10°T +6.66667'10 ° T
Heons(T)=0.02496-7.18193107+1.3095 110 T -5110'0 T (47)
Heas(T)=0.03908-1.3223910 T+2.0825 10° T -8.33883'M0 ° T
Ueas(T)=0.05118-1.7194910 T+2.469 10°THLH® ° T
U,(T)=-0.07956+3.24538 10 T-3.7286 10°T +M540 ° T

Mixture gas mixture viscosity is calculated usihg following expression:
p(x, T)=10°D xu ()  i0fr CH, CH, CH,CH CH H ,}48

7.1.3 Reaction heat
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Respectively, reaction heat of propane dehydrogemand cracking is as follow [7]:

The ultimate expressions of reaction heat are &sns! [9]
H,(T) = (116.0754+ 39.484*10T - 46.4*10T2+ 222.346*1X °- 53.4505*fD * O )*10
H,(T) = (75.8671 34.4960*10T - 68.45*10r*+ 508.3*10r °~ 144.916*10* 0 )10 (49)
H,(T)=(-130.5246- 24.6790*I8T +6.5835*102 +AB177*10°°T*-61.2590*10°T * [y 1D

7.2 RG model: additional equations

7.2.1 Heat capacity of gas mixture

Co (T, x02)=c, (T)Xy, *Cpo, (T )Xo,
Con, (T) =26.092+ 8.218800 -1.976141°+ 0.159Z4+  0.044434/ (50
Coo, (T) =29.659+ 6.137260T -1.1865P1°+ 0.09578  -0.219683./

Xo, t Xy, =1

7.2.2 gas viscosity
calculation for gas viscosity (Leonard-Jones mofigl)

_ (MT)" -
M(T)—2669m 1 mz QZ }
Q,(T) = 1.16145 N 0.52487 N 2.16178 (51)
T,(7)0.14874 exp(0.7732) ) exp(2.43M7T ()
T
T, (M) =—
(T) "
and mixing rules (Sutherland rules) is given by [7]
e (TX) = S IXA MY X, (T) 0N, 0.}
1+ (g (T) p (T)2M IML )P
g ry = A 4 TN, 1) 52)

[BL+M, /M )2
@,(T) = (1, () 4 (THM, 1M ) (T)

In our model, we have N2 and O2, which gives [7]:
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Horix (T XO2) = Xy oy o (T) (X o1 (T )+ X6 1T )) + %o 2o AT ) /Xy @ AT )+ X% @ AT ))
where

A1) = (A (o (T 1y 2T EM M )P IBA+ My, 1M )P

Ao(T) = (W (o (T) ] Hio (T))? LMy o/ Mg )*))* 181+ M , M ,))?
Bu(T) = (Hoo(T) iy TN UMy o/ M J@{T)

@o(T) = (1 (oo (T) o o(T))? Mo,/ M D)) 1(8(1+ M /M, )2

(53)

7.2.3 gas thermal conductivity

Amix(T x,,) = 3 A 0N, 0, )
'zlzxA,(T)
== 'U(T)/ 1\3/4T+31J/ T +S, (54)
A= 4{ * u(T) M~ T+S' s T+S
S =1.5(T, )
szsjiz(ssj)w

gas thermal conductivity values was got from regjaesof experimental data:
{ANZ (T)=-0.03502+ 0.01091- 6.66313eT6+ 2.66886T°9

(55)
Jo,(T)=0.01272+ 0.0097B- 4.11708eT&+ 1.3853T°9

7.2.4 Influence of pore diffusion

The effectiveness factayis the ratio of the rate constant with pore difbasresistance to the
intrinsic rate constant. The effectiveness factat so-called Thiele modulus expression (for a
coked catalyst with a uniform carbon load BC) iegi by [1]:

7Cy.CP.T) = S L : : )
AC, CorP 1) tan(@C,y € PTa ) @Cy G P T )

(56)

@C, ,Cm,P,Tas)zﬁ \/k(Tas)(CM +C,)
A,\ Dy A(P.T,)

where[9]:

~1000E, i

1

KT)=ke = =¥ (67)
More details about constant and variables arebies$a(in the annex).
The effective diffusivity of oxygen in the porouatalyst is defined as [1]:
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effA(PT)_Z__p Apore(PT)
1 1
(P T) = ( + )"
A » A,mol (PlTas) DA,knu (Tas)
] 1x 1O7T 1.75\/¥Mo + ;KM (58)
Dama (P Tes) = [ 1/3 1/3] >
(Vo +(\/N2
T
Aknu(T ) 97dpore 32

More details about constant and variables arebies$a(in the annex).

7.2.5 Influence of external diffusion

Mass transfer coefficientsgskand heat transfer coefficients ¢an be calculation from j factors
of mass transfer and heat transfer correlationteapsaas follow:

K (G T, on),O(PT on) 2/3 _ 0.725
Jo = G (Se(PLT %oz ) (ReG T x,, )f“*- 0.15
G[0.725
ko (P,G,T,%,,)= - n
=K T ) NSPT %) (ReG T %0, ) = 0.15)
(59)
e — L 110
" Ge, (T, x,) (ReG T %,, )f*~ 0.15

Gc, (T, %,,)[1.10

= hs(G.Taon): (PF(T,XOZ ))2/3 ((ReG T Xo2 )y.4l_ 015)
ReG T )‘D—pG
, ,XOZ :umix(T’XOZ)

(P, T, %y,) = AT X02) g0,

p(P.T, %, )D(P.T)
Cp(T7 XOZ):um'x(T! XOZ)

Pr(T,x,, )= A (T%,)
PM (Xo,)
p(P'T!on):#Z (61)

M 4 (%02)=M 5 (1%,) M6 X5
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0.001T:7 /Ml + |v|1
o21 N, (62)

D(P,T)= T
P(Vo,® +Vy,,°)°

More details about constant and variables arebies$a(in the annex).

7.3 Tables
Tablel: list of molecules involved in thiswork
Symbol Name
CH4 Methane
C2H4 Ethylene
C2H6 Ethane
C3H6 Propene or propylene
C3H8 Propane
Pt-Sn/Al203 Catalyst
H2 Hydrogen
02 Oxygen

Table2: list of variables involved in the DH mode!.

2

A(r) Surface of the reactor m
a(c,,,C,,T) catalyst activity [-]
C,.(r,t) coke concentration in mg coke/mg catalyse
monol ayer
C, (r,t) coke concentration in mg coke/mg catalyse
multilayer
c,(T) heat capacity of component i J /(mole[K)
Con(X,T) Mixture heat capacity J /(mole[K)
f.(n.r,T,x) variable from(48),(59) [-]
G(n,,r,x) flow rate kg /(stn?)
H(T) reaction heat J/mole
K. (T) propylene adsorption [-]
equilibrium constant
Ke(T) propane dehydrogenation pa
reaction equilibrium constant
k (T) reaction rate constant mg catalyse(mg coke) ™ min™
K.(T) reaction rate constant of coke | mg catalyse(mg coke)™ min™
generation
M, (x) molar mass of gas kg/mol
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N (N2, Xepa e » Xt X0 2) transient total flow rate mol/s
P(r.t) Pressure of gas pa
Re(, r.T x) Reynolds number [-]
L(P T Xep, X, X,) Reaction rate of DH mol/(kg.s)
L(P.T, X h,) Reaction rate of cracking mol/(kg.s)
P T Xen,  %4,) Reaction rate of ethylene mol/(kg.s)
hydrogenation
T(r,t) Temperature of gas K
Toy (1) duration of phase DH S
u(n,,P,r.T,x) flow rate m's
X (r,t) transient mole fraction of [-]
component i
a,(T) activity variable (g.cat)(g.coke)™*
HU(T) gas mixture viscosity pa.s
L (T) mixture viscosity of 10°pass
component i
Py (P, T, %) Gas mixture density kg/ m®
Table 3. Constant values involved in the DH model.
parameter Sgnification Value(units)
Crox maxi mum coke concentration in 0.000682(g coke /g cat)
monol ayer
ds equivalent diameter of particle 0.0035m
Ea constant reaction ratel 34573(J/moal)
Ea constant reaction rate2 137310 (J/mol)
Eas constant reaction rate2 154540 (J/moal)
Eaic constant reaction rate3 38430(J/moal)
Eazc constant reaction rate4 125510 (J/moal)
Ear1 constant reaction rate5 9610(J/mal)
Koz constant reaction rate6 3450[ -]
Koic constant reaction rate7 3.9(mg.cat)(mg.coke) s
Kozc constant reaction rate8 2.416710 (mg.cat)s®
ko1 constant reaction rate 9 8.7367110 mol [{kg ($Cpa) ™
Koz constant reaction rate 10 2 75770t Mol (kg (pa) ™
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Koa constant reaction rate 11 3 933371 Mol [lkg (3Cpa)™
L length of reactor 15m
n’ initial total molar flow rate 237.55 mol/s
R Ideal gas constant 8.314 J/mol K;
[y activity constant 1 948.92 (g.cat)(g.coke)™
m Reference temperature 793.15K
Xopr Initial molar fraction of Ar 2/3[]
X c3Hs Initial molar fraction of C3H8 1/3[-]
o2 activity constant 2 399(g.cat)( g_coke)'l
03 activity constant 3 40.07[-]
DB density of catalyst 1000kg/m®
AH constant from(4) -85817 (J/mal)
€ Bed voidage 0.45[-]
Table 4: list of variables involved in the RG model.
c,(T) Heat capacity of catalyst J(g.K)
c, (T, %) Heat capacity of gas mixture J(g.K)
Co(T.%,,) gas heat capacity thermal capacity J/(mal .K)
D(P,T) gas diffusion coefficient /s
D pore (P T) combined diffusivity of molecular /s
diffusivity and Knudsen diffusivity
Do (Toe) Knudsen diffusivity /s
Dpm (P To) molecular diffusivity /s
Dy(P,T) particle diameter /s
f (G.T.%2) variable from(106),(117) [-]
G(r t) gas mass flow rate kg/ nt.s
h(G.T.x,) heat transfer coefficient between fluid and JI( nP.s.K)
catalyst particles
io(G,P.T.%,) j factor of mass transfer [-]
i (G.T,%,) j factor of heat transfer []
ks (G, P.T . xo) mass transfer coefficient nvs
Mg(x5,) Molar mass of gas [-]
P(r.t) Pressure of gas Pa
PaS(r,t) Pressure drop of bed Pa
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Prandtl number

Pr(T ;)
ReG T X, ) Reynolds number [-]
Mm(C.Ps ) coke burning reaction rate mol/g.s
(P, T,%,,) schmidt number [-]
T(r 1) temperature of gas phase K
T, ) temperature of particle K
Tre (1) Duration of RG phase S
u (G,P,T.x5,) Flow rate nvs
n(C,P.Ty) Effectiveness factors of internal diffusion [-]
A() gas thermal conductivity 102 J(mK.s)
i (T %o,) gas thermal conductivity 107 J/(mK.s)
#(T) gas viscosity Pa.s
H(T, %) gas viscosity Pa.s
Py(P.T %) gas density kg/ m°
@C,P.T,) effectiveness factor [-]
Q,(T) collision integral [-]
Table 5. Constant values involved in the RG model.
parameters Sgnification Value
Am surface area of particle 5.931310° n?
am effective external surface area per unit 0.9470 nt/kg
mass
Di inner diameter of reactor 1.5m
Do outer diameter of reactor 3m
Dp Particle diameter 0.0032m
Dpore Average pore diameter 2.8010° m
kvN2 Characteristic energy parameters of N2 71.4[-]
molecular motion k
kvO2[ 9] Characteristic energy parameters of O2 106.7[-]
molecular motion k
K, 2.7960010 pa-1.s-1
L length of reactor 15m
I Particle length 0.0043 m
Ms Molecule weight of Pt-Sn/Al203 0.101961 kg/mol
MO2 molecular weight of oxygen 0.032kg/mol
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MN2 molecular weight of nitrogen 0.028 kg/mol
QN2 Characteristic energy parameters of N2 3.79810m
molecular motion
Q02 Characteristic energy parameters of O2 3.46710m
molecular motion
R Ideal gas constant 8.314J/mol K
S Sutherland constant [-]
vm volume of particle 3.458310° m®
AH Reaction heat -393.510° J/mol
AH, reaction heat -393.510° J/mol
DB Particle density 1000g/ m°
ep Catalyst particle porosity 0.56[-]
p Tortuosity 1.3333-
e Bed voidage 0.45[-]
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