N
A
A

A spline collocation method for integrating a class
of chemical reactor equations

Abdelmajid El hajaji** Nadia Barje®, Abdelhafid Serghini¢, Khalid Hilal®, El Bekkaye Mermri¢

aLERSEM Laboratory, ENCGJ, University of Chouaib Doukkali, El jadida, Morocco

bypmc Laboratory, FST, University of Sultan Moulay Slimane, Beni-Mellal, Morocco

SMATSI Laboratory, ESTO, University Mohammed Premier, Oujda, Morocco

9Department of Mathematics and Computer Science, FS, University Mohammed Premier, Oujda, Morocco

(Communicated by S. Abbasbandy)

Abstract

In this paper, we develop a quadratic spline collocation method for integrating the nonlinear partial
differential equations PDEs of a plug flow reactor model. The method is proposed in order to be used
for the operation of control design and/or numerical simulations. We first present the Crank-Nicolson
method to temporally discretize the state variable. Then, we develop and analyze the proposed spline
collocation method for the spatial discretization. The design of the collocation method is interpreted
as one order error convergent. This scheme is applied on some test examples, the numerical results
illustrate the efficiency of the method and confirm the theoretical behavior of the rates of convergence.
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1. Introduction and preliminaries

The plug flow reactor models are nowadays a necessity in chemical engineering and different catalytic
processes with special needs have been lead to a wide variety of this class of tubular reactor models,
since it reveal more informations about the reactor performance, and they can also be used for
simulating steady-state and control operations (see eg., [12], [17]).
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Usually, a dynamic tubular reactor model consists of PDEs and the practical method to integrate
is to reduce them into a set of ordinary differential equations ODEs by spatial discretization, and
to use well-known algorithms to solve the time-dependent model. This kind of systems are called
distributed parameter systems DPSs and can be found in process control described by PDEs, e.g.,
robotics, bio-reactors, flexible structures, and vibrations (see e.g.,[I], [I4]). These methods and
algorithms are well described in several chemical engineering textbooks, (for example in [I8] [7, [15]).
Various numerical techniques have been developed and compared for solving the ODEs (see [3, 9]).
Besides of the lack of knowledge of the connection between the original distributed parameter (infinite
dimensional) model and its (finite dimensional) discretised version, the approximation methods may
require extensive computation studies in order to try to capture the dynamic behavior of the DPS. For
instance, the number of ODEs required in the finite differences method to obtain satisfactory model
approximation many becomes excessively high (see [3]). Even when the methods of characteristics
is able to provide an exact representation of the original model (see [9]) this attempt requires also a
high number of collocation points which is difficult to implement in practical control and monitoring
applications. The main objective of this study is to develop a user friendly, economical method
which can work for solving a perturbed first-order hyperbolic PDEs model by using a quadratic
splines collocation method.

Let us consider a chemical or a biological process taking place in a plug flow reactor whose
mathematical model is given by

%_‘t/(z’t) = —1988—‘:(2,75) + Kf(V(z,t)+ CV(z,t) +u(t), (zt) €,
V(z0) = al2), 2eq., (1.1)
V(0,t) = p(t), teQ,

In the above equations, V(z,t) € R is the state vector, f(V) € R¥ is the nonlinearities vector and
Ly-Lipschitz (Ly > 0), K € R”* denotes a matrix of known coefficients (e.g. stoichiometric or
vield coefficients), C € RT*H is the state matrix whose elements are known, u(t) € R is a vector
gathering the process inputs (e.g. mass and/or energy feeding rate vector) and/or other time-varying
functions (e.g. gaseous outflow rate). Besides, ¢ represents the time variable whereas z (z € [0, L]) is
the axial position, L is the reactor length, ¢ is considered as a positive and known constant describing
the velocity of the inlet stream, 5(¢) is a column vector which is a sufficiently smooth function of time
and a(z) € H[(0,L), R¥] where H¥[(0, L,R¥) being the infinite dimensional Hilbert Space of H-
dimensional-like vector functions defined on the interval [0, L]. The problem can be formulated
as the following problem

ov ov

— 4+ P——-CV = I(V(z1)), (zt) €,

ot 0z
V(,0) = a2), 2 eq, (1.2)
V(0,t) = p(1), t € Qy,

where ;
P = (diag(v.1;5),_y g

I(V) = Kf(V)+u(t) e RY,
with C;; <5 <0 on Q and f, u, a, B are sufficiently smooth functions.

Here we assume that the problem satisfies sufficient regularity and compatibility conditions which
guarantee that the problem has a unique solution u € C(Q) () C%(Q) satisfying (see, [10} 8, 11]):

‘ OV (,t)

500 ‘Skonﬁ; 0<j<3and0<i+j<4, (1.3)
xl
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where k is a constant in R¥.

In the present work, we present a numerical method for solving the general dynamical model
for a class of plug flow reactors. The method is based on Crank-Nicolson scheme to discretize the
temporal variable and a quadratic spline collocation method for the spatial discretization. The
scheme is one-order convergent with respect to the spatial variable.

The organization of the paper is as follows. In Section 2, we discuss time semi-discretization.
Section 3 is devoted to the spline collocation method for solving the general dynamical model for a
class of plug flow reactors using a quadratic spline collocation method. Next, the error bound of the
spline solution is analyzed. In order to validate the theoretical results presented in this paper, we
present numerical tests on two known examples in Section 4. Finally, a conclusion is given in Section

5.
2. Time discretization and description of the Crank-Nicolson scheme

Discretize the time variable by setting t™ = mAt for m = 0,1, ..., M, in which At = % and then
define

V™(z) =V (zt"), m=0,1,.., M.
Now by applying the Crank-Nicolson scheme on , we arrive at the following equation
ymtl _ym
—

One way is to replace V™! with V™ in the nonlinear terms. This leads to the following modified
system:

- %E(Vm“ +VT) = % (L™ +1(v™)).

At At
Yyt 75\/’““ = LV VT4 ALI(V™). (2.1)
For m = 0,1, ..., M. The value of V' at time level m will be of the form:
oym+l

P + RV™ = J(V™), Vze |0, L],
VO(z) = a(z), Vzel0,L]

VmHl(0) = pmtl 0<m < M.

0z (2.2)

where, for any m > 0 and for any z € [0, L], we have

2
2
JV™) = LV™4 Ktvm +21(V™),
c - plier
0z

V™ is solution of (2.2)), at the (m + 1) th-time level.

The following theorem proves the order of convergence of the solution V™ to V(z,t).
Theorem 2.1. problem (2.2)) is second order convergent, i.e.
IV (2,tm) — V™|lg < Cte(At)*.
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Proof . We introduce the notation e,, = V(z,t,) — V™ the error at step m and

HemHH—zil[épL} max e, (2)].

By Taylor series expansion of V', we have

At OV A1) 02V
V(z tmar) = V(2 1) + 5 e (3 tm) + = (5t ) + O((At)?).In,
At OV At)?

TE(Z,tm%)ﬂL 3

Ve tn) = V(ztps) - O (et + O((AD) Iy,

By using these expansions, we get

V(Zatm—i-l) — V('zatm) _ 8_‘/( )
At = ¢ rtmid

and by Taylor series expansion of —, we have

ot

oV oV APV (AL)? 3V

- = — 1 —— 5 1 — 3 .
8t (Zatm—‘rl) at (Z’tm+§) + 2 atg (Zv m+§> + 8 atg (Z7 m+ )+O((At) ) -[Ha

oV oV At &2V (A2 O3V
E(’Z?tm)_a(%tnﬂr%)_ 2 o2 ( ’tm+%)+ 8 O3
3

(it 1) + O((AD?) Iy

By using these expansions, and < c.Iy on Q (see relation ), we have

ot

0

SV () + O(AL?). Iy,

0
E[V(z,tmﬂ) +Vi(z,t,)] =

N —

This implies

[V (2, tma1) + V(2,tm)] + O(A1)?) .1y

SIS

[LV (2, tm1) + LV (2, tme1)) + LV (2, ) + LV (2, t0))] + O(At)?). 14

| = Do -

By using this relation in (2.3)) we get

(1- ﬁc) V(2 tmi) = (1+ %ﬁ)V(z, tm) + %[I(V(% tms1)) + 1(V (2, tn))] + O((AE)°).In,

by (2.1). Then, we obtain

(1= e = @+ e + 2L (o) + Ien)] + O((A?) L

We may bound the term O((At)?) by ¢(At)? for some ¢ > 0, and this upper bound is valid uniformly
throughout [0, 7']. Therefore, it follows from the triangle inequality that

R P L)l + 1)) + (A1)

-3

A
< H(I—i— Ttﬁ)em

H H
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It follows from the Lipschitz condition we have

At At At
I = 5 Lemllr = I+ Lemlls + == (1 (em) [ + 11 (emr)llm) + c(At)?,

At At
< N+ Ollallenln + MKl flla (lemlln + llemllm) + c(At)°.

At
Clearly, the operator <I jra== 7[1) satisfies a maximum principle (see, [4, [5]) and consequently

-1
| 10+ 5e)

Since we are ultimately interested in letting At — 0, there is no harm in assuming that At.n < 2,
with n = (||L||g + || K ||z || f|l 7). We can thus deduce that

1

< AL
H 1 + 7’7

1
1 + §At7] c
lemilly < | —=F—— | llemlla + | —5—— | (A1), (2.4)
1 1At 1 1At
g =t g =t
We now claim that
1 m
c 1 + §Atn
lenllr < < || —3—] 1] @2 25

The proof is by induction on m. When m = 0 we need to prove that |leg||lz < 0 and hence that
eo = 0. This is certainly true, since at t; = 0 the numerical solution matches the initial condition
and the error is zero.

For general m > 0, we assume that is true up to m and use to argue that

o1+ 1At.n 1+ 1Am .
lemualln <+ —2 ||| —3—| -] @+ (AL,
1 2At.77 1 2At.n 1 2At.77
1 m+1
1+ =At.n
< - || —3— — 1] (AR

This advances the inductive argument from m to m + 1 and proves that (2.5)) is true. Since 0 <
At.n < 2, it is true that

1 l
1+ 5At.n P At.n - i 1 At.n ~ eap At.n
1-— 1At.n 1— lAt.n 1=0 g 1— 1At.n 1— 1At.n
2 2 2 2
Consequently, relation yields
At)2 1+ lﬁt.n " A1)2 A
el < SB[ 272 < AT op | AR
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This bound is true for every nonnegative integer m such that mAt¢ < T. Therefore

c(At)? T
1

g 1— AL
2 /’7

lemlm <

We deduce that
IV (2, tm) = V™||lx < Cte(At)?.

In other words, problem ([2.2) is second order convergent. [J

For any m > 0, problem (2.2)) has a unique solution and can be written on the following form:

PV'(z)+RV(z) = f(2)eRY, Vze|0,L], (26)
V() = p.0y, '
In the sequel of this paper, we will focus on the solution of problem (12.6]).
3. Spatial discretization and quadratic spline collocation method
Let ® denotes the notation of Kronecker product, || . || the Euclidean norm on R**+# and S*) the

k" derivative of a function S.
In this section we construct a quadratic spline which approximates the solution V' of problem

(2.6), in the interval [0, L] C R.
Let O={0=29=21=20< 21 <+ < 2p_1 < Zp = Zn41 = Zny2 = L} be a subdivision of the

L
interval [0, L]. Without loss of generality, we put z; = a+ih, where 0 < ¢ < n and h = —. Denote by
n

S3([0, L], ©) := Pi(]0, L], ©) the space of piecewise polynomials of degree less than or equal to 2 over
the subdivision © and of class C! everywhere on [0, L]. Let B;, i = —2,--- ,n—1, be the B-splines of
degree 2 associated with ©. These B-splines are positives and form a basis of the space Ss([0, L], ©).

Consider the local linear operator ) which maps the function V' onto a quadratic spline space
S3([0, L],©) and which has an optimal approximation order. This operator is the discrete C*
quadratic quasi-interpolant (see [16]) defined by

n—1
Q2V = Z /M(V)Bia

1=—2

where the coefficients p;(V') are determined by solving a linear system of equations given by the
exactness of (2 on the space of quadratic polynomial functions Py ([0, L]). Precisely, these coefficients
are defined as follows:

( oV

pi(V) = %(_V(Zj_l) + 10V (2;) — V(2j41)), for 7 =0,...,n — 3,
= %(—V(Zn_g) + 9V(Zn_1) — 2V<Zn)),
=V(z,) =V(L).

\ HUn—1

It is well known (see e.g. [6], chapter 5) that there exists constants Cy, k = 0, 1, 2, such that, for any
function V' € C?([0, L)),

[VE = QV Py < Ch*FVEP |y, k=0,1,2, (3.1)
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By using the boundary conditions of problem ({2.6)), we obtain pu_o(V) = @2V (0) = V(0) = 5.1y.
Hence
Q2V = BB oly + S,

where
LZ“J (V1)Bj, - Z,u] Vi)B
j=—1
From equation: (3.1)), we can easily see that the spline S satisfies the following equation

PSW(z)) + RSO(z;) = g(2)) + O(h).Iyr, j=0,...n (3.2)

with

~

9(z)) = f(z) — (PBBY(z)) + RBBY)(z))) € R, j=0,...,n

The goal of this section is to compute a quadratic spline collocation 52}1 = Z ¢iBj,i=1..,H
j=—2

which satisfies the equation 1) at the points 7, j = 0,...,n + 2 with 79 = 2, 7; = Zj_lT—{_Zj,
jg=1,-- n, Tpe1 = Zp—1 and T,10 = 2.
Then, it is easy to see that
Co; =0, fori=1,..,.H
Hence )
§]/)z = ﬁB,QIH + gi; where gz = Z Ej@Bj, for i = 1, ,H
j=—1
and the coefficients ¢;;, 7 = —1,....,n —1 and ¢ = 1, ..., H satisfy the following collocation conditions
PSW (7)) + RSO (7)) = g(ry), G=1,..n+1, (3.3)
where L _
S =[Sy,...,Su]t,
9(ry) = F(r3) = (PBBY(7;) + RBBY) (1) € R, j=1,.on+ 1.
Taking
C = (Vi) oos it (V1) s et (Vi) ooy pinma (Vig)]T € RPFIHH,
5 = [5—1,17 ...,En_Ll, ...,,5_17[{, ...,En_LH]T & Rn+1+H,
and using equations (3.2) and (3.3)), we get:
(P@Ag” +R®A§f’>) C=F+E, (3.4)
and B
(Poa+ReA”)C=F (3.5)
with
F=lg1,...;gn+1)" and g; = At g(tj) € RY,
h h
E=[0(-=),,O0(-— RHHH
O(5). - 0(4) ,

AP = (BY (r)i<jpenst, k=0,1.
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1
It is well known that Agf) = HAIc for £ = 0,1 where matrices Ay and A; are independent of h, with

the matrix A; is invertible [13].
Then, relations (3.4)) and (3.5) can be written in the following form

(P®A)(I+U)C=hF+hE, (3.6)
(P®A)(I+U)C = hF, (3.7)

with
U=hP®A) (R A,). (3.8)

In order to determine the bounded of || €' — C' ||, we need the following Lemma.
At
Lemma 3.1. If h?p < Ve then I + U is invertible, where p = ||[(P ® A;) ™ ||co-

Proof . From the relation (3.8)) and ||Ag||cc < 1, We have
1Ulee < AP ® A ooll(R @ Ag) o,

< hpll(R® Ag)lleo,

<

holl Bl

For h sufficiently small, we conclude

[U]loe < 1. (3.9)
Therefore I + U 1is invertible. O

From (3.7)), we get C = hI+U)" (P A)"'F.

t
Proposition 3.2. If h < —, then there exists a constant K1 which depends only on the functions

P, q, L and g such that N
|C = Cl < cte h. (3.10)

At
Proof . Assume that h < —. According to Lemma and relations 1' and 1' we have
p

C—C=h(I+U)P®A)'E. Since E = O(Kt), then there exists a constant K such that

h
1E] < KlE. This implies that

-

IA

I+ U) Hsll(P @ A~ 21,
hp -1
—||(I Kih

IN

IA

(I + U)K,
1
1= |0l
cte h.

IN

tha

IN

Finally, we deduce that B
|C — C| < cte h.

Now, we are in position to prove the main theorem of our work.
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Proposition 3.3. The quadratic-spline approximation :S;]/) converges to the _exact solution V' of the
boundary value problem with order one by the ||.|g norm, i.e., ||V — Sp||lg = O(h).

Proof . From the relation (3.1]), we have
|V —=Qa(V)|lg = O(h), so ||V —Qa(V)||lg < Kh, where K is a positive constant. On the other hand
we have

n—1
Qa(Vi(x)) = Spi(w) = Y (15 (Vi) = &) Bj(w), for i =1,.... H.
j=—1
n—1
Therefore, by using (3.10|) and Z Bj(z) <1, we get
j=—1

n—1
Q2(Vi(x)) = Spi(x)| < |C = C|| Y Bj(w) < |C = C|| < Kih, fori=1,..., H.

j=—1
Since [|Q2(V) = Spllg < ||V — Qo(V)|la + [|Q2(V) — Sp|l i, we deduce the stated result. [

Theorem 3.4. If we assume that the discretization parameters h and At satisfy the following rela-
tion At
h < —, (3.11)
p

and we suppose that V(z,t) is the solution of (1.1)) and V.(z,¢) is the approximate solution by our
presented method, then we have,

1V (2, tm) = Ve(2, tm)||oe < cte(A? + h),

where cte, is finite constant. Therefore for sufficiently small At and h, the solution of presented
scheme ([3.453.5)) converges to the solution of initial boundary value problem ((1.1) in the discrete
L.,-norm and the rates of convergence are O(At? + h).

4. Numerical examples

In this section we verify experimentally theoretical results obtained in the previous section. If the
exact solution is known, then at time t < T the maximum error E™%" can be calculated as:

BT = max | SiM’N(z,t) —Vi(z,t) | .
2€[0,L] t€[0,T),1<i<H

Otherwise it can be estimated by the following double mesh principle:

Fmaz SM,N 1) — S»QM’QN ¢
M,N ze[O,L],tg%(%%,lgigH| 7 (27 ) 7 (Z7 ) |7

where SZ-M ’N(z, t) is the numerical solution on the M + 1 grids in space and N + 1 grids in time, and
Sf M’QN(z,t) is the numerical solution on the 2M + 1 grids in space and 2N + 1 grids in time, for
1<i<H.

We present two examples to better illustrate the use of the quadratic spline collocation approach
and the proposed evaluation methodology in concrete situations. These examples are concerned with

isothermal and nonisothermal plug flow reactor respectively.
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4.1. Example 1: isothermal plug flow reactor
Consider the model state equations representing material balances in the reactor (see [19]) exactly
match the mathematical model with:
2 =(0,10) x (0,1), and ¥ = 2,
V(z,t) = [ca(z,t) ¢y(z,0)]7,
F(V(z,1)) = ca(z,1)?,
(t)=[0 0],
K =[-2.63 0.00109]",
a(z) = [-0.1z+ 1.5 0.05z +0.5]",
B(t) = [4.107%* — 0.09t + 1.5 0]7,

<

0 0
C =
0 —0.00109
Table 1: Numerical results for Example 1.
N 10 20 40 80 160
M 5 10 20 40 80

max_error  2.660 x 1072 1.140 x 1072  5.225 x 1073 2.493 x 1073 1.217 x 1073

Table |1 shows values of the maximum error (max_error) obtained in our numerical experiments
for different values of N, and M, we note the convergence of the solution S to the function V' depends
on the discretization parameters h, and At¢. Theorem is shown the convergence of the method
provided that the parameters h and At satisfy the relation . Moreover, the numerical error
estimates behave like which confirms what we are expecting.

4.2. Example 2: nonisothermal plug flow reactor
Consider the mathematical model of the plug flow reactor (see [2]) exactly matches the mathematical

model with:
Q= (0,10) x (0,1) and ¥ = 2,
Vi(z,t) = [cu(z,t) T(z,1)]7,
f(V(z,t) = 5.10%c,(2,1),
u(t) = [0.01 74585.07455507456],
=[-1 —17065.897]T,
a(z) =[0.5 300]%,
B(t) = [0.5sin(0.1¢ + 2000) + 2 0.1625¢ + 3007,
—0.1 0
0  —240.6002405002405

=

C:
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Table 2: Numerical results for Example 2.

N 10 20 40 80 160
M 5 10 20 40 80

max_error 2.100 x 1072 0.900 x 1072  4.125 x 10~2 1.968 x 10~3 0.960 x 10~3

Table [2| shows values of the maximum error (max_error) obtained in our numerical experiments
for different values of N and M, we note the convergence of the solution S to the function V' depends
on the discretization parameters h and At. Theorem is shown the convergence of the method
provided that the parameters h and At satisfy the relation . Moreover, the numerical error
estimates behave like which confirms what we are expecting.

5. Conclusion

In this paper, a quadratic spline collocation approach is prosed in the context to be used for reducing
a nonlinear PDEs plug flow reactors models for numerical simulation and/or control design. After
a brief review of the nonlinear tubular reactor model in consideration, we present the details of
our methodology which consists of first discretizing in time (by Crank-Nicolson scheme) and then
collocating in space (by a quadratic spline collocation method). The two test problems which are
studied in this paper demonstrate that this approach is an efficient alternative and confirm the
theoretical behavior of the rates of convergence.
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