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Abstract

A second order finite difference scheme is constructed to solve a singularly perturbed degenerate
parabolic convection diffusion problem via Rothe’s method. The solution of the problem exhibits a
boundary layer on the left side of the spatial domain. By means of the Crank Nicolson finite difference
scheme, the time derivative is discretised to obtain a set of semi-discrete boundary value problems.
Using a fitted operator finite difference scheme based on the midpoint downwind scheme, the system
of boundary value problems are discretized and analysed for convergence. Second order accuracy
is established for each discretisation process. Numerical simulations are carried out to validate the
theoretical error estimate.
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1. Introduction

Consider the singularly perturbed degenerate parabolic convection diffusion problem

—u(z,t) +  euge(w,t) + a(x)u(z,t) — bz, t) = f(x,t), (x,t) € Q,
Q=0x(0,T], Q=(0,1), (1.1)
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subject to the boundary and the initial condition
w(0,t) = no(t), u(l,t)=m(t), t€0,T], u(z,t)=¢x), z€[0,1]. (1.2)

We assume the source term f(x,t) and the coefficient functions a(z), b(z,t) are smooth and bounded.
Moreover, the coefficient function satisfy

a(z) > ap(z)z” > a >0, p=>1, b(z,t) > 5 >0.

The perturbation parameter ¢ is such that 0 < ¢ << 1. Problems of type are known as
singularly perturbed turning point problem since the coefficient of the convective term vanishes at
x = 0. Subsequently, the point x = 0 is the turning point. Depending on the value of p we can have
either a simple turning point or a multiple point. Setting ¢ = 0, in Problem f yields the
reduced problem

—(uo)i(w, 1) + () (uo)s (2, t) — b(w, t)(uo) (x, 1) = f(x,1), (1.3)

which is a first order hyperbolic problem along with the initial and boundary conditions
w(0,8) = (), u(1,t) =m(®), € (0,7, ulw,0) = p(x), (,1) € [0,1]. (1.4)
Evidently, solving the reduced problem (|1.3)—(1.4) will require only one boundary condition and

thus, one of the boundary conditions will be underutilized leading to a boundary layer in that
neighborhood. Notice that the convective term is positive throughout the domain 2. Therefore, the
boundary layer will occur in the neighborhood of x = 0. The width of that layer takes the form
O(v/), [20] similar to that of a reaction diffusion problem.

It is well known that classical numerical methods can not solve these problems satisfactorily. Thus
some modifications of these classical numerical methods have been made to elude this difficulty. See
for example the survey articles [4], 5, [6l 8] and the books [14] [I§]. Below we cite some of the works
done in line with Problem —.

Clavero et. al [I] investigated a singularly perturbed convection diffusion problem with degenerate
coefficient having a discontinuous source term and obtained a first order accuracy in time and almost
second order accuracy in space. They discretised the space and the time variables at the same time
via the simple upwind scheme on a non-uniform mesh and the backward Euler schemes respectively.

Dunne et. al [2] solved Problem (L.1)-(L.2) by the classical finite difference operator on a Shishkin
mesh and the backward Euler finite difference scheme. These authors established an almost first order
accuracy in space and first order in time.

Gupta et. al [3] designed a hybrid scheme to solve a stationary singularly perturbed problem
with an interior turning point. They analysed the scheme for convergence and obtained a second
order accuracy except for a logarithmic factor.

Majumdar and Natesan [I0] proposed a numerical scheme which employed the backward Euler
and the classical finite difference operator on Shishkin mesh to solve the time and the space variables
respectively. They established that their scheme was first order accurate in both variables except for
a logarithmic factor in space. Using Richardson extrapolation technique, they enhanced the accuracy
to almost second order in space and second order in time.

In [II], Majumdar and Natesan studied a two-dimensional version of Problem f using
an alternating direction scheme for the time derivative and an upwind finite difference operator on
Shishkin mesh for the space derivative. These authors established an almost first order accuracy for
their scheme.
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In [12], Majumdar and Natesan proposed an e-uniform scheme of first order accuracy in time
and almost second order in space to solve Problem f via the Rothe’s method. The scheme
employed a combination of the classical central difference and the midpoint upwind scheme on a
Shishkin mesh to solve the spatial derivatives and the backward Euler was used for the time derivative.

In [I7], Rai and Yadav discretised the time and the space variables of a singularly perturbed
delayed parabolic convection diffusion problem with degenerate coefficients via the backward Euler
and a hybrid scheme on a non-uniform mesh respectively. Their analysis was almost second order in
space and first order in time. Using Richardson extrapolation on the time variable, they improved
the time accuracy to second order.

Viscor and Stynes [19] studied the reaction diffusion version of Problem (L.1)-(1.2) and obtained
an almost second order accuracy in space and first order in time.

Inspired by the simplicity of the analysis, its accuracy and noticing that all the above papers
focused on non-uniform mesh, we propose a scheme which uses a uniform mesh to solve Problem
—. The scheme uses the Crank Nicolson finite difference scheme to solve the time derivatives
and a fitted operator finite difference scheme based on non-standard finite difference scheme [7] and
midpoint downwind scheme for the spatial derivatives. The authors wish to state that, although
the scheme which was proposed in [13] was also based on the non-standard finite difference scheme,
Richardson extrapolation was employed to enhance the accuracy of the scheme to second order whilst
the proposed scheme uses the midpoint rule to obtain the second order accuracy.

The paper unfolds as follows: In Section |2, some theoretical results are presented. The discreti-
sation of the continuous problem in time by the Crank Nicolson finite difference scheme and its
convergence are presented in Section [8] Section [4] focuses on the spatial discretisation which uses
a fitted operator finite difference scheme based on the midpoint rule. In Section [5 the stability of
the scheme is presented and then analysed for convergence in Section [6] In Section [7, numerical
experiments are conducted to validate the theoretical findings whilst a summary of the main result
is presented in Section [§]

2. Bounds on the Solution and Its Derivatives

In this section, we estimate the solution of (1.1))—(1.2)) by providing the bounds of the solution
and its partial derivatives. The proofs of the lemmas in this section follow the lines of the proofs in
[9, 12, [15], 20].

Lemma 2.1. Continuous minimum principle
Suppose W(x,t) is a smooth functions which satisfies W(z,0) > 0, ¥(0,t) > 0, ¥(1,¢) > 0 and
LV (z,t) <0,V (x,t) € Q. Then ¥(z,t) >0,V (z,t) € Q.

Proof . Let (z*,t*) € Q, such that

U(z*,t") = min_VY(z,t) and ¥(z",t*) < 0.
(zt)eQ

It is clear that (z*,t*) € Q). At the point (z*,t*) the operator £. on W(x*,t*) becomes
LU(z" ") = =Wy (2", t7) + eV,p (", ") + a(a™) WV, (¥, t") — b(a™, ")V (2", ).

Since W, (z*,t*) > 0 and W, (2", ") = ¥;(z*, ") = 0, we obtain L ¥ (z*,¢*) > 0, which is a contra-
diction. Therefore, ¥(z,t) > 0, V (z,t) € @, which completes the proof. [J
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Lemma 2.2. (Stability estimate)
Suppose u(z,t) is the solution of Problem f. Then the following estimate holds

[u(z, 1) < [B7HI I+ max(|e(@)], [mo(®)], I (£)])] -

Proof . The proof of this Lemma is similar to the proof of Lemma 2.2 of [12]. O

Theorem 2.1. The solution and its partial derivatives are such that,

Oz, t)
oot

‘ <O+ Pexp(—px),  (2,t) €Q,

where = +\/q./€ and i and j are non-negative integers which satisfy 0 < i+ j < 6.

Proof . The proof of this Theorem is similar to the proof of Lemma 2.3 of [12]. O

3. Time Discretisation

Here we transform the PDE ((1.1)—(1.2) to a boundary value problem by discretising in time,
whilst leaving the spatial domain continuous. The discretisation in time via the Crank Nicolson finite
difference scheme on a uniform mesh yields the following semi-discrete boundary value problems

u(z,0) = ¢(x), x €, (3.1)
W — ok
Liu(w, thy1/2) At + EUpe (X, tigr/2) + a(@)ug (2, tyg)2)
_b<x7 tk+1/2>u(x7tk:+l/2) = f(x7tk+l/2)7 k= 07 17 27 ceey T, (32)

along with the boundary conditions
w(0, tis1) = mo(tes1), u(l,tegr) = m(tesr). (3.3)
The notation Z(x,t;41/2) is given by

Z(xatk-l-l) + Z(mvtk)
9 )

Z(x, tyy1y2) =

and m is the number of sub-intervals in the time direction. The scheme (3.1)—(3.3)) is rewritten as

w(@,0) = o(z), wzeq, (3.4)
£ (o) = Sk @)+ N () — )t (@) = g ), (3.5)
W) = mlten), v (1) = mtn), (36)
where
o ti) = (2. tinya) — (@) — “ () — eapt()
) = (121 4z, ) [2)
and

e(x) = (1L/AL) — bz, tpsr)/2,
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or we write the scheme (3.1)—(3.3) as
u(z,0) = p(z), x €,

Lo (a) = Sk )+ 2 ) @i ) = gl ),

u"TH0) = mo(tesr), wTHL) = mi(tre),

where
o, ) = S i) — Sl (@) — OB k() oy (o)
c(x) =1+ At(b(z,trs1)/2)
and

p(z) =1 — Atb(z, tri1)/2.

Lemma 3.1. Semi-discrete minimum principle

681

Let Uk () € CHQ). If U*+i(x) > 0, Vo € 90 and LU (z) < 0, for x € Q then, UF(z) >

0, Vze.

Proof . Suppose there exist #* € Q such that U*1(2*) = min,.q V¥ (z) < 0. It is evident that
x* # 0, nor 1 but z* € Q. Now applying the differential operator £* on Wk+! gives L*WrH1(2*) > 0.

which is a contradiction. Thus ¥**!(x) >0, V 2 € Q, as required. [J

Lemma 3.2. The local truncation error of the time semi-discretisation satisfies
le" | < C*(AL)°.

Proof . The local truncation error of the time semi-discetization method is given by

e = wu(w, ty) — Az, thga),

k

where @**! is the computed solution of

u(r,0) = ¢(z), z€Q,

At
L (z) = —Zeal M (x) +

9 T _CL(x)?lk—H (.’L’) - C(I‘)’LALIH_I((L’) = g([E, tk—l—l)a

2 T

WH0) = moltrer), L) = mi(tre),

where
o, ) = F o) — A5k (2) — A i) — playit o),
c(x) = (1 + Atb(x, tgy1)/2)
and

p(x) = (1 = Ath(z, tr41)/2).
A truncated Taylor series expansion of u(z, tx,1) and u(z,t)) takes the form

At At? 5
u(w, tpy1)=u(z, tk+1/2)+7ut(37, tk+1/2)+?Utt(fE, thr1/2) + O(AL)”,
At At?

u(z, ty)=u(r, thy1y2) — 7%(%, tht1/2)+ ?Utt(% tht1/2) + O(At)?.

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)
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From Equations (3.15)) and (3.16) we have

u(w, trr1) — u(, ty)
At

= w(@, trpay2) + O((AL)?)
= — U (T, th1/2) — (@)U (@, tyg/2) + c(@)u(z, tigr /o)

+9(, tir1/2) + O(AL)2. (3.17)
Further simplification yields

L (2) = %au’;gfl(m)jt%a(w)uﬁ“(m)—c(m)ukﬂ(x):g(x,tkﬂ)%—O(At)S. (3.18)
From Equation and the local truncation error satisfies
Lz =0((At)),
HL(0) = (1) = 0.
Since the operator £ satisfies a minimum principle, the result
e (2)] < C(AL),

follows. [
The global error of the time discretisation satisfies the next result.

Theorem 3.1. The global error E™ is such that
€7 < C(AD2. (3.19)
Proof .

€™ |ee < < Om(At)? = O(At)?. (3.20)

Z ekl (x)

O
Next we design a fitted operator finite difference scheme based on the midpoint downwind scheme

to discretise Problem (3.4))—(3.6]) in space.

4. Spatial Discretisation

In this section, the boundary value problem (3.4)—(3.6)) is discretised via a fitted operator finite
difference scheme. We employ the notation U™ = UF+!(x;) = U(wy,tx41) as the numerical solution
of u¥*1(x) and perform the discretisation on a uniform mesh as follows:

u(z,0) = (), e (4.1)
LU = SRR ) + DO (D () — (e U )

= 9(Tit1/2: tis1), (4.2)

O = ot () = m(teen), (4.3

The source term g(2;11/2, tk+1) is given by

ZT; ,t + €T; , I
g(xi+1/2,tk+1) _ S +1/2 k+1)2 S +1/2.t5) 562Uk(xi)
AT) b ) el o) U (). (14)

2
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The notations DT, §% are the first and second order finite difference schemes on appropriate denom-
inator functions and are given by

Gl T Z s Rl — 2z + zi
h ) (2 ¢12(5, h) )

respectively. The denominator function ¢?(h, ) is given by

¢;(he) = ——Eﬁ—j(l—ema<:%£iﬂﬁﬁ)). (4.6)

a($i+1/2 €

The scheme (4.1)—(4.3]) can be represented in a compact form
U+ AU = F, (4.7)

where U and F' are vectors of size (n — 1) and A is a tridiagonal matrix of size (n — 1) x (n — 1),
where n is the number of sub-intervals. The entries of F and A are as follows:

Fi = gi(@iy1y2,tee1) — 79 no(tes1),
F, = g, 1= 2(1)n — 2,
F,.y = gn—l(xi+1/27tk+1) - 7’:—177n(tk+1),
and
T, 1=2,3,.n—1, j=1—1,

Aj=<{re  i=1,23.n—-1,i=j
rf i=1,2,3,.m—2, j=i+1,

— c + .
where the r;,r{ and r;” are given by

_ € c € a($i+1/2) + € a(iﬂiﬂ/z)

. - — d(Tiprys), T = ’
Y T M R e B S s R ¥y s ST

respectively. The operator L£"" satisfies a discrete minimum principle which is presented in the next
Lemma. For simplicity, we have dropped the superscript indices.

5. Stability of the Scheme
Below we show that the spatial discretisation is stable and that the scheme (4.1)—(4.3) has a

unique solution.

Lemma 5.1. Discrete minimum principle
Let §(;) be a mesh function defined on ", satisfies {(x;) > 0, ¥V x; € 0Q" and LI"E(z;) <0,V z; €
Q. Then &(x;) >0,V z; € Q™.

Proof . The matrix A is a square tridiagonal matrix which assumes the properties of an M-matrix
thus the scheme is positive. [

From Lemmawe prove further that the scheme (4.1))—(4.3]) satisfies a uniform stability estimate
below.

Lemma 5.2. The operator L"" is uniformly stable. That is the solution u; of the discrete problem

BT [@E3) satisfies

us| < p~! max | L7 u,| + max(|nol, |m]).
Q z; €Q)

T
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Proof . Let z = p~'max,,cq |[L™"y;| + max, cq(|nol,m|) and define the mesh function W by
\I/ZjE =z=4wu;. At =0 and i = 1, we have \IIS—L = z4 u; > 0. On the domain z; € Q" we obtain

gt _€ (z—l—ul-H_Q(z +uy) +2 j:ui_l) N Ait1)2 <z +ui1— (2 tuy)
(5 7 _2

@2(h, ) 9 h ) — diy12(z £ uy)
= —di+1/22’ + [,;”’”ul

= ~dusya (" g O]+ (il ) ) £ e <0

xi)e T €

From Lemmal5.1} ¥F >0, V (z;) € Q". O

6. Error Estimate

The error associated with the spatial discretisation is estimated as follows:

LI (u(wy) = Ulx;) = LI7"u(x;) — LI"U (25) = L7"u(23) — Givay2
= L"u(w;) — LIU(Ti11)2)
€ Qj+1/2

= 9 (527% — u//(Ii+1/2)) + 9

(D+Ui — Ul(l’i+1/2)) .
A truncated Taylor series expansion of the terms u;; and ¢? and simplifying further yields

” h4 . h,6 . i h2
L0 () ~ Ue) = 5 (mu L L ) e Gl

2h? 41 16.5 " 2 8.3!
4
ai+1/2h v
—32‘5! U+ ...
€ 0@iv2) i\ e € , alTig1y2) 4
— . (A% AAA h V1 v h .
<2.4!u TRar ¢ ) T\zEt T s

From Theorem 2.1} and noticing that the exponential terms vanish as ¢ — 0 (see [16] for proof)
yields

Application of Lemma [5.1] leads to the result below.

Lemma 6.1. The error associated with the fitted operator finite difference scheme based on the
midpoint satisfies

Theorem 6.1. (Uniform Convergence)
Let u be the exact solution of the continuous Problem (1.1)-(1.2)) and U be the approximate solution.
The error associated with the proposed numerical scheme satisfies

. _ . < 2 2 .
Oﬁiﬁril;g%(kgm u(zi, tx) — Uz, t)| < C(h” + At)

Next we apply the method on test problem to validate the theoretical estimate.
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7. Numerical Results

In this section, we test the efficiency of the proposed scheme through numerical experiments. The
exact solution of the problem is not known, thus to compute the maximum pointwise errors we use
the double mesh principle given by

Eoan = max  |UF™ — UF2m|. (7.1)

0<i<n;0<k<m ' “" '

To compute the corresponding rate of convergence we use the formula

E
r = log, ( At ) (7.2)

EQn,At

The ¢ uniform maximum errors and the e-uniform rates of convergence are computed with the
formulae

E = max E, A, and R = max r,
0<e<l ’ 0<e<l1
respectively.

Example 7.1. [12] Consider the problem given by
—u(z,t) 4 U (z,t) + 2Puy (2, t) — (z + p)u(z, t) = p(z® — 1) exp(—t), (x,t) € Q,
u(z,0) = (1—2)% x€(0,1),
u(0,t) = 14+t wu(l,t)=0, t€10,1].

MNumerical Solution

Figure 1: Surface plot of the numerical solution Example forp=1,n =064 and ¢ = 10724
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Table 1: Maximum pointwise error and rate of convergence for Example

€ n=m=_38 16 32 64 1028
107*  2.91E-02 1.55E-02 4.83E-03 1.28E-03 3.23E-04
0.9103 1.6813 1.9209 1.9803
1075 2.91E-02 1.55E-02 4.83E-03 1.28E-03 3.23E-04
0.9103 1.6813 1.9209 1.9803
1075 2.91E-02 1.55E-02 4.83E-03 1.28E-03 3.23E-04
0.9103 1.6813 1.9209 1.9803
1077 291E-02 1.55E-02 4.83E-03 1.28E-03 3.23E-04
0.9103 1.6813 1.9209 1.9803
107%  2.91E-02 1.55E-02 4.83E-03 1.28E-03 3.23E-04
0.9103 1.6813 1.9209 1.9803
107 291E-02 1.55E-02 4.83E-03 1.28E-03 3.23E-04
0.9103 1.6813 1.9209 1.9803
10719 2.91E-02 1.55E-02 4.83E-03 1.28E-03 3.23E-04
0.9103 1.6813 1.9209 1.9803
E  291E-02 1.55E-02 4.83E-03 1.28E-03 3.23E-04
R 0.9103 1.6813 1.9209 1.9803

8. Conclusion

A second order numerical method was proposed to solve a parabolic convection diffusion problem
with degenerate coefficient. The scheme employed the Crank Nicolson finite difference scheme and a
fitted operator finite difference scheme to solve the aforementioned problem via the Rothe’s method.
It is important to note that the fitted operator finite difference scheme which was designed was based
on the midpoint rule. Some properties of the discrete problem which ensured the stability of the
scheme were presented and used to analyse the scheme for convergence. This analysis resulted in
a full second order in both the space and the time variables. To test the efficiency of the scheme,
numerical experiments were conducted and the results were displayed in Table [I} From the table,
the uniform second order convergence rate can be observed. Again surface plots of the numerical
solution can be observed in Figurdl] From the Figure [I] the left boundary layer in the solution can
be observed. Currently the scheme is being explored on degenerate problems with delays.
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