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Abstract. We construct a new numerical method for computing refer-
ence numerical solutions to the self-similar solution to the problem of
incompressible laminar flow past a thin flat plate with suction—blowing.
The method generates global numerical approximations to the veloc-
ity components and their scaled derivatives for arbitrary values of the
Reynolds number in the range [1, c0) on a domain including the boundary
layer but excluding a neighbourhood of the leading edge. The method is
based on Blasius’ approach. Using an experimental error estimate tech-
nique it is shown that these numerical approximations are pointwise ac-
curate and that they satisfy pointwise error estimates which are indepen-
dent of the Reynolds number for the flow. The Reynolds—uniform orders
of convergence of the reference numerical solutions, with respect to the
number of mesh subintervals used in the solution of Blasius’ problem, is
at least 0.86 and the error constant is not more than 80. The number
of iterations required to solve the nonlinear Blasius problem is indepen-
dent of the Reynolds number. Therefore the method generates reference
numerical solutions with e—uniform errors of any prescribed accuracy.

1 Introduction

The numerical solution of singularly perturbed boundary value problems, for
which the solutions exhibit boundary layers, gives rise to significant difficulties.
The errors in the numerical solutions of such problems generated by classical
numerical methods depend on the value of the singular perturbation parameter
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g, and can be large for small values of ¢ [2]. For representative classes of sin-
gular perturbation problems special methods have been constructed and shown
theoretically to generate numerical approximations that converge e—uniformly.
Also, numerical experiments have confirmed the efficacy of such methods in prac-
tice [2]. Singularly perturbed boundary value problems, for which the solutions
exhibit boundary layers, frequently arise in flow problems with large Reynolds
number Re. In such problems the small parameter ¢ = Re~!. The discretization
of such problems gives rise to nonlinear finite difference methods for which there
is no known e—uniform error analysis in the maximum norm. For this reason an
experimental method for justifying e—uniform convergence is the only remaining
possibility. To make use of such a technique, especially for large Re, it is essential
to have a known e—uniform reference solution which approximates the exact so-
lution to any prescribed accuracy. For flow problems with boundary layers there
is usually no known analytic solution that can be used as a reference solution,
and the same is true even for problems with a self-similar solution. Thus the
task of constructing a reference numerical solution with e—uniform errors of any
prescribed accuracy arises from a wide class of flow problems.

An example of such a problem is flow past a flat plate with suction—blowing,
for all Reynolds numbers for which the flow remains laminar and no separation
occurs. For this problem it is important to construct a numerical method for
which the pointwise errors in the scaled numerical solutions and their scaled
derivatives are independent of the Reynolds number. In the present paper we
consider the associated Prandtl problem of flow past a flat plate with suction—
blowing. For large values of the Reynolds number the solution of this problem
exhibits parabolic boundary layers in the neighbourhood of the plate, outside a
neighbourhood of the leading edge. At the leading edge new singularities appear
due to the incompatibilities of the problem data at the leading edge. Therefore,in
the present paper we construct a numerical method which generates Reynolds—
uniform reference numerical approximations to the scaled velocity components
and their scaled derivatives for arbitrary values of the Reynolds number in a finite
rectangular domain including the boundary layer but excluding a neighbourhood
of the leading edge. This numerical method is based on the numerical solution
of the related Blasius problem on the positive semi—axis. The accuracy of the
numerical approximations depends on only the number of mesh subintervals IV
used for the solution of the Blasius problem. Our method is a development of
that described in [2] for flow past a flat plate without suction—blowing.

2 Formulation of the Problem

We are required to find the solution, and its derivatives, of Prandtl’s problem for
incompressible flow past a semi-infinite flat plate P = {(z,0) € R? : z > 0} with
suction-blowing in a bounded domain D, which adjoins the plate and contains
the boundary layer.

Prandtl’s problem on the cut plane 2 = R2\ P is described as follows
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Find up = (up,vp) such that for all (z,y) € 2
up satisfies the differential equations

_1 82 ,
ﬁ% +up - Vup(z,y) =0

(PP) V~UP(.T,y):0
with the boundary conditions

up(z,0) =0,vp = vo(x) for all z > 0

limjy|_s o up(z,y) = lim; > up(z,y) = (1,0), forallz € R

where vp(x) is the vertical component of the suction-blowing velocity. This is a
nonlinear system of equations for the unknown components up, vp of the velocity
up. The solution at all points in the open half plane to the left of the leading
edge is up = (1,0). For special choices of the function vg the solution of (Pp) is
self-similar, see (3) below.

Note that in Prandtl’s problem, even without suction—blowing, the vertical
component of the velocity tends to infinity as we approach the leading edge. To
avoid this singularity, we choose the computational domain D = (a, A) x (0, B)
where a, A and B are fixed positive numbers independent of Re. Our aim is to
construct a method for finding reference numerical approximations to the self-
similar solution and its derivatives of problem (Pp) for arbitrary Re € [1,00)
with error independent of Re.

We now describe conditions under which the solution of (Pp) is self-similar.
Using the approach of Blasius, see [1], for example, a solution up = (up,vp) of
(Pp) can be written in the form

up(r,y) = up(z,y) = f'(n) (1)
vp(2,9) = vp(2,0) =\ 5 (1S (1) — £ ) 2
where
n =y+/Re/2x

and the function f is the solution of the problem

Find a function f € C3(]0, 00)) such that for all 5 € (0, 00)

f" )+ ) f"(n) = 0

with the boundary conditions

f(0) = fo, f'(0) =0, limy_so0 f'(n) = 1.
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(Pp) is known as Blasius’ problem and ug = (ug,vg) is known as the Blasius
solution of (Pp). The existence and uniqueness of a solution to this third order
nonlinear ordinary differential equation is discussed in [1]. Positive values of f
correspond to suction, while negative values of fy represent blowing, and fy is
related to vg in (Pp) by the formula (see for example [3])

vo(x) = —fov/1/2zRe. (3)

The first order derivatives of the velocity components up and vp are given
by

Oup oup 7 .

L 0, = 52 (o) = L) @

S w) = G2 ) = 1) )
S ) = =52 ) (0

B o 1 1 .
(@) = S (@) = —olvn + || g f ()] (™)

From (1), (2), (4), (5), (6) and (7) we see that to find the velocity com-
ponents up and vp, and their first order derivatives, it is necessary to know

'), nf'(n) = f(n), nf"(n) and n*f"(n) for all n € [0,00). We also observe

from these relations that, when Re is large, vp and a,d”—; are small and Bg—yp is
large. Therefore, in order to have values of order unity, we use the following

. 9 1 9
scaled components: v Revp, v Re%, and maLyP.
In the next section numerical approximations to the solution of (Pg), and

its first order derivatives, are constructed on the semi-infinite domain [0, c0).

3 Numerical Solution of Blasius’ Problem

To find up and vp and their first order derivatives we have to solve (Pg) for
f and its derivatives on the semi-infinite domain [0, 00). This is not a trivial
matter, since numerical solutions can be obtained at only a finite number of
mesh points. For this reason, for each value of the parameter L € [1,00), we
introduce the following problem on the finite interval (0, L)

Find a function fr € C3(0, L) such that for all € (0, L)

7'+ fu(n)f(n) =0
(Pp,L)
with the boundary conditions

fr(0) = fo, fL(0)=0, fL(L)=1.
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The collection of all such problems forms a one-parameter family of problems
related to (Pg), where the interval length L is the parameter of the family.
Because the values of fr, f; and f} are needed at all points of [0,00), we
introduce the following extrapolations

7(n)=0,forall n>1L (8)
Fin) = 1for all 5> L )
frn) = —1L)+ fo(L),for all n> L. (10)

To solve (Pg), we first obtain a numerical solution Fj, of (Ppg 1) on the finite
interval (0, L) for an increasing sequence of values of L. Then, we extrapolate
Fp, to the semi-infinite domain [0, c0). The sequence of values of L is defined as
follows. For each even number N > 4 define Ly = InN (see [2] for motivation
for this choice of Ly) and consider the corresponding finite interval [0, Ly].
On [0, Ly] a uniform mesh Tiv = {n :m = iN"HUnN,0 < i < N} with N
mesh subintervals is constructed. Then numerical approximations Fy, DT Fy,

—N
DTD"Fy, to fr, f}, f} respectively, are determined at the mesh points in I,
using the following non-linear finite difference method

Find F on IY such that, for all n; € IV, 2 <i < N — 1,
(PE L) 8*(D™F)(m;) + F (i) DT (D™ F)(n;) = 0
F0)=fo D'F(0)=0, and D°F(nnx_1)=1.

We note that, in order to simplify the notation, we have dropped explicit use of
the indices L and N. Thus, we denote the solution of Pé\i ;. by F instead of F}¥.

Since (P§ ;) is non-linear, we use the following iterative solver to compute
its solution

For each integer m,1 < m < M, find F™ on Iiv such that , for all n; € I,iv
§2(D™F™)(n;) + F™ = () DT (D™ F™)(n;) — D™ (F™ — F™ 1) (m;) = 0
(AN F™(0) = fo, DYF™(0)=0, and D°F™(ny_1) =1

B

—N
with the starting values for all mesh points n; € I,

Fo(m) =i

Algorithm (A%) involves the solution of a sequence of linear problems, with
one linear problem for each value of the iteration index m. The total number
of iterations M is taken to be M = 8InN The motivation for this choice of
M is described in [2]. It is important to note the crucial property that M is
independent of the Reynolds number Re. The final output of algorithm (A%)



6 B. Gahan, J.J.H. Miller, G.I. Shishkin

is denoted by F, where again we simplify the notation by omitting explicit
mention of the total number of iterations M. We follow the same criterion as
in [2] to determine F' on the finest required mesh as the ”exact” solution.The
corresponding value of N is denoted by Nj.

To ensure that F, DTF and DTDTF are defined at all points of each
mesh Tf:[ the following values are assigned: DY F(ny) =1, DYDTF(npy_1) =
0, DY*DTF(ny) = 0. We then define F, DTF and DT DTF at each point of

. . . . . . . =N
[0, L] using piecewise linear interpolation of the values at the mesh points of T, .
The resulting interpolants are denoted by F, DT F and D+ D+F respectively.

In order to define ', D+ F and D DT F at each point 7 € [0, c0) the following

extrapolations, analogous to (8), (9) and (10), are introduced

D+tD+F(n) =0,for all n € [Ly,) (11)
D+F(n) =1,for all n € [Ly,o0) (12)
F(n) = F(Ly) + (n— Ly),for all 5 € [Ly,o0). (13)

The values of F, DYF and DTD+F, respectively, are the required numerical
approximations to f, f,f of the Blasius solution and its derivatives at each
point of [0, c0).

4 Numerical Experiments for Blasius’ Problem

In [3] a limiting value for suction is found at fy, = 7.07 and for blowing at
fo = —0.875745. In numerical experiments to illustrate the proposed technique,
we take the representative values fy = 3 and fy = 6 for suction; fo = —0.25 and
fo = —0.5 for blowing.

We want to determine error estimates for the approximations F, D¥F and
D+tD*F to f, f/ and f”, respectively, for all N > 2048. Consequently, we take
INo where Ny = 65536, to be the finest mesh on which we solve Blasius’ problem.
Using the experimental numerical technique described in [2] we determine the
following computed error estimates

fo=3
|F = flljo,00) < 2.505N 086
ID¥F — f'[|j0,00) < 1.452N0-86
ID¥DFF — f"[|j0,00) < 20.427N 084
Jo=6

[F — fllj0.00) < 2.635N 086
IDFF — f[|j0.00) < 2.925N 086
IDTDFFE — " |[{0,00) < 65.927N 081
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fo=—025
||F — f||[07oo) < 1.066N —0-86
|ID¥F — f'[|0,00) < 0.20270-86
|ID¥DFF — f"[|0,00) < 0.453N—0-86
fo=-05

IF = flljo,00) < 0.603N 085
ID¥F — f'[l{0,00) < 0.345N 087
[D¥DFF — f"[[j0,00) < 0.488N 056,

Similarly, the computed error estimates for the approximations nD+F(n) —

F(n), nD¥D¥F(n) and n*D¥D¥F(n) to (nf — f)(n), nf (n) and n*f" (n),
respectively, for all N > 2048, are

fo=3
|(nD¥F = F) = (nf = f)lljp,00) < 2.505N 056
[n(D¥DTF — )| [0,00) < L8N 085
[n?(DFDFF — f")||j,00) < 0.7TN 7086
fo=6
|nD¥E —F) = (nf — f)lljo,00) < 2.635N 056
In(DF*DHF — f7)|[j0,00) < 3.297N 7085
12 (DFDFF — f")||jo,00) < 0.7T45N 7086
fo=-0.25
|0DFF = F) = (nf = £)lljo.00) < L.OG6N 056
[n(DFDFF — f")|j0,00) < 1.178N 7086
[ (DFDFF — f")||jo,00) < 3.275N 7086
fo=—05

|WDYE —F) — (nf — f)lljo,c0) < 1.228N 7086
|n(DFDFF — §")[ljo,0c) < 1.6TON 06
In*(DFDFF — f7)[|j0,00) < 5.952N 056,

We see from the above computed error estimates that, in all cases and at
each point of [0,00), the orders of convergence with respect to IV, the number of
mesh intervals used to solve Blasius’ problem, are not less than 0.81. Similarly,
in all cases, the error constants are at most 65.927. The worst cases occur for

Jo=6.
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5 Numerical Experiments for Prandtl’s Problem

In this section we find reference numerical solutions of Prandtl’s problem and
computed error estimates for the scaled numerical solutions and their derivatives.
In all of the numerical computations we use the specific values ¢ = 0.1, A =
1.1, B =1.0.

We construct the approximations Ug = (Up, V) of the velocity components
up of the self-similar solution of Prandtl’s problem (Pp) by substituting the
approximate expressions F and D+ F for f and f’ respectively, into (1) and (2).
Thus, for each (z,y) in the open quarter plane {(z,y) : x > 0,y > 0)} we have

Up(z,y) = Dt F(n) (14)
1
= DTF - F 1
Vi(a,) = | o (1D F () — F(n) (15)
We call Ug = (Up,Vp) the reference numerical solutions of the self-similar

solution of Prandtl’s problem (Pp).
We now assume that error estimates, for the scaled approximations (Ug, v ReVg)
to (up, v Revp), of the form

||UB *’UJPHE S ClNipl

vRe||VB — UP”ﬁ < Oy NP2

are valid for all N > Ny where p; > 0, pa > 0, and the constants Ny, p1, p2, C1, Cs
are independent of the total number of iterations M and the number of mesh
intervals N used in the numerical solution of Blasius’ problem.

The errors in the z-component Up and the scaled y-component vReVg of
the velocity corresponding to M > 8InN satisfy

U —upllg = IDTF = f'llj0,00)

VRVs ~ vpllg = VRell\ 5 (D F () = F(m) = (0f’ = Plloe)

< V5|(nD¥F(n) — F(n)) — (nf — f)|

Then, using the experimental numerical technique described in [2] and the com-
puted error estimates for the numerical solutions of Blasius’ problem in the pre-
vious section, we obtain for all N > 2048 the following computed error estimates
for the reference numerical solutions of Prandtl’s problem

fo=3

(0,00)-

|Us — upl|lm < 1.452N 086
VRe||[Vp — vp|lz < 5.601N 086
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Jo=6
U — up||5 < 2.925 N 086
VRe|Ve —vp|g < 5.89 N ~0-86
fo=-0.25
U — up||§ < 0.202/N~0-86
VRe||Vg — Up||§ < 2.38N 086
fo=-0.5

||UB — ’U,p”ﬁ < 0.345 N —0-87
VRe|Vs — vp|g < 1.35N 056,

We see from these computed error estimates that, in all cases, the orders
of convergence with respect to N, the number of mesh intervals used to solve
Blasius’ problem, are at least 0.86. Similarly, in all cases, the error constants are
at most 5.89. The worst case occurs for fo = 6.

Substituting the appropriate expressions into (4), (5), (6) and (7) we obtain
the approximations D,Ug, D,Ug, D,Vg, DyVp to the first order derivatives of
the velocity components of the self-similar solution of Prandtl’s problem (Pp),
where

D,Up(n(z,y)) = ”D*D*F( )

S
oz D D F (1)

DyVp(n(z,y)) = o

D.Vi(n(z,y)) = 7%(‘/3 +\ 5070 1R 02D Dif F(n)).

From the computed error estimates for the numerical solutions of Blasius’
problem, in the previous section, we obtain for all N > 2048 the following
computed error estimates for the reference scaled discrete derivatives of the
velocity components

1 6UP ll
EHDyUB =\ 5 \|D+D+F I (Mllo,00)

< \/EHD:{D:{F(U) - f” (M l0,00)
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a’UP

oy

aup

1Dy Ve — o= I1D:Up — H

= 5o IDFDEF@m) — £ ()]

ov \/Re 1 R — "
VERe||\ DoV — 7 g = 5= (Vi = vs ]| + ) g 1Dy Dy F () = £ ()]

L (VRE1Vs = vl + [ =P IDF DT F) — £ ),

Then, for all N > 2048 we obtain the following estimates

fo=3
= 1Dy U — % || < 45.676N 056
HDyVB o 6vp ”Q < 9N~ 0.85
VRe||D, Vi — avP < 35.831N 086
I}
fo=6
= 1DyUs - Gk |l < 147.42N 086
1Dy Vi — G2 |5 < 16.49N 05
VRe||D, Vg — f"”P 2|5 < 37.78N 086
fo=—0.25
71Dy U — %G < LOIN 0%
IDyVp — B2 || < 5.89N 056
VRe|| D, Vg — ‘%P | < 48.52N 086
fo=—05

71Dy U — %G < 109N 05
|DyVp — B2 |5 < 8.35N 056
VRe||D, Vi — avP L5 < 73.3N 086,

We see from these computed error estimates that, in all cases, the orders
of convergence with respect to N, the number of mesh intervals used to solve
Blasius’ problem, are at least 0.85. Similarly, in all cases, the error constants are
at most 73.3. The worst order of convergence occurs for fy = 6 and the worst
error constant for fo = —0.5.
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Remark on Navier-Stokes’ Problem It is well known that incompressible flow
past a plate P = {(z,0) € R? : z > 0} with suction-blowing in the domain
D = R2\P is governed by the Navier-Stokes equations

Find uns = (uns,vns), pns such that for all (z,y) € D
uns satisfies the differential equations

—a:Ouns +uns - Vuns = —; Vs
V. =0
(Pns) s

with the boundary conditions

uns(z,0) =0,uns = vo(x) for all z >0

lim)y|—>ocuns(z,y) = lim,_ > _uns(z,y) = (1,0), for all x €

where uns is the velocity of the fluid, Re is the Reynolds number, p is the
density of the fluid and p is the pressure. This is a nonlinear system of equations
for the unknowns uyg, pys. It is known that the solution of (Pp) is a good
approximation to the solution of (Pyg) in a subdomain excluding the leading
edge region, provided that the flow remains laminar and no separation occurs.
Moreover, as Re increases the difference between the solutions of problems (Pp)
and (Pyg) decreases. This means that the reference solution of Prandtl’s problem
is the leading term in the solution of the above Navier—Stokes’ problem.

6 Conclusion

For the problem of incompressible laminar flow past a thin flat plate with
suction—blowing we construct a new numerical method for computing reference
numerical solutions to the self-similar solution of the related Prandtl problem.
The method generates global numerical approximations to the velocity compo-
nents and their scaled derivatives for arbitrary values of the Reynolds number
in the range [1,00) on a domain including the boundary layer but excluding a
neighbourhood of the leading edge. The method is based on Blasius’ approach.
Using an experimental error estimate technique it is shown that these numer-
ical approximations are pointwise accurate and that they satisfy pointwise er-
ror estimates which are independent of the Reynolds number for the flow. The
Reynolds—uniform orders of convergence of the reference numerical solutions,
with respect to the number of mesh subintervals used in the solution of Blasius’
problem, is at least 0.86 and the error constant is not more than 80. The num-
ber of iterations required to solve the nonlinear Blasius problem is independent
of the Reynolds number. Therefore the method generates reference numerical
solutions with e—uniform errors of any prescribed accuracy.
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