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Abstract. The construction of solutions to the problem with a free boundary for the non-linear heat

equation which have the heat wave type is considered in the paper. The feature of such solutions is that
the degeneration occurs on the front of the heat wave which separates the domain of positive values of
the unknown function and the cold (zero) background. A numerical algorithm based on the boundary
element method is proposed. Since it is difficult to prove the convergence of the algorithm due to the
non-linearity of the problem and the presence of degeneracy the comparison with exact solutions is used
to verify numerical results. The construction of exact solutions is reduced to integrating the Cauchy
problem for ODE. A qualitative analysis of the exact solutions is carried out. Several computational
experiments were performed to verify the proposed method.
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Introduction
We consider the non-linear parabolic heat equation [1] with a source (sink)
T, = AU(T) + O(T), 1)

which is also called the generalized porous medium equation [2|. If ¥(0) = 0 and ®(T') is power
function Eq. (1) can be written as

up = ulAu + y(Vu)? + au’. (2)
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Here, v > 0, a, 8 # 0 are constants, a > 0 means the presence of a source and a < 0 corresponds
to a sink. In what follows Cartesian coordinates are used.

Various forms of equation (2) are used to describe processes in continuum mechanics |2, 3],
plasma physics [1], etc. This mathematical object has a distinctive property related to the
propagation of perturbations with finite velocity, which is not typical for parabolic equations.

For equation (2) the problem of initiating a heat wave is considered. The heat wave is a
construction consisting of two hypersurfaces: w(t,x) > 0 and u(t,x) = 0 that continuously
joined along some sufficiently smooth manifold I'(¢,x) = 0. The latter determines the front of
the heat wave. Since the front is unknown in advance and it is determined simultaneously with
the construction of the unknown function, we have a special problem with a free boundary [3],
where U‘F(t’x)zo = 0. The boundary conditions have the form

u|b(x):0 = f(t7x)a f(O,X) =0, (3>

where b(x), f(t,x) are sufficiently smooth functions.

Previously, problem (2), (3) was already considered in the case a = 0, i.e., without a source
(sink). Solutions were constructed both in the form of special series [4] and with the use of the
boundary element method (BEM) [5]. In this paper, we propose an approximate method for
constructing solutions to the problem of heat wave initiation based on the BEM.

There are various approaches to solve boundary value problems for parabolic equations using
the BEM. The most natural one is to use the BEM based on time-dependent fundamental
solutions [6]. This method is not suitable for solving problem (2), (3) because of the non-
linearity of the right-hand side and because of the presence of a movable boundary (the heat
wave front). Therefore, it is preferable to use a time-stepping BEM (7], where the boundary
value problem for the elliptic equation is considered at each step, and the fundamental solution
of the Laplace equation is used. In addition to the classical BEM, it is used in the method of
fundamental solutions (MFS) [8], as well as in the interior field method (IFM) [9] and the null
field method (NFM) [10] in annular domains for the case of circular symmetry. For problem (2),
(3), we obtain the Poisson equation with a non-linear right-hand side at each time step. The dual
reciprocity boundary element method (DRBEM) [11] is most suitable for solving this equation.

We did not establish the convergence of the developed method. Therefore, to verify numerical
results exact solutions in the form of travelling wave are used [2]. Construction of exact solutions
is reduced to the solution of the Cauchy problem for a second-order ordinary differential equation
with a singularity.

Finding exact solutions of non-linear partial differential equations is an important field of
modern mathematics. There is a wide variety of methods to find exact solutions. Among
these methods we emphasize the group analysis method that was proposed and developed by
L. V. Ovsiannikov and his colleagues [12, 13]. A review of methods for constructing exact solutions
to equations of mathematical physics can be found, for example, in handbook [14]. Various
generalizations and modifications of the method of separation of variables [15, 16] are especially
often used to construct exact solutions of non-linear parabolic equations having the form (1).

1. Formulation of the problem
In the case of one spatial variable, equation (2) can be written as

v
Uy = U, + vui + 7’) + au. (4)
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Here, v = 0,1, 2 corresponds to Cartesian, cylindrical and spherical coordinate systems, respec-

v+1
tively; p =4/ > 22, where x; are the Cartesian coordinates. Condition (3) has the form
i=1

ulp=r = f(t), f(0)=0, (5)

where R > 0 is some constant which must obviously be positive for v # 0.

The cases v = 0 and v = 1 are considered here. It follows from previous results [17] that
for Cartesian and cylindrical coordinate systems problem (4), (5) has unique analytical heat-
wave type solution (in the form of a convergent Taylor series). The coefficients of the series are
determined from the solution of systems of linear algebraic equations. However, the radius of
convergence of the series is usually small, and it can be estimated only in some spacial cases. To
solve this problem and obtain an approximate solution to the problem of heat wave initiating
at a given time interval [0,t*], we usually use a step-by-step method based on the boundary
element approach [5]. We also note that presence of additional term (source) requires significant
modification of the previously developed approach.

2. Solution algorithm based on BEM

Problem (4), (5) is solved in the specified time interval ¢ € [0,%*] by a step-by-step method
based on the BEM. At each time step t, = kh, where h is the step size, we solve the spatial
problem obtained from (4), (5) with ¢ = t;. The solution domain where the unknown function u
is positive is the interval p € [0,a(t)), and p = a(t) is the equation of motion of the heat wave
front, u(tx, a(ty)) = 0.

For certainty, it is assumed that the heat wave front moves from the origin. Since a(ty) is
unknown in advance, the solution domain is also unknown at the moment ¢t = t;,. That is why, we
interchange the desired function and the spatial variable p [5]. Equation (4) takes the following

form
2

vupy,

+ aufp3. (6)

PLPl = Upuu — VPu —

We rewrite equation (6) in the form of the Poisson equation and obtain at ¢ = ¢; the boundary
value problem

Puu = F(uapa ptapu)y p|u:L =R, (7)

where F(u, p, pt, pu) = (pep2 +vpu)/u+vp2/p+au’~1p3 p = p(ty,u) is the unknown function
and L = f(tx). The unknown heat wave front for the original problem is defined by the condition
plu=o = alt).

At the front of the heat wave we have [1§]

dp

:
. ®

u=0 a (tk) 7

where ¢ is the flow of p(tg,u), n is the external normal to the boundary of the solution domain,
n(0) = —1, n(L) = 1. It follows from the results presented in [17] that a'(t) # 0.
Thus, we arrive to the boundary value problem (7), (8) in the domain u € [0, L]. Using the

q(p)|u:0 —

boundary element method, we write the solution of this problem in the following form
L
p(v) = qif)u (v,0) + g5 w* (v, L) = prrq* (v,0) — Rg* (v, L) - / F (. p, pes pu) u* (v, w)du. (9)
0
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Here, v € (0,L), pix = p(ts,0), poi = plte, L) = R, ¢\ = ¢ (11,0), ¢ = ¢ (tx, L), u* (v, u)
is the fundamental solution of the one-dimensional stationary problem, ¢*(v,u) = du*(v,u)/dn
[6]. Values of pix, q(p ) (?) are not specified by the boundary conditions and should be
determined.

and gy,

Taking the limits v — 0 and v — L in equation (9), we obtain the system of two boundary
integral equations

P1k — q§§?L =Q1, pix+ qu)L = Qo, (10)

L L
where Ql =R-— f F (U,P, ptvpu) ’LL*(O, u)du, Q2 =R+ f F ('LL,P, ptvpu) u*(Lvu)du
0

0
Using quadratic approximation of the function p(¢,0) = a(t) on the interval [tx_1,tx], one
can write condition (8) in the following approximate form
o (af) + il y))
Pk — P1(k—1) = ) () . (11)
200k D (k1)

Expressing p1j from (11) and substituting it into the first equation (10), we obtain an equation
in the unknown qiz)

_ah vh
2 (k1)
Since the derivative of the unknown function in (4), (5) is negative along the front u,|,—q) <
0 (for chosen direction of the movement of the heat wave front), the inverse function obeys the
inequality py|u=0 = 1/(up|u=0) < 0. Therefore, qi’é) = n(0)py|u=0 = —pulu=0 > 0, and a suitable

solution of equation (12) has the form

1 ~h h
fﬁ? =7 |Pr-1) — @1+ + Q1 — Pr(k—1) — - +29hL| . (13)
2L (P) 2 (p)
91 (k-1) 91 (k—1)

Substituting (13) into (10), we can find p1; and qég):

Q2 — Q2 —pix
L

Since function F'(u, p, pt, py) in (7) depends on the unknown function and its derivatives, we use
the following iterative procedure to solve problem (7), (8). Let us take p(®) = R and Q; = 0,
Q2 = 0 as the initial values. Then the i-th iteration of the solution has the form

p(z')(v) ( )() u*(v,0) +q(P)() *(v, L)—

Pk = Q§2)L + Q1 qéZ) = (14)

. , . ) (15)
—p\9q* (v,0) — Rg*(v, L) —/ F(u, pi=, pl 1 oDy (1, ) du.
0

The boundary values of the unknown function and flow can be found according to (13), (14)
as

1 - vh = vh
qgi)( D= — P1(k—1) — ng Ve 24 gz - Pre-1) — o | T 2RLY
2L 2 (?])c ) q(?;)C )
1 1(k—1
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i i—1 % i—1 i
A =L 0, o = (@8~

Here, Qgifl), Qgiil) are calculated from the previous iteration:
Z V=pRr- / =Dy (0, u)du, 2171) =R+/ FC=Yy* (L, u)du, (16)
0

where FU-1 = F (u P(i_l),pyfl),pq(ffl)). The iteration process is terminated at the m-th

n—1 n
(ng) ng ))/ng)
of (7), (8) at t = t;, is p(ty,u) = p(™ (u). Since this solution is continuous, the solution of problem
(4), (5) at t = tg, u(tx, p) can be determined without a loss of accuracy.

iteration if

The developed algorithm allows us to construct a solution that is continuous with respect to
a spatial variable for problem with a free boundary (4), (5) at each given time step.

L
To calculate integrals [ F (u, p, pt, pu) u*(v,u)du in (15), (16), we use the dual reciprocity
0
method [11] based on the expansion of F (u, p, pt, p,) in terms of radial basis functions (RBF)

F(u,p, ptvpu) = Zak¢k(u) (17)

Functions ¢; depend on the distance between the current point and collocation points
U1, Us, ..., U, that belong to the interval [0,L]: ¢r(z) = ¢ (rg), where 1, = |u — ug|. For
each function ¢y there is a function @y such that ¢ = Awy. After substituting expansion (17)
into the integrand and twice integrating by parts, we obtain the following equality

L
/ F(u7p,ptapu> u*(v,u)du =
0

0 (18)
Z ) + Pr(0)u*(v,0) + pr(L)u" (v, L) — wk(0)g" (v, 0) — Wi (L)g"(w, L)],

where py(z) = 0wy (u)/On. The coefficients ay, for each iteration are determined from the
system of equations obtained from (17) for the current iteration p()(u) at the collocation points

F (5,0 (1) o7 ()00 (7)) = D7 cndn(uy),j = 1,2,
k=1

The use of the simplest functions ¢ = r, as RBFs [5, 18] results in stable convergence of iterative
processes and good accuracy of solutions. However, it is rather complicated to use these functions
to solve problems with the source term because convergence of iterative processes is unstable and
depends on the parameters of the problem. Obviously, the additional non-linear term requires a
more precise expansion.

It is difficult to analyse the influence of RBFs on convergence analytically. Therefore, we
perform a numerical analysis of the influence of used RBFs on convergence and accuracy of the
solution. We consider linear function ¢y, = 14y, polyharmonic spline ¢y, = r; and multi-quadric
function ¢ = /1 + er%. Stable convergence is observed when the last two functions are used.
At the same time, multi-quadric function ensures better accuracy of the solution so we use it in
calculations. The results are shown in Section 4.
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3. Construction and study of exact solutions

It is problematic to prove convergence of the algorithm based on the BEM. One possible way
is to construct and study exact solutions and then use them to verify numerical results.
Plain geometry. We consider the non-linear heat equation with a source for v =0

Up = Ulgy + vui + au®. (19)
We assume that in this case the heat wave front is defined by following equation
u(tv x)‘x:a(t) =0. (20)

If functions a(t) and u® are analytical (8 € N) then it follows from the previously proved
theorems (see, for example, [16]) that problem (19), (20) has unique analytical solution in form
of a power series with respect to variable z = 2 — a(t) with recurrently determined coefficients.
We consider the case when the condition of the analyticity of the source is not satisfied. Let
B >0, 8 € R in equation (19). For non-integer 8 the source function can not be expanded into
a Taylor series with respect to powers of u. We construct the solution in the form of a travelling
wave u = v(z), z = —put —n, > 0, n = 0. Due to the invariance of equation (19) one can take
n=0.

Substituting v(z) in (19), we obtain the following ordinary differential equation

" + ()2 + v’ + av® = 0. (21)

Solving this equation with the condition v(0) = 0, we obtain the solution of problem (19),
(20) which is a heat wave with the front © = a(t) = pt+n (if it exists). Properties of solutions of
this type for 8 € N were previously studied [16]. For non-integer values of 3, as far as we know,
this problem was not previously considered and it is now studied for the first time.

In this case one cannot impose arbitrary condition for the derivative at z = 0. If we set z =0
in both parts of Eq. (21) then we obtain the quadratic equation

Y(v'(0))? + p'(0) = 0,

which has two roots v'(0) = —u/v and v'(0) = 0. For other values of v'(0) equation (21) is
incompatible. Thus, we obtain from the continuity condition that either

0(0) =0, v/(0) = —p/7, or (22)

v(0) =0, v (0)=0. (23)

Problems (21), (22) and (21), (23) have specific properties that they inherit from original
problem (19), (20). In particular, at the starting point z = 0 function v(z) (that is the term at
the higher derivative) turns to zero. It means that problems cannot be written in normal form,
and the classical theorems on existence of solutions of the Cauchy problem are not applicable.
It is obvious that (21), (23) has trivial solution v = 0. Special study is required to prove the
existence and uniqueness of the solution of (21), (22) and the existence of a non-trivial solution
of (21), (23).

In what follows we consider only the case a > 0. It means that there is an influx of energy
(matter) into the system. This case is widely encountered in applications.
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Theorem 1. The Cauchy problem (21), (22) for a > 0, 8 > 1 has unique solution v(z) €
Clzo00 N C(on,o) for some zy < 0.

Proof. Using substitution v’ = p, we lower the order of equation (21). Then it takes the form

dp

o, ot + av’ = 0. (24)

vp

Using the change of variable w = v in equation (24), we obtain
dp aw
pw— +yp+p+— =0. (25)
dw P

Since for 8 > 0 the equality v°|,—o = 0 holds then for equation (24) conditions (22) correspond
to

p(0) = —p/7. (26)

Let us perform a qualitative analysis of equation (21). To do this, we consider the equivalent

dynamic system

Here the parametrization is performed in such a way that dz = pwd£. System (27) is very close
to system (4.3) from [19]. The first equations differ by a positive constant multiplier on the
right-hand side. The second equations are the same.

System (27) has two singular points M7 (0, —u/v) and M»(0,0). It follows from qualitative
analysis [19] that M; has the topological type "saddle", and M; is the "saddle-node" with one
nodal and two saddle sectors. Considering condition (26), we are primarily interested in phase
trajectories that enter point M; and/or leave it. In this case, there is no need to consider the left
phase half-plane w < 0 (except 3 = k/m, where k, m are natural odd numbers) because w = v°.

There is a separatrix S that tends to the point M; as £ — 40. Phase trajectories which are
located to the right of S bypass the nodal sector bounded by S and the coordinate axis Op. The
phase trajectories inside the nodal sector tend to My as £ — +oo (Fig. 1).

The separatrix S corresponds to the solution v = v,(z) of problem (21), (22). Taking into
account the conditions of the theorem, the solution has the following properties: 1) v is defined
and continuous on some interval [zg,0]; 2) v is twice continuously differentiable on the interval
(20,0); 3)Qu,(0) = v.(20) = 0, vi(2) = 0; 4) v,(z) changes sign once, v, (zmax) = 0, Vs« (Zmax) =
Umaxs Zii£1+0 v'(z) = +o0; 5) v/(2) < 0. Let us note that condition § > 1 guarantees that
properties 1 and 2 hold. The schematic representation of function v(z) is shown in Fig.2.

It seems impossible to find the exact values z., Zmax, Umax. Further we discuss how to find
interval estimates for them.

Remark 1. For 8 = k/m, where k, m are natural odd numbers, k > m, the left phase half-plane
w = v? < 0 can also be considered. The solution of problem (21), (22) can be continued to the
right from the point z = 0 as well as problem (21), (23) at z < 0 has a non-trivial solution. Both
solutions are negative so they are meaningless from the physical point of view.

Interval estimates are constructed for the key parameters of the solution of (21), (23) in the
particular case 8 = 1 to simplify the study. We follow the procedure suggested in [19].
Let us use linear substitution of the unknown function and independent variable

Z=Az, 9= Bv, A=ay/[u(y+1)], B=ar?/[i*(y+1)]. (28)
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y/j LT
==

Fig. 1. Phase portrait Fig. 2. The traveling wave configuration

Then problem (21), (23) takes the form
v + (W) + 30+ (y+1Dv =0, v(0)=0, v'(0) =—1. (29)

Here the tilde is omitted.
We analyse the properties of solution of (29) and find estimates for z., Zmax, Umax. In the proof
of Theorem 1 we show that for z € [zmax, 0] function v decreases, —1 < v/ < 0 and v/ (zmax) = 0.
Then from (29) we have that —1 — v < v” < =1, and v"(0) = —1, v"(2max) = —y — 1.
Integrating the upper bound for v” on the interval [z, 0] and taking into account the Cauchy
conditions (29), we obtain that

V< —(y+ 1Dz —1, v=-05y+1)2% — 2, Zmax < 2 < 0. (30)

It follows from the first inequality (30) that zmax < —1/(y + 1). The right-hand side of
the second inequality at z1 = —1/(7 + 1) > zmax takes the maximum value that satisfies the
inequality v(z1) > 1/[2(y 4+ 1)]. Since v(z1) < Umax We obtain that vpyayx = 1/[2(y + 1)].

Integrating the lower bound for v” on the interval [z, 0] we obtain that

V> —z—1, v<—-0522—2 0< 2 < Zmax. (31)

It follows from (31) that zmax = —1 and viyax < 0.5.

When z € [z0, Zmax] function v increases, i.e., v’ > 0. Taking into account this inequality, it
follows from (29) that v” < —y—1. Integrating it twice, we obtain vyax—v = (Y+1)(2max —2)?/2,
20 < 2 € Zmax- Since vpax < 0.5, for 2 = 2zg we have 0 < zpax — 20 < 1/4/7 + 1 whence it follows
that —1/v/v+1—1< 20 < —1/(yv+1). So, we have all the required estimates. Let us apply the
transformation inverse to (28). Then we obtain the following inequalities

ply +1) N N et 1 1P (1+7)
- < max < - T 1 1 < < max; 5 o < max < a9
ay : ary a’y( YHIFYFL) S 20 <2 2002 v 2002

. (32)
We omit cumbersome transformations that are required to construct estimates of the form
(32) for the general case. Now a solution of equation (19) can be found. The solution has the
form of a heat wave that propagates with the constant velocity u(t,z) = v.(x — ut — 7).
An interesting feature of this solution is that it is a soliton (solitary wave). We point out
that if & = 0 (no source) then solution has explicit form v = —u(x — ut — n)/v. It is easy to

show that it is not a soliton.
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Derivation of travelling wave solution. Since one can not obtain analytical solution of
problem (21), (22) we solve it numerically. It follows from the proof of Theorem 1 that solution
should be constructed on the interval [zg, 0], and zg < 0 is unknown. We only know that v(zp) = 0
and v'(z) — oo when z — zg. This is the problem with a free boundary, and its formulation is
non-standard for solving by the boundary element method. Note that we prefer to use the BEM
because, unlike difference methods, it allows one to construct a continuous solution.

For convenience, we use substitution V(z) = v(—z) and resolve equation (21) with respect to
the higher derivative. Taking into account (22), we have the Cauchy problem

V= iV = = av ] Vo) = 0. g0) = -2 (33)

It is difficult to find its solution with satisfactory accuracy on the interval z € [0, z,], where
z« = —2g, because of specific properties (mentioned above) of the unknown function. A correct
solution can be found in two stages. In the first stage, problem (33) is solved on the interval
z € [0, L], where L < z, is selected in such a way that V/(L) < 0, i.e., L > —zpax. Then the
BEM iterative procedure is used to obtain continuous solution of this problem (see [20]).

One cannot construct a solution of problem (33) on the interval z € [L, z,] in the original
formulation because the derivative is unbounded. Then, in the second stage, we interchange the
independent variable and the unknown function, just as we did in Section 2. As a result, we
obtain the inverse Cauchy problem for the unknown function z(V).

z' 1

&= b wd eV L) = L (L) =

where V € [0, L*], g, = 82z/0n, L* = V(L); V(L) and ¢(L) are obtained in the first stage.

Now problem (34) can be solved with the use of the iterative BEM. As a result, in particular,
the value z(0) = z, is found. The continuousness of the found function allows us to determine
V(z) for z € [0, z.] and the solution of problem (21), (22) without loss of accuracy. Note that
estimates (32) can be used to select parameter L.

(34)

Cylindrical geometry. For v = 1, there are no exact travelling wave solutions for equa-
tion (4). It is known [16] that for 5 = 1 equation (4) has a self-similar solution u(t,p) =
= a(t)a'(t)v(r), where 1 = p/(Re"), and R > 0,0 are constant. Function v(r) satisfies the
Cauchy problem

v+ y(v')? + (7" + ;) v+ (% - 2) v=0, v(1)=0, V(1) = ——. (35)

This solution corresponds to a heat wave with an exponential law of motion of the heat wave
front a(t) = Re%. Since equation (35) is not autonomous, it is difficult to perform a qualitative
analysis in this case, and we don’t consider this task here.

In conclusion, we note that solution of problem (35) by the iterative boundary element method
[20] does not require additional modification because the unknown function in the solution domain
r € (0,1] monotonically decreases. In this case, to solve problem (4), (5) in the time interval
t € [0,¢,], it is sufficient to solve problem (35) in the segment r € [a(0)/a (t.), 1].

4. Computational experiment

Verification of the BEM algorithm. Here we test the BEM algorithm developed in
Section 2 by comparing the calculation results with the exact solutions presented in Section 3
for various values of parameters.
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Example 1. We consider the problem in the case of plane geometry (v = 0) with v =1/3,a =
1,u=1,7=0. Parameter (8 is varied: § =0.8; 1; 1.2; 1.4; 1.6; 1.8; 2.

The accuracy of solving problem (4), (5) using the BEM algorithm is tested as follows. The
exact travelling wave solution u¢(¢, z) is found by solving problem (21), (22) using the boundary
element method described in Section 3. When the exact solution is found condition (5) that
corresponds to this solution is

u|g=0 = u®(t,0). (36)

Next, numerical solution of problem (4), (36) is calculated using BEM. Then it is compared
with the exact solution u®(¢,z). Numerical and exact solutions for 8 = 1.4 are shown in Fig. 3.

o [ — BEM, t=0.5
41 —BEM, t=1

[ BEM, t=1.5
® BEM, t=2

37 ¢ o exact, t=0.5
® exact, t=1

2 e exact, t=1.5
n exact, t=2

1

0 L 4 L »

0.5 1.0 1.5 20 x

Fig. 3. Travelling heat wave for g = 1.4

To estimate the accuracy of the numerical solution we compare the law of motion of the heat
wave front found by the BEM and the law of motion x = ut + n of the exact solution. The
relative error in determining the heat wave front is shown in Tab. 1.

Table 1. The relative error in determining the heat wave front

t | 3=08 | B=1 B=12 | B=14 | B=16 | B=18 | B=2
0.5 || 4.96E-03 | L.77E-03 | 6.29E 04 | 2.10E 04 | 7.22E 05 | 2.19E-05 | 2.86E-05
1 |[4.63E-03 | 1.61E-03 | 5.85E 04 | 2.10E 04 | 8.88E 05 | 4.97E 05 | 4.37E 05

The results show that the accuracy of the solution decreases as parameter 8 decreases. The
results are not acceptable for 3 < 0.8. This seems to be related to the fact that the term u”~*
(see (7)) has a singularity at w = 0 if 8 < 1. Note that Theorem 1 is also valid only for 8 > 1.
Nevertheless, one should note that the acceptable numerical results are obtained not only under
the conditions of Theorem 1 but also for 0 < 8 < 1.

Example 2. We consider the problem in the case of cylindrical geometry (v = 1) with v =
1/3,a=1,86=1,R=1,0=1.

The exact solution u®(t, p) is found by solving problem (35) using the BEM [20]. The bound-
ary condition for problem (4), (5) is

ul,=r = u(t, R). (37)

Comparison of the BEM solution of problem (4), (37) and the exact solution is shown in Fig. 4.
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Thus, the results demonstrate the effectiveness of the developed algorithm for solving the
problem of heat wave initiating for a non-linear heat equation with a source.

—BEM, t=0.5
20 3 —BEM, 1=0.8
BEM, t=1
15 e exact, t=0.5
s o exact, t=0.8
» e exact, t=1

1.0 1.5 2.0 2.5 p

Fig. 4. Heat wave with exponential front

Traveling wave. The second part of the computational experiment is devoted to the nu-
merical analysis of estimates obtained for the parameters of the solution of problem (21), (22).
Tab. 2 shows values of z, zmax and wvnpay, as well as boundaries of their interval estimates
Z2- € Zmax < 24, 27 < 20 € Zmaxs U— < Umax < Uy (see (32)) for « = p = 1 and various
~. One can see that the estimates are relatively accurate for zp.x and vmax. The values of zyax
are closer to the left border of the interval, and the values of v,y are closer to the right border.
For the wave length z, = —zy the rough estimate was obtained, and further improvement is
needed.

The results of calculations show that obtained analytical estimates can be probably im-
proved. So, for all calculations performed (both presented in Tab. 2 and not included
in it) the inequalities |zmax — 2zam|/|2a] < 0.05, v_ + 0.7 Av < Upax < v_ + 0.8 Avw
are valid. Here, zpr = (2= + 24)/2, Av = vy —o_. It follows from (28) and (29)
that if we have values of 2o(7, @, tt)|a=p=1, Zmax(V; @, 1) |a=p=1 and Vmax (7, @, 1) |a=p=1, We
can find zo(7y, @, 1), Zmax (7,0, 1) and vmax(v,a,u) for all o and p as zo(y,a,p) = =
/v‘a_120<% L1), zmax(7,q, M) = Ma_lzmax('% L1), 'Umax(’)/; Q, M) = ,u2a_1vmax(% L1).

Table 2. Estimates of travelling wave parameters

y a | Z_ Zmax Z4 - 20 V_ Umax Vi

1 1|1 -2 | —1.547918 | -1 —3.414214 —2.328672 0.5 0.858849 1

05|11 -3 | —2.575608 | —2 —5.449490 —4.265408 2 2.744421 3

1/3 11 -4 | -3.590301 | -3 ~7.464102 -6.229110 4.5 5.643519 6

02111 -6 | -5.611311 | -5 —11.477226 | —10.194475 12.5 | 14.4864942 | 15
Conclusions

In this study we consider the problem of a heat wave initiating for a non-linear heat equation
with a source and construct the solution on a specified finite time interval. We develop a step-
by-step algorithm based on the iterative BEM using the dual reciprocity method. We choose
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systems of radial basis functions that ensure convergence of the iterative process at each step of
the solution. To verify the developed algorithm we use exact travelling wave solutions. Their
construction is reduced to solving the Cauchy problem for the ODE with a singularity. For this
Cauchy problem we prove the existence and uniqueness theorem of the classical solution that
does not have to be analytical. A qualitative study of the solution properties was performed,
and some estimates for the amplitude and wave length were obtained. To solve the Cauchy
problem numerically, we develop an iterative algorithm based on the BEM. It allows one to
determine correctly the boundary of the solution domain where the derivative of the unknown
function tends to infinity. The performed calculations show the effectiveness and accuracy of the
developed computational algorithm.

Further research can be directed towards expanding the proposed approach to other types of
problems and to multidimensional equations. It is also interesting to apply new methods such
as the method of fundamental solutions, the interior field method and the null field method to
solve the considered elliptic equations and to compare these methods with the BEM.

The study was funded by RFBR (research project no. 20-07-00407) and by RFBR and MOST
(research project no. 20-51-552003.

References

[1] A.A.Samarskii, V.A.Galaktionov, S.P.Kurdyumov, A.P.Mikhailov, Blow-up in quasilinear
parabolic equations, Berlin—-New York, Walter de Gruyte, 1995.

[2] J.L.Vazquez, The Porous Medium Equation: Mathematical Theory, Clarendon Press, Oxford,
2007.

[3] V.K.Andreev, Yu.A.Gaponenko, O.N.Goncharova, V.V.Pukhnachev, Mathematical models
of convection, Berlin, De Gruyter Studies in Mathematical Physics, 2012.

[4] M.Yu.Filimonov, L.G.Korzunin, A.F.Sidorov, Approximate methods for solving nonlinear
initial boundary-value problems based on special construction of series, Rus. J. Numer. Anal.
Math. Modelling, 8(1993), no. 2, 101-125.

[5] A.L.Kazakov, O.A.Nefedova, L.F.Spevak, Solution of the problem of initiating the heat wave
for a nonlinear heat conduction equation using the boundary element method, Comp. Math.
Math. Phys., 59(2019), no. 6, 1015-1029. DOI: 10.1134/S0965542519060083

[6] P.K.Banerjee, R.Butterfield, Boundary Element Methods in Engineering Science, London,
McGraw-Hill, 1981.

[7] M.Tanaka, T.Matsumoto, S.Takakuwa, Dual reciprocity BEM for time-stepping approach to
the transient heat conduction problem in nonlinear materials, Comput. Methods Appl. Mech.
Eng., 195(2006), 4953-4961.

[8] Z.C.Li, M.G.Lee, H.T.Huang, J.Y.Chiang, Neumann problems of 2D Laplace’s equation by
method of fundamental solutions, Appl. Num. Math., 119(2017), 126-145.
DOLI: 10.1016/j.apnum.2017.04.004

[9] Z.C.Li, J.Y.Chiang, H.T.Huang, M.G.Lee, The interior field method for Laplace’s equation
in circular domains with circular holes, Eng. Anal. Boundary Elem., 67(2016), 173-185.
DOI: 10.1016/j.enganabound.2016.03.006

- 705 —



Alexander A.Kazakov ... On the Construction of Solutions to a Problem with a Free Boundary ...

[10] M.G.Lee, Z.C.Li, L.Zhang, H.T.Huang, J.Y.Chiang, Algorithm singularity of the null-field
method for Dirichlet problems of Laplace’s equation in annular and circular domains Eng.
Anal. Boundary Elem., 41(2014), 160-172. DOI: 10.1016/j.enganabound.2014.01.013

[11] L.C.Wrobel, C.A.Brebbia, D.Nardini, The dual reciprocity boundary element formulation
for transient heat conduction, In: Finite elements in water resources VI, Berlin, Springer-
Verlag, 1986, 801-811.

[12] L.V.Ovsiannikov, Group analysis of differential equations, Academic Press, New York—
London, 1982.

[13] V.K.Andreev, O.V.Kaptsov, V.V.Pukhnachov, V.V.Rodionov, Applications of group-
theoretical methods in hydrodynamics, Dordrecht, Kluwer Academic Publishers, 1998.

[14] A.D.Polyanin, V.F.Zaitsev, Handbook of nonlinear partial differential equations, Boca
Raton-London-New York, Chapman and Hall/CRC, 2011.

[15] V.V.Pukhnachev, Exact multidimensional solutions of the nonlinear diffusion equation, J.
Appl. Mech. Technical Phys., 36(1995), no. 2, 169-176.

[16] A.L.Kazakov, On exact solutions to a heat wave propagation boundary-value problem for a
nonlinear heat equation, Sib. Electronic Math. Reports, 16(2019), 1057-1068 (in Russian).
DOI: 10.33048 /semi.2019.16.073

[17] A.L.Kazakov, P.A.Kuznetsov, A.A.Lempert, On a Heat Wave for the Nonlinear Heat Equa-
tion: An Existence Theorem and Exact Solution, Continuum Mechanics, Applied Mathemat-
ics and Scientific Computing: Godunov’s Legacy, 2020, Springer, 223-228.

DOI: 10.1007/978-3-030-38870-6 29

[18] A.L.Kazakov, L.F.Spevak, Numerical and analytical studies of a nonlinear parabolic equa-
tion with boundary conditions of a special form, Appl. Math. Model., 37(2013), 6918-6928.
DOI: 10.1016/j.apm.2013.02.026

[19] A.L.Kazakov, Sv.S.Orlov, S.S.Orlov, Construction and study of exact solutions to a nonlin-
ear heat equation, Sib. Math. J., 59(2018), no. 3, 427-441.
DOI: 10.1134/S0037446618030060 Study of Exact Solutions to A Nonlinear Heat Equation.
Sib Math J 59, 427441 (2018). https://doi.org/10.1134/S0037446618030060

[20] A.L.Kazakov, P.A.Kuznetsov, L.F.Spevak, Analytical and numerical construction of heat
wave type solutions to the nonlinear heat equation with a source, Journal of Mathematical
Sciences, 239(2019), no. 1, 111-122. DOI: 10.1007/s10958-019-04294-x

- 706 —



Alexander A.Kazakov... On the Construction of Solutions to a Problem with a Free Boundary . ..

O mocTpoeHum perneHunii 3a4a49M CO CBOOOHOI rpaHuUIleit
JJIsl HeJIMHEIHOTo ypaBHEHUS TEIJIOIIPOBOJIHOCTHU

Anekcanap JI. KazakoB

WNucruryTr nuaamuku cucreM u Teopun yupasienust nmenun B.M. Marpocosa CO PAH
Npkyrck, Poccnitickast @enepartust

JleB ®@. CrieBak

WNucruryTr mammnaosegenus ¥YpO PAH

Exkarepunbypr, Poccuiickas ®eneparms

Munr-T'our JIn

Yuusepcurer HYynr Xya

Topon Cunbuxy, TaiiBanb

Amnnoranusi. B cratbe 06CyK1aeTcst IOCTPOEHNE PEIIEHU 3a1a9u CO CBOOOTHON TpAHUIEl sl HEJU-
HEHHOr0 ypaBHEHUsI TEIIONPOBOHOCTH, KOTOPbIE UMEIOT THUI TEIUIOBOH BOJHBL. (OCOGEHHOCTHIO TAKUX
pelleHunit ABJIsIeTCS TO, YTO YPaBHEHHE MMeeT BBIPOXKeHNEe Ha (DPOHTE TEIIOBOM BOJIHBI, KOTOPBIH pa3-
JessieT 00JaCTh MOJIOXKUTETBHBIX 3HAYEHUI MCKOMOM (DYHKITUU W XOJIOTHBIH (HyneBoﬁ) don. Ilpemio-
JK€H YHUCJIEHHBIN aJrOPUTM DPEIeHus yKA3aHHONW IPOOEeMbl Ha OCHOBE METOIA T'PAHUYHBIX JJIEMEHTOB.
ITockosibKy J10Ka3aTh CXOJMMOCTH aJITOPUTMa HE YIAeTCs W3-3a HEJHMHEHHOCTH 33J1a9 W HAJUIUs BbI-
POXKIEeHNUsI, B Ka4eCTBE METOJa BEPUMUKAINU PACUETOB BBIOPAHO CPABHEHWE C TOYHBIMHU PEIIEHUSIMU,
IOCTPOEHNE KOTOPBIX CBOAMTCs K MHTerpupoBanuio 3agaun Komm mis O/Y. IIposeneno kadecrsennoe
HCCJIeJIOBaHUE TIOC/IeHNX. BBINOIHEHB! UJLIIOCTPUPYIONIME PACUYEThI, HA OCHOBAHUU KOTOPBIX C HUCIIOJIb-
30BaHUEM De3yJIbTaTOB Ka4EeCTBECHHOI'O aHAJM3a CAECJIAHBI COAEP2KATE/IbHBIE BBIBOJDL.

KunroueBrble ciioBa: HeIuHEHHOE ypaBHEHUE TENJIONPOBOMHOCTH, TEIJIOBAs BOJIHA, METOJ I'PAHUYHBIX
3JIEMEHTOB, IPUOJIMKEHHOE PellleHre, TOYHOE PellleHne, TEOPEMa CYyIIeCTBOBAHMSI.
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