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Abstract. This paper deals with a simplified model taking into account the inter-
play of compressible, laminar, axisymmetric flow and the electrodynamical effects
due to Lorentz force’s action on the combustion process in a cylindrical pipe. The
combustion process with Arrhenius kinetics is modelled by a single step exothermic
chemical reaction of fuel and oxidant. We analyze non-stationary PDEs with 6 un-
known functions: the 3 components of velocity, density, concentration of fuel and
temperature. For pressure the ideal gas law is used. For the inviscid flow approxima-
tion ADI method is used. Some numerical results are presented.
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1 Introduction

The use of swirling flows to control the combustion processes is actual and
essential, because of the hypothesis suggesting that the swirl flows allow the
enhanced mixing of the reactants in the flame reaction zone and stabilization of
the processes of fuel combustion and heat energy production. Within the last
years, biomass combustion for energy purposes has gained rising popularity.
The studies of Syred, Gupta and Lilley [14], [23], [20] provide analysis of the
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effect of the swirl level (S) on the swirl flow dynamics and structure formation
of the flame reaction zone. Barmina et al. [5] the experimental study of the
formation of the flame composition and temperature profiles downstream the
swirling flame flows are carried out. The complex research of the swirl flow
formation has shown that the formation of the compact recirculation zone is
observed at S > 0.6.

Ahmed and Das [3] have obtained that the chemical reaction and the heat
sink have significant effects on the flow and on the heat and mass transfer
characteristics. Battaglija et al. [9] has described the mathematical models of
the hydrodynamics and the combustion; with the large-eddy simulation (LES)
he has presented the temperature fields, swirl velocity characteristics and the
heat release rate. Bayona and Kindelan [10] have simulated the premixed
laminar flames with different values of Lewis number in the open ducts with
the spectral finite difference metd. Mittal et al. [22] has used the laminar
burning velocity has used for modelling the premixed combustion process. The
quasi -gasdynamic system of equations with the mass force and heat source for
the perfect polytropic gas has been studied in [26]. In [25] Zlotnik and Ciegis
have investigated the stability for the high order finite difference scheme.

In the paper of Choi, Rusak et al. [12] a numerical investigation of the
inviscid, axisymmetric, steady swirling flow in cylindrical pipe for low Mach
number approximation is developed (p = %, where p, T are the dimensionless
density and the temperature in compressible flow). For numerical simulation
the pressure-correction method is used.

The investigation continues the study of Kalis et al. [4], [7], [17], [18], where
the pressure is eliminate from the Navier-Stokes equations for viscous, incom-
pressible and ideal, compressible flow by introducing the stream function and
vorticity for the combustion process with simple exothermic chemical reaction.
The swirling flow with axial and azimuthal components of velocity is developed
in the pipe. The axial velocity from uniform stream in the central part of the
cylindrical pipe-inlet is formed. The azimuthal velocity with rotation of the
part of tube inlet is obtained.

In [18] the results of numerical study of viscous, incompressible, laminar,
axisymmetric swirling flow with axial uniform magnetic field are presented. The
interplay of two strategies - inducing swirl in the flow combined the application
of an external magnetic field is considered. The swirl number is introduced by
controlling the axial and azimuthal velocity components at the inlet. A similar
experiment is reported in [4]. The external axial magnetic field is modeled for
the Lorentz force. The flow field is influenced by gravitation, magnetic field,
heat of reaction and swirl number. Since the conductivity of hot gases such as
air, oxygen, hydrogen is very low, the MHD mechanisms are not very effective
in practical applications of gas combustion. This is in contract with conductive
liquid, for which external magnetic field can be effectively used to control the
vorticity distribution in the flow [16].

In [17] inviscid, compressible, laminar, axisymmetric steady swirling flow is
numerically investigated. From the results one can conclude that the increase
in value of axial velocity in terms of maximal temperature of reag\ztion Trnaz

leads to increase for Le > 1 and decrease for Le < 1, where Le = = is Lewis
D
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number (A is the thermal conductivity, c,-the specific heat, D-the molecular
diffusivity). Similar results are obtained in [2] for second-order reaction kinetics
for fast and slow exothermic reactions in the combustion of CO and Hs.

In [4] the electromagnetic force is generated by an electric current in a
coil electrode surrounding the flame at the inlet of the cylindrical pipe and
the azimuthal component of vector potential and Biot-Savart law were used
to investigate and calculate the distribution of the electromagnetic field axial
and radial components. It has been proved that the increase of electrodynamic
force increases the maximal velocity in the gas flow.

In [7] the magnetic field is induced by direct electric current in a coil, which
is placed at inlet of the combustor, close to the inner surface of the combus-
tor. The distribution of stream function, azimuthal component of velocity,
vorticity and formation of temperature profiles are calculated by varying the
electrodynamic force and swirl number.

In [6,8,15] a 2D axially-symmetric ideal, compressible swirling flow with
simple chemical raction is descibed by four Euler and two reaction-diffusion
equations. The perfect gas model p = pT" has been used (p is the dimension-
less pressure). The approximation is based on implicit finite-difference and
alternating direction(ADI) method of Douglas and Rachford [13]. The applied
electric field induces an electrical current between the positively based walls of
the combustor and the negative biased axially inserted electrode with different
length. The field influence on the flame length depends on the length of the
axially inserted electrode. The vortex breakdown at swirl number S > 0.9 in
the recirculation zone is obtained.

In [1] a nonlinear thermal conductivity model in two gypsum product layers
with different density and high temperature (7' > 500°C) is proposed. The
conservative averaging method (CAM) allows reducing the nonlinear 2-D heat
transfer initial-boundary problem to the initial value problem for system of
ODE:s of first order.

In this paper we focus on a configuration in which a steady, low-speed
(0.17), laminar flame exists in a straight pipe in the base state (in previ-
ous investigation the axial velocity has a uniform stream Uy = 0.01[%]). We
consider a simplified model taking into account the interplay of compressible,
laminar, axisymmetric flow and the electrodynamical effects due to Lorentz
force’s action on the combustion process in a cylindrical pipe.

Similarly to [15] the axial velocity from uniform stream in the central part
of the cylindrical pipe-inlet is formed, the azymuthal velocity with rotation of
the part from tube inlet is obtained. The fuel (propane) is injected axially into
the sectioned water-cooled channel, air swirl motion is generated through a
tangential air inlet. Therefore, the air swirl flow combines axial and azimuthal
motions. The exothermic chemical reaction is modelled by a single step of
fuel and oxidant. The rate of the reaction is given by the one-step first-order
Arrhenius kinetics. Our purpose is to understand how the stationary flame is
affected by the introduction of swirl and direct electric current, whish is fed to
discrete circular conductor-electrode or by an external magnetic field which is
induced by a permanent magnetic material wrapped around the cylinder.

The distribution of axial, radial and azimythal components of velocity, vor-
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ticity, density, and temperature has been calculated using the implicit finite
difference method and ADI method. For 1D reaction-diffusion problem some
results are obtained with Matlab solvers ”"pdepe” and ” bvpdc”.

2 The mathematical model

The combustion process with temperature T[K] and simple exothermic chem-
ical reaction is modelled by the first-order Arrhenius kinetics with mass frac-
tion C' of the reactant in time ¢, in the coaxial cylindrical pipe with radius
ro = 0.05[m] and length zo = 0.1[m] . The axial, radial and azimuthal compo-
nents of the velocity w,,u,,ug in the coaxial cylindrical pipe are formed.

Let Ty = 300[K], po = 1[%},00 = 1 be the initial temperature, nominal
density, mass fraction of concentration of fuel and axial velocity with uniform
stream Uy = 0.1[}] in the central part of the cylindrical pipe at inlet z = 0.

The boundary of the pipe (r = r¢) is subject to a heat loss modelled by the
Newtonian cooling to the ambient surroundings at temperature 7y and with
heat transfer coefficient 7 = 0.1[—%—~].

Direct electric current with the meridian components of the vector den-
sity j = (jz, jr,0)[25] and current I[A] is fed to axially-symmetric conductor-
electrodes: L1 = {(z,70,¢),0 < 2z < 21 < 20,0 < ¢ < 27} (the part of walls of
the pipe) and Lo = {(z,74,0),0 < 2 < 23 < 29,0 < ¢ < 27} (the central part
of the bottom of the pipe r. = rq/10).

From the Maxwell’s equations and Ohm’s law it follows [11], that the merid-
ian components of the vector density j, j, create the azimuthal component B
of the induced magnetic field (j, = ﬁ%, Jr = —%) in the ionized gas,
which creates the axial F, = Bgj, and radial F,. = —B4j, components of the
electromagnetic force, where p is the magnetic permeability in medium.

We analyze the 2D axially-symmetric nonstationary physical model for the
inviscid, compressible, swirling flow with the meridian components of the vector
velocity u,,u,, circulation v = rug, simple chemical reaction and electromag-
netic force in cylindrical pipe, which can be described with 4 Euler’s and 2
reaction-diffusion equations:

dp dp op pa(rur)Jr Ou,

o Tar tas T TP 70
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where V2¢ = % + %%(7’%), q=1T,C, D = 5.10*5[%] is the molecular
diffusivity, A = 5.10_5[S’TiK] is the therrflal conductivity, ¢, = 1000[@%]
is the specific head at constant pressure, B = 1.5 106[k—J£I], A =101, E =
2.510‘%%} are the specific heat release, the reaction-rate pre-exponential factor
and the activation energy, R is the universal gas constant. The azimuthal
component of the induced magnetic field can be obtained from the following
equation of conjugate Laplace operator

9*By 0 (1 8B¢> o

072 —HAE r Or

For the permanent magnet has a different form of the radial and axial com-
ponents of the Lorentz force. The FEMM software provides a finite element
solution of the Maxwell equations formulated for the magnetostatic case in two
spatial dimensions [21]:

VxH=0,V-B=0, B=u(H-+ M),

where H is the magnetic field intensity, B is the magnetic flux density, M
stands for magnetization.

The software considers the vector potential formulation in the case of two
dimensions. Zero vector potential boundary condition was applied to the sym-
metry part of the boundary for the case of axial symmetry. For magnetic flux
density, two magnetization directions, perpendicular to the flow direction and
aligned with the flow direction, were considered (see Figure 1). The flux den-
sity varies between 0.001 Tesla and 0.1 Tesla. For the calculations, a the mean
value of 0.03 Tesla has been considered.
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(a) the magnetization direction (b) the magnetization direction
perpendicular to the flow direction aligned with the flow direction

Figure 1. Magnetic flux density plot.

After the field B with the two components B,, B, has been obtained, we
use the Matlab built-in differentiation commands to calculate the Lorentz force
terms in the following form:
0B, 0B,

0z or

Fr = (V X B)¢Bz7 Fz = (V X B)¢Br, (V X B)¢ =

Math. Model. Anal., 23(2):327-343, 2018.
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For the pressure we use the ideal gas law : pg = RTOpO/M/[%], where M’ =
0.0032[%] is the molar mass for Oq [24].

The equations were put in the dimensionless form scaling all the lengths
to 19, the density to pg, the velocities u.,,u, to Uy, the circulation v to Vyrg
(Vo > Uy is the tangential air component), the pressure p to po = poUZ, the
temperature to Tp, the magnetic induction By to By = 27rr [Tesla), Tesla =

the electromagnetrc

. .+ the electric current densities j,,j, to jo = 5 er [mQ]

forces F., F, to Fy = joBo[ =1, the specral heat release B to T , the reaction-

rate pre-exponential factor A to , the activation energy E to T—O

The following parameters are used Pe = "’UO , Le = —— are Peclet and

¢p Dpo
P, = S = Vg is the swirl number p = £ 0(’]% is
0

Lewis mumbers, P; =

Pe ’ Pe ’
the electrodynamical force parameter, g =
release and the activation energy.
For the dimensionless parameters ¢, r, = z/ro, p, u = u, /Uy, w = u, /Uy,

v we have the following equations

dp dp dp  pO(ru) Ow

g -, F — =0,

8t+ 8T+ 8x+r or +p6x

Ju ou Ju v? dp

— tu— tw— =85~ — —— +P.F/p,

ot +u3r+w8x r3 p3r+ w/p
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o To 6= % are the scaled heat

- — !

ot " "ar TVar = pax TTu/e
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o ar T =Y

or T T P, 5
o +u5+ B V T+ BA Cexp(—f)

%—Fu%—i—w% :P2V2C—ACexp(—%), (2.1)
where p = pT, F/, F! are the dimensionless forces. We introduce the stream
function ¥ and the vorticity ¢ with the following expressions:

"4 ov ou Ow
o T T T o
Then we have the following equation for the stream function ¥:

ov 0, 0¥ 0,1 0¥
= (T ) (o
ot  Ox ox or " pr Or
where the equation for the numerical simulation is transformed to non-steady.
The approach seeks the steady solution as the limit of solutions of the unsteady
equations.
The boundary conditions for By on the electrode are the following:

ToWw =

=)+ 76 (2.2)

1) On L; from total current condition

2
. 27T
I:/ 7”0/ jr(z,70)dzde = — M°<B¢(m,zl)—3¢(m,0))
0 0
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and from By(r9,2) = 0,2 € [21, 29] it follows that By(ro,0) = By. From the
uniform distribution of current density j,. = const on the electrode we get
that By(ro,2) = —ujrz + By(r0,0) and Bg(ro, z) = Bo(1 — %),z € [0, #1].

21
2) Similarly on Ly we get: By(ry,2) = 0, 2 € [22,20], Bg(rs,2) = Bo(1 —
z/z2)r0 /T, 2 € [0, 22].

On the inlet z = 0 we have j, = 0 and Bg(r,0) = Byro/r. The other
dimensionless BCs are the following:

1) along the wall 7 =r* = = —u=0v=0,By(r",z) = (1 - 2)L z e [0,z

Z2

T 9C 9p dw B
o o o o =0

2) atthewallr =1 —u=v=0,By(1,2) = Bo(l —z/x1), x € [0, 21],

oT . ow 9dp OC

3) at the pipe outlet z = xg = ifg*U:Bg{):0,%:0,SZP;PS'I:;T;C;’U};U7

4) at the pipe inlet  =0— u=0,p =1, By(r,0) = % for r € [0,1] and
w=1,T=C=1,v=0¥ =0.5r2 for r € [0,r1] and w=0,T =1,C = 0,
U =qv= 4% for r € [r1,1]; (we have the uniform jet flow for
r < r; and and the rotation for » > r; with maximal azimuthal velocity 1
when r = (1 —11)/2).

Here ¢ = r?/2 is the dimensionless fluid volume, Bi = hrg/\ is the Biot number,
x1 = z1/r0, T2 = 22/ro. Figure 2 represents the sketch of the pilot device (a)
and the computational domain (b).

Figure 2. a: the pilot device for experimental studies - 1. biomass gasifier; 2.
water-cooled sections of the combustor; 3. primary axial air supply; 4. secondary swirling
air supply; 5. propane flame supply; 6., 7. orifices for diagnostic tools; 8. positively biased

electrode, b: principal computational domain.

3 The numerical approximations

We use the uniform grid in space ((M) x (N+1)): {(r;,z;), s = (i—1)h, + hy,
Tj = (J - 1)h$}’7’ =1LM,j=1,N+1, Mh, = 1,Mih, = 11, N hy = 0.

Math. Model. Anal., 23(2):327-343, 2018.
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For time we use the discrete time moments ¢, = nT,n = 0,1,.... Subscripts
(i,7,n) refer to indices 7, z,t with mesh spacing and for the approximation of
function u(t, r, x) we use the grid function with values uf; = u(tn, i, ;).

For invisced flow we have PDE of hyperbolic type. In this case we use
the implicit FDS in time with the upwind differences in space. Here it is an
example for v-equation of (2.1):

(v’f;rl )/’T + (ud, v)”+1 + (wd, v)”“ =0,
where
(Jui | + g, (Juij| — i
(u5 1)) i,j — #(U i, Vi— 1]) #(UH_L]' — Ui,j)a
(Jwi | + wi; (Jwij| — wi
(wyv)ij = #(U g~ Vig—1) = g (Vi1 — vi)-

From Taylor expression it follows, that for the upwind approximation

v |ulh, O*v 9 o |wlh, 8%v 9
(ud,v) = Us T o 2 + O(hy), (wiv) = W T Ty Bt + O(h3)
and for this approximation we use the artificial viscosities ‘"l%, % From

maximum principle follows that this approximation is stable. The second order
derivatives are approximated with central differences. The derivatives at the
boundary with the finite differences of first order are approximated.

The reaction-diffusion equations are discretized in the following way:

Tin;_1 Tn n+1 n+1 -1 n+l1 "N
Cn-‘rl_cn 0 ntl
I (b, O} (wd, C) P T =Pa(AnC) T 1—A(CGXP (_T))~ ’

i,j
where

(2Rt

1
(Ang)ij = m(rwo.s(gﬁm — i) = ri—0.5(9i5 — 9i-15))

1
+ hﬁ(ﬂi;ﬁrl —2¢9ij+9i-1), 9=1T,C.
xT

For flow with small Mach number we take p; ; = 1/T7;

4 The stability for finite difference approximation and
numerical method

For stabilization of the calculations the first equation of (2.1) is approximated
by using backward differences formula:

(PP = i) )7+ ()i + (wep) P S+ pig(wij — wij—1)/he

+ ((rw)i,; — (ru)i—1,3)/ (heri5)) = 0,

but the pressure terms %, %, (p = pT) are approximated by the forward

differences: ((pT)i+1,5 — (pT)s5)/hr, (PT)ij+1 — (PT)i,j)/he- In this case we
obtain a fast iteration pocess.
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4.1 The stability analysis for model equations

We consider the model equations with constant coefficients for the first three
PDEs of (2.1) in the following linear form:

dp dp dp ou ow

o7 T U Fwo—+pos- +pogy- =0,

ot " 0gr T W0y TG TG,
Ju ou ou Tydp

o T T %% T o
dw  w  dw  Tydp

F T SRl i

where ug, wg, po > 0,71y > 0 are given constants. Here the periodical boundary
conditions in space are used. Similar system of two equations is considered
n [19]. We use the following implicit finite difference scheme:

n+1
ph 7p’b; n n n
% (u00rp)} T 4 (woda )+ +po (8ru)f T +p0 (62w)} =0,
n+1 n
Al R L) Ty ~
1] 2, + n+1 0 n+1
S M SN B “0(5,p)mtt = 0,
4 wad) (b))
n+1 n
i,9 7wi,j n+1 ntl |, Lo x5 g1
T (U o w)z N + (w 0 w)z \J + %(d’rp)z’] =0, (41)

where (6,;u);; = (uij — wi—1.5)/hr, (0zw); ; = (Wi j — w; j—1)/hs are the finite
backward differences, (5,0)i.; = (pis1,5 — i)/ (5ap)is = (Prgir — pig)/h
are the forward differences. Using the spectral method for the stability investi-
gation of (4.1), the solution is represented as s7; = CsA\" exp(s(kyhy + kihay)),
where C; are unknown constants, s = (p;u;w), k., k, are the wave numbers,
1 is the imaginary unit. From (4.1) we get the characteristic equations for ob-
taining the roots of A in the form of 3rd-order matrix-determinant det A = 0,
where

G(A)  poAdo  pordo

A= —2Xdy GO 0
a0 ew
Po

Here G(A\) = A — 1 + Ado(|uo| + |wol), do = 7(1 — cos(kh) + ¢sin(kh)) and
do = 7 (1 — cos(kh) — 1sin(kh)) is the complex conjugate expression. For these
calculations we have assumed, that k, = k, = k, h, = h,, = h. The eigenvalues
are: Ay = 1/(14do(|uo|+|wo|)) with [A1|?> = 1/(1+4% sin®(kh/2)(|uo|+|wol) (1+
£ (fugl+wo])) < 1, Aas = 1/ (1-+do |t |+ o ) £2v/TF5 g]) 2= 1((1+
27 sin®(kh/2)(|uo| + |wol))? + (F sin(kh)(Juo| + |wol) £ v2Tplq|)?) < 1, where
q = 27 sin(kh/2). Therefore the finite difference scheme (4.1) is unconditionally
stable.

If the backward differences are used for the approximation of the derivatives
in term %, then in the matrix A we have —dy = do and Aa 3 = 1/(1+do(|uo| +
lwo|) + v2Todp). In this case |Ao3|? = 1/(1 4 4bo(1 + b2) sin®(kh/2)), where
bo = F(Juo| + |wo| £ v/2Tp). If /2Ty < (|ug| + |wol) the the approximation is
unconditionally stable, but for v/2To > (|ug| + |wo|) (the velocities are smaller

Math. Model. Anal., 23(2):327-343, 2018.



336 H. Kalis, M. Marinaki, U. Strautins and M. Zake

than the acustic velocity [19]) we have the conditionally stability with the
condition 7 > h/(v/2Ty — (Juo| + |wo|)) (a non-standard stability condition).
4.2 The alternating-direction implicit (ADI) method

For solving the discrete problem

Un+1 _ U’I’L
T

we use the ADI method of Duglas and Rachford [13] in the form

=N + AU+ £ n>0

Un+0.5 _ Un

T

:AIUn+O.5+ATUn+fn’

= A (U™ —U™).

-

Here the vector U of six components (p,u,w,v,T,C) and the scalar function
¥ is used for solving the discrete equations (2.1) and the equation (2.2). A,, A,
are corresponding differential operators, containing the first and second order
derivatives for U with respect to x and r, f" contains all the other functions
and derivatives in the PDEs. For solving U™%% and U™ we use the Tomas
algorithm in x and r directions respectively. By eliminating the half time step
we obtain the previous discrete problem with an approximation error O(72).

5 Some numerical results

In the equations (2.1) the minimal value of the flow density, maximal val-
ues of the flow velocity components, the temperature, the reaction rate R* =
AC exp(—%), the pressure gradient and the stream function have been calcu-
lated.

5.1 Some results for the full problem

For the modelling of the full problem, we choose the following parameters:
S =3,z = 2,1 =075 =hy =0.025P = 0.1;0.01,P, = 0.1;0.01,
B8 =56 =10,A = 50000, Bi = 0.1, P. = 0;0.05;0.1, 7 = 0.0008, It < 18000
(number of time steps), N = 80, M = 40.

The influence of the molecular diffusivity and thermal conductivity on the
main characteristics of the undisturbed flame flow is observed for P, = 0 and
P. = 0.05. These results show that when the molecular diffusivity D is constant
a decrease in thermal conductivity A(P; = 0.01, Le = 0.1) leads to an increase
in maximal values of the flow velocity components (w), temperature, reaction
rates, flow vortices with a decrease in flow density, but for constant thermal
conductivity A the decrease in molecular diffusivity D(P, = 0.01, Le = 10)
results in an increase of maximum density and in a decrease of velocity, pressure
gradient, temperature, reaction rate and flow vortices.

The results of the numerical simulation show that the electric field influence
on the main flame characteristics is determined by the length of the axially
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inserted electrode (see Figure 3). For 1 = 2o = 1, P, = P, = 0.01,P. =0
we have obtained Figure 3 (a) and the following numerical results (It = 1723):
p € [0.153,4.40], w =€ [0,5.797], u € [0,2.786], p € [0.0305,1], T € [1,5.994],
R e = 298.76, Wpnar = 0.2924 (a small vortex), T, = 5.1927 (T, is the
averaged value of temperature, ¢ = 0.2812).

ol Ni
;</ L

_ 06 — 06
= \ £ b . :
0.4 0.4: 4—\3.“
0.28 0.2
x
0 0.5 1 1.5 2 0 0.5 1 15 2
z/r0 z/r0
(a) for P. =0 (b) for P. =0.05

Figure 3. Temperature levels.

If P. = 0.05 (see Figure 3 (b)) then p € [0.162,4.32],w € [0,11.21],
u € [-0.25,2.718],p € [0.0321,1],T € [1,5.995),R: . = 208.92, Wpes =
0.2924, T, = 5.1986.

0.4
02 u:\es:——es—
0 0.5 1 1.5 2
2ty
(a) for P. =0 (b) for P. =0.05

Figure 4. Levels of radial velocity.

In Figure 4 we can see that the electric field in the flame reaction zone
(P, = 0.05) disturbs the stream lines, initiates the formation of small vortices
and the radial velocity changes the sign.

In Figure 5, 6 we represent the levels of the electric current (z7 = 0.25, 22 =
2) and maximal temperature time dependence for § = 0.5, P, = 0.01, P, = 0.1;
the flame temperature (t = 0.2s) rapidly increases to its maximum value.

5.2 Some numerical experiments with the reaction-diffusion equa-
tion

For the fixed values of velocity u = v =0,w =1 and P, = P, =0.1,r; = 0.5,

the heat-reaction problem is solved numerically in two ways: p = 1/T (small

Math. Model. Anal., 23(2):327-343, 2018.
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Figure 5. Levels of electric Figure 6. Maximal
current for x1 = 0.25, 29 = 2. temperature depending on time t

by 8= 0.5,P = 0.01,P, = 0.1.

Mach numbers for compressible fluid) and p = 1 (incompressible flow). If p =
1/T, we have the maximal and averaged values of temperature: T4, = 2.957,
T, = 1.827 and the value of R}, . = 252.20. For p = 1 we have T}0, = 5.969,
T, = 3.319, R}, ., = 593.31. The calculation results are presented in Figure 7.
For r; = 0.75 we have the corresponding T},q, = 6.806, T, = 5.168, R} ... =
593.51 (p = 1), Tynax = 3.320, T,, = 2.890, R}, .. = 255.84 (p =1/T).

max

Temp.,Tmax=2.9569 Temp.,Tmax=5.9689
6
—r=0
—r=0 ’\_" _ [—
-eer=0.1 4 r=0.1
r=0.5 4 \ r=0.5
: | --r=0.75
ser=0754 | ] e
—r=1 U ZW_ = ke
2 G0 0.5 1 15 2
X
(a) for p=1/T (b) for p=1

Figure 7. Profiles of temperature depending on x.

5.3 Solving 1-D heat-reaction problem with MATLAB solver ”pdepe”

Using the two simple reactions from (2.1) we obtain following 1D reaction-
diffusion problem for temperature T'(z,t) and 2 reaction concentrations
Cyi(x,t),Co(z,t) (p=1,u=0):

oT orT 0T 01 02

n + w% = P1@ + 1A Cy GXP(_?) + B2A2C, exp(_?)v

oCy o0 0%C, 01

W—kw% —PQW—AlCleXp(—?L (5].)
0Cs aCy 0%C, P

o T g AGzew(=g),

te(0,t), z € (0,L), T(0,t) =1, C1(0,t) = 0.8, Co(0,t) = 0.2,

d(s(L,t)

e 0, s=T,C1,Cq, T(x,0) =1, Ci(x,0) = Cy(x,0) = exp(—ax),
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where Al = A= 5.104, AQ = 5.105, 51 = 6 = 5, ﬂg = ]., 51 =6 = 10,
0y =15, ty = 1, w = 0,1,2,3,4, P, = 0.1,0.01, P, = 0.1,0.01,0.001, a =
0,1,2,3,4,5,6, L = 2,4, a € [0,6] is the parameter for the initial fuel amount
in the combustion.

The results of calculation using 2 reactions (L =2, « =6, P, = P, = 0.1
with Thee = 5.269, w = 1 (T(2,1) = 1.248) and w = 4 (T(2,1) = 5.200)) are
represented in the Figure 8.

Temp. of x,Tmax=5.2690 Temp. of x,Tmax=5.2685
t=1.001 1
5
3
o4
= 3
=3
R
7
3
2
(a) forw=1,a=6,P1 = P, = (b) forw=4,0a=6,P, = P» =
0.1 0.1

Figure 8. Profiles of temperature depending on z in fixed time ¢.

Using one reaction (C2(0,t) = 0,C1(0,t) = 1): for w = 1, Tpes = 6.0881,
T(2,1) = 1.295 and for w = 4, Typae = 6.114,7(2,1) = 1.248. In Figures 9,
10 (one reaction) we can see the surface in (z,t) plane at w = 4, L = 4,a =
6P, = P, = 0.1, (Thnax = 6.281,7(4,1) = 4.085) and profile of temperature for
w=23,L=2,P =0.01, P =0.001 (T4, = 5.690,T(2,1) = 4.000).

Surface T(x,t) Temp. of x, Tmax=5.6963

1=0.026

0 0.5 1 1.5

x/xo
Figure 9. Temperature Figure 10. Profile of
depending on (z,t) for w =4,L = temperature depending on z in
4, a0 =6,P; = P, =0.1. fixed time ¢ for w =3, L =2, a =

6, P, =0.01, P, = 0.001.

5.4 Some results obtained with MATLAB solver ”pdepe”

For P, = P, = 0.1, L = 2 we obtain the following results for the temperature
T(2,ts) in outlet (x = 2) (see Table 1):

1) for constant initial conditions for C with (o = 6,¢{; = 1) an increase in
velocity w leads to an increase in the value of temperature 7'(2,1),

Math. Model. Anal., 23(2):327-343, 2018.
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2) for constant velocity (w = 1,y = 1) a decrease in parameter « (the initial
fuel amount in combustion is increased) leads also to an increase in the value
of temperature T'(2,1), item for constant « = 6,w = 0 an increase in the
time segment ¢y leads to an increase in temperature T'(2,¢r).

Table 1. The values T'(2,t5) depends on w, a, ¢

ty=1,a=6 w=ty=1 w=0,a=6
w T(2,1) «a T(2,1) ty T(2,t5)
0 1.002 6 1.295 1 1.002
1 1.295 3 1.694 10 2.630
2 4.396 1 3.204 20 4.177

3.5 6.000 0 6.000 100 6.000

The maximal temperature depends on molecular diffusivity and thermal
conductivity (Pp, P;), an example for L = 2, ty =1, a =6, w = 1: P, =
Py, = 0.1, Thhae = 6.09, T(2,1) = 1.295, P = P, = 0.01, Typae = 6.27,
T(2,1) = 1.000, P, = 0.1, P, = 0.01, T}p0, = 4.46, T(2,1) = 1.196, P, = 0.01,
P, =0.001, Thae = 5.69, T'(2,1) = 1.020.

5.5 Solving 1-D stationary reaction-diffusion problem with MAT-
LAB solver ”bvp4c”

For stationary reaction-diffusion equation 5.1 (4; = 5.10%, Ay = 5.10%, §; = 10,
02=20,p=1w=0,T=T(z), C; =Ci(x), Cy = Ca(z), xz € [0,2]) with BCs
T(0) =1, C1(0) = 0.8, C2(0) = 0.2, T'(2)" = C1(2) = C4(2) = 0, by multiplying
both second equations by (1, 82 and summing them, we get the equations

LeT"(z) + p1CY (z) + 205 (x) = 0,
Le(T(x) = 1) + B1(Ca () — 0.8) + fa(Ca() — 0.2) =0,
LeT'(x) = =101 () — B205().

In the limit case x — 2 it follows that the maximal temperature is T4, =
T(2) =1+ w, Le = %. We have obtained in Matlab, that the
increase in the axial velocity w leads to an increase for Le > 1 and the desrease
for Le < 1 in T},4.. For Le = 1, T},4: does not depend on w; increase in w
leads to the descrease in thickness of the boundary layers T77(0) and C’(0) (see
Table 2 for one reaction and g = 1).

In the Figure 11 the profile of temperature and concentration for one re-
action we can see depending on x for w = 0.5, P, = 0.005, P, = 0.01 and
£ =0.1;0.2;0.3;0.4.

6 Conclusions

e The stability for discreet problem of the model equations has been inves-
tigated.
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Table 2. The values of Tyraz , T7(0), C’(0) depend on Py, P2, w

P Py w Trmaz T’(O) C’(O)
0.01 0.01 0.0 2.00 68.6 -68.6
0.01 0.01 1.0 2.00 9.15 -9.15
0.02 0.01 0.0 1.50 17.6 -35.3
0.02 0.01 1.0 1.83 12.9 -9.02
.005 0.01 0.0 3.00 98.1 -78.3
.005 0.01 0.5 2.54 84.9 -69.5

P1=0.005,P2=0.01,Le=0.50
Figure 11. Profile of temperature and concentration depending on z for

B =0.1;0.2;0.3; 0.4.
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e For the diffusion-reaction problem, the influences of maximal temperature

in pipe and temperature at outlet are obtained.

e The maximal temperature depends on molecular diffusivity and thermal

conductivity.

e The maximal axial velocity depends on Lewis number value.

e Increase in electrodynamical force parameter P, leads to an increase in

maximal velocity and in temperature.
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