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Abstract

The propagation of shock-initiated reaction in a two-dimensional channel
is studied by a time-split alogrithm. The convection and reaction processes are
solved in a decoupled manner. The Euler equation describing the two-dimen-
sional invicid flow is solved by an explicit TVD scheme while the equations
describing the reaction kinetics are solved implicitly at each nodal point. The
initiation of combustion by a shock wave and its development into a detonation
ina2H, + O, + 7Ar system are studied using the present algorithm. The time
history of the process is presented.

1. Introduction

In the last two decades the technique to solve a hyperbolic system of equations describ-
ing invicid compressible flows has evolved into high resolution schemes like TVD ones.'*”
The inclusion of chemical reaction processes made the solution procedure complex and time
consuming. The wide variations in the time scales of reaction and the propagation of disconti-
nuities imposed constraints on the time step. Implicit methods proved to be stable but time
consuming. One such implicit method was applied to the computation of a three-dimensional
chemically reacting flow by K. V. Reddy and T. Fujiwara’’ using a shock fitting method. High
resolution difference schemes like TVD ones were developed and were successfully applied
to fluid-dynamic and combustion problems by Harten," Yee,” Osher and Chakravarthy,s)
and others. They were applied to combustion and detonation problems by Yee and Shin,”
Wang and Fujiwara,” respectively. They solved the combustion problems in a coupled man-
ner. On the other hand, E. S. Oran, T. R. Young and J. P. Boris” solved the hydrodynamic
equations by FCT (Flux Corrected Transport) algorithm and solved the chemical kinetic equ-
ations by an asymptotic method.

In the present work described below, the hydrodynamic and reaction parts are solved in
a decoupled manner. The hydrodynamic equations are solved explicitly by a TVD scheme
while the chemical reaction equations are solved implicitly: The species conservation is
strictly imposed in the solution procedure.
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2. OQutline of solution algorithm

The solution algorithm used in the present simulation is explained in the following steps.
The density of each species involved, the momentum and the energy at time (" are assumed
to be known at all the nodal points in the finite difference grid.

(1) The time step A¢" is calculated, based on the values at time ¢” and the CFL num-

ber.

(2) The hydrodynamic values of the species densities, momentum and energy after the
time step A" are calculated by an explicit TVD scheme.

(3) The velocities, pressure and temperature are calculated from Step (2) solution.

(4) The time step a¢" is divided into two or more sub-steps and the reaction equations
are solved implicitly for each sub-step with input from the previous sub-step. The
temperature and pressure are updated after each sub-step.

(5) Conservation of species is checked at each sub-step. If the conservation is not
within limits, then the number of sub-steps are increased for the next time step.
Normally the hydrodynamic time step is divided into 2 reaction sub-steps.

(6) The temperature and pressure are updated after all the sub-steps.

(7) 'The calculation is continued to Step (1) for the next time step.

The hydrodynamic solution procedure and the reaction solution procedure are explained

in the following sections. The grid adaptation technique and other techniques used to reduce
the computational time are also explained.

3. The Governing equations

The system of equations governing the reaction process in an invicid flow can be written

as
99 OF , 0G _
ot + ox + ady s, (1)
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*__&4 ns O
R*= 0 Zi=1 M, (5)
e=Y" (0" h)+ 0508 + ") — P. (6)

The enthalpy A; of the species involved in the calculation is evaluated from the polyno-
mial of the form '

by =Y;1b;( T/1000Y , (7
which is derived using the values in JANAF Tables. The coefficients in the polynomial are

tabulated in Appendix C.
Eq. (1) can be written in a generalised coordinate as

30 9F  aG _ ¢

ot "o T =S (®)
where

o=7"0,

F=U"Y(e,F +¢,G),
G =J"(n,F+1,G),
S$=7"'S and

J is the Jacobian in the coordinate transformation.
The Jacobians of F and G can then be written as

A=¢A+eB,
B=nA+n,B.
The eigen values of the Jacobians A and B are given as

(@, d...,a"y=(U,U,...,U+ka U U—ka),
(@y @y d) =V, V,..., V+ka V,V—kya),

where

U=¢ut+eu,

V=17xu+77yv,

k. =«/e§+ ei,



Numerical Simulation of Reactive Flows by a Time-Split Algorithm 261
ky =+ 1y,
and ‘a’ is the frozen speed of sound;
& =P,+P(H— i —),
P,=Yi,C'Py,

dP
Pp":%ﬂm, n e,

ns

P—-a—|mn,o,...,,o ,

H=(eTP)
0

4. Numerical Modelling

4. 1. Hydrodynamic Calculation

Since the reaction problem is solved in a decoupled manner, the hydrodynamic equa-
tions to be solved become

00 , oF | 3G
o toet oy =0 ®)

If the values of Q are known at time ¢ for the above equations, then the values at time
/"' can be evaluted explicitly by the TVD scheme;”

A

n n AL, fn on
0" = 0" = 2L (Flvy= FLy) = 7 (Gl = Glm), (10)

where

L7 Rivt) @iry,

+1,7 A
r Jirrj

R, is the elgen matrix for A.
The element ¢,+ ,; of the matrix &, for the upwind TVD scheme is

¢:['+5,,‘ = U(az['+£,j)(gﬁ+1,j + 85,/) - ¢(a$+§,j + yz/'+§,j)a$+£,j s (12)

0 =3 v (-2t (13)
| zl, forlZIZél,

Y (2)= (14)

2 2
Q—é%é—), for | z| <9,
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iy = R (Ui, — Uy), (15)
gi/= mlnmod(af+:’] ) af_i’/) ) (16)
[
, , —“‘(&2? ) _g”) , for a,[«ﬂj #0,
Viety = O (Ciry) i (17)
' “lo,  fora,=0.

The average values indicated by the indices (i + 3, /) are evaluated by Roe’s generalised aver-
8)

age.

The time step At is calculated from

At= CFL/Max(| U| +| V| +ale.+ &+ alg.+ 7)) . (18)

0, in Eq. (13) is normally evaluated from the expression

O =0 dl+|ol+aye+e), (19)

. &guteu

U= === 20
l(E+6) (20)

Lt

VETES 21
{0+ ) ()

d": % aH_}J‘ + %’ (ai.}.é!}'_}_l + 2ai+v['/' + a,'_é‘ /—l) . (22)

4. 2. Evaluation of Pressure and Temperature

After each hydrodynamic step calculation the temperature is calculated from Egs. (3),
(6) and (7). Since the values are implicit in the equations, the Newton-Raphson iteration
method is used to calculate the temperature and pressure.

4. 3. Chemical Calculation

The chemical process consists of a number of elementary reactions. The production or
depletion rate of any species 7 in a particular elementary reaction r can be written as

(W), = (Vi = V)M, [k, T2, C™" — k,, T2, C™] (23)
The total production rate of any species from all the elementary reactions can be written as

wf =) (0f),. (24)
The forward reaction rate constant k;, for an individual reaction is evaluated as

E,
k= ATV FD, (25)
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The backward reaction constant k,, is calculated from

ky,
K

k,, = (26)

cr

The constants in the forward reation rate equation (25) for the reactions involved in Sample
Calculation are given in Appendix A.
The equilibrium constant K., is evaluated as

K, = K, (R,T)"", (27)
where

av=)(v,—v).
The equilibrium pressure constant K, is calculated by

logi K, = Y21 (v, — v;)(log1oK,,) - (28)
The value of K, is evaluated from the polynomial fit

10g10K = Y1 i (1000/ T)" " . (29)

The coefficients d,,, in the polynomial for the species i involved in Sample Calculation are
given in Appendix B.

A set of equations describing the production rate of each species can be written from Eq.
(23):

Q=" (30)

The superscript * denotes the production rate of each species at a point in the solution do-
main. The production rates are the functions of species concentration and temperature.
Hence the set Q* can be written in a general form as

Q* = Q*(wy, Wy -+, Wy, T). (31)

Since the function Q* does not depend directly on time, it can be expanded locally around
the time " as

QF = Q" + T (w,— w)‘m +(T— TS (32)
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In the system ns species exist where the production rate of each species can be written as a
function of concentrations and temperature. Finally the energy equation (6) is included into
the set.

Then a Jacobian [A]; can be defined as

i_ 09 00 Q" JQr
(A =50 0w, Gy > 0T ) (33)

Eq. (32) can be rewritten using the Jacobian [A]; as
QF = Q¥ + [A]1(Q— Q")+ o(F). (34)

The superscript ‘n’ refers to the values at time ¢".
To obtain the solution at time t"H, when the values at a time ¢” are given, the modified
Euler implicit method'” can be written as

o 1 ;
Q=Q"+5 Ar(Q* +Q*"), (35)

where Q and Q* represent the functional values and its derivatives, respectively, at the time
+1
7

Substituting the derivative Q* by Eq. (34), Eq. (35) can be written as
Al n N ®7
[I— -—2—[/1],](9 — Q)= ArQ*, (36)

where [I] represents the unit matrix.

The system of ‘ns + 1’ equations can be solved easily by Gauss elimination or matrix in-
version. The Jacobian matrix [A]; and the right-hand side term Q*" of Eq. (36) are evaluated
from the values at the time ¢".

Thus in the solution procedure the concentrations and temperature are calculated impli-
citly. Since the temperature is updated by the implicit solution, the pressure is calculated
from the equation of state (3). The partial derivative appearing in the calculation is obtained
by the method described in the report on CHEMKIN package.'"

5. Sample calculation on 2H, + O, + 7Ar system

The algorithm presented above was tested on the 2H, + O, + 7Ar system in a two-
dimensional channel. Instead of placing a plane shock wave at the entrance of the channel
and allowing it to propagate into the chemical system to ignite and develop into a detonation,
a shock wave was automatically created as in a shock tube experiment. The high pressure H,
is placed at one end, seperating it from the chemical system by an imaginary diaphragm. At
the time r=0 the diaphragm is removed. As in a shock tube experiment, a shock wave de-
velopes and propagates into the 2H, + O, + 7Ar system. The high temperature behind the
shock front initiates combustion, which developes into a shock wave coupled with
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combustion. The transient result of one such experiment is presented below. The initial con-
ditions of the numerical experiment are as follows:

Initial conditions of the 2H, + O, + 7 Ar system; temperature 298°K, pressure 0.1 atm.
Initial conditions of the high pressure H, side; temperature 298°K, pressure 5.0 atm.

The diaphragm which initially seperates the chemical system from the high pressure H, is
assumed to be placed at a point 10.0 m from the downstream end (see Fig. 1). This is to give
a visual idea on the shock propagation in the figures.

The discontinuities like shock front and contact surface are searched and determined,
sensing the gradient change in temperature. To reduce the number of grids, an adaptive mesh
system is used: The regions near shock front and contact discontinuity are discretised finely.
The region between the shock and contact discontinuity is discretised with linearly increasing
meshes. To conserve the number of grids a special technique is adopted. An imaginary mar-
ker is placed 30 grids before the contact discontinuity and the shock is allowed to propagate.
Once the contact discontinuity crosses the imaginary marker, the solution process is tempo-
rarily stopped. The shock and the contact discontinuity are shifted back and placed in such a
way that the contact discontinuity is 30 grids behind the imaginary marker described above.
The grid is newly re-discretised and the flow properties are interpolated based on the new co-
ordinates. The solution process is continued on the relocated system.

A set of elementary reactions describing the chemical reaction are given in Appendix A.
The reaction contants of the respective reaction are also given. In the chemical calculation
step, the time step A ¢ is divided into 2 or more sub-steps where at each sub-step the reaction
calculation is done implicitly. The conservation of species is tested at the end of all the sub-
steps. If the species deficit is above the limit 0.001 percent, the number of sub-steps is
increased during the next time step, where sometimes the total time step At is divided into li-
nearly increasing sub-steps, as shown in

At=0t+28t+ ...+ nor.

The transient solution is presented at various time steps in Figs. 1 to 11. Since the plane
discontinuity was not transversely disturbed, the shock propagates like a 1-D wave. The do-
main is divided into 200 grids in x direction and 30 grids in y direciton. The fine spacing in x
direction is of the size 0.0005 m, while the y direction width is divided into an equal length
0.0005 m. The plain shock front was not disturbed by any irregularities, hence the shock ig-
nites the mixture and propagates as a coupled wave. The distribution of flow properties is
plotted along the length of the channel.

The velocity of the shock front and the velocity of the fluid near the shock front at vari-
ous time steps are tabulated in Table 1. The values show that the velocity of the shock front
varies between 1500 m/s and 1600 m/s. The fluid velocity near the shock front varies be-
tween 1080m/s and 1140 m/s. Thus the shock front seems to have attained a steady-state
propagation velocity with oscillation.

The plot of density, temperature and pressure clearly shows the propagation of a shock
with combustion zone. The combustion zone is clearly visible after the time 110 us (see the
plots after N = 7000). From the figures after N = 7000, it may be observed that the combus-
tion zone expands and contracts with respect to its width during propagation.
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Table 1.

Time (us) Fluid velocity (m/s)  Shock velocity (m/s)
47 1094 1334
63 1130 1553
76 1130 1585
97 1120 - 1558

110 1102 1570
123 1105 1538
132 1103 1543
143 1096 1516
152 1098 1587
162 1083 1515
175 1084 1516
185 1094 1539
195 1105 1540
208 1115 1546
217 1120 1594
226 1128 1574
239 1134 1575
250 1133 1545
260 1125 1605
270 1108 1553

The program written in FORTRAN 77 is fully vectorised and run on a Fujitsu VP-200
machine. The solution time on average is 25 us for a node per iteration, if chemical calcula-
tions are done in 2 sub-steps.

6. Conclusions

The present form of a time-split algorithm, with explicit solution of convective part and
implicit solution of reaction part, seems to produce good results for reactive flows. The initia-
tion and propagation of an undisturbed plane two-dimensional shock wave with a combus-
tion front in a 2H, + O, + 7Ar system is numerically simulated using the present algorithm.

The velocity of shock front and the fluid velocity near the shock front are presented to
show almost steady-state propagation of the shock front accompanied by a combustion front.
The transient results on various flow properties are presented for visualisation.

The results show that the shock-initiated combustion travels like a shock wave accompa-
nied by a combustion front, i.e. a detonation. As it progapates, the combustion zone behind
the shock front expands and contracts with respect to its width; longitudinal oscillation.
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8. Appendix

The reactions describing the combustion processg) are given below:

(R) H,+ 0,=20H
(R,) H+ 0,=OH+ O

(R;) OH+ H,=H,0+H

(R) O+ H,=OH+H
(R) 20H=H,0+ O

(R) H+OH+M=H,0+M

(R) 2H+M=H,+M

(Rg) H+ O,=HO,+M

(Ry) HO,+ OH= H,0+ 0,

Constants in reaction rate:

Reaction

AI’
0.170 = 10
0.142 = 10"
0.316 * 10°
0.207 = 10"
0.550 = 10"
0.221 * 107
0.653 * 10"
0.320 * 10*°
0.500 * 10"

N,
0.0
0.0
1.8
0.0
0.0
—2.0
—1.0
-1.0
0.0

E,
48150
16400

3030
13750

7000

0
0
0
1000

A, (cm-mole-sec-K), E,, (cal/mole).

82 B

Coefficients for the polynomial of equilibrium constant K,; (atm):

Species
H

o

OH
H,O
H,

0O,

Ar

4;
3.24199
3.54434
0.67062

—3.10067
—2.68084
0.0
0.0
0.0

—12.30420
—13.56711
—1.75061
13.43635
—0.69023

0.0
0.0
0.0

4;
0.56487
0.28589

—0.23165
—0.34220
—0.16401
0.0
0.0
0.0

d,
—0.17065
—0.08002
0.07491
0.07442
0.03990
0.0
0.0

0.0

4;
0.01983
0.00926

—0.00875

—0.00701

—0.00446

0.0

0.0

0.0
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Coefficients for the polynomial of enthalpy h; (cal/g):

Species
H,

O,

H

O

OH
H,O
HO,
Ar

by
—1043.636
—60.373
50217.816
3625.713
431.639
—3328.269
84.300
—38.001

by,
3563.011
185.385
4925.994
329.194
418.362
383.602
191.756
127.550

biy
—283.171
63.308
3.288
—15.772
~24.125
76.473
121.429
0.000

bis
276.550
—23.132
—1.776
6.633
30.361
11.309
—38.088
0.000

biy

—66.742
4.746
0.434
—1.373
—7.984
—6.253
6.445
0.000

bi
5.615
-—0.382
—0.039
0.117
0.703
0.656
—0.449
0.000



