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Abstract

A simple algorithm is proposed for step-by-step time integration of stiff
ODEs in Chemical Kinetics. No predictor-corrector technique is used within
each step of the algorithm. It is assumed that species concentrations less than
10° mol-L™" do not activate any chemical reaction. So, within each step, the
time steplength Af of the algorithm is determined from the fastest reaction
rate maxR by the formula At=10"mol-L™"/maxR. All the reversible ele-
mentary reactions occur simultaneously; however, by a simple book-keeping
technique, the updating of species concentrations, within each step of the al-
gorithm, is performed within each elementary reaction separately. The above
proposed simple algorithm for Chemical Kinetics is applied to a simple model
for hydrogen combustion with only five reversible elementary reactions (In-
itiation, Propagation, First and Second Branching, Termination by wall de-
struction) with six species (H,, O,, H, O, HO, H,0). These five reversible
reactions are recommended in the literature as the most significant elemen-
tary reactions of hydrogen combustion [1] [2]. Based on the proposed here
simple algorithm for Chemical Kinetics, applied to the global mechanism of
proposed five reversible elementary reactions for hydrogen combustion, a
simple and short computer program has been developed with only about 120
Fortran instructions. By this proposed program, the following are obtained:
1) The total species concentration of hydrogen combustion, starting from the
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sum of initial reactants concentrations [H,] + [O,], gradually diminishes,
due to termination reaction by wall destruction, and tends to the final con-
centration of the product [H,0], that is to the 2/3 of its initial value, in ac-
cordance to the established overall stoichiometric reaction of hydrogen
combustion 2H,+0, - 2H,0 . 2) Time-histories for concentrations of
main species H,, O,, H, H,O of hydrogen combustion, in explosion and equi-
librium regions, obtained by the proposed program, are compared to corres-
ponding ones obtained by accurate computational studies of [3]. 3) In the
first step of the algorithm, the only nonzero species concentrations are those
of reactants [H,], [O,]. So, the maximum reaction rate is that of the forward
initiation reaction maxR =R, =k; [H,] [O,], where the rate constant &is

very slow. Thus, the first time steplength At, =107° moI'L’l/ max R results
long in sec. After the first step, the sequences of all the following Afs are very
short, in psec. So, the first time steplength A#, can be considered as ignition
delay time. 4) It is assumed that explosion corresponds to ignition delay time
At, < 10 sec. So, the curve on T-P plane, obtained by proposed program for A
= 10 sec., can be considered as explosion limit curve. This curve is compared to
the corresponding one obtained by the accurate computational studies of [2].

Keywords

Chemical Kinetics, Step-by-Step Time Integration, Elementary Reactions,
Hydrogen Combustion, Ignition Delay, Explosion

1. Introduction

Refined algorithms of high accuracy have been proposed for step-by-step time
integration of stiff ODEs in Chemical Kinetics [2]-[8]. Here a simplified algo-
rithm is proposed.

The above proposed simple algorithm for Chemical Kinetics is applied to hy-
drogen combustion. Accurate models for hydrogen combustion have been pro-
posed in the literature with 29 reversible elementary reactions, in [2] and 25 re-
versible elementary reactions in [3], both with 9 species H,, O,, H, O, HO, HO,,
0,, H,0,, H,0. Here a simple model is proposed, with only five reversible ele-
mentary reactions (Initiation, Propagation, First and Second Branching, Termi-
nation by Wall Destruction) with six species (H,, O,, H, O, HO, H,0). The
above five reversible elementary reactions are recommended in the literature as
the most significant elementary reactions in hydrogen combustion [1] [2].

Based on the proposed here simple algorithm for Chemical Kinetics, applied on
the global mechanism of the proposed five reversible elementary reactions of hy-
drogen combustion, a simple and short computer program has been developed.

Results, obtained by the above program, are compared with corresponding
ones of published computational studies, based on refined algorithms of high

accuracy for Chemical Kinetics and accurate models of hydrogen combustion.
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2. The Initial Value Problem in Chemical Kinetics

Usually a stoichiometric chemical reaction is the resultant of a number of ele-
mentary, bi-molecular, reversible reactions of the form

D+E2F+G

Thanks to the bi-molecular nature of chemical collisions of above reactions,
their rates R, R, in forward and backward direction, respectively, can be written
in the simple form

R, =dc, /dt =k, [D][E],

, (1
R, =dc,/dt =k, [F][G]

where ¢; ¢, total species concentrations of left and right part of above reaction,
respectively, ¢ time, &; &, rate constants in forward and backward direction, re-
spectively, and [D], [E], [F], [G] concentrations of species D, E, F, G, respectively.

The above first order differential Equation (1), with respect to time # consti-
tute a system of ODEs (ordinary differential equations). Because, usually, many
rate constants are very fast, the resulting time scales are very short, so the ODEs
are called stiff. Also, because of large variation in orders of magnitude of rate
constants &, the time t scales largely vary, too, from sec, msec = 10~ sec., psec =
107 sec. up to nsec = 107’ sec.

Here, only gases are considered obeying the ideal gas law:

PV/RT =¥n,

where R = 8.314 J-mol “K™' gas constant, 7 temperature, P pressure, V volume
and ) n sum of moles of all species of the considered gas mixture. If the initial
number 1, of moles of any i-th gas of the mixture is known, then the initial vo-

lume of the mixture is
V= Zni RT/P

and the initial concentration of any /-th gas is
¢ =nN )

The system of ODEs of Equation (1) (first derivatives of reactions concentra-
tions with respect to time #), where ¢, =[D]+[E] and c, =[F]|+[G], together
with the initial values of species concentrations of Equation (2), constitute the

Initial Value Problem of Chemical Kinetics.

3. Simple Proposed Step-by-Step Time Integration
Algorithm in Chemical Kinetics

For the step-by-step time integration of the Initial Value Problem of Chemical
Kinetics, described in previous Section 2, a simple algorithm is here proposed.
No P-C (Predictor-Corrector) technique is used, within each step of the algo-
rithm. It is reasonably assumed that, for species concentrations less than 107°
mol-L™, no chemical reaction is activated. So, within each step, the time-steplength
At of the algorithm is determined from the fastest reaction rate maxR by the
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formula At=10°mol-L™"/maxR . Although all elementary reactions occur si-
multaneously, a simple book-keeping technique is proposed, by which, within
each step of the algorithm, the updating of species concentrations is performed
for every elementary reaction separately. In order for the proposed algorithm, to
become more clearly understood, it will be applied to a specific case, that of a
simple proposed model for hydrogen combustion, which is presented in the fol-

lowing sections 4 up to 8.

4. Simple Proposed Model for Hydrogen Combustion

For the computational study of hydrogen combustion, a simplified model, with
only five elementary reversible reactions and six species (reactants H,, O,, in-
termediate species H, O, HO, product H,0), is proposed. The five proposed
reactions also recommended in[1], page 607,are the following:

1) Initiation H,+0, 2 HO+HO,

2) Propagation HO+H, 2 H+H,0,

3) First Branching H+HOZ=20+H,,

4) Second Branching O+HOZ2H+0,,

5) Termination by Wall Destruction H+H+M 2 H, + M, where the spe-

cies M is inert.

5. Rate Constants for the Proposed Five Reversible
Elementary Reactions of Hydrogen Combustion

The coefficients A, B, G for the modified Arrhenius expression of Rate Con-
stants k(T )= AT BeC/T, for the proposed five reversible elementary reactions of
hydrogen combustion, based on test data, have been obtained from the literature
[2] and are presented in Table 1. Similar values are given by [3]. The units of
Rate Constants 4(7) of the nine bi-molecular reactions are cm?/(molecules x
sec). Here, for species concentrations, units mol-L™" are used. So, a corrective
factor (6.022 x 10* molecules/mol)/(10° cm?®/L) is needed in the nine bi-molecular
reactions. Only for the last backward termination reaction, which is uni-molecular,
the unit of Rate Constant 4(7) is sec”' and no corrective factor is needed. Also,
only for the coefficient A of forward termination reaction, a value different from
that given by [2] is used here after trials, 4 = 1.80 x 107", as it is considered that

gives better results.

6. Step-by-Step Time Integration of Individual Reversible
Elementary Reactions

From the five proposed reversible elementary reactions of hydrogen combustion,
the three (propagation, first and second branching) are regular bi-molecular
reactions of the form D+E & F+G and their step-by-step time integration,
by the proposed here algorithm, is described by the flow-chart of Figure 1.
Based on this flow-chart, a simple and short computer program has been devel-

oped with only about 30 Fortran instructions.
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Table 1. Coefficients A4, B, C, for the Rate Constants k(T )= AT BeCT of proposed five

reversible elementary reactions for hydrogen combustion, obtained from [2].

A B C
Initiation Forward 2.82x 107 0.00 -2.42 x 10*
! H, +0, 22 HO+ HO Backward 1.09 x 1071 0.26 -1.47 x 10*
Propagation Forward 1.83x 107" 1.30 -1.84 x 10°
2 HO+H, 2H+H,0 Backward 1.79 x 107" 1.20 -9.61 x 10°
First Branching Forward 1.40 x 107 1.00 -3.50 x 10°
} H+HO=0+H, Backward  3.00 x 107" 1.00 ~4.48 X 10°
Second Branching Forward 2.72 x 107" 0.28 +8.10 x 10!
! O+HO=H+O0, Backward 370 x 107 0.00 ~8.45 x 10°
Termination Forward 1.80 x 107! -1.00 0.00
’ H+H+MzZH,+M Backward 3.70 x 10710 0.00 -4.83x 10"

In the flow-chart of Figure 1, first temperature 7'and pressure P are read, as
well as the initial number n, of moles of every i-th species and the time ¢, for
which the algorithm has to be interrupted. Then, the coefficients A4, B, C of rate
constants KF, KB, for forward and backward reaction, respectively, are read and
KF, KB are determined. The initial volume of air-mixture V = Zn x RT / P is
found and the initial concentration ¢, =n;/V of every i-th species is deter-
mined. The species concentrations are noted by D, E, F, G.

Within each step of the algorithm, first, the reaction rates RF=KFxDxE
and RB=KBxFxG, of forward and backward reaction, respectively, are de-
termined. From the maximum MAXR of these two reaction rates, the present
time steplength Dt =10°mol-L*/MAXR is found. The previous time instant
t and present time steplength Dt are written. The time ¢ is increased by Dt,
t«t+Dt.

The concentration increment of forward reaction is DC=RFxDt and the
corresponding updating of species concentrations: D «— D-DC/2,

E<« E-DC/2, F«F+DC/2, G« G+DC/2.

The concentration increment of backward reaction is DC=RBx Dt and the
corresponding updating of species concentrations: D < D+ DC/2,
E«E+DC/2, F«F-DC/2, G« G-DC/2.

If any /-th species concentration results negative ¢; < 0, it is put equal to zero ¢
=0.

The present step of the algorithm, time instant ¢ and present species concen-
trations D, E, F, G are written as output.

Then, we go to the next step of the algorithm. When the time # exceeds the
predetermined maximum time £, the algorithm is interrupted.

The above algorithm runs for temperature 7'= 1000 K and pressure P = 1.0
atm. First, for forward reaction, with initial number of moles: n = 1.0 mole for

each one of the reactants D, E and n = 0.0 mole for each one of products, F, G.
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READ TP n; t,

y

READ A B C for every k(T)

v

rate constants
forward KF  backward KB

v
V =Y nRT/P

Initial concentrations

DEFG

C; =nL/V

step=0 t=0.0

A 4

stepestep+1

reaction rates

Forward RF=KFxDxE  Backward RB=KBxFxG

v

Dt = 10~°molL™*/MAXR

WRITE t Dt
tet+Dt
Updating of species concentrations
Forward Backward
DC=RPFxDt DC=RBxDt
D«<D-DC/2 D«<D+DC/2
E<—D-DC/2 E<E+DC/2
F—F+DC/2 F—F-DC/2
G+—G+DC/2 G+—G—-DC/2

:

< IF any concentration ¢;<0—c¢;=0 >

!

| S=D+E+F+G |

|

\ WRITE stept D EF G S /

YES

rithm.

|
t<t, >

NO

Figure 1. Flow-chart for step-by-step time integration of an individual reversible
bi-molecular elementary reaction of the form D+E & F+G, by the proposed algo-
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The initial volume of gas mixture is
V =>nxRT/P

=2.0mol x8.314 N -m-mol™- K™ x1000 K/(lo5 N/mz)
=0.1663m° =166.3 L
So, the initial concentrations are ¢=1.0mol/166.3 L =6.014x10°mol-L™" for

each one of the reactants D, E and zero ¢ = 0.0 for each one of the products F, G.
Then, the program runs, for a second time, in the backward direction, with ini-
tial concentrations of new reactants F=G =6.014x10°mol-L" and of new
products D=E=0.0. That is, the second time, the initial concentrations of
reactants and products have been interchanged.

The above two runs of the program, forward and backward, are applied for
the specific rate constants (Table 1) of the three proposed bi-molecular reversi-
ble elementary reactions of hydrogen combustion (propagation, first and second
branching) and the time-histories, of these three reversible elementary reactions,
forward and backward, have been obtained and are presented in Figures
2(b)-(d), respectively.

It is observed, in these figures that, if, by going from forward to backward
reaction, the initial concentrations of reactants and products are interchanged,
then the same equilibrium state is reached, in both cases. The fastest of these
reactions is the forward second branching, with time scale in nsec = 10~ sec.
Also, fast are the other reactions in pusec = 107 sec., except of the backward
propagation, which is slow in msec = 10~ sec.

The Initiation reversible elementary reaction exhibits collisions between mo-
lecules of the same species HO. So, some modifications are needed in the above
presented program: The backward reaction rate is RB=KBxHOxHO/2.
The updating of HO concentration is HO« HO+ DC in the forward and
HO <~ HO-DC in the backward direction. Also, the initial concentration in
the backward reaction, for HO, is 2 x 6.014 x 10~ molL™". With these modifica-
tions, in the program, the time histories of species, for the Initiation reaction,
forward and backward, have been obtained and shown in Figure 2(a).

The termination reversible elementary reaction, in addition to the modifica-
tions needed because it also exhibits collisions between the same species H, it
needs further modifications of the program, because its right part is uni-molecular.
So, the backward reaction rate is RB = KBxH2. The updating of H2 concen-
tration is H2 <« H2+DC/2 in the forward and H2 <« H2-DC in the back-
ward reaction. And the initial concentrations are H = 12.028 x 10> molL™", H2 =
0. in forward direction and H2 = 6.014 x 10~ mol-L™", H = 0 in backward direc-
tion.

Also, only in the termination reaction we have to determine the total concen-
tration S = H + H2 within each step of the algorithm. In the other reactions, the
total concentration S remains constant, whereas, in this termination reaction by
wall destruction, the S gradually diminishes and tends to the 1/2 of its initial

value.
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c A0 molL™!

INITIATION

t
100 séc sec 20

10 0

0 50

5 H H20 H
PROPAGATION

HO s HO
0 1 2 psec msec 0.2 0.1 0
10%molL "4 ¢ cA10°molL’!
5+\H FIRST BRANCHING Jﬁ
Lc 0 Ho O Hp
H HO H HO
o H2 ¢ ¢ . .

0 2 4 usec  Isec 4 2 0
10°molL"4 ¢ cA10° molL”
______________________ ——|
5 H O2 H 02 1°

SECOND BRANCHING
O Ho t t . 0 HO,
0 0.1 02nséc  psec 2 1 0
10 molL "4 ¢
TERMINATION BY
104 WALL DESTRUCTION
¢ 1 102 molL!
51 H, H2 5
H
) ) - t t ) H
0 1 2 3 usec  hr 1 05 0

Figure 2. Time-histories of species, for the specific examples, of the individual proposed

five reversible elementary reactions for hydrogen combustion. (a) Initiation, (b) Propaga-
tion, (c) First Branching, (d) Second Branching (e) Termination by Wall Destruction.

The so modified program run and the time-histories of species of termination

reaction have been obtained and are shown in Figure 2(e).

In the time histories of species of initiation and termination reaction, it is

again observed that, by going from forward to backward reaction, if the initial

concentrations of products and reactants are interchanged, the same equili-
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brium state is reached in both cases. However, in the termination reaction, the
comment “by following the stoichiometry of the reaction” has to be added,
because, in termination reaction, the left part is bi-molecular and the right part
uni-molecular.

It is observed that the backward termination reaction is extremely slow, with
hr time units. The Initiation reactions, forward and backward, are slow, with
time in sec. On the contrary, the forward termination reaction is fast with time

in psec = 10° sec.

7. Global Mechanism of All Simultaneous Five Proposed
Reversible Elementary Reactions. Simple Book-Keeping
Technique for Updating of Species Concentrations, within
Each Elementary Reaction Seperately

In the flow-chart of Figure 3, the proposed algorithm, for the global mechanism
of the five proposed reversible elementary reactions of hydrogen combustion, is
described. Based on this flow-chart, a simple and short computer program has
been developed, with only about 120 Fortran instructions.

First, the temperature 7'and pressure Pare read, as well as the initial number
n; of moles of every /-th species and the time ¢, for which the algorithm has to be
interrupted.

Then, the coefficients A, B, Cof rate constants k(T )= AT BeC/T are read and
the rate constants of five proposed elementary reactions, forward and backward,

are determined:

e L . . . . Termination by
Initiation ~ Propagation  First Branching Second Branching

wall destr.
Forward KIF KPF K1F K2F KTF
Backward KIB KPB K1B K2B KTB

The initial volume V = Zn xRT/P of the air-mixture is found, where Zn
initial total number of moles of all gas species. Then the initial concentration
¢, =n,/V of every i-th species is determined. The symbol of six species concen-
trations are H2, O2, H, O, HO, H20.

Within each step of the algorithm, the reaction rates are determined:

Initiation Propagation First Branching

Forward RIF = KIF x H2 x 02 RPF = KPF x HO x H2 R1F =K1FxHxHO

Backward RIB = KIB x HO x HO/2 RPB = KPB x H x H20 R1B = K1BxOxH2

Second Branching Termination by wall destruction
Forward R2F = K2F x O x HO RTF=KTFxHxH/2
Backward R2B = K2Bx H x02 RTB = KTBx H2
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START

READ T P n; t,

!

READ A B C for every k(T)

!

rate constants
KIF KPF KIF K2F KTF
KIB KPB KIB K2B KTB

!

V=YXnRT/P ¢ =n/V
Initial concentrations
H2 02 H O HO H20

step<step+1

reaction rates
RIF=KIFxH2x02 RPF=KPFxHOxH2  RIF=KIFxHxHO
RIB=KIBxHOxHO/2 RPB=KPBxHxH20 RI1B=KIBxOxH2

R2F=K2FxOxHO RTF=KTFxHxH/2
R2B=K2BxHx02 RTB=KTBxH2

v

Dt = 10~°molL™*/MAXR
WRITE t Dt
te—t+Dt

!

Updating of species concentrations
Initiation Propagation Ist Branching  2nd Branching Termination
= DC=RIFxDt DC=RPFxDt DC=RI1FxDt DC=R2FxDt DC=RTFxDt
©
% H2—H2-DC/2 HO<—HO*DC//2 H<—H7DC/2/ ()<—O*DC/2/ H—H-DC
= 02<02-DC/2 H2—H2-DC/2 HO<—HO-DC/2  HO<«+-HO-DC/2
HO—HO+DC HeH+DC/2 0—0+DC/2 H—H+DC/2 ~ H2<H2+DCP2
H20+H20+DC/2  H2<H2+DC/2 02+-02+DC/2
e DC=RIBxDt DC=RPBxDt DC=R1BxDt DC=R2BxDt DC=RTBxDt
©
E
4 H2<—H2+DC/2 HO<HO+DC/2 H<H+DC/2 O0<—0+DC/2 He—H+2xDC
C‘E 02+-02+DC/2 H2<H2+DC/2 HO+HO+DC/2 HO«HO+DC/2
HO+HO-DC H+~H-DC/2 0+—0-DC/2 H«H-DC/2 H2<H2-DC
H20<—H20-DC/2  H2<H2-DC/2 02<-02-DC/2

< IF any concentration ¢;<0—c;=0 >

!

| S=M2+02+H+O+HO+H20 |

v

WRITE step t H2 02 HO HO H20 S
t<ty >

NO

STOP

Figure 3. Flow-chart for the global mechanism of all simultaneous five proposed reversible
elementary reactions of hydrogen combustion. Simple book-keeping technique, within each
step, for updating of species concentrations, within each elementary reaction seperately.

YES
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The maximum reaction rate MAXR of the above 5 x 2 = 10 reaction rates is
determined. The present time steplength is found Dt =10"°mol-L/MAXR.

The previous time instant t and present time steplength Dt are written. The
time tis increased by Dt, t<«t+ Dt.

By a simple book-keeping technique, within each step, the species concentra-
tions are updated, within each reversible elementary reaction separately, where

DC is the total concentration increment of an elementary reaction, forward or

backward:
Initiation Propagation First Branching
DC = RPF x Dt DC = R1F x Dt
DC =RIF x Dt
H2 < H2 - DC/2 HO « HO - DC/2 H<« H-DC/2
Forward o < o - DC/2 H2 <~ H2—DC/2 HO < HO - DC/2
«02-Db¢/ H < H+DC/2 0+« 0+DC/2
HO < HO+DC
H20 « H20 + DC/2 H2 « H2 + DC/2
DC = RPBx Dt DC = R1B x Dt
DC =RIBx Dt
H2 < H2.+ DC/2 HO « HO + DC/2 H <« H+DC/2
Backward o < o - DC/Z H2 < H2+ DC/2 HO < HO + DC/2
«02+DC/ H < H-DC/2 0+« 0-DC/2
HO < HO-DC
H20 « H20-DC/2 H2 « H2-DC/2
Second Branching Termination by Wall Destruction
DC = R2F x Dt
DC =RTFx Dt
0« 0-DC/2 H < H_DC
Forward HO « HO - DC/2 onT
H < H+DC/2 H2 < H2+ DC/2
02« 02+DC/2
DC =R2Bx Dt
DC =RTBx Dt
0« 0+DC/2
Backward HO « HO + DC/2 H«H+2xDC
H«H-DC/2 H2 < H2-DC
02+ 02-DC/2

If any ith species concentration ¢; results negative, ¢; < 0.0, it is put equal to
zero, ¢;= 0.0.

The total sum of concentrations of all species is formed for the present step,

S=H2+02+H+0+HO+H20,

which is gradually reduced because of termination reaction by wall destruction.
The present step of algorithm, time £ concentrations of species H2, O2, H, O,
HO, H20 and total concentration S are written as output of present step of algo-

rithm.

Then, we continue with the next step of the algorithm. When the time ¢ ex-
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ceeds the pre-determined maximum time ¢, the algorithm is interrupted.

8. Application

The proposed program, for the global mechanism of all the five proposed re-
versible elementary reactions of hydrogen combustion, described by the
flow-chart of Figure 3 of previous Section 7, is applied to the specific case, also
studied in [3], of an air mixture H,:0,:N, with initial amounts of 2:1:3.76 moles,
where nitrogen N, is inert to the examined mechanism. So, the initial total
amount is » n=2.0+1.0+3.76=6.76 moles. Temperature 7 = 1000 K and
pressure P= 1.0 atm are considered. So, the initial volume of the gas mixture is

V =3 nxRT/P
=6.76 moles x8.314 N-m-mol - K™ x1000 K/(105 N/m?)
=0.5620 m® =562.0 L

and the initial concentrations of reactants are

[H,]=2.0mol/562.0 L =3.559x10°mol - L *,

[0,]=1.0mol/352.0 L =1.779x10°mol - L™ and those of remaining species H,
O, HO, H,0 are zero. The proposed program run, with these initial conditions,
and produced, as output, the time-histories of species concentrations of H,, O,,
H, O, HO, H,0.

First, a macroscopic view of the above time-histories of species concentrations
is shown in ignition delay, explosion and chemical equilibrium regions, with
time scale in sec, in Figure 4(a). The duration of ignition delay is equal to the
first time steplength A¢, as will be discussed below with help of Figure 4(c).

In Figure 4(b), a microscopic view of the same time-histories of species con-
centrations is shown, in the explosion and equilibrium regions, with time scale
in msec = 10~ sec. The same microscopic view of this application is presented by
[3] and will be compared with the corresponding results of present work in fol-
lowing Section 9.2.

In the first step of the algorithm, the only nonzero species concentrations are
those of reactants [H,], [O,]. So, the fastest reaction rate is that of forward initia-
tion elementary reaction maxR =R, =k [H,][O,], where the rate constant 4
is very slow. Thus, the first time steplength At, =10°mol-L™"/maxR results
long, At; = 0.3009 sec in the present application. In Figure 4(c), the sequence of
the following time-steplenths A¢ are shown. Initially they are in psec = 107° sec
time units. Then, they gradually diminish, first by oscillating, then by smooth
variation and tend to nsec = 10~ sec. After entering equilibrium region, they be-
gin to increase gradually again. The maximum of all time-steplengths At after
the first one A¢, in the explosion region, is Af, = 11.90 psec. So, the first time
steplength A# = 0.3009 sec is 0.3009 sec/11.90 psec = 25,286 times longer than
the maximum A¢f, = 11.90 psec of all the following time-steplengths A in the
explosion region; thus, the first time steplength Af, = 0.3009 sec can be consi-

dered as the Ignition Delay Time.
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Figure 4. Output of application (a) Macroscopic view of species concentrations of H,, O,,
H, O, HO, H,0, in sec time unit, in ignition delay, explosion and equilibrium regions (b)
Microscopic view of species concentrations of H,, O,, H, O, HO, H,O in msec = 1073 sec
time unit, in explosion and equilibrium regions c. Variation of the steplenth At of the al-
gorithm in the first 70 psec of explosion region.

9. Comparisons

9.1. Gradual Reduction of Total Concentration to 2/3 of Its Initial
Value in Accordance to Overall Stoichiometric Reaction

By the proposed algorithm, it is obtained that the total concentration of all spe-
cies ), starting from the sum of initial concentrations of reactants
[H,]+[0,]=5339%10°mol - L in present application, gradually diminishes,
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due to the termination elementary reaction, by wall destruction, and tends to the
final concentration of the product [H,0]=3559x10°mol L™, in the present
application, which is the 2/3 of its initial value, as shown in Figure 5. For time ¢
=2.0sec., ».n is very close to the value 3.559 x 10~ mol-L™". This is in accor-
dance to the global stoichiometric chemical reaction of hydrogen combustion
2H, + 0, = 2H,0, which implies 2.0 mol + 1.0 mol = 3.0 mol->2.0 mol.

9.2. Comparison of Time-Histories of Main Species
Concentrations of Hz, 02, H, H:0, in Explosion and Equilibrium
Regions, to Published Computational Data by [3]

Time-histories of main species concentrations [H,], [O,], [H], [H,O] of hydro-
gen combustion, in explosion and equilibrium regions, obtained by the proposed
algorithm and model, are compared to corresponding ones, obtained by the
published accurate computational studies of [3], page 64, as shown in Figure 6
of present work. A temporal shift, about 0.2 msec, is observed between corres-
ponding species concentrations time-history curves. Particularly, for the vertex
of critical H curve, the temporal shift is only 0.135 msec. So, the approximation,

between corresponding time-history curves, can be considered satisfactory.

9.3. Comparison of Explosion Limit Curve, on T-P Plane,
to Published Computational Results of [2]

For an initial mixture H,:0,, of 2.0:1.0 moles, temperature T = 1000 K, pressure
P = 1.0 atm, also studied in [2], curves, of equal ignition delay time A#, have
been drawn, by the proposed program, on the T-P (temperature-pressure) plane,
for values of A#: 0.1, 1, 10, 100, 1000 sec., as shown in Figure 7. It is reasonably
assumed that explosion corresponds to ignition delay times A¢, less than 10 sec.
So, the curve for Af = 10 sec. is considered as the explosion limit curve and is
compared to the corresponding curve, obtained by the published accurate com-
putational studies of [2], page 34, after transforming their logarithmic scale for

10 molL '\ Zc;
6 1

5 1

t
0 1 2 3 4 5 msec

Figure 5. Time-history of total species concentration »'n, of hydrogen combustion,
obtained by the proposed program, in the present application, tending to 2/3 of its initial

value, in accordance to the overall stoichiometric reaction 2H,+0, —2H,0.
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Figure 6. Comparison between time-histories of main species concentrations [H,], [O,],
[H], [H,O] of hydrogen combustion, in explosion and equilibrium regions, obtained by the

proposed program, to corresponding ones obtained by the accurate published computa-
tional studies of [3], page 64.
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Figure 7. Curves of equal A¢, = ignition delay time, drawn on T-P (temperature-pressure)
plane, by proposed program, for A¢: 0.1, 1, 10, 100, 1000 sec. Explosion limit curve, for

ignition delay time A = 10 sec., is compared to corresponding one of accurate published

computational studies by [2], page 34, for high pressures 2 0.4 up to 2.0 atm, after trans-
forming their logarithmic scale of pressure Pto regular scale.
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pressure P to regular scale. And a satisfactory approximation is observed, be-
tween corresponding explosion limit curves, for high pressures 2 0.4 up to 2.0

atm, as shown in Figure 7.

10. Conclusions

1) The proposed here simple program for Chemical Kinetics, applied to the
simple proposed model for hydrogen combustion, run, first, for the individual
five proposed reversible elementary reactions. And the same equilibrium states
reached from forward and backward reactions were observed, as well as a large var-
iation of time scales ranging from sec up to nsec = 10~ sec.

2) By the proposed program, it is obtained that the total species concentration
of hydrogen combustion, starting from the sum of initial concentrations of reac-
tants [H,] + [O,], gradually diminishes, due to termination reaction by wall de-
struction, and tends to the final concentration of product [H,0], that is to the
2/3 of its initial value, in accordance to the overall stoichiometric reaction
2H,+0, > 2H,0.

3) Time-histories of concentrations of the main species H,, O,, H, H,O of hy-
drogen combustion, in explosion and equilibrium regions, obtained by the pro-
posed program, are compared to corresponding ones, obtained by the accurate
published computational data of [3]. The approximation between corresponding
time-history curves is satisfactory.

4) In the first step of the proposed algorithm, the only nonzero species concen-
trations are those of reactants [H,], [O,], so the maximum reaction rate is that of
forward initiation reaction maxR =Ry =k, [H,][O,], where the rate constant
kyis very slow. Thus, the first time steplength At, =10°mol - L’l/ maxR results
long in sec time unit. After the first step, the sequences of all the following Afs
are very short in pusec = 107 sec. So, the first time steplength A# can be consi-
dered as ignition delay time.

5) It is assumed that Explosion corresponds to ignition delay time A# < 10 sec.
So, the curve on T-P (temperature — pressure) plane, obtained by the proposed
program, for Af, = 10 sec. can be considered as Explosion limit curve. This curve
is compared to corresponding one obtained by the accurate published computa-
tional studies of [2], and a satisfactory approximation is observed between the
corresponding Explosion limit curves.

6) As regards future research on hydrogen combustion, “hydrogen as fuel” is
recently a very active research field, with significant practical applications, as

shown in literature [9]-[19].
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