- ON THE POWER AND ENERGY FOR INITIATION
OF PLANAR DETONATION WAVE

%

J.
! A.A. Sileem

&;, Faculty of Engineering Mech. Power Engineering Department,
' Menoufia University, Shebin El-Kom, Egypt.

i

ABSTRACT

~ The ignition energy and its rate of deposition (power) required for initiation of planar detonation wave in a
reactive gaseous mixture is considered. Their effects on both of the ignition and detonation times are studied,
- as well. The critical switch-off time of ignition energy required for direct initiation of detonation wave and
its relation to the minimum ignition time of the mixture is considered also. Unlike the commonly used model,
' namely, the constant velocity piston which is set in motion suddenly and results in a constant velocity shock
~ wave required for initiation of detonation wave, that does not correspond to what happens actually, the ignition
~model presented here mimics, for instance, the spark ignition of the reactive mixture. The model enables us
to change the ignition energy, its rate of deposition and its switch-off time. The reactive mixture is assumed
to be an ideal gas with constant specific heats and the dissociation at high temperature is neglected. The
. chemical kinetics are represented by a one-step chemical reaction of Arrhenius type, for simplicity. The results
. indicate that reduction in the total ignition energy delays the initiation of detonation wave and below certain
- minimum value of the total ignition energy, detonation is not possible. The results show also that increasing
. the power of the igniter speeds up the initiation process and there is a minimum value of the power of the
~ igniter below which initiation fails no matter how big the total energy is. It is found also that for successful
nitiation of detonation, the switch-off time of ignition energy must be greater than the ignition time of the
- mixture. It is concluded that the ignition source power and the ignition energy released at the ignition zone
- should be able to generate a shock wave of minimum strength and supports its propagation until chemical
~ reaction starts behind it, for successful initiation. '

~t
~

Power factor Acoustic time = 1/ ¢’

Sound speed in the rest state = J(YR" T') b d]{nCnSlf)DICSS ve_locny.
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pecific heat at constant pressure. : g k
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) Density.

" Ignition source Power per unit area.
Gas' constant.
- Dimensionless temperature.
'Dimensionless time.

Subscripts and superscripts
()  Dimensional quantity.
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(o) Dimensional quantity at rest state.
1- INTRODUCTION

When reactive gaseous mixture is ignited, two
modes of combustion waves are available, Lee [7]. A
deflagration slow mode, in which the combustion
front propagates with velocity of the order of few
centimeters per second. The mechanism of
propagation of this laminar flame is characterized by
the conduction of heat from the reaction zone into
the cold unreacted mixture. On the other hand, a
detonation fast mode, which is a combustion wave
propagating with a velocity of the order of thousands
of meters per second. The mechanism of initiation
and propagation of such mode is characterized by the
auto-ignition of the reactive mixture behind a strong
shock wave, propagation ahead in the unreacted
mixture.

There are two distinct methods of detonation
initiation namely, deflagration to detonation
transition (DDT) and direct initiation. In the first
method a shock wave is formed by the coalescence
of compression waves generated by the accelerating
turbulent flame in the reactive mixture. Many
shocks may be formed, (Urtiew & Oppenheim [10]
and Oppenheim & Kamel [9]) and catch each other
to form a strong shock necessary for the initiation of
detonation. Turbulence and interaction between
waves play the dominant role in the initiation
process. On the other hand, in the direct initiation
method a shock wave with a certain minimum
strength is formed immediately following the
deposition of energy from a powerful source in the
vicinity of the ignition source. The shock wave heats
up the explosive mixture and triggers the chemical
reaction behind it which eventually results in a
coupled complex of a shock wave followed by a
combustion wave ( detonation).

Based on the energy-time characteristics of the
ignition source, the ignition time and the detonation
initiation time vary. The necessary condition for the
onset of detonation is the formation of a shock wave
of a certain minimum strength and it continues
propagation until ignition starts in the heated gas
behind it. The chemical heat release supports and
strengthens the formed shock and eventually
detonation occurs.

A 110

Clarke et al. [3] studied the direct initiation of 4
planar detonation wave in a slab of reactive mixture
confined between two parallel plane walls. In thei
model, ignition energy is supplied to the mixture a
one end of the slab by heat conduction through the
wall and transferred to the mixture adjacent to the
wall. Their results showed that a strong shock wav
is established following energy deposition at the
wall, and subsequent ignition of reactive gas occurs.
The shock is accelerated as a result of increasingly
large chemical heat release. Eventually the reaction
zone accelerates, catches up to the lead shock and
they move together as an over-driven detonation
wave. They concluded that direct initiation o
detonation requires sufficient power input to first off
all generate a suitably strong shock wave, which then
becomes the trigger to switch on vigorous chemical
acuvity behind it.

Knystautas and Lee [6] studied experimentally the
effective energy for direct initiation of gaseous
detonation. They indicated that the effective energy
for direct initiation is the energy deposited up to the
time of the peak average power. It is shown also that
the peak power of the igniter and the energy release
up to the peak power are two parameters that
characterize the direct initiation of detonation wave.
The peak average power corresponds to a minimum
shock strength below which initiation is not feasible.

Abouseif and Toong [1] proposed a model to
determine the correlation between the igniter’s
critical energy and critical power necessary for direct
initiation of detonation wave. The model comprises
a constant velocity piston which starts motion
abruptly into the reactive mixture which results in a
formation of constant velocity shock wave. For
initiation of planar detonation they demonstrated
that the duration of piston motion should not be
smaller than the induction time that corresponds to
the temperature behind the generated shock. They
found also that for cylindrical detonation, there is a
minimum average power and minimum critical
energy below which initiation fails. These results are
qualitatively similar to the experimental results of
Knystautas and Lee [6].

Kailasanath and Oran [5] used the same model of
Abouseif and Toong [1] to study the power and
energy relation for direct initiation of - planar,
cylindrical and spherical detonation in gaseous
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nixture. For planar case they noticed that unlike the
eylindrical case, each value of power corresponds to
unique value of energy and the shock strength
decreases as the power decreases and more energy is
eeded to initiate a detonation. There is a minimum
shock Mach number below which a detonation will
not occur. The power corresponding to this
minimum Mach number is the minimum power.
The shock tube data of Dabora [4] agree well with
these results.

From this review it is inferred that the constant
velocity piston model which generates constant
velocity shock wave does not mimic the commonly
used experimental ignition sources, like spark
ignition, in which the power and energy are
“time-dependent and, therefore, the generated shock
and flow field behind it are also time-dependent.
 The present model, however, provides an
appropriate mean for studying the power and energy
for initiation of detonation wave because it is
time-dependent and the energy is distributed in a
kernel adjacent to the closed end of the pipe. A
| schematic diagram of the detonation tube is shown
" in Figure (1-a).

Ignition energy (E;)
' Shock front

1 4n

[ d|

g ]

Ignition zone (x;)

Combustion wave front

Figure 1-a. Detonation tube model; shock wave
followed by combustion wave to form the detonation
wave.

The objectives of the present investigation are to
find the power and energy relation for initiation of
planar detonation wave and their effects on the time
to detonation. It is of considerable interest, as well,
to obtain the relation between the switch-off time of
ignition energy and the time to ignition and whether
there is a minimum duration of energy addition
below which detonation will not occur or it takes
very long time.
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2.1 The governing equations

The gaseous reactive mixture is assumed to be an
ideal gas with constant specific heats. The chemical
kinetics are represented by a one-step chemical
reaction of Arrhenius type. The governing
continuity, momentum, energy, species conservation,
and state equations in one-dimensional domain are
written below in dimensionless form;

p. + (pu), =0 (1)
p(u, + uuy ) = -p, fy (2)
pC
(T +uTy)=-up + Q+[pB qY/(y-1)]
(y-1
exp(-1/e T) 3
Y, + uY, = - EX exp(-1/e T) @
Y
p=pT . 28

where the subscripts t and x denote partal
derivatives with respect to time and space,
respectively. The second term in the right-hand side
of the energy equation represents the ignition
energy and the third is the chemical heat release
term.

The variables in egs.1 through 5 are normalized as
the following;

p — pl/plo’ p — pl/pol’ T STI/I‘OI, u — ul/Clo’
t=t'/t',, x=x'/L', Y=Y/, C, =C"/C,,
B =B vy a=q'lc' T', Q = Q'p' t',) (6)

The dimensionless
parameter e is;

inverse activation energy

e=R'T", [E’ %)

Since the chemical reaction occurs in times of order
10 sec., which is much shorter than the acoustic
time scale which is of order of 107 sec., therefore,
scaling of ume with respect to the acoustic time
scale is inappropriate. To solve this problem, the
following transformation is used;
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t=08s X=0z (8)

where z and s are the new space and time variables
and § = O (10°). Now, the dimensional time,

t'=8t,s=10%s (sec.) )

where the new dimensionless time s is of order one.

The transformation in eqn.8 is used in eqns.1
through 5 and the governing equations are rewritten
in the following semi-conservative form;

U, +F,+H=0 (10)
where;
P pu 3
2 0
o pu F- pu”+p/y H-
ple+u?/2) pu(e +u?/2) +pu/fy 9%=%
pY puY w

where e = C, T/(y-1)y and C, is assumed to be
one. q, and q; represent the chemical heat release
term and the ignition source term, respectively.

gym q =Q/Y,W=B—$Xexp (-1/eT) (1)

q
(r-D
where now f=6 8 and Q= 56Q

2.2 Initial and Boundary Conditions:

The inital conditions to be satisfied by the
solution of the above set of conservation equations
are; ‘

s=0p=p=T=Y=1Lu=0z>0 (12
The boundary conditions at the closed end are;
z=0; u=0; s>0 (13)

In front of the wave, the conditions are the

undisturbed initial state. The physical parameters of

the reactive mixture that is used in the present work
are shown in Table (1).
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Table 1. The physical parameters of the reactive

mixture.
Physical parameter Value and
= units
Initial pressure (p’,) 101325 (N/m?)
300 (K)

Initial temperature (T )
Specific heats ratio (vy) 1.4

Chemical heat release parameter (q') 1808.1 (kj/kg)

Pre-exponential factor (8’) 2.86x10° (1/s)

The exponential .term (E’/R’) 3750 (K)
Domain length (L) 1 (ﬂ3\)
Small parameters (5) 10°
The gas constant (R’) 287 (J/kg K)

According to these parameters, the speed of sound
¢’y =347 (m/s) and t', = L'/c’ | (sec.)

2.3 The Power of the Ignition Source:

The ignition energy is added in a thin layer of
thickness z_ (kernel) adjacent to the closed end of
the tube. It is represented by the source term Q in
the energy equation.

The proposed model for the source power term g;,
Sileem et al. [11] is:

qg; = A f(s) 0<z<1 (14)
q;=Af(s)4-2)/3; 1<z <4 (15)
q; = 0; z>4 (16)

where A is a constant called power factor. By
changing the value of A, the power is changed.
The time-dependent function f(s) is;

f(s) = 0.5[tanh 5(s-0.5) - tanh 5(s-s))]  (17)

The function f(s) increases very rapidly with time
s to the value of one and then remains constant until
the switch-off value s;, when it decreases very
rapidly again to the value of zero.

The rate of energy deposition per unit time per
unit area in an element of volume with a differential
length dx' is given by;

dg,’ = Q' dx’ (18)

If the previous equation is put in dimensionless
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form, then;

dq'y, = p', ¢, Qdz (19)
The total power deposition per unit cross-sectional
area q'y, is found by integrating dq’y, from z = 0 to
2= 7, z, is the thickness of the layer (kernel) in
which ignition energy is deposited, Therefore;

q'y =YP's €0 f q; (s,2) dz = yp', ¢, qp (20)
o

The integration in eqn. 20 is found by using the
model of q; given in eqns. 14 through 16. The
result is;

qp = 2.5 A (s) (21

The variation of dimensionless power qy, in eqn.
21, with time s is shown in Figure (1-b) for different
values of the power constant A when the switch-off
time s, = 2. When A = 6, f(s) = 1, the source power
is 0.0738 Mw/cm?.

15.0

Switch-off time So=2

10.0

Power, q&

Figure 1-b. Ignition source power variation with
ume at different values of the power factor, A.

2.4 The Ignition Energy (E'))

The total ignition energy is found by integrating the
power, eqn.20, with respect to time from s = 0 to the
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time at which the power goes to zero (s;). The
calculations showed that s, = s, + 0.8. Therefore;

dE", = q', dt’. (22)

by integration, we obtain the total ignition energy as;

sm
E'=p, ¢/ 8,25 A) [f)ds  (23)
[+]

or

E' =vp'ycydt, (25 A) I
= ’Y p'o C,O 6 t'a E (24)

Where;

cosh5(s_-0.5 -
=01 [In (S )_lncoshS(O 0.5)](25)
cosh5 (s, -s.) cosh5(0-s)

The total ignition energy E varies almost linearly
with the switch-off time s, , as shown in Figure
(1-¢), for different values of the power factor A. For

the parameters shown in Table 1, and A = 1, E';=
4.92x103 E (j/cm?).

250.0

g & B
e © o

Total ignition Energy, E

¢
o

TTY T ry vy yyryryrvrrrrory TTY

0.0 vrvvzblv'vrr 12.0

0.0 . :
Switch—off time, S,

Figure 1-c. Variation of the total ignition energy E
with the switch-off S, at different values of A.
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3- THE NUMERICAL SOLUTION

The solution of the system of equations in eqs.10
with the initial and boundary conditions in eqgs.12
and 13 is obtained numerically by using the
finite-difference scheme of MacCormack [8] and the
Flux-Corrected Transport scheme of Book et al. [2].

4- RESULTS AND DISCUSSIONS:
4.1 Shock Pressure -Time History.'

Figure (2) presents the shock pressure-time history
at different values of the ignition energy switch-off
time (s,),while keeping the ignition source power
constant; A = 6. At constant value of s, =1.5; for
instance; one can distinguish three periods of time.
At the first period, an original shock wave is formed
due to the deposition of ignition energy with rapid
rate in the ignition zone. The shock pressure is
almost 9 units and its formation time is almost 2.5
ume units. The second period is characterized by a
noticeable decrease in the shock pressure because of
the switch-off of the ignition energy. This perod
takes almost 5 time units. During this period an
auto-ignition of the shocked gas occurs and forms
hot spot that eventually becomes a combustion wave
accelerating behind the shock ( Sileem et al. [11]).
The third period starts when the compression and/or
shock waves generated by the accelerating
combustion wave catch the shock and increases its
strength, as shown in the figure. The transition to
detonation is terminated when the formed
combustion wave catches the original shock and
propagate together as a detonation wave. The
evidence of that is seen as a rapid increase of
pressure with time that eventually reaches a peak in
the shock pressure. The corresponding time is
termed the explosion time.

Figure (2) demonstrates also that, the original
shock strength, its formation time and the explosion
time and its corresponding shock strength depend
strongly on the switch-off time of ignition energy. In
other words, it is seen that the original shock
strength decreases and its formation time increases

with a decrease in s, , while the corresponding
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explosion time increases. When the switch-off time |
becomes as small as 0.8 units, the transition to
detonation does not occur in the present time and
length scales. On' the other hand, the transition
occurs very rapidly as s, increases as shown for s, =
3 units. It is worth to remember that the ignition
energy increases with the increase in switch-off time.

80.0 ~
E 0.88
50.0 3
1.63 1.8 1 ;
oL 83 1.5 1.2
s 1 °
= b
a 3
$ 30.0 3
a 3
E P
g 3
& 20.0
10.0 3
3 So=0.8
3
o.o "'TV"”' \AARRARAAI I RARBASAR] ARASARBA] AR ABARBAL
0.0 10.0 20.0 30.0 40.0 50.0

Time, S
Figure 2. Shock pressure-time history for different
values of switch-off time. The source power is
constant, A=6.

The conclusion to be drawn from the results in
Figure (2) is that there is a minimum value of
switch-off time of ignition energy deposition below
which detonation may not occur and the onginally
formed shock wave decay to a sonic wave, as scen
for s, = 0.8. On the other hand, direct initiation of |
detonamon takes place faster when the switch-off -
time is larger. ‘

The noticed differences in the original shock
strength and its formation time, even though, the
rate of energy deposition is the same, is not only
attributed to the differences in total ignition energy,
but also to the variation of the total chemical heat
release in the ignition zone. One notice the
sensitivity of the explosion time to any small change
in the switch-off time. For example, a decrease in s,
from 0.88 to 0.8 causes no explosion. It is also
noticed the delay in shock formation when s_ < 1.2,
because the ignition of the mixture in the kernel is
delayed and therefore, the contribution of the
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ichcmical/ ‘heat rcléase in the formation of the shock
is smaller. These results agree qualitatively with that
of Abousief and Toong [1].

4-2 Effect of Ignition Energy and Power on the
Explosion Time:

)|

~ Figure (3) demonstrates the dependence of the
~ explosion time on both of the ignition source power
. (represented by the power factor A) and the total
! ignition energy, E. It shows clearly that at constant
- power, the explosion time increases as the energy
~ decreases and below certain minimum value of
~ energy the explosion time increases significantly and
. the detonation may not occur in the present time
| and length scales. As the power decreases the
‘r. explosion is delayed at the same amount of ignition
~ energy. That is because the formed shock is weaker
I and the formation of hot spot behind the shock

(necessary for the initiation) is delayed.

400 T—p
]
30.0
B
=
-
¢ 20.0
g
=
k] b
*10.0
]
]

0.0 Frrrrrr T

0.0 100 200 300 400 500

Explosion time, Sex
- Figure 3. Total ignition energy versus explosion
ume for different values of the power factor, A.

It is also seen that at constant ignition source
power, the explosion time reaches an asymptotic
minimum value, no matter how big the total ignition
energy is. This means that, for each value of the
ignition source power there exists a minimum
* explosion time. This minimum value occurs when
* the ignition energy is greater than certain value.
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This may be explained by the fact that the ignition
delay time becomes very small when the
temperature behind the lead shock is much greater
than the auto-ignition temperature of the mixture.
Therefore, the particles burns immediately as it is
processed by the shock and the explosion occurs
suddenly.

It is interesting to note also, in Figure (3) that, the
explosion time is almost independent of the igniter
power, represented by A, as the energy decreases
below certain value. This is noticed when the energy
takes values below = 7 units, where it is clearly
seen that the explosion time becomes almost the
same irrespective of the source power.

These findings emphasis that when the ignition
energy is below certain minimum value, the
initiation of detonation occurs through deflagration
to detonation transition, irrespective of the source
power. On the other hand, direct initiation of
detonation does depend on the source power.

4-3 Effect of Switch-Off Time (s,) on the Ignition
Time (s;)

The dependence of the ingition time of the
reactive mixture in the kernel, on the switch-off
ume of energy deposition at different values of the
source power is depicted in Figure (4). It is noticed
that, for constant value of the source power, s; does
not change if s greater than certain minimum value
Soc- One the hand s; increases significantly if s is
lower than s . It is believed that the cntical
switch-off time of energy deposition 1s related to the
induction time of the reactive mixture, which
essentially depends on the source power. Figure (4)
demonstrates also that s; decreases as the power
increases. Based on the aforementioned relation
between the induction time and the critical
switch-off time, the induction time decreases as the
power increases.

Figure (5). is plotted for the critical switch-off time
versus the minimum ignition time at different values
of the power factor A. It shows that the minimum
ignition time is almost equal to the critical switch-off
time.
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Figure 4. Ignition time against switch-off time for
different values of the power factor, A.
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Figure 5. The minimum ignition time versus critical
switch-off time at different values of the power
factor, A.

By consulting the results in Figure (2), one
interestingly note that if the switch-off time of
energy deposition is equal or greater than the critical
value, the initiation of detonation is likely to occur
after small period of time. In other words, direct
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initiation of detonation is achieved if the switch-off
time of energy deposition is greater than s .. This
can be seen clearly in Figure (2), where one notice:
that the explosion occurs faster when the switch-o
time is equal or greater than s .. However, the tim
to detonation increases sharply or detonation may
not occur at all, if s, < s .. For example, in the case
of Figure (2) where A =6, s; = 1.668, s . = 1.668 and
the corresponding explosion time s, = 10.7 time
units. When s = 1 < s_, the explosion time become
as large as 22.56 time units. When s, = 3 > s, the
explosion time s, = 8.1. It is worth to mention here
that, by using the piston model, Abousief et al. [1]
concluded that the period of piston motion must be
greater than the induction time of the mixture for
direct initiation of detonation, which coincides with
our conclusion. ‘

Figure (6) demonstrates the variation of the
minimum ignition time with the variation of the
ignition source power ( represented by the power
factor A). It shows clearly that the minimum ignition
time diminishes with the increase of the source
power.

4.5

Min. ignition time, Sim,
0 o P‘ >
» © © ()
FTERTERNTS BTV VIS NTH N TUNTUTUI TR I T I FTTUOVTUTIIUVTUTTITS T TII U

mn
©

o

1.0 Fverrreryy IAAAAALSARARAARAAAAAT AR2AMARARR AAAARAAAALIAALARALARAAAAAAAR]
.

Power factor, A

Figure 6. Variation of the minimum ignition time
with the ignition source power.

4-4 Power and Energy Relation for Direct Initiation
of Detonation:

Figure (7) shows a plot of power versus energy for
direct initiation of planar detonation. It shows clearly
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that the energy increases as the power decreases for
the successful initiation. The trend of the curve
indicates that more and more energy is needed as
the source power decreases. It shows also that there
“is a minimum value of power for initiation and the
necessary amount of energy at this minimum value
is huge.

. 250

20.0
Sex = 23 time units

o
=

S
o

Total lthon"‘. Energy, E
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. Figure 7. Power-energy variation for initiation of
detonation wave.
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Figure 8. Power energy relation for the initiation of
planar detonation by Kailasanath & Oran. The x's
are data from shock tube experiments of Dabora (4).

The present results agree qualitatively with the
shock tube experimental results of Dabora [4] and
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with the piston model results of Kailasanath et al. [5]
for planar initiation of detonation shown here in
Figure (8), for comparison. Quantitative comparison
is impossible because the used reactive mixture is
different.

5- CONCLUSIONS

This paper presents a theoretical model to study
the power and energy required for initiation of
planar detonation wave. The following conclusions
could be inferred from the present investigation:

1- The results show clearly that the used ignition
model is a good simulation to the actual ignition
systems.

2- The results confirmed the dependence of direct
initiation of detonation on the ignition source
characteristics and there is almost no effect of the
ignition source power on the deflagration to
detonation transition when the ignition energy is
below certain minimum value.

3- The most important conclusion is that for direct
initiation of planar detonation, the switch-off time
of ignition energy addition must be equal or
greater than the ignition time of the mixture
which depends on the source power.

4- The time to detonation depends on both of the
ignition source power and energy as noticed
expenimentally by Lee et al. [6].

5- If the switch-off time of ignition energy is much
less than the ignition time, the initiation of
detonation takes very long time to occur or it may
not occur at all.

6- It is shown also that for direct initiation, the
ignition energy increases as the power of the
igniter decreases and there is a minimum value of
the power below which direct initiation of
detonation is impossible.
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