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ABSTRACT

Experiments were performed to investigate the diffusion ignition process that
occurs when hot inert gas (Argon or Nitrogen) is injected into the stoichiometric
propane-oxygen mixture at the test section. Detonation wave initiated by spark plug in
the driver section in stoichiometric acetylene-oxygen mixture at P = 0.5 bar and room
temperature, propagates as incident shock wave in the driven section through inert gas
after bursting the diaphragm separating the sections. At the end of driver section the
inert gas is heated behind the reflected shock wave and then injected into the test section
with the stoichiometric propane-oxygen mixture through the hole of 8 or 11.2 mm in
diameter.

The results of experiments indicate that ignition occurs when the static enthalpy of
injected mass of inert gas exceeds some critical value. The induction time and the
adiabatic temperature after reaction of mixed inert gas and Propane-oxygen mixture
were determined with the use of CHEMKIN II software [1] for different values of
mixing volume ratio.
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INTRODUCTION

A starting jet flow under the present investigation occurs when a hot gaseous
stream is suddenly released through an orifice of a high pressure into cold low pressure
surrounding. The starting jet problem occurs in many engineering processes of practical
importance, e.g. the ejection of hot gases from the flange gap of flame traps or flame-
proof enclosures, the ignition of fire damp atmosphere by the hot gases coming out of
flame-proof enclosures or by hot jets of exhaust products of dynamite explosives used
for blasting, the bursting of the diaphragm of a safety valve caused by an excess
pressure of the reservoir fluid, the sudden opening of the discharge valve of a pressure
vessel and the injection of fuel into a combustion chamber of engines. Also, the ignition
of combustible mixtures by hot burned gases from flames is of importance in many
appliances, such as ramjet burners and rocket combustion chambers. Thus in the design
of many engineering equipment, the understanding of starting jet flow is of immense
value particularly in safety considerations. The designers would want to know not only
qualitatively but also quantitatively the influence of various parameters and the way in
which they affect the flow characteristics. The problem of jet ignition was studied
extensively in the past by many authors [2-7]. A jet of heated air or other gas, if
sufficiently hot, can also produce ignition when it comes into contact with combustible
gases or vapors. Such an ignition source may be a problem during the rupture of an oil
seal in a jet engine or during blasting operations in a coal mine where hot gases are
released from the explosives employed. The temperatures at which combustible gas
mixtures can be ignited by laminar jets of hot air and inert gases have been determined
only in early years for hydrogen, carbon monoxide, and various low molecular weight
hydrocarbons [8, 9, and 10]. In many practical combustion systems ignition may occur
through contact with hot burned gases. Such process plays a vital role in flame
stabilization on bluff bodies. It is also of importance in the ignition of firedamp by the
hot spent gases of explosives used in mines. Hot gas ignitions differ from wire ignitions
and auto ignitions in heated vessels primarily in that surface effects are absent with a
hot gas heated source, provided the reaction chamber is relatively large. Generally, hot
gas ignition temperatures of hydrocarbon combustible mixtures have been reported to
agree with corresponding wire ignition temperatures but to be much higher than the
auto-ignition temperatures of the mixtures [7]. Supersonic jet flow contains a rich
combination of flow interactions and flow physics. These combinations include
turbulent mixing and compressibility effects such as isentropic expansion and shock.
Other factors may include chemical reactions or shear layer. Subsonic jet flow features
are relatively simple. The main variable in the flow is shear layer development along the
stream wise direction. In the absence of a pressure gradient, no significant in viscid flow
features will appear in a subsonic jet. On the other hand, supersonic jet flow features
can be very complex. Because of the supersonic nozzle exit Mach number, jet exit
pressure can differ from ambient pressure. This pressure difference between the jet and
the ambient fluid must be resolved locally either across an oblique shock, by a
prominent streamline curvature at the jet boundary, or by a Mach disk inside the jet. In
this paper the hot inert gas (Argon or Nitrogen) have been injected into stoichiometric
(Propane-Oxygen) mixture in the combustion chamber.

EXPERIMENTAL SET-UP
The steel (1IHIEN9T) WUT detonation tube was used, shown schematically in
Figure (1) consisted of three horizontal sections of driver, driven, and test sections. The
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driver section was 9 cm in diameter, 90 cm long, and filled with stoichiometric
acetylene-oxygen mixture at 0.5 bars and room temperature for all experiments. The
driver section was separated from the driven section by double diaphragms. Two plastic
diaphragms, 30 pm thick were used. The driven and test sections, both have a cross
section of 11 x 11 cm. The 2.5 m long driven section was filled with inert gases (argon
or nitrogen) to allow the incident shock wave to stabilize before reflection from the end
wall. The 40 cm long test section was filled with mixtures under investigation

(stoichiometric C;Hg +O,). The orifice linking the driven and the test section ranges

from 8 to 11.2 mm in diameter and an aluminum diaphragm of 30 pm thick is placed
between the two sections in order to prepare the desired mixture. One pressure gauge
was also connected to each section to watch the attainment of vacuum as well as to
measure the initial pressure of the mixtures. Five PCB piezo-electric pressure
transducers are mounted along the tube and record the shock wave pressure and time-
arrival of the wave which is used to calculate the shock wave speed. Four pressure
transducers were mounted at 6, 100, 210 and 240 cm from the flange at the beginning of
the driven section (for convenience, these transducers are marked A, B, C, and D
respectively).

Driver Section | Driven section m
)' /' ’—: Computer |
i .__ T Amplifier /
Ea, 1 > ':_
4 gt s o) c, DI | J 14
[Spark plug | e 0 s = . | ; Al
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‘ | Fiter | | Fiter | \ |
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BF'“’ > | 3 — Stoichiometric propane — oxygen mixture
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Filter
l— A, B, C, D, and E are pressure transducers

Figurel: Schematic of the experimental setup.

The signal of an incident shock wave detected by pressure transducer A was used
to trigger the data acquisition system. The fifth transducer E was used to indicate the
ignition caused by hot inert gas and it was located at a distance of 35 cm from the flange
containing the orifice and the diaphragm at the beginning of the test section. The
occurrence of ignition is additionally confirmed by photodiode located at 35 cm from
the beginning of the test section. A vacuum pump was used to evacuate the tube until
reaching acceptable vacuum level. Three separate bottles were connected for supply of
the mixtures and inert gas when needed. The first one is for the detonable mixture, the
second is for the inert gas, and the third is for the combustible mixture under
investigation. An automotive spark plug with high voltage discharge was used to initiate
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detonation wave in the driver section. The driver and the test sections were mounted on
steel rails, allowing them to be moved back and forth in order to replace the
diaphragms. The detonable and the combustible mixture was prepared by the method of
partial pressure and left for at lest 24 hours to allow enough time for complete mixing
and diffusion between fuels and oxidizer. PCB piezo-electric amplifier type F483B08
was connected as shown. Experimental results were recorded and processed by
automatic data acquisition system and personal computer.

EXPERIMENTAL RESULTS

Summary of some experiments performed in this study for ignition of propane-
oxygen mixture is shown in Table (1). The value of ignition delay time T was measured
from experimental pressure and photodiode histories as a time between shock reflection
from the orifice flange (start of the inert gas jet) and photodiode delay time
(experimental). The parameters behind incident shock, reflected shock at the end of the

driven section, the parameters at the jet exit (7, , P, ) and total enthalpy of hot inert

gas injected H were calculated from the simple model of Becker, R. [11].

Table 1: Summery of experimental results for C;H; + 50, ignition by hot inert gas

@ =8 mm ®=11.2 mm

T, .. T ..
PO H [J] Ignition T [I-LS] Inert gas PO H [J] Ignition T [HS]

Inert gas [bar] K] [bar] K]

Argon 0.2 20 1450 700 Argon 0.2 36.5 1470 650

Argon 0.4 21 1090 750 Argon 0.4 36 1050 720

Nitrogen 0.2 293 1000 800 | Nitrogen 0.2 41.4 1000 600

Nitrogen 0.4 30.7 800 950 | Nitrogen 0.4 40.8 770 700

@- Orifice diameter, P, - initial pressure of C;Hg +50,, H- total enthalpy of hot inert gas
(calculated), T,

Ignition ~

temperature of ignition (calculated) and t-ignition delay time

(experimental).

The signal of pressure transducer D indicating the pressure jumps due to the
arrival of the incident and reflected shock wave at the end of the driven section and the
signal of pressure transducer E located at a distance 350 mm from the flange containing
the orifice and the diaphragm at the beginning of the test section indicating the pressure
jumps due to the arrival of hot inert gas injection and shows ignition. The minimum

ignition temperature of hot inert gas injected giving ignition (7. ) and ignition delay

'gnition
time (1) presented in Table (1) is the mean value of all experiments for the case under
investigation. For a jet of 8 mm diameter, for the injection of hot argon an increase of
initial pressure of combustible mixture in the test from 0.2 to 0.4 bars resulted in
decrease of the minimum temperature of injected gas causing ignition from 1450 to
1090 K. At the same time the induction time for ignition process has increased from 700
to 750 ps. However, for a jet of 11.2 mm, an increase of initial pressure of combustible
mixture from 0.2 to 0.4 bars resulted in decrease of minimum ignition temperature from
1470 to 1050 K. At the same time the induction time has increased from 650 to 720 ps.
For the injection of hot nitrogen an increase of the initial pressure of the combustible
mixture from 0.2 to 0.4 bars resulted in decrease of the minimum temperature of
injected inert gas giving ignition from 1000 to 800 K, and in increase of the induction

Journal of Engineering Research (Al-Fateh University) Issue (12) September 2009 38




time from 800 to 950 ps for a jet of 8 mm diameter. However, for a jet of 11.2 mm, an
increase of initial pressure of combustible mixture from 0.2 to 0.4 bars resulted in
decrease of minimum ignition temperature from 1000 to 770 K. At the same time the
induction time has increased from 600 to 700 ps. As shown in Table (1), an increase of
jet diameter from 8 mm to 11.2 mm results in a little effect on the minimum ignition
temperatures (specially for Argon), the induction time decreases with increasing jet
diameter and the total enthalpy increases. The results indicate that ignition occurs when
the static enthalpy of injected mass of inert gas exceeds some critical value.

Figures (2, 3, 4 and 5) show pressure history of incident and reflected shock wave
in driven section for different initial pressure (0.2-0.4 bars) and after some delay
pressure history of strong ignition caused by hot argon jet in the test section for different
jet diameter (8-11.2 mm).
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Figure 2: Jet of hot argon to stoichiometric propane--oxygen mixture.
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Figure 3: Jet of hot argon to stoichiometric propane--oxygen mixture.
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Figure 4: Jet of hot argon to stoichiometric propane--oxygen mixture.
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Figure 5: Jet of hot argon to stoichiometric propane--oxygen mixture.

The occurrence of ignition is additionally confirmed by photodiode. Figures (6, 7,
8 and 9) show similar pressure histories for nitrogen injection. Figure (10) shows the
calculated mass of hot nitrogen versus time of injection for two values of orifice
diameter and two values of initial pressure of propane-oxygen mixture in the test
section. As expected, larger diameter increases this mass. Square placed on each curve
show the experimental times of ignition in each case. Generally, an increase of mass
flow-rate of hot nitrogen results in decrease of ignition delay time, however this
tendency is more visible for lower back pressure (higher jet velocity). As shown
increasing the cross section area from 8 to 11.2 mm results in decrease of ignition delay
time by approximately 0.2 ms for both cases of back pressure (0.2 and 0.4 bars). Figure
(11) shows similar results for hot argon injection. In this case an increase in orifice
diameter from 8 to 11.2 mm, results in decrease of ignition delay time by approximately
0.05 ms for both cases of back pressure.
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Figure 6: Jet of hot nitrogen to stoichiometric propane--oxygen mixture.
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Figure 7: Jet of hot nitrogen to stoichiometric propane--oxygen mixture.
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Figure 8: Jet of hot nitrogen to stoichiometric propane--oxygen mixture.
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Figure 9: Jet of hot nitrogen to stoichiometric propane--oxygen mixture.
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Figure 10: Mass of nitrogen injected to stoichiometric propane--oxygen mixture.
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Figure 11: Mass of argon injected to stoichiometric propane--oxygen mixture.
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CHEMKIN II SOFTWARE

The original CHEMKIN by Kee, et al [12] was developed in “Sandia National
Laboratories”. It is a commercial FORTRAN package solving chemical kinetics.
CHEMKINC-II is a revised, improved version of CHEMKIN. The most important new
capability is an accurate and efficient means of describing pressure- dependent
reactions. It provides flexible and powerful tools (source code) for incorporating
complex chemical kinetics into simulation of fluid dynamics. The general objective is to
characterize the thermal ignition of combustible gas mixtures. Thermal ignition is the
spontaneous explosion that occurs after a chemical induction period for homogeneous
mixtures at constant volume.

SIMPLIFIED MATHEMATICAL MODEL OF IGNITION

Ignition and turbulent mixing is extremely difficult to model theoretically since it
involves turbulent mixing, shock waves and chemical reactions simultaneously.
Experimentally, it is also difficult to obtain a detailed, quantitative observation of the
gas dynamics and chemical processes in the mixing zone at the head of the jet. Thus, it
is of value to analyze some simple theoretical limiting cases to deduce some qualitative
information on the jet initiation phenomenon. It has been assumed that the hot inert gas
(initially at the constant volume state) to first expand isentropically to M = 1. Then it
has been investigated that the non-equilibrium chemical reactions when different
amounts of unburned mixtures are mixed with the expanded hot inert gas. By
computing the temperature after mixing, 7, the induction time, 1, and the adiabatic

temperature, 7, after mixing of hot inert gas and unburned mixtures for different

mixing volume ratio, R = v, / v,, we can gain some insight into most favorable
conditions for ignition process of combustible mixtures.

The jet parameters of hot inert gas can be estimated with the assumption of sonic (M =
1) and isentropic flow. The temperature and pressure at the jet exit cross section are
equal to, respectively:

Tjet 2

T, y+1
7’

Pjes 2 -t

P. y+1

Where P. and 7, are the pressure and temperature of gas in driven section of the

experimental setup behind reflected shock wave, T, and P, are temperature and
pressure of gas at the exit from orifice. Next, we shall assume that the given volume
of expanded hot inert gas v,, to be mixed simultaneously with a certain volume of cold
unburned combustible mixture v, (at room temperature). The temperature after constant
pressure adiabatic mixing 7, can readily be determined from energy conservation, i.e.

Pjet V jet ijet Tjet + Pu Yy Cpu Tu = ((Ojetvjetcpjet + Pu Vy Cpu )Tm

And solving for 7, gives
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1 1

pucpu i 1+ pjelcp_jet R

1+

pjetcpje, R pucpu

Knowing T, the ignition induction time t and adiabatic temperature 7, after reaction
of mixed inert gas and combustible mixture are determined with the use of CHEMKIN
IT software [1] for different values of mixing volume ratio, R.

For propane-oxygen mixture, the variation of 7, , 1, and 7, are illustrated in

Figure (12) for argon and in Figure (13) for nitrogen. For argon, the minimum induction
time i1s 200 p sec and corresponds to a volume ratio of about 11 where 7, = 1600 K.
However, for nitrogen jet, the minimum induction time is 300 p sec and corresponds to
a volume ratio of about 9 where 7, =1500 K.

The results of calculations indicate the importance of temperature on ignition
delay time. The temperature must be sufficiently high in order to achieve a short
induction time. Thus, too small a volume ratio of R would quench the reaction when 7,
drops below the auto-ignition limitx{t o). The adiabatic combustion temperature in

the mixing zone decreased as the hot inert gas volume increased but the important
measure of the energy released in the mixing zone is denoted by the difference between

T, and T, . Thus, at high volume ratio, the energy releases decreases as the volume of
the hot inert gas in the mixing zone increased.
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Figurel2: Temperature after mixing, ignition delay time, adiabatic temperature of the
products of constant volume combustion and experimental induction time as a
function of volumetric ratio of hot argon to unburned propane-oxygen mixture.
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Figurel3: Temperature after mixing, ignition delay time, adiabatic temperature of the
products of constant volume combustion and experimental induction time as a
function of volumetric ratio of hot nitrogen to unburned propane-oxygen
mixture.

CONCLUSIONS

Ignition of stoichiometric gaseous fuel-oxygen mixture (propane-oxygen) by hot
inert gas jet (argon and nitrogen) was studied experimentally and theoretically. In the
experiments the inert gas in the driven section were heated behind the incident shock
wave and additionally heated behind the reflected shock wave and then injected into the
test section with stoichiometric gaseous Propane-oxygen mixture under investigation at
room temperature through an orifice of 8§ mm and 11.2 mm in diameter. Initial pressure
of gaseous Propane-oxygen mixture in the test section was varied from 0.2 bars to 0.4
bars. In the theoretical study the gas dynamics of hot inert gas jet and chemical process
in the mixing zone with Propane-oxygen mixture are extremely complex since they
involve turbulent mixing, shock waves and chemical reactions simultaneously. Thus, for
the qualitative analysis of jet initiation phenomenon simple theoretical limiting case was
used first. The jet parameters of hot inert gas were estimated with the assumption of
sonic (M = 1) and isentropic flow. The temperature after constant pressure adiabatic
mixing can be determined from energy conservation. The induction time and the
adiabatic temperature after reaction of mixed inert gas and fuel-oxygen mixture were
determined with the use of CHEMKIN II software for different values of mixing
volume ratio. The results of calculations indicate the importance of temperature on
ignition delay time. The temperature must be sufficiently high in order to achieve a
short induction time. Thus, too small a volume ratio of R would quench the reaction

when 7, drops below the auto-ignition limit (t > o). The adiabatic combustion

temperature in the mixing zone decreased as the hot inert gas volume increased but the
important measure of the energy released in the mixing zone is denoted by the

difference between 7, and 7, . Thus, at high volume ratio, the energy release decreases
as the volume of the hot inert gas in the mixing zone increased.

Journal of Engineering Research (Al-Fateh University) Issue (12) September 2009 45



For injection of hot argon to stoichiometric propane-oxygen mixture through 8 mm
jet an increase of the initial pressure of combustible mixture in the test section from
0.2 to 0.4 bar resulted in decrease of the minimum temperature of injected gas
causing ignition from 1450 to 1090 K. At the same time the induction time for
ignition process has increased from 700 to 750 pus. However through 11.2 mm, the
minimum temperature of injected argon causing ignition decreased from 1470 to
1050 K and the induction time of ignition process has increased from 650 to 720 ps.
For the injection of hot nitrogen through 8 mm jet an increase of initial pressure of
combustible mixture from 0.2 to 0.4 bars resulted in decrease of the minimum
temperature of injected inert gas giving ignition from 1000 to 800 K, and in increase
of induction time from 800 to 950 ps. However through 11.2 mm, the minimum
temperature of injected nitrogen causing ignition decreased from 1000 to 770 K and
the induction time of ignition process has increased from 600 to 700 ps. The results
of experiments indicate that ignition occurs when the static enthalpy of injected
mass of inert gas exceeds some critical value.
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