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h i g h l i g h t s
 Different types of pre-chamber generated hot jet ignition mechanisms are proposed.
 Lean premixed CH4/air and H2/air ignition behavior by hot jet is investigated.
 Two ignition mechanisms exist – jet ignition and flame ignition.
 Damköhler number separates non-ignition, flame ignition and jet ignition regimes.
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a b s t r a c t
An experiment was developed to investigate the ignition mechanisms of premixed CH4/air and H2/air
mixtures using a turbulent hot jet generated by pre-chamber combustion. Simultaneous high-speed
Schlieren and OH⁄ chemiluminescence imaging were applied to visualize the jet penetration and ignition
process inside the main combustion chamber. Results illustrate the existence of two ignition mechanisms: jet ignition and flame ignition. The former produced a jet comprising of only hot combustion products from pre-chamber combustion. The latter produced a jet full of wrinkled turbulent flames and active
radicals. A parametric study was performed to understand the effects of pressure, temperature, equivalence ratio along with geometric factors such as orifice diameter and spark position on the ignition mechanisms and probability. A global Damköhler number was defined to remove parametric dependency. The
limiting Damköhler number, below which ignition probability is nearly zero, was found to be 140 for CH4/
air and 40 for H2/air. Lastly, the ignition outcomes were plotted on the turbulent premixed combustion
regime diagram. All non-ignition cases fell within the broken reaction zone regime, whereas flame and jet
ignition mostly fell within the thin reaction zone regime. These results can provide useful guidelines for
future pre-chamber design and optimization.
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Stringent emission regulations for oxides of nitrogen (NOx)
require engine manufacturers to move towards ultra-lean operation to reduce the peak combustion temperature and thereby minimizing NOx formation [1,2]. Ultra-lean operation, however, gives
rise to some serious challenges. As the fuel/air mixture becomes
leaner, ignition becomes more difficult. Poor ignition or failure to
ignite the lean mixture can lead to misfires, which can lead to
undesirable effects such as cycle-to-cycle variability, rough operation, and reduction in efficiency and increased unburned hydrocarbon emissions [3–5]. An approach that can potentially solve these
problems is to use a hot turbulent jet to ignite the ultra-lean mix⇑ Corresponding author.
E-mail address: lqiao@purdue.edu (L. Qiao).
http://dx.doi.org/10.1016/j.applthermaleng.2016.06.070
1359-4311/Ó 2016 Elsevier Ltd. All rights reserved.

ture. The ignition of fuel/air mixtures by a hot jet is a process
utilized in various applications ranging from pulse detonation
engines, wave rotor combustor explosions, to supersonic combustors and natural gas engines [6]. Length scales of the combustor
used in the current study is more appropriate for the land based
large-bore natural gas engines that offer efficient power production for the purposes of generating electricity and compressing
gases. A small quantity of stoichiometric fuel/air was burned in a
separate combustion chamber called the pre-chamber. The combustion products were then discharged into the main chamber
filled with ultra-lean premixed fuel/air through a small diameter
orifice in the form of a hot turbulent jet. Compared to a conventional spark plug, the hot jet has a much larger surface area leading
to multiple ignition sites on its surface which can enhance the
probability of successful ignition and cause faster flame propagation and heat release.

926

S. Biswas et al. / Applied Thermal Engineering 106 (2016) 925–937

Nomenclature
Da
dq
p
N
t
/

q

X
d
D
b
Cd
Y

c

U0

Damköhler number
quenching distance
pressure
overall reaction order
time
equivalence ratio
density
mole fraction
orifice diameter
prechamber diameter
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expansion factor
specific heat ratio
centerline jet velocity

The physics behind ultra-lean jet ignition is rather complicated.
The complex coupling between turbulence and chemistry needs to
be understood. Ignition mechanism heavily depended on the mixing characteristics and the composition of the hot jet. The competition between thermal and mass diffusivity between the hot
exhaust gases and the cold fresh lean mixtures and presence of
active radicals such as H, O, HO2, and OH all affect the ignition process [7]. Till date, several computational and experimental studies
have been conducted to explore the fundamental mechanisms of
hot jet ignition.
Chen et al. [8] was one of the earliest investigators to study
turbulent jet ignition. He found that the formation of the largescale eddy structures of the turbulent jet were first generated
by vortex couples. The external features of the jet were dominated by these eddy structures. The flame shape, speed, and propagation processes had a strong dependence on the number and
the locations of the ignition sources deposited onto turbulent
jet. Pitt et al. [9] showed the jet ignition system exhibits shorter
delay times and increased burn rates when compared to a conventional spark system. Yamaguchi et al. [10] investigated the
effect of orifice diameter on turbulent jet ignition in a divided
spherical combustion chamber. Their results showed that a smaller orifice diameter resulted in ‘well-dispersed burning’, the larger
orifice diameter resulted in ‘flame kernel torch ignition’, and the
largest orifice diameter enabled laminar flame to pass through
the orifice. Wallesten et al. [11] explored the effect of spark position in the pre-chamber in relation to orifice on the combustion
efficiency of the main chamber. They found that the spark position farther away from the orifice showed higher combustion rate
than the positions close to the orifice. Elhsnawi and Teodorczyk
[12] explored ignition of near stoichiometric H2/O2 mixture by a
hot inert gas jet (argon and nitrogen) in a detonation tube with
an orifice size ranging from 8 to 11.2 mm. It was observed that
the main chamber ignition initiates from jet side surfaces in the
turbulent mixing zone. Sadanandan et al. [13,14] investigated
ignition of H2/air mixtures by a hot jet using simultaneous
high-speed laser Schlieren and OH Planar Laser Induced Fluorescence (PLIF) techniques. They did not observe any noticeable
amount of OH radicals at the orifice exit and speculated that possible heat loss through the orifice walls had a strong influence on
quenching the pre-chamber flame. Additionally, they found that
ignition in the main chamber occurs near the jet tip and not at
the lateral sides of the jet.
Studies recently conducted by Toulson et al. [15–18] were
focused on the effect of different pre-chamber fuels (H2, C3H8, nat-
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ural gas, CO) on combustion stability, extension of lean limit and
emission control in an optically accessible engine. The lean operation enabled by the turbulent jet ignition system resulted in near
elimination of in-cylinder NOx emissions; significant improvements in efficiency and fuel economy were observed. Perera
et al. [19] investigated the ignitability and ignition delay time for
ethylene/air ignited by a hot jet and found a lean equivalence ratio
limit of 0.4 for the main-chamber mixture. Carpio et al. [20]
numerically studied the critical radius of an axisymmetric jet comprising combustion products for ignition of H2/air using detailed
chemistry. For a given equivalence ratio, the critical radius was
found to increase with increasing injection velocities. On the other
hand, for a given injection velocity, the smallest critical radius is
found at stoichiometric conditions. Karimi et al. [21] numerically
studied ignition of ethylene/air and CH4/air in a long constantvolume combustor using a traversing hot jet. They found that a
higher traverse rate of the hot jet increases delay time and lowered
the entrainment rate and in turn jet-vortex interaction. Shah et al.
[22,23] studied the effect of pre-chamber volume and orifice diameter for heavy duty natural gas engines. They found that increasing
the pre-chamber to main chamber volume ratio does not significantly increase the effectiveness of the pre-chamber as an ignition
device. Orifice diameter was not found to have an effect on the lean
limit except for the largest pre-chamber volume cases. Wang et al.
[24] studied three different ignition methods including spark plug,
hot jet and pre-detonator on a pulse detonation engine. They found
the detonation initiation time and deflagration to detonation transition distance became shorter for hot jet ignition compared to
spark ignition. Biswas and Qiao [25] explored the ultra-lean
flammability limit of H2/air using supersonic hot jet ignition. They
found the ultra-lean limit of H2/air extends to / ¼ 0:22 using a
supersonic nozzle. However, thermo-acoustic combustion instability triggered at ultra-lean limit.
Many of the studies mentioned above, especially those conducted using an optically-accessible engine or a real engine, show
great potential of hot jet ignition for extra-lean combustion. Our
fundamental understanding, however, is far from complete. For
example, there are contradictions in literature on the ignition
locations. Sadanandan et al. [13] observed ignition occurring near
the tip of the jet, whereas Elhsnawi et al. [12] observed ignition
occurring on the lateral sides of the jet. Furthermore, depending
on pre-chamber geometry and operating conditions, mainchamber ignition can be caused by either a flame jet containing
active radicals or a hot jet containing combustion products without any radicals. For example, Toulson et al. [15–18] found a jet
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torch is responsible for ignition although it was not clear whether
the torch contained active radicals.
Motivated by this, an apparatus that uses a dual combustion
chamber design (a small pre-chamber resided within the big main
chamber) was developed to explore the fundamental mechanisms
of turbulent hot jet ignition. Two fuels, CH4 and H2 were studied.
Simultaneous high-speed Schlieren and OH⁄ chemiluminescence
imaging was applied to visualize the jet penetration and ignition
processes. It was found there exist two ignition mechanisms: flame
ignition (ignition by a reacting jet) and jet ignition (ignition by a
reacted jet). A parametric study was conducted to understand
the effects of a number of parameters on the ignition mechanism
and probability, including orifice diameter, initial temperature
and pressure, fuel/air equivalence ratios in both chambers, and
pre-chamber spark position. The mean and fluctuation velocities
of the transient hot jet were calculated according to the measured
pressure histories in the two chambers. A limiting global Damköhler Number was found for each fuel, under which the ignition probability was nearly zero. Lastly, the ignition outcome of all tests (no
ignition, flame ignition and jet ignition) were marked on the classical turbulent combustion regime diagram. These results provide
important guidelines for design and optimization of efficient and
reliable pre-chambers for natural gas engines.
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main chamber walls. The mixture in the pre-chamber was ignited
by an electric spark created by a 0–20 kV capacitor discharge ignition (CDI) system. An industrial grade double Iridium Bosch spark
plug was attached at the top of the pre-chamber. Spark location
was varied using spark plugs with longer electrodes from Auburn
igniters (Model I-3, I-31, I-31-2, I-32, OJ-21-5). The transient pressure histories of both chambers were recorded using high frequency Kulite (XTEL-190) pressure transducers combined with a
National Instrument’s compact data acquisition chassis (cDAQ9178) with NI-9237 signal conditioning and pressure acquisition
module via LabVIEW software. Two K-type thermocouples were
positioned at the top and bottom of the main chamber to ensure
uniform temperature lengthwise thus minimizing natural convection or buoyancy effect. A 25 mm thick polymer insulation jacket
was wrapped around the pre-chamber and main chamber to minimize heat loss. Fuel (industrial grade CH4 and H2) and air were
introduced separately to the main chamber using the partial pressure method. Unlike the main chamber where fuel and air mixed in
the chamber, fuel/air for pre-chamber was premixed in a small
stainless steel mixing chamber (2.54 cm diameter, 10 cm long)
prior going into the pre-chamber.

2.2. Diaphragm rupture assessment
2. Experimental method
2.1. Apparatus
The schematic of the experimental setup is shown in
Fig. 1a and b. A small volume, 100 cc cylindrical stainless steel
(SS316) pre-chamber was attached to the rectangular
(30.48 cm  15.24 cm  15.24 cm) carbon steel (C-1144) main
chamber. The main chamber to pre-chamber volume ratio was
kept at 100. A stainless steel orifice plate with a diameter ranging
from 1.5 to 4.5 mm (d = 1.5, 2.5, 3, 4.5 mm) with a fixed orifice
length to diameter ratio at L=d ¼ 5, separated both chambers. A
thin, 25-lm thick aluminum diaphragm isolated both chambers
with dissimilar equivalence ratios from mixing. The fuel/air mixture in both chambers was heated up to 600 K using built-in heating cartridges (Thermal Devices, FR-E4A30TD) inserted into the

While the fuel/air mixture in the pre-chamber was always kept
stoichiometric, the equivalence ratio in the main chamber varied
from / = 0.45–1.0. To separate two chambers with different equivalence ratios, a diaphragm was necessary. A lightweight,
25 ± 1.25 lm thick aluminum sheet (aluminum alloy1100) was
used as diaphragm material. A ‘+’ shaped scoring was made at
the diaphragm center to provide stress concentration and easy rupture. The ruptured diaphragm was replaced after each test. When
the pressure difference between the two chambers reached a
threshold, the diaphragm ruptured, resulting in a transient hot
jet. The characterization of the threshold pressure and diaphragm
rupture time were essential in order to accurately determine ignition delay in main chamber. Ignition delay is defined as the time
between the diaphragm rupture and the onset of ignition in
main chamber. A series of tests were conducted and the pressure
threshold was found to be 0.21 MPa which depends on the

Fig. 1. Schematic of (a) experimental setup for ignition of premixed CH4/air and H2/air mixtures using a hot turbulent jet generated by pre-chamber combustion,
(b) pre-chamber and main chamber assembly.
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Fig. 2. (a) Rupture time and rupture pressure shown on a typical H2/air pre-chamber pressure profile, (b) rupture time for various orifice sizes.

diaphragm thickness and material only. The rupture time, which is
largely influenced by how fast the pressure of the pre-chamber
rises, depends on the type of fuel used and the fuel/air equivalence
ratio in the pre-chamber (which was fixed) only, regardless of the
orifice size. Fig. 2a shows the rupture time and rupture pressure for
a typical pre-chamber pressure profile for H2/air mixture. Fig. 2b
shows rupture times for various orifice sizes for both CH4/air and
H2/air mixtures. The CH4/air mixture was observed to have a longer
rupture time, 4.15 ± 0.2 ms, than the H2/air mixture, 2.6 ± 0.1 ms.
2.3. High-speed Schlieren and OH⁄ chemiluminescence imaging
A customized trigger box synchronized with the CDI spark
ignition system sent a master trigger to two high-speed cameras
for simultaneous Schlieren and OH⁄ chemiluminescence imaging.
The main chamber was installed with four rectangular
(14 cm  8.9 cm  1.9 cm) quartz windows (type GE124) on its
sides for optical access. One pair of the windows was used for
the z-type Schlieren system. Another pair was selected for simultaneous OH⁄ chemiluminescence measurements.
The high-speed Schlieren technique was utilized to visualize the
evolution of the hot jet as well as the ignition process in the main
chamber. The system consisted of a 100 W (ARC HAS-150 HP)
mercury lamp light source with a condensing lens, two concave
parabolic mirrors (15.24 cm diameter, focal length 1.2 m), and a
high-speed digital camera (Vision Research Phantom v7). Schlieren
images were captured with a resolution of 800  720 pixels with a
frame rate up to 12,000 fps.
The high-speed OH⁄ chemiluminescence measurement provided a better view of the ignition and flame propagation processes. A high-speed camera (Vision Research Phantom v640),
along with video-scope gated image intensifier (VS4-1845HS) with
105 mm UV lens, were utilized to detect OH⁄ signals at a very narrow band 386 ± 10 nm detection limit. The intensifier was externally synced with the camera via high-speed relay and acquired
images at the same frame rate (up to 12,000 fps) with the Phantom
camera. A fixed intensifier setting (gain 65,000 and gate width
20 ls, aperture f8) was used all through.
3. Results and discussion
As described earlier, the high-speed Schlieren technique
enabled visualization of the jet penetration, ignition and the subse-

quent turbulent flame propagation processes in the main chamber.
High-speed OH⁄ chemiluminescence was used to identify the presence of OH radicals. It also facilitated in determining whether the
hot jet coming out from the pre-chamber contains hot combustion
products only or also contains active radicals such as OH. A number
of experiments were carried out for various initial pressures, orifice
diameters, and spark locations at varying equivalence ratio, / in
main chamber for CH4/air and H2/air, while keeping pre-chamber
equivalence ratio stoichiometric.
Tables 1 and 2 summarize the experimental conditions along
with ignition mechanism outcomes and the ignition delay times
for CH4/air and H2/air mixtures, respectively. Many test conditions
did not result in main chamber ignition. Only the test conditions
that resulted in successful main chamber ignition were included
in Tables 1 and 2. For successful ignition, two distinct mechanisms
were observed: (a) flame ignition (ignition by a reacting jet) - when
the pre-chamber flame survived the high stretch rate and heat loss
through the orifice and resulted in a jet containing many flame kernels which ignite the main chamber mixture; and (b) jet ignition
(ignition by a reacted jet) - when the pre-chamber flame quenched
while passing through the orifice and resulted in a jet containing
hot combustion products only which then ignited the main chamber mixture. These are discussed in detail in subsequent sections.

3.1. Flame ignition (ignition by a reacting jet) mechanism
In flame ignition, the hot jet contains remnants of the prechamber flame. This occurs if the pre-chamber flame is not
quenched by wall heat loss and high stretch rate through the orifice. Depending on the pre-chamber pressure, temperature, equivalence ratio and the orifice diameter, the flame that passes through
the orifice can be either laminar or turbulent. The Reynolds Number at the jet exit was used to determine if the flow was laminar,
transient or turbulent. We used the criteria that for the Reynolds
number above 4000 the flow is fully turbulent. Calculated Reynolds
numbers for all the test conditions were between 4200 and 12,000.
So for all of our test conditions the flame jet was turbulent. The hot
jet contains many small turbulent flames penetrating into the main
chamber causing almost instantaneous ignition of the main chamber mixture.
Figs. 3 and 4 show a time sequence of the simultaneous Schlieren and OH⁄ chemiluminescence images of the flame ignition
processes for CH4/air (test condition 20 in Table 1) and H2/air (test
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Table 1
Test conditions for CH4/air ignition.
T (K)

P (MPa)

Spark location

Pre-chamber, /

Main chamber, /

Ignition mechanism

Effect of spark location
1
4.5
2
4.5
3
4.5
4
4.5

500
500
500
500

0.1
0.1
0.1
0.1

Top
1/3 from top
Middle
Bottom

1.0
1.0
1.0
1.0

0.8
0.8
0.8
0.8

Jet
Jet
Jet
Jet

Effect of orifice diameter
5
2.5
6
2.5
7
3
8
3
9
4.5
10
4.5

500
500
500
500
500
500

0.1
0.4
0.1
0.4
0.1
0.4

Top
Top
Top
Top
Top
Top

1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0
1.0

Jet ignition
Jet ignition
Jet ignition
Jet ignition
Jet ignition
Flame ignition

18.32
16.21
15.43
12.21
6.72
2.27

Effect of initial pressure
11
4.5
12
4.5
13
4.5

500
500
500

0.1
0.3
0.4

Top
Top
Top

1.0
1.0
1.0

1.0
1.0
1.0

Jet ignition
Flame Ignition
Flame ignition

6.72
3.08
2.27

Effect of main chamber equivalence ratio
14
3
500
15
3
500
16
3
500
17
3
500
18
3
500
19
4.5
500
20
4.5
500
21
4.5
500
22
4.5
500
23
4.5
500

0.1
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4

Top
Top
Top
Top
Top
Top
Top
Top
Top
Top

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.0
0.9
0.8
0.7
0.5
1.0
0.9
0.7
0.6
0.5

Jet ignition
Jet ignition
Jet ignition
Jet ignition
Jet ignition
Flame ignition
Flame ignition
Flame ignition
Flame ignition
Flame ignition

15.43
14.48
16.22
17.86
19.15
2.27
2.80
4.12
5.36
7.76

Ignition delay, ms

Test no.

Orifice diameter (mm)

ignition
ignition
ignition
ignition

Ignition delay, ms
7.82
7.64
7.58
7.10

Table 2
Test conditions for H2/air ignition.
T (K)

P (MPa)

Spark location

Pre-chamber, /

Main chamber, /

Ignition mechanism

Effect of spark location
1
4.5
2
4.5
3
4.5
4
4.5

300
300
300
300

0.4
0.4
0.4
0.4

Top
1/3 from top
Middle
Bottom

1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0

Flame
Flame
Flame
Flame

ignition
ignition
ignition
ignition

1.28
1.22
1.16
1.06

Effect of orifice diameter
5
2.5
6
2.5
7
3
8
3
9
4.5
10
4.5

300
300
300
300
300
300

0.1
0.5
0.1
0.5
0.1
0.5

Top
Top
Top
Top
Top
Top

1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0
1.0

Jet ignition
Jet ignition
Jet ignition
Flame ignition
Flame ignition
Flame ignition

9.58
4.32
8.78
2.15
2.77
1.13

Effect of initial pressure
11
3
12
3
13
3

300
300
300

0.1
0.3
0.5

Top
Top
Top

1.0
1.0
1.0

0.9
0.9
0.9

Jet ignition
Flame ignition
Flame ignition

9.06
3.60
2.42

Effect of main chamber equivalence ratio
14
2.5
300
15
2.5
300
16
2.5
300
17
2.5
300
18
2.5
300
19
4.5
300
20
4.5
300
21
4.5
300
22
4.5
300
23
4.5
300

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Top
Top
Top
Top
Top
Top
Top
Top
Top
Top

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.0
0.9
0.7
0.6
0.5
1.0
0.9
0.7
0.5
0.45

Jet ignition
Jet ignition
Jet ignition
Jet ignition
Jet ignition
Flame ignition
Flame ignition
Flame ignition
Flame ignition
Flame ignition

9.58
9.01
8.31
10.51
12.85
2.77
3.24
4.01
5.22
5.78

Test no.

Orifice diameter (mm)

condition 1 in Table 2), respectively. As shown in Fig. 3, shortly
after (about 0.67 ms) the diaphragm had ruptured, noticeable
OH⁄ signal was detected in the jet just coming out of the orifice
from the pre-chamber. This indicates the flame in the prechamber did not extinguish after passing through the orifice.
Rather, it developed into a turbulent flame jet. The OH⁄ signal grew
in time; a jet containing ample OH⁄ radicals appeared at 1.67 ms.
The onset of the main chamber ignition occurred at 2.8 ms. Ignition

of the main-chamber mixture was initiated from the entire surface
of the jet and then propagated outwardly. Similar behavior was
observed for H2/air as shown in Fig. 4. Noticeable amount of OH⁄
signal was detected in the jet just coming out of the orifice, which
grew over time and eventually caused ignition of the main chamber mixture at 1.28 ms. For the same initial conditions and geometric configurations, H2/air mixtures exhibit approximately half the
ignition delay time compared to CH4/air mixtures.
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t=0.67

t=1.17

t=1.67

t =2.80

t =3.42

t=4.67

Fig. 3. Time sequence of simultaneous Schlieren (top) and OH⁄ chemiluminescence (bottom) images showing flame ignition process for CH4, test condition 20 in Table 1
(Vprechamber ¼ 100cc, orifice diameter = 4.5 mm, P initial ¼ 0:4 MPa, T initial ¼ 500 K, /prechamber ¼ 1:0, /main chamber ¼ 0:9). The ignition delay, signition is 2.80 ms.

t=0.95

t=1.08

t=1.28

t =1.34

t =1.45

t=1.70

Fig. 4. Time sequence of simultaneous Schlieren (top) and OH⁄ chemiluminescence (bottom) images showing flame ignition process for H2, test condition 1 in Table 2
(Vprechamber ¼ 100cc; orifice diameter = 4.5 mm, P initial ¼ 0:4 MPa, T initial ¼ 300 K, /prechamber ¼ 1:0, /main chamber ¼ 1:0). The ignition delay, signition is 1.28 ms.

The pressure profiles in the pre-chamber and main chamber are
shown in Fig. 5a and b for the CH4/air and H2/air cases discussed
above. The trends are similar for both fuels, although H2/air has
shorter ignition delay. The pre-chamber pressure first raised and
then reached a maximum indicating combustion in the prechamber was completed. Shortly after that, the pressure in the main
chamber started to rise as a result of ignition in the main-chamber.
The main-chamber pressure reached a maximum at 12.6 ms for

CH4/air and 8.9 ms for H2/air, indicating that the reactants in the
main chamber were completely consumed by these times. Shortly
after, the main-chamber pressure started to decrease because of
cooling through chamber walls. During the combustion process of
the main-chamber mixture, some burned gases were pushed into
the pre-chamber as the pressure in the main chamber had become
higher than that of the pre-chamber. As a result, the pre-chamber
pressure profile showed a second peak.
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Fig. 5. Typical pressure profiles for flame ignition. Pressure profiles in pre-chamber and main chamber for (a) CH4/air flame ignition, test condition 20 in Table 1, (b) H2/air
flame ignition, test condition 1 in Table 2.

3.2. Jet ignition (ignition by a reacted jet) mechanism
For jet ignition mechanism, the hot jet coming from the prechamber contained hot combustion products only. This means
the pre-chamber flame had extinguished while passing through
the orifice due to heat loss and/or high stretch rate. Because the
jet contained very little or no radicals, OH⁄ signal could not be
detected at the orifice exit. Ignition by a jet of combustion products had several definite characteristics in comparison to the
flame ignition mechanism and will be discussed in following
section.
Figs. 6 and 7 show time sequence of simultaneous Schlieren and
OH⁄ chemiluminescence images of the jet penetration and ignition
processes for CH4/air (test condition 1 in Table 1) and H2/air (test
condition 16 in Table 2), respectively.
As soon as the aluminum diaphragm ruptured, the jet started
flowing into the main chamber. However, unlike flame ignition
mechanism, no appreciable OH⁄ chemiluminescence signal was
detected in the jet coming out of the orifice during this period. This

t =1.48

t=6.43

t =7.82

t = 8.43

indicates the pre-chamber flame had been quenched when passing
through the orifice. After some time, OH⁄ signal was first detected
at a location a few centimeters downstream of the orifice and the
main-chamber pressure started to rise. The jet lasted about
7.82 ms for CH4/air and 8.31 ms for H2/air before it ignited the
main chamber mixture. These ignition delay times are longer in
comparison to the typical ignition delays observed in flame ignition (H2/air  1–6 ms, CH4/air  1–8 ms). Additionally, we found
that ignition started from the side surface of the jet. Ignition at
the jet tip was not observed for any of our test conditions where
the jet ignition mechanism holds. This is consistent with the observations of Elhsnawi et al. [12] but conflicts with Sadanandan et al.
[13] who observed ignition starting at the jet tip. Furthermore,
both the Schlieren and OH⁄ chemiluminescence images showed
that ignition started in a region that was 2–3 cm downstream of
the orifice exit for CH4/air and 4–5 cm downstream of orifice exit
for H2/air. The reason why ignition took place in these regions/
locations is explained by examining the jet velocities and the
Damköhler Numbers in the following sections.

t=9.80

t=11.18

t = 13.8

Fig. 6. Time sequence of simultaneous Schlieren (top) and OH⁄ chemiluminescence (bottom) images showing jet ignition process for CH4, test condition 1 in Table 1
(Vprechamber ¼ 100cc;orifice diameter = 4.5 mm, P initial ¼ 0:1 MPa, T initial ¼ 500 K, /prechamber ¼ 1:0, /mainchamber ¼ 0:8). The ignition delay, signition is 7.82 ms.

932

S. Biswas et al. / Applied Thermal Engineering 106 (2016) 925–937

t =2.50

t =8.31

t=9.63

t= 10.76

t = 10.88

t=11.13

t = 11.75

Fig. 7. Time sequence of simultaneous Schlieren (top) and OH⁄ chemiluminescence (bottom) images showing jet ignition process for H2, test condition 16 in Table 2
(Vprechamber ¼ 100cc;orifice diameter = 2.5 mm, P initial ¼ 0:1 MPa, T initial ¼ 300 K, /prechamber ¼ 1:0, /mainchamber ¼ 0:7). The ignition delay, signition is 8.31 ms.

Fig. 8. Typical pressure profiles for jet ignition. Pressure profiles in pre-chamber and main chamber for (a) CH4 jet ignition, test condition 1 in Table 1, (b) H2 jet ignition, test
condition 16 in Table 2.

Fig. 8a and b shows the typical pressure histories in the prechamber and the main chamber for the CH4/air and H2/air cases
discussed above. The ignition delay for CH4/air was similar to that
of H2/air. After the onset of spark ignition in the pre-chamber, its
pressure started to rise. This increased pressure in the prechamber and created a transient pressure difference responsible
for driving the hot combustion products through the orifice in
the form of a turbulent hot jet. At the end of main chamber
combustion, which is marked by the peak of the main-chamber
pressure profile, part of the main chamber combustion
products entered into the pre-chamber. Therefore, the prechamber pressure increased again following the main chamber
pressure profile.
3.3. Parametric effects on ignition mechanisms and ignition probability
The two ignition mechanisms discussed in preceding sections
have certain identifiable characteristics. The ignition delay time

for flame ignition is rather short as compared to jet ignition. This
is because the flame jet contains key radicals and intermediate species that promote chain-branching reactions. Whereas, jet ignition
takes longer time because the quenched flames need time to mix
with the cold unburned ambient gases in the main chamber. Furthermore, flame ignition was normally initiated from the entire
surface of the jet, whereas jet ignition was always observed starting from the lateral sides of jet at a location a few centimeters
downstream of the orifice. Lastly, for jet ignition, OH⁄ signal was
absent in the jet coming out of the pre-chamber through the orifice, while it can be detected in the jet for flame ignition. For
instance, both Figs. 6 and 7 suggest that the pre-chamber flame
had quenched in the orifice and the hot jet consisted of combustion
products only. The occurrence of flame or jet ignition mechanism
depends on a number of parameters such as orifice diameter, initial
pressure, fuel type, and equivalence ratios. In the following, we will
discuss the effects of these parameters on ignition mechanisms
and ignition probability.
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The results presented in Tables 1 and 2 show that keeping all
other variables unchanged, a decreasing orifice diameter switches
the ignition mechanism from flame ignition to jet ignition. A smaller orifice imposes a higher stretch rate to the pre-chamber flame,
hence flame extinction becomes more likely in a smaller orifice
leading to jet ignition. This observation is consistent with the
results of Iida et al. [26] who studied the transient behavior of
CH4/air flame flowing into a narrow channel at atmospheric pressure. They found that the flame can either pass, standstill, or extinguish depending on the mixture equivalence ratio, the channel
width, and the flame inflow velocity. They also found a critical
channel width of 2–3.5 mm, below which the flame could not survive and would extinguish due to high stretch rate which consequently resulted in high mixing rate between the flame front and
the cold unburned ambient gases.
The results in the tables also suggest that as pressure increases
flame ignition mechanism becomes more prevalent. This attribute
can well be explained by flame quenching behavior as a function of
pressure. As defined in [27], the quenching distance, dq is the minimum separation distance between two cold, flat plates, beyond
which a flame cannot pass. Quenching distance is expected to be
on the same order as flame thickness. This is because the quenching distance is the characteristic length through which heat is conducted from the hot flame to the cold wall. It is reasonable to
assume that quenching distance is proportional to laminar flame
thickness, dq  lf [27]. With the increase in pressure, CH4/air and
H2/air flame thicknesses decrease. As a result, a higher pressure
resulted in a shorter quenching distance. This means that at high
pressures, prechamber flame can pass through a smaller diameter
orifice without quenching. Thus ignition mechanism shifted to
flame ignition at higher pressures.
For all test conditions, the pre-chamber mixture was kept at
stoichiometry, / ¼ 1, whereas the main chamber mixture was varied from stoichiometric to lean conditions. Decreasing the mainchamber equivalence ratio will reduce ignition probability,
although it does not affect the ignition mechanism. Lastly, to
understand the effect of spark location in the pre-chamber on
the ignition mechanism and probability, three locations were
tested (one very close to the top of the pre-chamber, one in the
middle, and the third one very close to the bottom of the
pre-chamber and near the orifice). The results showed that spark
location had little effect on ignition mechanism and probability.
However, depending on the spark plug position the ignition delay
time varied slightly. The spark plug location closest to the orifice
resulted in marginally shorter (10–15% lower) ignition delay times
as compared to the farthest spark location.
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P
where qmix ðtÞ ¼ i X i qi is the density of the pre-chamber gas mixqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ture, C ¼ C d = 1  b4 , Y is the expansion factor to account for the
compressibility effect and it is a function of c; b and ppre =pmain . The
value of C d was 0.97, and b, the ratio of orifice to prechamber diameter, varied from 0:02 to 0:15. Y was then calculated using tabulated
data presented in [28]. The values of Y ranged from 0:65 to 0:82
depending on ppre =pmain and b. Mixture density and specific heat
ratio were calculated using ChemkinPro [30] Equilibrium module.
Heat loss through the orifice wall was neglected. Even though the
orifice diameters were small, the transient jet lasted for 1–20 ms
only. This short period of time coupled with the high velocity of
the jet while passing through the orifice, did not result in significant
heat conduction to the orifice wall. The jet exit temperatures were
measured using hot wire pyrometry technique and showed 2.5%
variation of the hot jet temperature from calculated temperatures
without considering heat loss. Additionally, the Kulite pressure
transducer had an uncertainty ±0.1% of its full scale value. This
resulted in an uncertainty of 2.51% in density and 2.92% in velocity
calculations due to uncertainty in pressure and temperature.
Fig. 9 shows time evolution of the mean centerline jet velocity
at the orifice exit, U 0 , for three different CH4/air test conditions
(test number 1, 7 and 8 in Table 1 respectively). All of them
involved the jet ignition mechanism. The purpose was to show
the effect of orifice diameter, d and the initial pressure, p on the
jet velocities, and subsequently on the ignition mechanism. As
expected, for a given pressure, a smaller orifice resulted in higher
jet velocities than a larger orifice. For a fixed orifice size, as pressure goes up, the density increased significantly. However, at
higher pressure the pressure difference, DP increased as well. Thus
for a fixed-diameter orifice, the centerline mean jet velocity varies
only slightly in the pressure range of 0.1–0.4 MPa, as shown in
Fig. 9. For all cases, the hot jet started to flow into the main chamber after the diaphragm ruptured 4.15 ms after spark ignition in
the pre-chamber. As the pre-chamber pressure went up, the jet
accelerated, reached a maximum, and then started decelerating.
We marked the instant at which ignition of the main chamber
mixture took place in Fig. 9. The results show that main-chamber
ignition did not take place during the jet acceleration process.
Rather, it always occurred when the jet was decelerating. The corresponding centerline velocity U 0 at the orifice exit for these three
cases ranges from 109 m/s to 187 m/s. These velocities were less
than half of their respective maximums.

3.4. Jet characteristics and the global Damköhler number
To understand the jet ignition mechanism and the complex
interactions between chemistry and turbulent mixing, knowledge
of the hot transient jet produced by pre-chamber combustion is
required. For a given orifice diameter, d, the mean jet velocity at
the orifice exit, U 0 , was calculated based on the experimentally
measured pressure drop between the pre-chamber and the main
chamber, DPðtÞ ¼ Ppre ðtÞ  P main ðtÞ, and the gas properties. Due to
the low viscosity of pre-chamber combustion products (order of
O[105]), the boundary layer thickness is negligible compared
to orifice diameter, d. Thus the velocity profile at the orifice exit
can be assumed to be flat-topped (plug flow). Then the mean jet
velocity of the compressible gas flow at the orifice exit, U 0 ðtÞ can
be expressed as [28],

U 0 ðtÞ ¼ CY

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2DPðtÞ
qmix ðtÞ

ð1Þ

Fig. 9. The mean centerline jet velocity, U 0 and the Mach number at the orifice exit
as a function of time for various CH4/air test conditions.
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To evaluate the compressibility effect, the Mach numbers of the
CH4/air jets were plotted in the same Fig. 9. Fig. 9 shows the Mach
number as a function of time corresponding to the transient velocity profiles discussed above. Only for a short period of time during
its lifetime, the hot jet became chocked. Although for the majority
of its lifetime, it remained subsonic. We observed that the main
chamber ignition started at a Mach number that was much lower
than the maximum Mach number of the jet during its lifetime.
Although the maximum Mach number for CH4/air was ranging
from 1.4 to 0.41, for majority of the test conditions the flow
remained subsonic. The jet exit Mach number, at the moment
when ignition in the main chamber just started, remained less than
0.3 for all test conditions.
As the hot jet penetrates into the main chamber, the jet surface
contains many small eddies. These eddies help mixing the hot jet
with the cold, unburned fuel/air mixture in the main chamber.
As turbulent eddies dissipate energy, the temperature of the hot
jet drops during the penetrating process. If jet temperature drops
too rapidly, it may not be able to ignite the main chamber mixture.
The competition between the turbulent mixing timescale and the
chemical timescale, characterized by the Damköhler number, has
a deterministic effect of the ignition outcome (successful or failed).
The maximum initial pressure and temperature in the present
experiments were limited to 0.5 MPa and 500 K. However, the
prior-ignition pressure and temperature in natural gas engines
can be as high as 10–25 MPa and 800–900 K. Thus it was important
to remove the parametric dependency of current data so the
knowledge developed here can be applied to engine relevant conditions. To make the results more useful, we generated a diagram
to illustrate the range of the Damköhler numbers that likely results
in successful ignition (high ignition probability) based on the many
tests we had performed. This diagram could be used as a tool to
evaluate ignition probability at various operating and design conditions such as different pressures, temperatures, equivalence
ratios and pre-chamber designs.
The Damköhler number, Da was defined as the ratio of the characteristic flow timescale, sF to the characteristic chemical reaction
timescale, sC .

Da ¼

sF
sC

ð2Þ

Here the characteristic flow timescale is the turbulent mixing
timescale, which largely depends on the turbulent mean and fluctuation velocities (or the turbulent Reynolds number). The characteristic chemical timescale is the ignition timescale, which mainly
depends on the chemistry of the reactions and the temperature at
which the reactions take place. The Damköhler number can further
be written in terms of the fuel/air thermo-physical properties and
flow field information as [29],

Da ¼

sL l
u0 lf

ð3Þ

sL and lf were calculated using the PREMIX module of ChemkinPro
[30]. lf was estimated as full width half maximum (FWHM) of the
volumetric heat release rate from the PREMIX calculations. The
local velocity fluctuations at the orifice exit were determined using
I and U 0 , u0 ¼ U 0 I. Turbulent intensity for internal flows can be esti1=8

mated using an empirical correlation [28], I ¼ u0 =U 0 ¼ 0:16Red .
The integral length scale was estimated along the orifice lip line
using the correlation for compressible round jets [31,32],
l=d ¼ 0:052x=d þ 0:0145; where x is distance downstream of orifice
exit. Tables 3 and 4 provide values for turbulent intensity, laminar
flame speed and the flame thickness to calculate the global
Damköhler number for CH4/air and H2/air at 1 atm, 300 K and using
an orifice diameter of 2.5 mm.

Table 3
Global Damköhler number calculation for CH4/air at 1 atm and 300 K, d = 2.5 mm.
/

sL (cm/s)

lF (lm)

u0 (m/s)

Da

0.6
0.7
0.8
0.9
1.0

10.52
19.34
27.91
32.65
37.41

27
21
17
14
12

1.24
1.62
1.78
1.93
2.42

39
70
111
145
155

Table 4
Global Damköhler number calculation for H2/air at 1 atm and 300 K, d = 2.5 mm.
/

sL (cm/s)

lF (lm)

u0 (m/s)

Da

0.5
0.6
0.7
0.8
0.9
1.0

54.45
90.32
121.1
148.94
175.32
201.53

16
12.5
10
8
6
4.5

5.12
7.63
11.21
16.25
20.18
22.72

43
56
58
59
72
93

Ignition is a highly localized phenomenon. Ideally, the Damköhler number near the ignition location i.e. ‘local’ Damköhler number
should be calculated considering ‘local’ flow conditions. However,
such information is very difficult to obtain experimentally because
of the unsteady, highly transient nature of the hot jet. So we
defined a ‘‘global” Damköhler number using the orifice exit as
the location and at the time just prior to the main chamber ignition. For each test condition that results in a successful ignition
(either by flame ignition or by jet ignition), we calculated the global Damköhler number based on the jet mean and fluctuation
velocity at the orifice exit at the time of main-chamber ignition,
as well as the laminar flame speed and the flame thickness, both
of which were obtained from PREMIX calculations. This ‘‘global”
Damköhler number would give us insights on the competition
between turbulent mixing and ignition chemistry as well as understanding the effect of a number of parameters such as orifice diameter on ignition probability.
We plotted the ignition delay time as a function of the global
Damköhler number for all test conditions summarized in Tables
1 and 2, as shown in Fig. 10a for CH4/air and in Fig. 10b for H2/
air. The range of Damköhler numbers under which successful ignition takes place is Da = 140–500 for CH4/air and Da = 40–380 for
H2/air. The lower limit (Dacrit = 140 for CH4/air and Dacrit ¼ 40 for
H2/air) separating no ignition and ignition regimes was referred
as the critical Damköhler number, Dacrit . Below Dacrit , turbulent
mixing timescale was too small as compared to the chemical timescale, indicating rapid mixing and heat loss and thus extinction of
the ignition kernels. Moreover, the flame ignition cases had lower
ignition delay time and higher Damköhler numbers than jet ignition cases. Flame and jet ignition mechanisms were divided by a
Damköhler number of 300–350 for CH4/air and 120–130 for H2/
air. These are referred to as transition Damköhler numbers, Datran .
Critical conditions necessary for ignition were considerably
influenced by the Lewis number of the reactant mixture. Lewis
number, Le, is defined as thermal diffusivity of the mixture to the
mass diffusivity of the deficient reactant. Le was smaller than unity
(0:2 < Le < 0:6Þ for fuel-lean H2/air mixtures and near unity for
CH4/air mixtures. Our results showed that the effect of higher reactant diffusivity of H2 lowered the critical Damköhler number
(Dcrtical ¼ 40 for H2 as compared to Dcrtical ¼ 140 for CH4). This observation was consistent with the Iglesias et al.’s numerical study on
the effect of Lewis number on initiation of deflagration by a hot
jet [33]. As reflected by smaller values of the fuel Lewis number
for H2, the cold unburned H2/air rapidly diffused into the hot
jet before the jet loses much of its heat to the cold surroundings.
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Fig. 10. Ignition delay,
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signition as a function of the global Damköhler number, Da for all test conditions involving (a) CH4/air and (b) H2/air.

This preheated H2/air facilitates favorable combustion conditions
and combustion becomes possible at lower Damköhler number
than for CH4/air, as has been explained in [33].
3.5. Turbulent premixed combustion regimes for hot jet ignition
Diagrams defining regimes of premixed turbulent combustion
in terms of velocity and length scale ratios have been proposed
by Borghi [34] and later modified by Peters [35], Abdel-Gayed
et al. [36], Poinsot et al. [37], Williams [38,39] and others. As
shown in Fig. 11a and b, several regimes exist including laminar
flames, turbulent flamelets, thin reaction zones and broken reaction zones based on the logarithm of velocity ratio, u0 =sL , and
length scale ratio, l=lf . They indicate different interactions between
turbulence and chemistry. It would be interesting to see how the
no-ignition, jet ignition and flame ignition cases fitted in the premixed turbulent combustion regime diagram. Motivated by this,
the ignition outcome for each test condition in Tables 1 and 2 along

with no-ignition cases were plotted in the turbulent premixed
combustion diagram, as shown in Fig. 11a for CH4/air and in
Fig. 11b for H2/air.
Most non-ignition cases fall into the broken reaction zones for
both CH4/air and H2/air. Mansour and Chen thoroughly investigated the stretched premixed flames on a Bunsen burner that were
surrounded by a large pilot flame in a series of studies [40–42].
Their results show that in the broken reaction zone regime, a
premixed flame is unable to survive. The present experimental
observations are consistent with this conclusion; as local extinction events would appear more frequently when flames enter into
the broken reaction zones regime. The non-ignition cases corresponded to pre-chambers with smaller orifice diameters, at lower
initial temperatures, higher initial pressures, and at fuel-lean
conditions. The fundamental reason for non-ignition is that the
turbulent jet is very strong with relatively high mean velocity
and fluctuations. This results in rapid mixing between the hot
jet and the cold unburned main chamber mixture. The initial

Fig. 11. The ignition outcome of all test conditions involving (a) CH4/air and (b) H2/air are presented in the premixed turbulent combustion regime diagram. The diagram is
based on Peters [29].

936

S. Biswas et al. / Applied Thermal Engineering 106 (2016) 925–937

temperature of the unburned mixture, however, was limited to a
maximum of 500 K in the present experiments. These result in relatively large chemical time scales and thicker preheat zones and
reaction zones in flame. As a result, the smallest turbulent eddies
are smaller than the inner reaction zone thickness. Turbulent
eddies can penetrate into the inner reaction zone perturbing it
and causing local chemistry to break down because of increased
heat loss to the preheat zone [29].
Most ignition cases fall within the thin reaction zones regime
for both CH4/air and H2/air, with a few at the boundary between
the thin reaction zones regimes and the broken reaction zones
regime. None of them fall within the corrugate flamelets regime.
In general, flame ignition cases correspond to a larger l=lf ratio.
As we increase orifice diameter and pressure, the ignition mechanism tends to switch from jet ignition to flame ignition. The flame
jet coming out the pre-chamber orifice contains key radicals such
as H, O and OH, which initiate chain-branching reactions and
enhance ignition probability. Compared to CH4/air, H2/air flames
have higher burning velocities and thinner preheat and reaction
zones. In other words, the chemical time scale for H2/air flames
was shorter than CH4/air flames. As a result, under the same level
of turbulence, H2/air has a better chance for ignition than CH4/air,
even at lower initial temperatures.

value. Thus the relative error for density, q ¼ P=RT can be written
as,

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2  2
DP
DT
¼
þ
q
P
T

Dq

ðA1Þ

This results in an uncertainty of 2.51% in density calculations
due to uncertainty in pressure and temperature.
At any instance of time, jet exit velocity can be written as,

U 0 ¼ CY

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðP 1  P2 Þ=qmix

ðA2Þ

where prechamber pressure is P 1 and main chamber pressure is P2 .
Using functional form of C and Y [45], the exit velocity can be written as,

"
(
 1c )#sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Cd
P2
P1  P2
U 0 ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 1  f ðbÞ 1 
P1
qmix
4
1b

ðA3Þ


 1c 
Cd
, Y ¼ 1  f ðbÞ 1  PP21
where C ¼ pﬃﬃﬃﬃﬃﬃﬃﬃ
and b ¼ d=D.
4
1b

All variables except pressures (P 1 , P2 ) and density, q can be
treated as a constant and the exit velocity can be rearranged as,

"

 C 3 #
P2
1 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃ P1  P2
P1
q

ðA4Þ

4. Conclusions

U0 ¼ C 1 1  C 2 þ C 2

We investigated the ignition characteristics of CH4/air and H2/
air mixtures using a turbulent hot jet generated by pre-chamber
combustion using simultaneous high-speed Schlieren and OH⁄
chemiluminescence. The vital finding was the existence of two different ignition mechanisms namely, jet ignition and flame ignition.
The former produced a jet of hot combustion products (which
means the pre-chamber flame is quenched when passing through
the orifice); the latter produced a jet of wrinkled turbulent flames
(the composition of the jet is incomplete combustion products containing flames). As the orifice diameter increased, the ignition
mechanism tends to switch to flame ignition, from jet ignition.
With the increase in pressure, flame ignition became more prevalent. The ignition took place at the side surface of the hot jet during
the jet deceleration process for both mixtures. A critical global
Damköhler number, Dacrit ; defined as the limiting parameter that
separated ignition from no-ignition, was found to be 140 for
CH4/air and 40 for H2/air. All possible ignition outcomes were
plotted on the turbulent combustion regime diagram. Nearly all
no-ignition cases fell into the broken reaction zone, and jet and
flame ignition cases mostly fell within the thin reaction zones.

where C 1 ; C 2 ; C 3 are constants. The error in velocity then can be
expressed as,

Appendix A. Uncertainty analysis
An uncertainty analysis was carried out to estimate the uncertainty of pressure and temperature on the contribution of the
uncertainty of density and the jet velocity. GRI3.0 [43] (53 species,
325 reactions) was used for CH4/air and a comprehensive model by
Westbrook [44] (10 species, 19 reactions) was used for H2/air in the
simulations. However, only stable species in the products with
significant mole fractions (> 105 ) were considered to calculate
the mixture density. The species mole fractions and densities were
evaluated at the adiabatic flame temperatures of respective
mixtures. An analysis was performed to estimate the contribution
of temperature uncertainty and pressure uncertainty in calculating
density and velocity.
Hot wire pyrometry technique was performed to measure jet
exit temperature. We found that the measured jet exit temperature
was within 2.5% of adiabatic flame temperature. Additionally, the
Kulite pressure transducer had an uncertainty ±0.1% of its full scale

ðDU 0 Þ2 ¼


2 
2 
2
@U 0
@U 0
@U 0
DP 1 þ
DP 2 þ
Dq
@P1
@P2
@q

ðA5Þ

2
3
 C 3
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP2 C 3 1
C 1 C 2 PP21
 C2 þ 1
C
C
C
P

P
P
1 2 3 2
1
2 P
6
7
1
7ðDP 1 Þ2

ðDU 0 Þ2 ¼ 6
pﬃﬃﬃﬃpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃ
4
5
2 q P1  P2
P 21 q
2

 C
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ P2 C 3 1 C 1 C 2 P2 3  C 2 þ 1
P1
6C 1 C 2 C 3 P 1  P 2 ðP1 Þ
þ6

pﬃﬃﬃﬃ
pﬃﬃﬃﬃpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4
P1 q
2 q P1  P2
"

"

þ C1 C2

3
7
7ðDP 2 Þ2
5

#
#
 C 3
P2
1 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
 C2 þ 1

P
P
1
2 ðDqÞ
3
P1
2q2
ðA6Þ

DP ¼ 0:1% and Dq ¼ 2:51%. Then the relative error of the calculated
velocities, U 0 =U 0 is within ±2.92%. In Section 3.4 we have added
estimated uncertainties in density and velocity calculations.
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