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Abstract

The ignition, puffing and sooting characteristics of Chinese RP-3 kerosene droplet
burning have been studied using high-speed, OH* chemiluminescence and soot
thermal radiation imaging. The experiments were conducted in air at stan-
dard temperature and sub-atmospheric pressures ranging from 0.2 bar to 1 bar.
The kerosene droplet was supported by a thermocouple tip and ignited by a
retractable coiled heating wire. The results showed that the ignition delay time
increased with a decrease of the ambient pressure, due to an increased distance
between kerosene and oxygen molecules. Steady burning and disruptive burning
were identified following the ignition. OH* chemiluminescence images showed a
spherical flame and a longer flame standoff distance under a lower pressure. The
puffing intensity was observed to be enhanced with a reduction of the ambient
pressure, and a decreased pressure was found to lower the sooting emission.
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1. Introduction

A ramjet is an air-breathing high-speed jet engine, which has the advan-
tages of simple structures and high performance [I]. For a ramjet, the stable-
performance height is below 20 km. As the flight altitude increases, the ambient
pressure at the inlet of the combustion chamber will decrease to 0.1 bar-0.3 bar,
due to a reduced air density. This situation will cause ignition difficulties and
reduce the stability of the flame, which significantly affects the combustion
efficiency and working performance of aircrafts [2]. Therefore, investigating
liquid-fuel combustion mechanisms under low-pressure conditions is essential to
improve the stability of the combustor under extreme conditions.

Kerosene is a commonly used fuel for ramjets, owing to its high energy den-
sity and stable thermodynamic characteristics [3]. To better understand the
combustion characteristics of liquid fuels inside the aero-engine chamber, inves-
tigations of fuel droplet combustion is necessary and important [4H6]. A first
key performance indicator of droplet burning is ignition. Law [7] investigated
effects of droplet heating on the ignition delay, and ignition was found to occur
when the Damkohler number of the system exceeded the ignition Damkdhler
number. Kadota et al. [§] studied the ignition delay of a single-component
droplet at high pressure and found that the ignition delay decreased with an
increase in the ambient pressure.

In previous studies of a multicomponent fuel droplet, puffing is a common
phenomenon observed, characterized as a disruptive burning process [9HI1]. It
is now well known that puffing is due to the nucleation and growth of bubbles
inside the droplet, leading to bursting of the fuel droplet under superheating
[12]. Tt can enhance the internal mixing of the droplet, deform the liquid-air in-
terface and the droplet shape, and cause secondary fragmentation of the droplet
[13]. The ejection of boiled vapor improves fuel-vapor/air mixing, which in turn
improves combustion. Effects of pressure on the occurrence of microexplosion,
which is an extremely intense puffing, has been experimentally studied by Wang

et al. [14]. Their results show that an elevated pressure advances the time of
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its occurrence. However, the influence of pressure on puffing intensity is not yet
well understood.

Another important phenomenon related to kerosene droplet combustion is
sooting. As soot formed in a droplet flame is controlled by the evaporation of
liquid fuel, it is different from that formed in the combustion of gaseous fuel [15].
Moreover, the majority of the studies focus on soot characteristics of a burning
fuel droplet under atmospheric and elevated ambient pressures. Kadota et al.
[16] also noted that increasing pressure enlarged the size of soot particles, but
did not change their structures at pressures ranging from 0.1 MPa to 3 MPa.
For a 1-Propanol droplet, Dakka and Shaw [17] also reported a more intense
sooting behaviour at 0.3 MPa and above, while soot was not observed at 0.1
MPa.

Although RP-3 kerosene is the most important aviation hydrocarbon fuel in
China [18], experimental studies on the combustion characteristics, especially
under sub-atmospheric pressure, are inadequate. In this study, high-speed, OH*
chemiluminescence and soot thermal radiation imaging were used to study the
ignition, puffing and sooting characteristics of Chinese RP-3 kerosene droplet
burning under 0.2—1 bar. The effects of the ambient pressure on droplet burning

are elaborated in several aspects.

2. Experimental setup

Fig. |1| shows a schematic of the experimental setup. The experiments were
performed in a 0.091 m? pressure-controlled stainless-steel chamber, which has
four quartz windows for optical measurement. Compared to the droplet size,
the chamber volume is large enough so that the ambient-gas influence on droplet
combustion can be neglected. To support the droplet and simultaneously mea-
sure droplet temperature, a 0.1 mm type-S platinum/platinum-rhodium ther-
mocouple was used. A micro-pipette was used to produce a 1.45 4+ 0.1 mm fuel
droplet and place it on the tip of the thermocouple. The size of the thermocouple

is smaller than 10% of the droplet size, so the thermocouple did not significantly
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influence the burning characteristics during droplet combustion [19]. A coiled
hot wire was used for ignition and withdrawn by an air cylinder immediately
after an ignition succeeded. The ignition time was precisely controlled by a
time-delay relay whose resolution is 0.01 s, and the current flowing through the

hot wire was maintained at about 3.10 A during the ignition.
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Figure 1: Schematic of experimental setup

The burning history of a fuel droplet was recorded by two cameras. The first
one was a black/white high-speed camera (IDT Y4-S1) at 2000 frames/s with
an exposure time of 200 ps fitted with a Sigma 105 mm macro lens. To measure
the location of the flame front during the combustion, an intensified charged-
coupled device (ICCD, PI-MAX4) camera was used to record OH* chemilumi-
nescence signals, which was equipped with a Nikon PF10545MF-UV lens and
a narrowband interference filter centred at 310 nm. The ICCD equipped with

a 652 nm narrowband filter was used to record the concentration and distri-
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bution information of the burning soot particles [20]. An Agilent 3970A data
logger was used to collect the temperature inside the droplet at 10 Hz during
the combustion process.

The droplet diameter was evaluated using Matlab. As the droplet was not
spherical due to gravity and puffing, the droplet diameter was calculated by
nD?/4 = A, where A, is the projected droplet area on the observing direction.
The maximum uncertainty in droplet diameter measurements is estimated to
be 10% [21].

The fuel used for all the experiments was Chinese RP-3 kerosene. The major

components are shown in Tables 1] [22].

Table 1: Major components of Chinese RP-3 kerosene (mass fraction)

Saturated hydrocarbons Aromatic hydrocarbons
Naphthenes Alkyl Indan & Naphthalene
Alkanes Naphthalene
Monocyclic  Bicyclic Tricyclic Benzenes Tetralin derivatives
52.2 33.8 6.0 0.1 5.1 1.3 0.6 0.9
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3. Results and discussion

8.1. Pressure influence on ignition delay

Once the igniter was moved to the target location which is 1 mm beneath the
droplet, the droplet temperature began to rise, and volatile components of RP-3
on the droplet surface evaporated to form a vapor cloud surrounding the droplet.
Ignition was identified by finding a spherical luminous region surrounding the
droplet, which exceeded 50% maximum image intensity. The droplet size slightly
increased because of the rise of the droplet temperature.

The ignition delay time is defined as the duration between the time when the
igniter reaches the target location and when an ignition succeeds. The pressure
influence on the ignition delay time is shown in Fig. 2l The ignition delay time
increases as the pressure decreases from 1.0 bar to 0.2 bar. One reason is that

the RP-3 and Oy molecule numbers per unit volume decrease with a reduction
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Figure 2: Ignition delay time of RP-3 droplet at different pressures

of the ambient pressure. This will result in an increased distance between the

RP-3 and O3 molecules, thereby reducing the probability of collisions between

them.
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Figure 3: OHY* chemiluminescence during ignition at 0.2 bar

Fig. 3| shows the OH* chemiluminescence during the ignition at 0.2 bar. It
can be seen that the ignition process of the droplet can be divided into two
stages. The first stage is the slow oxidation process of RP-3 before the ignition,

while in the second stage, an initially premixed flame propagates from the ig-
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nition kernel location and later surrounds the droplet. In the first stage, the
RP-3 droplet was heated by the igniter, and the most volatile component began
to evaporate and diffuse towards the location of the igniter. The fuel molecules
then pyrolyzed and oxidized because of the relatively high local temperature.
Among the reactions, the most significant elementary reaction to trigger the

ignition is
H+ 0O, =0H+0, (1)

which can generate a large amount of active OH* radicals to facilitate the igni-

tion of the RP-3 droplet [23].
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Figure 4: Time evolution of OH* chemiluminescence intensity at different pressures

Fig. W] shows the OH* chemiluminescence intensity during the ignition at
different pressures. As the pressure decreases, Reaction needs much more
time to trigger the chain reaction of RP-3, because of a larger distance between
molecules. After the ignition, the OH* chemiluminescence intensity is stronger
under a lower pressure than that under a higher pressure, because of a larger
amount of evaporated RP-3 molecules surrounding the droplet caused by a
longer heating time. Another possible explanation for this is that the quenching

rate of OH* chemiluminescence decreased, due to the reduced collisional rate



119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

between molecules under lower pressure [24].

3.2. Pressure influence on burning behaviour

Following the ignition, the burning behaviour of the RP-3 droplet under
different pressures were investigated next. As shown in Figs. for all the
experiments, the burning of the RP-3 droplet can be divided into two stages:
(1) steady combustion; (2) disruptive combustion. Fig. [§ and Fig. [9] com-
pare the size and temperature histories of the droplet at different pressures.
During the steady-combustion stage, the droplet temperature rapidly rose until
reaching the boiling temperature of the most volatile component of RP-3. An
envelope-shape flame formed surrounding the suspended droplet and the flame
size increased gradually. According to the OH* chemiluminescence figures, the
droplet burned smoothly without disruptions on the flame front. The luminous
yellow region surrounding the droplet indicated the broadband radiant emission
from soot [25]. The droplet diameter continued to decrease with time, which
approximately agrees with the classical D? law [26].

Following the steady combustion, the RP-3 droplet displayed puffing be-
haviour, resulting in disruptive burning. Fig. shows the process of nucle-
ation, multiple bubble formation, growth, merging, and inner circulation, which
eventually causes bubble breakup and sub-droplets ejection at 1 bar. Following
the steady burning stage, homogeneous nucleation occurred inside the droplet,
leading to several small bubbles. Then, bubbles began to grow once their sizes
surpassed the critical size, due to the high vapor pressure inside the bubbles
and thermal diffusion effects. With inner circulation, all the bubbles eventu-
ally merged into one big bubble. Meanwhile, the droplet expanded slightly
because of the inner boiling. When the big bubble reached the droplet surface,
an ejection of fuel vapor and sub-droplets occurs. The distorted and bright
flame region indicates that the local equivalence ratio was enhanced owing to
the puffing. Puffing repeated multiple times until the extinction of the droplet.

Since RP-3 kerosene is a multicomponent fuel, more volatile components

will evaporate first at the droplet surface, and the surface temperature will
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Figure 5: Burning sequences at 1 bar: (a) Images captured by high speed camera; (b) Images

of OH* chemiluminescence emission captured by ICCD equipped with 310 nm filter
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Figure 6: Burning sequences at 0.6 bar: (a) Images captured by high speed camera; (b)
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Images of OH* chemiluminescence emission captured by ICCD equipped with 310 nm filter
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Figure 7: Burning sequences at 0.2 bar: (a) Images captured by high speed camera; (b)

Images of OH* chemiluminescence emission captured by ICCD equipped with 310 nm filter

be dominated by less volatile components with a higher boiling temperature.
Meanwhile, more volatile components remain inside the droplet. Under con-
tinuous superheating, the inner-droplet temperature will exceed the superheat
limit temperatures of more volatile components. The superheating will cause
homogeneous nucleation inside the droplet, which leads to puffing.

Pressure effects on flame structure. When the ambient pressure is 1 bar, the
flame shape was distorted from the spherical symmetry because of the buoyancy
effect. Due to the natural convection, the downstream region was stretched,
while the upstream region was compressed. Considering that the droplet size is
relatively large, the natural convection effect became prominent, leading to high
flow velocities surrounding the droplets. Since the buoyance effect reduces as
the ambient pressure decreases, a less-stretched spherical flame was observed at
a lower pressure. And the flame front gradually moved away from the droplet
surface at a reduced pressure, which characterized as an increasing trend of the

horizontal flame standoff ratio, Dg/D. The horizontal flame standoff ratios for

10
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Figure 8: Droplet size histories at different pressures
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Figure 9: Droplet temperature histories at different pressures
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Figure 10: The process of nucleation, bubble growth, merging of bubbles, inner circulation,
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different pressures are as follows: (Dg/D)1bar = 2.93 + 0.22; (Dq/D)o.6bar =
3.91 + 0.75; (Da/D)o.obar = 6.47 £ 0.65, where Dy is measured from OH*
chemiluminescence images.

Pressure effects on droplet temperature. Following the ignition, the droplet
temperature first rapidly rose for a period and then slowly increased. During
the latter stage, the droplet temperature can be considered to be the same as
the pressure-dependent saturation temperature of RP-3 kerosene. As the boiling
temperature of the droplet decreases with the reduction of the ambient pressure,
the ignition and flame temperatures decreased accordingly. As shown in Fig. 9,
the boiling temperatures of RP-3 kerosene are within the ranges of: 478.4~538.7
K (1 bar), 472.7~529.9 K (0.8 bar), 469.7~513.7 K (0.6 bar), 435.4~487.9 K
(0.4 bar) and 390.8~454.9 K (0.2 bar), respectively.

Pressure effects on puffing. Puffing was observed in all the experiments. As
shown in Fig. the oscillations of the droplet size indicate flame disruption
due to puffing during the burning. The first puffing for all the cases occurred
after the ignition except at 0.2 bar. Due to a longer ignition time and a lower
boiling point under the low ambient pressure 0.2 bar, the inner boiling caused
ejection of fuel vapor and sub-droplets during the ignition, which facilitated the
ignition by enhancing the local equivalence ratio. However, the bubble growth
rate is much slower than that during the burning, owing to a lower temperature
of the droplet.

Moreover, the intensity of puffing was enhanced with the decrease of the am-
bient pressure. A much more severe distortion of the flame at sub-atmospheric
pressure can be found in Figs. [5{7, which is caused by the ejection of vapor
and multiple microdroplets. Meanwhile, the OH* chemiluminescence due to
sub-droplet burning was captured in the figures.

As the intensity of puffing is controlled by the bubble growth process, which
can be divided into three stages: (1) Inertia controlled stage, characterized by
a rapid growth rate as a result of the difference between the pressure inside
the bubble and the ambient pressure; (2) Transition stage, during which the

interface velocity is significantly reduced; (3) Diffusion controlled stage, which is

12
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dominated by thermal diffusion effects, leading to a much slower bubble growth
rate. During the inertia controlled stage, the bubble growth process can be

modelled as [27]:

1/2
RO = [2Eam-t)| @)

Pv - Poo = va(TO - TB)a (3)

where p,, is the density of the saturated vapor inside the bubble, p is the density
of the liquid, A is a linearization constant, Tj is the initial temperature at the
bubble boundary, Ty is the saturation temperature of the liquid, P, is the vapor
pressure inside bubble and P, is the ambient pressure.

Therefore, P, — P, in Eq. increases with the reduction of the ambient
pressure. Consequently, inertia controlled bubble growth will become more ef-

fective at a lower pressure, resulting in intense puffing of the droplet.

3.8. Pressure influence on sooting characteristics

As the broadband radiant emission from soot is characterized by the lu-
minous yellow region above the droplet, sooty flames were observed in all the
experiments following the ignition. The presence of luminous sooty areas can
be caused by two factors. On the one hand, the upwardly directed natural
convection carries soot particles towards downstream. On the other hand, the
oxidation rate of soot particles is finite. Therefore, when soot particles pass
through the flame, they are heated and oxidized. The reaction takes a finite
time to complete and, therefore, extends above the flames [15]. And the location
and dimension of the luminous yellow region is opposite with those of the fuel
and oxidizer zone, as shown in Fig. . As convection intensity increases at
high ambient pressure, the opening of the flame rear region and soot particle
escape will occur.

As shown in Fig. a) and Fig. [7} with the reduction of the ambient pres-

sure, the yellow luminous zone was observed to gradually stand further away

13
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Figure 11: Sooting characteristics of RP-3 droplet burning at different pressures (a) Images
captured by high speed camera; (b) Images of thermal radiation emission of burning soot

particles captured by ICCD equipped with 652 nm filter
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from the droplet surface and expand because of less convection effects. Mean-
while, at 0.4 bar and 0.2 bar, the particles having escaped from the flame tip
became invisible. And the particle stream appeared darker and denser under a
higher ambient pressure. Fig. b) shows the emission originated from thermal
radiation of the burning soot particles, the soot particles were found to be con-
centrated on the edges of the downstream flow at all pressures, which agreed well
with the Laser-induced incandescence (LII) results obtained by Vander Wal et
al. [28]. And the emission intensity decreased with the reduction of the ambient

pressure, as shown in Fig.
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Figure 12: Average emission intensity histories of soot particles thermal radiation at different

pressure

The above observations are due to two reasons. First, the distance between
molecules increases with the reduction of the pressure, and the probability of
collision between small molecules decreases, which makes it difficult to form
large molecules. Moreover, due to the weakening of the convection effect at lower
pressures, the residence time of soot molecules in the oxidation zone increases,

thereby generating less macromolecular polymers.
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4. Conclusions

The ignition, combustion and sooting characteristics of a Chinese RP-3

kerosene droplet were investigated and compared under different sub-atmospheric
ambient pressures. The following conclusions can be drawn from the present

study:

1. The ignition delay time of the droplet increased with the reduction of the

ambient pressure (1 bar - 0.2 bar), which is caused by an increased distance
between fuel and oxidant molecules. Meanwhile, two distinctive stages were
identified for the droplet ignition, i.e. a slow oxidation process followed by
propagation of an initially premixed flame. According to the comparison
of the OH* chemiluminescence, an increase of the time for the first stage

contributed to a longer ignition delay time under a lower ambient pressure.

. Following the ignition, the droplet underwent steady and disruptive burning

except at 0.2 bar. With the reduction of the ambient pressure, the buoyance
effect surrounding the droplet was weakened, resulting in a spherical flame
and a larger flame standoff ratio. At the same time, the RP-3 kerosene boiling
temperature decreased from 478.4~538.7K at 1 bar to 390.8~454.9K at 0.2
bar.

. Puffing was observed in all the experiments. The first disruptive ejection

occurred in the ignition stage when the ambient pressure dropped to 0.2 bar.
The reduction of the pressure enhanced the intensity of puffing because of

effective inertia controlled bubble growth at a lower pressure.

. Under the ambient pressure below 0.4 bar, the particulates having escaped

from the rear flame region became invisible, and the average emission inten-
sity originated from thermal radiation of the burning soot particles decreased
with the reduction of the ambient pressure, due to an increased distance be-

tween molecules and weakened convection effects.
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