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Abstract

This study experimentally investigates the ignition and combustion charac-

teristics of single kerosene droplet under simulated high-altitude conditions,

focusing on the effects of reduced ambient pressure (100 kPa to 20 kPa) and

temperature (293 K to 253 K). Results show that spark assisted ignition

time exhibits a strong inverse power-law dependence on ambient pressure

and a non-linear relationship with ambient temperature. At reduced pres-

sures, signiőcantly longer heat accumulation periods are required for igni-

tion, with delayed and more variable ignition behaviour. The combustion

process displays distinct stages of droplet swelling, preferential gasiőcation,

and disruptive microexplosions, which intensify and become more irregular

as pressure decreases. Flame temperature and structure are also strongly

pressure-sensitive, with reduced buoyancy at low pressures resulting in more
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spherical ŕames and increased ŕame standoff ratios. While ambient temper-

ature has limited inŕuence on burning rate and microexplosion intensity, it

ampliőes variability when combined with pressure reduction.

Keywords: High-altitude relight, Spark ignition, Kerosene, droplet

combustion, Two-colour temperature measurement

1. Introduction1

Aircraft spend the majority of time cruising in high-altitudes to optimise2

the fuel efficiency during each operation [1]. Under such conditions, ŕame-out3

can occur inside the jet engine due to air-ŕow disturbance and high ingestion4

of ice, water or dust [2]. Therefore, the American and European air safety5

regulations require the capability of conducting high-altitude relight of the6

gas turbines for all commercial aircraft [3]. Airframe and engine manufac-7

turers typically agree on a maximum engine restart altitude between 20,0008

and 30,000 ft (6.1 to 9.1 km) above sea level [2]. In the event of a ŕame-out9

at 30,000 ft, forced ignition occurs under low-pressure and low-temperature10

conditions, with combustor inlet temperatures around 265 K and pressures11

near 40 kPa [2, 4].Associated with the aviation industry is the high reliance12

on fossil fuels. From 2013 to 2018, the aviation industry’s CO2 emissions13

have been increasing at an average rate of 5% each year. This is higher14

compared to the global annual increase in CO2 emissions, which is around15

3% [5]. In an effort to reduce pollutants and improve overall performance of16

the aircraft, engines with lean-burn combustors are being designed to replace17

conventional diffusion-ŕame combustors [6, 7, 8]. Hence, to understand the18

relight process for the next generation gas turbine combustors, combustion19
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studies must be carried out under the aforementioned altitude conditions.20

Various spray combustion studies carried out under high-altitude relight21

conditions have found that the overall fuel-to-air ratio, as well as the trajec-22

tory of the ŕame kernels, can signiőcantly affect the ignition process [2, 3].23

The reductions in air density and temperature lead to a decrease in the24

likelihood of successful ignition [9]. Additionally, high-altitude conditions25

increase the minimum ignition energy and ignition fuel-air ratio limit while26

decrease the ignition probability and extend the ignition duration. When27

aerodynamic forces are lower and the liquid’s viscosity and surface tension is28

stronger due to the high-altitude conditions, the size of the droplets inside29

the spray increases while the spray cone shrinks. The bigger droplets and30

the reduced variation in their sizes within a cluster of spray lead to the fuel31

being harder to ignite efficiently [10].32

To fundamentally understand the overall mechanisms of spray combustion33

under altitude relight conditions, droplet combustion under relight conditions34

were studied by both experimental and numerical methods. An increase in35

the ignition time has been observed as the ambient pressure drops. The36

lack of buoyancy effect under lower ambient pressures also results in a more37

spherical ŕame and a larger ŕame standoff ratio [11, 12]. Moreover, large38

distances between molecules and weakened convection effects have caused39

a decrease in the average emission intensity from the thermal radiation of40

the burning soot particles, which turned the escaped soot particles invisible41

[12]. A numerical investigation of kerosene single droplet ignition at altitude42

relight conditions has discovered that the ignition time can be affected by43

the far-őeld temperature, droplet size and spark location. Successful ignitions44
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hugely depend on both the energy converted by the sparks and the energy45

diffusion rate towards the surface of the droplet [4].46

Despite previous studies, signiőcant limitations remain in the existing ex-47

perimental and numerical investigations. Zhang et al. [12] experimentally48

investigated kerosene droplet ignition and combustion under ambient pres-49

sures ranging from 100 to 20 kPa at room temperature, without examining50

the effects of reduced ambient temperature. Similarly, the numerical study51

by Giusti et al. [4] simulated ignition and combustion under altitude relight52

conditions, with ambient temperature and pressure set to 250 K and 30 kPa,53

respectively. However, this study lacks experimental validation. To the best54

of the authors’ knowledge, no prior studies have experimentally investigated55

single droplet ignition and combustion under combined low temperature and56

low pressure conditions representative of altitude relight scenarios. Such in-57

vestigations are essential for advancing the understanding of spray combus-58

tion fundamentals and for providing crucial experimental data to support the59

development and validation of numerical models.60

This paper aims to experimentally investigate the spark assisted ignition61

time, droplet temperature evolution, burning rate, microexplosion behaviour,62

and ŕame structure and temperature characteristics of single kerosene droplets63

under simulated high-altitude relight conditions, with particular emphasis on64

the effects of ambient pressure and temperature. Additionally, as Sustainable65

Aviation Fuels (SAF) are being developed to reduce the aviation industry’s66

carbon footprint [13], the experimental approach outlined in this study offers67

a practical method for early performance assessment, requiring only minimal68

fuel samples.69
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293 K 283 K 273 K 263 K 253 K

100 kPa x x x x x

80 kPa x x

60 kPa x x

40 kPa x x

20 kPa x x x x x

Table 1: Investigated experimental conditions

2. Experimental Methods70

The schematic diagram of the experimental setup is shown in Fig. 1. The71

closed environment combustion chamber consists of a 3D-printed outer wall, a72

removable base and an aluminium chamber. With the utilisation of a vacuum73

pump and liquid nitrogen, the chamber can create a near-quiescent media un-74

der high-altitude relight conditions. To represent realistic high-altitude re-75

light conditions, the lowest temperature and pressure settings selected in this76

study are 253 K and 20 kPa, respectively. As previously discussed, these val-77

ues correspond to the lower bounds of relight conditions deőned by industry78

guidelines. To systematically investigate the inŕuence of ambient conditions,79

an experimental matrix was established using 10 K intervals in temperature80

and 20 kPa intervals in pressure, as shown in Table 1. The selected ambi-81

ent conditions also align with those adopted in previous experimental and82

numerical studies [2, 3, 4, 9, 10, 12, 14, 15, 16].83

The kerosene fuel droplet is suspended onto a thermocouple őlament for84

droplet combustion and internal droplet temperature measurements. The K-85

type thermocouple is 0.075mm in diameter, and it is connected to a national86
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Figure 1: Schematic of the experimental setup.

instrument card via a thermocouple transmitter. The high sampling rate87

(500Hz) as well as the fast response time from the thin thermocouple ensures88

the capture of the major temperature changes during preheating and self-89

sustained combustion stages.90

A Photron FASTCAM SA4 high-speed camera set at 2000fps is used91

to capture the combustion process. The camera is synchronised with the92

ignition system via an Arduino circuit board.93

Inside a gas turbine, the most practical and reliable method to achieve94

ignition is via the discharge of sparks which generate heat in a small con-95

centrated volume [17]. With the majority of the previous studies utilising96

sparks to achieve ignition [2, 3, 4, 9, 10, 14, 15, 16], the present study also97
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adopts this ignition method.98

Fig. 2 illustrates the ignition sequence. A droplet approximately 0.799

mm ±0.05 mm in diameter is deposited onto the thermocouple using a 10100

µL microsyringe pipette to ensure a consistent droplet size. The two cop-101

per wire electrodes are positioned approximately 2 mm from the droplet,102

providing an optimal distance for the spark to effectively heat the droplet103

while avoiding contact with the thermocouple. The location of the droplet104

relative to the spark remains relatively stationary. Successful ignition in this105

setup is identiőed by the formation of a luminous ŕame envelope surrounding106

the droplet. To detect this event, an infrared sensor is positioned near the107

suspended droplet to monitor ŕame radiation. Upon detection, a signal is108

sent to the Arduino board, which shuts off the spark, ensuring the system109

provides only the minimum ignition energy required for self-sustained com-110

bustion. To maintain consistency in the measured minimum spark assisted111

ignition times, the position of the sensor relative to the droplet suspension112

point remains őxed throughout the investigation. To minimise interference113

with the ŕame, the electrodes are promptly retracted after the spark is shut114

off, allowing the droplet to burn in near-quiescent conditions.115

Liu et al. [18, 19, 20] employed a similar spark ignition method in their116

studies on single droplet combustion. In the present work, all experiments117

utilise a continuous spark with an approximate ignition energy of 20 J · s−1,118

generated by an ignition coil connected to a laboratory grade power supply.119

To monitor the spark output, a shunt resistor and a voltage divider circuit120

were implemented between the power supply and the NI DAQ system. The121

current was adjusted via the power supply under different ambient condi-122
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Figure 2: Schematic of the spark ignition sequence.

tions to maintain a consistent power level. Spark power was estimated from123

the recorded voltage and current signals, assuming an 80% energy transfer124

efficiency.125

2.1. Image Processing126

To extract the droplet diameter information from the captured images,127

Python 3.9 and PyTorch 1.11 are used to implement the Segment Anything128

Model which is a deep-learning model developed by Meta for image pro-129

cessing. Superior to MATLAB image processing methods, this model offers130

precise segmentation by accurately distinguishing droplets from their back-131

ground and the suspension őlament. Fig. 3 presents a selected sequence132

of droplet burning images captured before and after applying the mask us-133

ing the Segment Anything Model. From the masked images shown in Fig.134
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Figure 3: Photographs of the suspended droplet burning (a) before applying the mask using

SAM image processing method; (b) after applying the mask using SAM image processing

method.

3b, the horizontal and vertical diameters are measured in pixels and subse-135

quently converted to millimeters. The diameters are then applied in Eq. (1)136

to determine the equivalent diameter of the spherical droplet [21].137

D = 3

√

Dvertical ×D2

horizontal (1)

Notably, as the droplet size decreases and approaches the dimensions of138

the suspension őlament, accurately determining the droplet’s horizontal di-139

ameter becomes increasingly difficult due to signiőcant distortion caused by140

the őlament. As shown in Fig. 3b, the model includes portions of the suspen-141

sion őlament in the mask at 0.72 s. To prevent such inaccuracies across all142

experimental datasets, the őnal 5% of the droplet lifetime in each experiment143

is excluded, ensuring accurate measurements and consistent results.144
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2.2. Two-colour Temperature Measurements145

In this study, the two-colour method is utilised to measure the soot ŕame146

temperature. Two-colour method (or ratio method) is based on Planck’s147

Law [22] which could avoid inaccurate emissivity estimation. This approach148

is based on the principle that soot ŕames can be considered as a homoge-149

neous distribution inside the diffusion ŕames [23]. In this study we utilised150

a single high-speed camera with build in Bayer őlter array to perform tem-151

perature measurements. The Bayer őlter separates incoming light into wide152

band channels, allowing simultaneous acquisition of multiple spectral inten-153

sities required for the two-colour temperature determination. This method154

signiőcantly reduces potential synchronisation errors associated with multi-155

camera or őlter wheel conőgurations typically used in conventional two-colour156

methods. This approach has been validated in our previous research and de-157

tailed documented [24]. A 12-bit Photron FASTCAM SA4 high-speed camera158

equipped with a visible band őlter ranging from 400 nm to 650 nm is posi-159

tioned in front of a black body furnace (LAND R1500T). The temperature of160

the furnace ranges from 107 K to 1773 K with an interval of 100 K. For each161

temperature setting, 100 images were captured and subsequently averaged.162

The central section of each image was processed to extract average values163

for the red and green channels. These values were then used to calculate164

the Red/Green (R/G) ratio, which was used for the temperature calibration.165

The dynamic range was optimised to visualise soot ŕame shapes effectively.166

While the chosen method effectively captures soot ŕame temperatures in the167

visible range, it inherently lacks sensitivity to blue ŕames. This limitation168

arises due to insufficient radiative energy within the visible spectrum at lower169
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Figure 4: Calibration of the high-speed camera. The red line shows the deviation calcu-

lated from the difference between the black body temperature and the calculated temper-

ature.

ŕame temperatures, as described by Wien’s law, and due to a reduced pres-170

ence of blackbody emitters within blue ŕames. Our objective was to use171

ŕame thermal imaging to qualitatively visualise ŕame behaviour under vary-172

ing experimental conditions. Therefore, these constraints will not affect the173

primary purpose of the present study. Fig. 4 presents the calculated temper-174

atures in comparison with the known blackbody temperatures. The observed175

deviations were found to be less than 7%, which is considered adequate for176

this work.177
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Figure 5: The mean and the standard deviation for the evolution of scaled droplet diameter

and droplet temperature with scaled time at (a) 293 K and 100 kPa; (b) 293 K and 20

kPa; (c) 253 K and 100 kPa; (d) 253 K and 20kPa.

2.3. Data Acquisition178

In this study, three individual experiments are conducted for each envi-179

ronmental condition, and the data presented represents the average of these180

three experiments [25]. While calculating the mean and standard deviation181

(STD) from such a small sample size may have limited statistical signiő-182

cance, it is included for completeness. Fig. 5 displays the average and stan-183

dard deviation plots with a 95% conődence level for scaled droplet diameter184

(D/D0)
2 and droplet temperature Td under extreme conditions. Since the185
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initial droplet size D0 varies slightly between experiments, a common grid for186

the x-axis is utilised, and linear interpolation is applied to estimate the corre-187

sponding y-axis values. The shaded areas above and below the average plot188

in all four őgures represent the upper and lower deviation bands, illustrating189

the range of variability around the mean. To enhance data interpretation,190

the time axis is normalised by D0 across the diameter and temperature plots191

[11, 26]. Additionally, to clearly indicate the transition from spark assisted192

ignition to self-sustained combustion, the data have been adjusted so that193

the spark assisted ignition period is represented by negative values on the194

x-axis, while the self-sustained combustion period is represented by positive195

values. The point 0 s/mm2 marks the end of the spark assisted ignition and196

the start of the self-sustained combustion.197

The burning rate constant for each set of ambient conditions was deter-198

mined from the best-őt linear approximation of the őnal stage linear regres-199

sion segment of the (D/D0)
2 plots, shown by the dashed lines in Fig. 5, where200

the droplet burning rate is relatively constant. This approach aligns with the201

classical d2-law, which assumes a linear relationship between the square of the202

droplet diameter and time under idealised conditions [27]. However, for mul-203

ticomponent fuels, preferential evaporation and compositional changes over204

time result in deviations from the ideal d2-law, particularly in earlier stages of205

combustion [28]. While the method does not capture the time-dependent dy-206

namics of the burning rate for multicomponent fuels, it provides a consistent207

and practical framework for droplet burning rates comparison across differ-208

ent ambient conditions. However, at low ambient pressures, the presence of209

intense microexplosions introduces deviations from the smooth, quasi-steady210
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burning assumptions of the d2-law. Therefore, the derived burning rates un-211

der these conditions should be interpreted as averaged estimates rather than212

exact physical constants.213

3. Results and Discussion214

3.1. Overview of Fluctuations under Different Ambient Conditions215

Compared to the low STD observed in both (D/D0)
2 and Td plots during216

the spark assisted ignition phase and the subsequent droplet heating phase217

under room conditions, as shown in Fig. 5a between -0.1 s/mm2 and 0.2218

s/mm2, changes in ambient temperature and pressure result in signiőcant219

increases in STD during these phases. Under room conditions, thermal and220

mass transfer processes are more effective, establishing relatively uniform221

droplet temperatures and vaporisation rates.222

However, the reduction in ambient pressure diminishes buoyancy forces223

and decreases the reaction rates [29]. Under reduced convection, heat and224

vapour transfer primarily rely on slower, more localised thermal and mass225

diffusion processes [28]. This transition reduces the homogenisation of lo-226

cal temperature gradients and vaporisation concentration őelds, leading to227

greater variability in both fuel vaporisation rates and droplet temperatures.228

At lower ambient temperatures, the time required for sufficient heat accumu-229

lation to drive droplet vaporisation increases, introducing variability in the230

local heat ŕux and gasiőcation processes. This effect is further ampliőed in231

multicomponent fuels where different boiling points lead to preferential evap-232

oration, causing variations in surface and core temperatures of the droplet,233

subsequently affecting the preheating and swelling dynamics of the droplet.234
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Therefore, the increase in the STD is observed in the Td and (D/D0)
2 proőles235

in Fig. 5b and Fig. 5c respectively.236

In the Td plot across all cases in Fig. 5, once self-sustained combustion is237

established, the preferential gasiőcation phase begins due to the multicompo-238

nent nature of the Jet fuel [28]. The differential evaporation of components239

with varying volatilities leads to compositional changes and thermal-mass dif-240

fusion interactions which drive the observed increase in the STD over time.241

As shown in the (D/D0)
2 plot for all cases, the transition from relatively242

smooth to disruptive behaviour, indicated by the increase in STD, signi-243

őes the onset of microexplosions. The sudden increase in STD reŕects the244

variability in droplet size caused by fragmentation due to microexplosions.245

The inŕuence of ambient conditions on the intensity of microexplosions is246

clearly observable, with pressure exerting a more signiőcant impact than247

temperature. Notably, under combined conditions of reduced temperature248

and pressure, Fig. 5d illustrates even higher increases in the STD due to the249

overlapping effects mentioned previously, further emphasising the sensitivity250

of droplet combustion dynamics to ambient conditions.251

3.2. Ignition Phenomena252

3.2.1. Spark assisted ignition time Characterisation253

Fig. 6 presents the droplet temperature Td under various environmental254

settings. The data have been synchronised at 0 s/mm2, marking the start255

of self-sustained combustion. This synchronisation provides a clear reference256

for analysing the spark assisted ignition period and highlights the effects257

of different ambient conditions on this critical phase. In this study, spark258

assisted ignition time is deőned as the time interval between the initiation259
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Figure 6: Evolution of droplet temperature with scaled time under: different ambient

pressures at two selected ambient temperatures (a) 293 K, (b) 253 K, different ambient

temperatures at two selected ambient pressures (c) 100 kPa, (d) 20 kPa.

of the ignition spark and the onset of self-sustained combustion. During260

this period, the droplet is heated primarily by radiative and conductive heat261

transfer. As the temperature builds up, the more volatile components of262

the multicomponent fuel begin to vaporise, forming a vapour-rich envelope263

around the droplet. This process is inŕuenced by both the volatility of the264

fuel components and the ambient condition, which governs the rate of mass265

and heat transfer. Once sufficient heat has accumulated, ignition occurs,266

16



marked by the formation of a stable ŕame envelope around the droplet. The267

infrared radiation emitted by this ŕame is detected by the sensor, which then268

shuts off the ignition spark, signifying the end of the spark assisted ignition269

phase and the beginning of the self-sustained combustion phase.270

Td during spark assisted ignition period under varying ambient pressure271

conditions are shown in Fig. 6a and 6b. At room temperature, as presented272

in Fig. 6a, a decrease in the ambient pressure leads to an increase in the igni-273

tion time. This trend reŕects the reduced convective heat transfer and slower274

reaction rates at lower pressures, which delay the accumulation of sufficient275

energy for ignition [28]. The decrease in ambient pressure also increases the276

distance between kerosene and oxygen molecules, further increasing the ig-277

nition time [12]. A notable difference in ignition time is observed between278

the 20 kPa condition and the higher pressure settings. A similar trend is279

observed for experiments conducted at 253 K, as shown in Fig. 6b. At this280

lower ambient temperature, the ignition times are increased further due to281

the reduced rate of heat transfer and the increased energy requirement for282

vaporisation and preheating. Furthermore, a reduction in ambient tempera-283

ture introduces a wider scatter in ignition times, highlighting the sensitivity284

of droplet heating and vaporisation processes to variations in both pressure285

and temperature.286

In both Fig. 6a and 6b, an increase in the droplet heating rate is observed287

at approximately 0 s/mm2 for all cases expect at 20 kPa and 40 kPa. This288

change in the heating rate signiőes the appearance of the initial ŕame and289

marks the transition from spark driven external heating to ŕame driven self-290

heating. Under room conditions, the heating rate transition nearly coincides291
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with the spark shut off point at 0 s/mm2, indicating that the accumulated292

heat for supporting the initial appearance of the ŕame is also sufficient for293

initiating the self-sustained combustion process. As the ambient pressure294

decreases, the heating rate transition shifts progressively away from 0 s/mm2,295

suggesting that a longer heat accumulation process involving both external296

and self heating sources is required to achieve self-sustained combustion.297

This behaviour highlights the necessity of extended ignition spark support at298

lower pressures and temperatures, where reduced reaction rates and slower299

heat and mass transfer hinder the accumulation of sufficient energy for self-300

sustained combustion.301

Unlike the other cases, achieving self-sustained combustion at 20 kPa and302

40 kPa required the simultaneous presence of the ignition spark and the initial303

ŕame for a substantial duration. For 20 kPa, at approximately -0.15 s/mm2
304

in both Fig. 6a and 6b, the initial ŕame begins to appear and contributes305

to the heat accumulation process necessary for transitioning to self-sustained306

combustion. At this low pressure, soot formation is signiőcantly suppressed307

due to reduced reaction rates and lower molecular collision frequencies. As308

a result, the ŕame colour is dominated by the emissions from combustion309

radicals, which emit light in the blue spectrum, rather than the thermal310

radiation from soot particles [28]. Consequently, at 20 kPa and 40 kPa, the311

heating rate transition is driven by the spark and a blue ŕame surrounding the312

droplet. This blue ŕame, characterised by shorter wavelengths, is unable to313

be detected by the infrared sensor as it is calibrated for detecting the longer314

wavelengths emitted by yellow soot ŕames. Therefore, the ignition spark315

remains active until sufficient soot formation occurs, producing a yellow ŕame316
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Figure 7: Averaged spark assisted ignition time at (a) 293 K and 253 K ambient tempera-

tures under different ambient pressures; (b) 100 kPa and 20 kPa ambient pressures under

different ambient temperatures.

detectable by the sensor. Nonetheless, minimum ignition energy is supplied317

as the accumulated heat resulting in the initial appearance of the blue ŕame318

is insufficient to initiate the self-sustained combustion process due to the lack319

of convection and slower reaction rates at low pressure.320

Fig. 7 illustrates the spark assisted ignition times under different ambient321

conditions, corresponding to the data featured in Fig. 6. From Fig. 7a, a322

power law relationship between the ignition time and the ambient pressure is323

observed. Lower ambient pressures result in signiőcantly extended ignition324

19



times due to reduced reaction rates and heat transfer efficiency. While a de-325

crease in ambient temperature increases the ignition time for each ambient326

pressure, the overall trend remains consistent. In contrast, Fig. 7b reveals an327

approximately linear relationship between the ignition time and the ambient328

temperature. This suggests that while ambient temperature contributes to-329

wards the ignition characteristics, the impact is less pronounced compared330

to ambient pressure.331

The relationship between ambient conditions and spark assisted ignition332

time is also reŕected in the lumped-parameter model, as shown in Eq. (2):333

Q̇i−l = mdcpl
dTs

dt
(2)

where Q̇i−l is the convective heat ŕux into the droplet, md is the droplet334

mass, cpl is the speciőc heat of kerosene, and dTs/dt is the rate of change335

of droplet surface temperature over time [27]. By integrating Eq. (2), the336

ignition time τheat can be estimated as:337

τheat =
mdcpl

Q̇i→l

(Tig − T0) (3)

where Tig is the droplet ignition temperature and T0 is the droplet initial338

temperature. According to Newton’s law of cooling, Q̇i→l is given by:339

Q̇i→l =
Nu · k

d
A(Tspark − T0) (4)

where Nu is the Nusselt number, k is the thermal conductivity of air, d is the340

droplet diameter, A is the droplet surface area, and Tspark is the temperature341

of the spark-induced surrounding air [30]. For a spherical droplet, the Nusselt342

number can be expressed as:343

Nu = 2 + 0.4 · Re
1/2
D Pr1/3 (5)
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where ReD is the Reynolds number based on droplet diameter, and Pr is the344

Prandtl number for air [30]. By substituting this relation into the heating345

model and applying the ideal gas law to express ReD in terms of ambient346

pressure, P, the ignition time is shown to follow a power law dependence on347

pressure:348

τheat ∝ P−0.5 (6)

This inverse pressure dependence aligns with experimental observations from349

previous studies on the ignition time of kerosene and jet fuel mixtures, which350

report pressure exponents ranging from -0.67 to -1 [31, 32, 33].351

Furthermore, since T0 represents the ambient temperature, under őxed352

ambient pressure, the combination of Eq. (3) and Eq. (4) demonstrates that353

the ignition time depends on the ratio of two temperature differences:354

τheat ∝ (Tig − T0)/(Tspark − T0) (7)

Although the relationship may appear approximately linear over a limited355

temperature range, as illustrated in Fig. 7b, Eq. (7) reveals that ignition356

time varies non-linearly with ambient temperature. This is due to variations357

in both the thermal energy required to reach ignition and the efficiency of358

heat transfer from the surrounding gas as ambient temperature changes. In359

addition, the variable nature of Tig under different ambient conditions fur-360

ther contributes to the non-linear relationship between the ignition time and361

ambient temperature. However, the power-law dependence of ignition time362

on ambient pressure has a much stronger inŕuence, effectively dominating363

any impact caused by variations in Tig.364

Consistently, both the experimental data and the model highlight that365
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reductions in ambient pressure have a substantially greater inŕuence on ig-366

nition time than reductions in ambient temperature.367

3.2.2. Droplet Temperature Evolution368

After spark assisted ignition phase, as shown in both Fig. 6a and 6b, Td369

for all cases except 20 kPa and 40 kPa begins to increase and approaches the370

corresponding boiling points of the more volatile components through the371

preferential gasiőcation process. However, at 20 kPa and 40 kPa, the prefer-372

ential gasiőcation process begins during the ignition period with assistance373

from the ignition spark. This is because a higher droplet temperature and an374

extended heat accumulation period is necessary for initiating self-sustained375

combustion process under reduced convection with slower reaction rates. As376

the more volatile components at the droplet surface are depleted, the less377

volatile components from the interior of the droplet gradually replenish the378

surface and participate in the gasiőcation process. Due to the slower liquid379

phase mass diffusion rate for the less volatile components, and the energy380

previously driving the gasiőcation of volatile components being redirected381

toward heating the less volatile components with higher boiling points, the382

overall gasiőcation rate reduces. This reduction leads to the slowed tem-383

perature increase transition period reŕected in the Td plot. Once the second384

heating rate transition period ends, Td begins to align with the boiling points385

of the less volatile components, marking the end of the temperature transi-386

tion period. Beyond this point, Td behaves similarly to that of a single387

component fuel, as the gasiőcation process becomes dominated by the less388

volatile components. Additionally, during the less volatile components dom-389

inated gasiőcation process, a noticeable decrease in the Td is reŕected as the390
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ambient pressure lowers. This is caused by the reduced boiling points at391

lower ambient pressures [12].392

Depicted in Fig. 6c and 6d are the Td under various ambient temperature393

conditions. At a őxed ambient pressure, a reduction in the ambient temper-394

ature has a relatively smaller effect on the ignition time. For the 100 kPa395

condition, as shown in Fig. 6c, Td exhibits similar behaviour across differ-396

ent ambient temperatures during both the preferential gasiőcation process,397

dominated by the more volatile components, and the subsequent gasiőcation398

process dominated by the less volatile components. However, a noticeable399

scatter in Td is observed during the transition phase between these two pro-400

cesses from 0.15 s/mm2 to 0.4 s/mm2. A similar trend is observed at 20 kPa,401

as shown in Fig. 6d from -0.35 s/mm2 to 0.4 s/mm2. The wide scatter of Td402

during the transition phase suggests that lower initial ambient temperatures403

inŕuence the heat accumulation process and cause a lower Td, particularly404

near the end of the preferential gasiőcation process of the more volatile com-405

ponents when the gasiőcation rate decreases.406

3.3. Combustion Phases407

3.3.1. Preferential Gasiőcation and Droplet Regression408

Fig. 8 shows the evolution of the scaled droplet diameter under various409

ambient conditions. Dotted lines representing best-őt linear approximations410

were applied to visually highlight distinct regression stages during the com-411

bustion process. The spark assisted ignition periods presented in Fig. 6 are412

also reŕected in the evolution of the droplet diameters.413

In Fig. 8a, a clear progression of the multicomponent fuel combustion414

process is observed across all ambient conditions. Following the spark dis-415
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Figure 8: Evolution of scaled droplet diameter with scaled time under: different ambient

pressures at two selected ambient temperatures (a) 293 K, (b) 253 K, different ambient

temperatures at two selected ambient pressures (c) 100 kPa, (d) 20 kPa.

charge, the droplet diameter increases, signifying droplet swelling due to heat416

accumulation. Upon achieving self-sustained combustion, a brief preferential417

gasiőcation phase of the more volatile components begins, represented by the418

őrst stage linear regression. This phase is followed by the transition stage,419

which as mentioned previously, is driven by the reduction in the gasiőca-420

tion rate. Afterward, the second stage linear regression reŕects a combustion421

process dominated by the less volatile components.422

24



A similar trend is observed at reduced ambient temperatures, as shown423

in Fig. 8b, where the droplet swelling phase is extended due to slower heat424

transfer. Notably, the őrst stage linear regression begins after self-sustained425

combustion is achieved for all cases except 20 kPa. At 20 kPa, the preferential426

gasiőcation process starts during the spark assisted ignition phase, consistent427

with the Td behaviour depicted in Fig. 6a and 6b. Among the various428

ambient pressure conditions, 20 kPa exhibits the longest őrst stage linear429

regression for both ambient temperatures shown in Fig. 8. This is attributed430

to limited heat and mass transfer and hindered internal circulation caused431

by reduced convection. Furthermore, the lower oxygen availability at 20 kPa432

further decreases the reaction rates, resulting in an extended preferential433

gasiőcation process dominated by the more volatile components.434

3.3.2. Burning Rate Analysis435

The classical D2 law for droplet burning, as described in Eq. (8), es-436

tablishes that the burning rate K is equivalent to the gradient of the linear437

regression, as shown in Eq. (9).438

(

D

D0

)2

= 1−K

(

t

D2

0

)

(8)

K ≡

∣

∣

∣

∣

∣

d (D/D0)
2

d (t/D2

0
)

∣

∣

∣

∣

∣

(9)

For multicomponent fuels, the burning rate K varies over the droplet life-439

time due to preferential evaporation and compositional changes. Since the D2
440

law is traditionally applied to single component fuels, K for the less volatile441

components is therefore selected to evaluate the effectiveness of changing am-442
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253 K 263 K 273 K 283 K 293 K

100 kPa 1.1791 mm2/s 1.1843 mm2/s 0.9941 mm2/s 1.0198 mm2/s 1.0121 mm2/s

20 kPa 0.7798 mm2/s 0.8492 mm2/s 0.8360 mm2/s 0.8072 mm2/s 0.7468 mm2/s

Table 2: Burning rate K (mm2/s) for the less volatile components under different ambient

pressure and temperature.

bient conditions on the gasiőcation process. By determining the gradient of443

the linear őt for the second stage linear regression, as demonstrated by the444

dotted lines in Fig. 5, the burning rates under different ambient conditions445

are obtained and presented in Table 2.446

The results in Table 2 indicate that K remains relatively consistent across447

the different ambient temperatures, with only minimal variation. This is be-448

cause the inŕuence of ambient temperature diminishes after ignition, as the449

droplet surface rapidly reaches a temperature predominantly governed by450

phase change and combustion processes, making K effectively insensitive to451

the initial ambient temperature. However, a reduction in ambient pressure452

leads to a signiőcant decrease in K, underscoring the role of reduced con-453

vection and lower reaction rates in slowing the gasiőcation process. These454

őndings emphasise the sensitivity of the burning rate to ambient pressure.455

3.3.3. Microexplosion Dynamics456

The previously described multicomponent fuel combustion process, in-457

volving droplet swelling, őrst and second stage linear regressions, is clearly458

observed in Fig. 8c and Fig. 8d. Notably, the second stage linear regression459

for all cases in Fig. 8d exhibits intense oscillations in the droplet diame-460

ter evolution. These oscillations indicate the occurrence of microexplosions461

during the droplet burning process.462
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Figure 9: Selective photographic sequence illustrating droplet burning under different

ambient conditions: (a) 293 K 100 kPa; (b) 293 K 20 kPa; (c) 253 K 100 kPa; (d) 253 K

20 kPa.

Microexplosion is a phenomenon that arises during the second stage lin-463

ear regression when the more volatile components at the droplet surface are464

depleted, forcing the combustion to rely on the less volatile components [34].465

According to the chemical reactions model developed by Dagaut and Cathon-466

net [35], the kerosene fuel consist of a surrogate of three components. The467

molar composition is as follows: 74% n-decane, 15% n-propylbenzene, and468

11% n-propylcyclohexane, all with distinct boiling points [4, 27, 35]. Due to469

the slow liquid phase mass diffusion rate, some volatile components become470
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Figure 10: Comparison of the two types of ŕame images (a) soot ŕame visual images with

HDR őlter at 293 K and 100 kPa ; (b) thermal images at 293 K and 100 kPa; (c) soot

ŕame visual images with HDR őlter at 253 K and 20 kPa ; (d) thermal images at 253 K

and 20 kPa.

entrapped within the droplet [28]. As highlighted in Section 3.2.2, Td rises471

during this phase, causing these entrapped volatile components to become472

superheated. Once a critical level of superheat is reached, intense internal473

pressure is generated through nucleation and gasiőcation. This leads to bub-474

ble growth within the droplet and the subsequent fragmentation, a process475

known as microexplosion.476

Fig. 8a and 8b show that microexplosion intensity increases as ambient477

pressure deceases, under both ambient temperature settings. This trend is478

further reinforced by Fig. 8c and 8d, where minimal microexplosion activity479

is observed in Fig. 8c, while signiőcantly more intense microexplosions oc-480

cur in Fig. 8d. These results demonstrate that microexplosion intensity is481

correlated strongly with ambient pressure, whereas the inŕuence of ambient482

temperature is comparatively minimal.483

Similar behaviour has been observed in previous studies under room tem-484
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perature and low ambient pressures [12, 36]. Lasheas et al. divided the485

bubble growth process during microexplosions into three stages: (1) Inertia486

controlled stage, where superheated vapour bubbles form and grow rapidly487

due to high internal pressure, with their expansion resisted by inertia from488

the surrounding liquid; (2) Transition stage, where bubble growth reduces489

as the internal pressure equilibrates with the surrounding liquid; (3) Ther-490

mal diffusion controlled stage, where heat diffusion from the surrounding491

superheated liquid drives the slower bubble growth. The following model,492

presented by Lasheas et al. [36], describes the bubble growth during the493

inertia controlled stage:494

Pv − P∞ = ρvA (TR − TB) (10)

R(t) =

[

2

3

ρv
ρl
A (T0 − TB)

]1/2

· t (11)

where Pv is the vapour pressure inside the bubble, P∞ is the ambient pressure495

of the surrounding liquid, TR is the temperature at the bubble boundary,496

TB is the saturation temperature of the surrounding liquid at P∞, A is a497

linearisation constant, ρv is the saturated vapour density inside the bubble,498

ρl is the density of the surrounding liquid, T0 is the initial temperature of499

the surrounding liquid.500

During the inertia controlled stage, Eq. 10 describes the bubble growth501

driven by the pressure difference between the vapour inside the bubble and502

the surrounding liquid. As the characteristic time for the inertia controlled503

bubble growth is relatively short, heat conduction through the liquid is ne-504

glected for this stage, and TR is approximated as T0. At lower ambient505
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pressure, P∞ decreases which also reduce TB as the boiling point of the liq-506

uid reduces. Consequently, the superheat level (TR − TB) increases, leading507

to a higher pressure difference (Pv − P∞). Eq. 11 shows that the bubble508

growth rate R(t) is proportional to
√
Pv − P∞, meaning that lower ambient509

pressures accelerate the inertial controlled bubble growth, leading to more510

intense microexplosions, as seen in Fig 8.511

Fig. 9 presents selected photographic sequences illustrating droplet burn-512

ing under different ambient conditions. At 100 kPa, as shown in Fig. 9a and513

Fig. 9c, the droplet burning process under different ambient temperatures is514

relatively smooth with less intense microexplosions. After ignition, a com-515

paratively long steady combustion period without any microexplosions is ob-516

served. Followed is the disruptive combustion period, where small ejections517

of the fuel due to the bursting of vapour bubbles are marked with red cir-518

cles. At 20 kPa, as shown in Fig. 9b and Fig. 9d, microexplosions are more519

intense during the disruptive combustion phase. Severe droplet distortions520

due to intense microexplosions are captured. In Fig. 9b, the sequence from521

630 ms to 799 ms shows the appearance, expansion and bursting of vapour522

bubbles. Visible vapour bubble boundaries can be seen at 746 ms and 794523

ms. Additionally, Fig. 9b shows a shorter steady combustion phase, while524

microexplosion appears almost immediately after the ignition, as shown in525

Fig. 9d at 331 ms. This behaviour is due to the reduction in the super-526

heat limit temperature as the boiling point decreases under lower ambient527

pressure, which leads to the earlier initiation of the disruptive process [36].528

Fig. 9 demonstrates that reducing ambient pressure signiőcantly inten-529

siőes microexplosion phenomenon, while reducing ambient temperature has530
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minimal impact. Similar to the relationship between ambient temperature531

and burning rate, this behaviour is attributed to the self-sustained combus-532

tion process rapidly elevating the droplet temperature, which diminishes the533

inŕuence of the initial ambient temperature on vapour bubble growth and534

the subsequent microexplosions. These őndings strongly align with the model535

proposed by Lasheas et al. [36], further validating the observed behaviours.536

3.4. Flame Diagnostics537

3.4.1. Flame Temperature Measurements538

The soot ŕame temperature was captured using the two-colour method,539

which has a őxed dynamics range as the sensitivity of the sensor limits the540

camera to only measure the emitted radiance in the visible range. Shown541

in Fig. 10a, soot ŕame visual images with HDR őlters reveal additional542

details of the ŕame structure during both the ignition phase (left) and the543

self-sustained combustion phase (right). In contrast, due to the lower tem-544

perature and soot concentration of the inner cone, parts of the soot ŕame545

are not fully represented by the thermal images, as depicted in Fig. 10b.546

This discrepancy becomes even more pronounced between Fig. 10c and 10d,547

where the soot concentration further decreases under reduced ambient pres-548

sure [37]. Nonetheless, under őxed ambient pressure settings, the two-colour549

method remains valid for analysing the effects of ambient temperature on550

soot ŕame temperatures. Therefore, two distinct ŕame imaging techniques551

were utilised to examine the effects of ambient conditions on ŕame temper-552

ature and ŕame structure. In this study, all ŕame temperature comparisons553

were made based on the soot ŕame.554

Fig. 11 and Fig. 12 present the thermal images under different ambient555
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Figure 11: Thermal images of the soot ŕame sequence under different ambient environ-

ments: (a) 293 K 100 kPa; (b) 253 K 100 kPa.

conditions. Each sequence consist of two distinct combustion phases, the556

spark ignition stage and the self-sustained combustion stage. A comparison557

between Fig. 11a and Fig. 11b reveals that a lower ambient temperature558

leads to a prolonged ignition time, delaying the appearance of the initial559

ŕame. This trend aligns with the őndings in Section 3.2.1. The effect of560

reduced ambient pressure further ampliőes this delay, as shown in Fig. 12a561

and Fig. 12b.562

Although reduced ambient temperature has minimal impact on the soot563

ŕame temperature at 100 kPa, a signiőcant decrease in soot ŕame tempera-564

ture is observed at 20 kPa when the ambient temperature is reduced. Com-565

pared to Fig. 12a, where the average soot ŕame temperature is approximately566

2300 K, Fig. 12b exhibits a much cooler average soot ŕame temperature,567
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Figure 12: Thermal images of the soot ŕame sequence under different ambient environ-

ments: (a) 293 K 20 kPa; (b) 253 K 20 kPa.

which is approximately 1900 K. Awasthi et al. [38] reported a similar corre-568

lation between ambient temperature and soot ŕame temperature, suggesting569

a proportional relationship between the two.570

Additionally, the reduced buoyancy effect at lower ambient pressures re-571

sults in a more spherical ŕame, as presented in Fig. 12. This reduction in572

buoyancy minimises ŕame distortions, leading to a more symmetric ŕame573

structure. Also shown in Fig. 12a and Fig. 12b is the ŕame shrinkage phe-574

nomenon. As discussed in Section 3.2.2 and Section 3.3.1, ŕame shrinkage575

occurs when the gasiőcation rate decreases due to the preferential gasiőcation576

of less volatile components. Since ŕame size is directly related to the gasi-577

őcation rate, a ŕame shrinkage phenomenon is observed and reŕected. The578

comparison between Fig. 11 and Fig. 12 indicates that this phenomenon is579
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more pronounced at lower ambient pressures.580

While the thermal images obtained using the two-colour method in this581

study do not represent the overall ŕame temperature under reduced ambient582

pressure, previous research by Huang et al. [39] observed a slight increase583

in ŕame temperature at reduced ambient pressure. This trend is consistent584

with the rise in ŕame temperature shown in Fig. 11a and Fig. 12a. Huang585

et al. argued that droplet ŕame temperature is determined by a combination586

of oxidant concentration, burning rate, and radiative heat loss from both587

gas-phase species and soot particles. At lower ambient pressures, reduced588

oxygen density and a lower burning rate tend to decrease ŕame temperature.589

However, the reduced ambient pressure also causes a signiőcant reduction in590

the thermal radiation emission intensity of soot particles [12], which leads to591

lower overall radiative heat loss and increases the ŕame temperature. The592

balance between these opposing effects results in an increase in ŕame tem-593

perature under reduced ambient pressure.594

3.4.2. Flame Structure595

Fig. 13 and Fig. 14 present the evolution of the ŕame standoff ratio596

(FSR), Df/D, under various ambient conditions. As illustrated in Fig. 2,597

Df is deőned as the horizontal ŕame diameter and is measured manually598

using soot ŕame visual images captured with an HDR őler. Unlike previous599

plots, to clearly illustrate the delay in the appearance of the initial ŕame600

under different ambient conditions, the ignition begins at 0 s/mm2 for all601

FSR plots.602

At 293 K, as shown in Fig. 13a, a reduction in ambient pressure delays603

the initial ŕame appearance due to the prolonged ignition time caused by604
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Figure 13: Evolution of ŕame standoff ratio with scaled time under different ambient

pressures at two selected ambient temperatures, (a) 293 K, (b) 253 K.

reduced convective heat transfer and slower reaction rates, as discussed in605

Section 3.2.1. Prior to ignition, the fuel vapour concentration near the droplet606

surface remains low. Immediately after ignition, an insufficient supply of607

vaporised fuel forces the ŕame to remain close to the droplet. As the fuel608

vapour concentration increases, a greater amount of fuel vapour becomes609

available for combustion, allowing the ŕame to propagate outward [40]. This610

results in an initial transition in the FSR.611

Furthermore, a higher increasing rate for the FSR is observed at lower612
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ambient pressures, with the rate accelerating towards the end of the droplet613

lifetime. The reduced ambient pressure leads to a lower oxygen concentration614

and reaction rate, allowing the fuel vapour to diffuse further from the droplet615

surface before encountering sufficient oxygen to sustain combustion. Conse-616

quently, the accumulated fuel vapour extends the ŕame standoff distance.617

Law et al. [40] have observed similar behaviours, where a low ambient oxi-618

dizer concentration increases the FSR without bound, while the FSR reaches619

a steady state in richer oxidizer environments.620

A similar trend is observed in Fig. 13b, where the initial ŕame appearance621

is further delayed due to the longer ignition time at lower ambient temper-622

atures. For both temperature conditions, the ŕame shrinkage transition, as623

discussed in Section 3.4.1, is represented by a brief reduction in the FSR624

growth rate.625

Fig. 14a presents the FSR at 100 kPa under different ambient temper-626

atures. Apart from the delayed initial ŕame appearance due to reduced627

ambient temperatures, the FSR trends remained relatively consistent across628

different conditions. In contrast, Fig. 14b reveals signiőcant variability in629

the FSR at 20 kPa under different ambient temperatures. This variability630

is driven by the intense microexplosions at low ambient pressures, causing631

ŕame oscillations and ŕuctuations in the standoff ratio. In such cases, while632

the FSR data can still indicate general ŕame movement trends, it may not633

strictly represent a steady-state geometric relationship due to the transient634

and dynamic nature of the ŕame envelope. Additionally, the combined ef-635

fect of low ambient temperature and pressure further delays the initial ŕame636

appearance, reinforcing the role of ambient conditions in inŕuencing ŕame637
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Figure 14: Evolution of ŕame standoff ratio with scaled time under different ambient

temperatures at two selected ambient pressures, (a) 100 kPa, (b) 20 kPa.

standoff dynamics.638

4. Conclusion639

This study presents a systematic experimental investigation into kerosene640

single droplet ignition and combustion under simulated high-altitude relight641

conditions. The results demonstrate that ambient pressure exerts a dom-642

inant inŕuence over ambient temperature on spark assisted ignition time,643

burning rate, and microexplosion intensity. Notably, microexplosions and644
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ŕame behaviours are highly pressure sensitive, leading to deviations from645

classical combustion models. These insights enhance the understanding of646

droplet-scale combustion under extreme conditions while also providing valu-647

able data for simulation validation and the development of next-generation648

fuels and combustor designs, particularly for high-altitude and sustainable649

aviation applications.650

The őndings are especially relevant to the ongoing developments in lean-651

burn combustor technologies, which are designed to meet new emissions tar-652

gets while operating closer to lean stability limits. As these systems ex-653

hibit reduced combustion stability, ensuring reliable relight performance at654

altitude becomes increasingly critical. By characterising ignition time and655

disruptive combustion behaviour under high-altitude relight conditions, this656

study supports the design, testing, and modelling of robust relight systems657

for modern gas turbines.658
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