
Combustion and Ignition of Thermally Cracked Kerosene
in Supersonic Model Combustors

Xuejun Fan,∗ Gong Yu,† Jianguo Li,‡ Xinian Lu,§ and Xinyu Zhang¶

Chinese Academy of Sciences, 100080 Beijing, People’s Republic of China

and

Chih-Jen Sung∗∗

Case Western Reserve University, Cleveland, Ohio 44106

DOI: 10.2514/1.26402

A series of experiments were conducted to characterize the self-ignition and combustion of thermally cracked

kerosene in both a Mach 2.5 model combustor with a combustor entrance height of 51 mm and a Mach 3.0 model

combustor with an entrance height of 70 mm. A unique kerosene heating and delivery system was developed, which

can prepare heated kerosene up to 950 K at a pressure of 5.5 MPa with negligible fuel coking. The extent of China

no. 3 kerosene conversion under supercritical conditions was measured using a specially designed system. The

compositions of gaseous products as a result of thermal crackingwere analyzedusing gas chromatography. Themass

flow rates of cracked kerosenewere also calibrated andmeasured using sonic nozzles.With the injection of thermally

cracked kerosene, the ability to achieve enhanced combustion performance was demonstrated under a variety of

airflow and fuel conditions. Furthermore, self-ignition tests of cracked kerosene in aMach 2.5model combustor over

a range of fuel injection conditions and with the help of different amounts of pilot hydrogen were conducted and

discussed.

Introduction

A SCRAMJET operation at hypersonic speeds places severe
cooling requirements on the engine structure. To limit the

weight of the cooling system, regenerative cooling using onboard
hydrocarbon fuel as the primary coolant is considered to be an
effective way for the thermal management. Although the sensible
heat of hydrocarbon fuel can meet the cooling requirements up to
Mach 5–6, for higher Mach numbers additional cooling can be
obtained by increasing the heat sink capacity of hydrocarbon fuel
through endothermic reactions [1–4]. Among various endothermic
reactions, the thermal cracking of hydrocarbons is the simplest type
for practical applications.

Thermal cracking of hydrocarbon fuels has been studied by
numerous researchers [1,5–11]. Some important results are
highlighted as follows. For the reactions to be endothermic, the
preferred products resulting from cracking are mainly olefins such as
ethylene, rather than thermodynamically favored, saturated hydro-
carbons such asmethane and ethane (and coke). However, olefins are
not the predominant gaseous products at high pressures. It was also
noted that the endothermicity of thermal cracking reactions
(�700 kJ=kg for JP-7 fuel) is much less than the theoretical value by
assuming 100% ethylene formation (�3500 kJ=kg for JP-7 fuel).

There are a number of practical issues related to thermal cracking
of hydrocarbon fuels that were not considered in the above-

mentioned kinetics studies, including the influences of much larger
fuel flow rates or much higher Reynolds numbers and the role of
heater passage geometries. In addition, because the larger liquid
parent fuel decomposes into smaller gaseous hydrocarbons at high
temperatures, it is anticipated that these changes in the fuel state or
chemical composition will significantly alter the fuel injection
behavior and the subsequent ignition and combustion processes [12].
Also, the concentration level of radicals present in the thermally
cracked product mixture at high temperatures needs to be quantified
because of their important role in facilitating ignition. In view of a
limited number of studies in these aspects [1,13–18], a systematic
experimental and computational investigation was therefore planned
and conducted to address several pertinent issues of fundamental and
practical significance.

Our previous experimental investigation [19] on the injection and
combustion of vaporized/supercritical kerosene in aMach 2.5model
combustor demonstrated that the use of vaporized/supercritical
kerosene injection holds the potential of enhancing fuel–air mixing
and promoting overall burning. It was also noticed that the injection
behavior of vaporized/supercritical kerosene differs significantly
from that of liquid kerosene due to the changes in temperature and
density [19]. In this earlier study, the extent of kerosene cracking is
considered to be negligible because the preheat temperature is lower
than the critical value for thermal decomposition. Hence, this
investigation aims to extend our previous endeavors on the
investigation of supersonic combustion using vaporized/super-
critical fuel injection to characterize the combustor performancewith
thermally cracked kerosene injection.

To achieve thermal cracking of kerosene, the existing two-stage
heater employed in [19] was upgraded to operate at a higher
maximum temperature of �950 K and at a peak fuel pressure of
5.5 MPa, while still keeping the amount of fuel coking minimal. A
special two-phase flow collection system was also designed to
determine the overall conversion of parent kerosene andmeasure the
mass flow rate of cracked kerosene. The composition of the gaseous
products from kerosene cracking was further analyzed with gas
chromatography. Subsequently, combustion of thermally cracked
kerosene was investigated in two model combustors—a Mach 2.5
one with a combustor entrance height of 51 mm and a Mach 3.0 one
with an entrance height of 70 mm. Comparison of combustor
performance with different fuel injection modes and airflow
conditions were carried out.
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The effect of thermal cracking on self-ignition is also of particular
interest. Our previous study [20] demonstrated that self-ignition of
liquid kerosene in aMach 2.5model combustor can be achievedwith
the aid of pilot hydrogen injected at an effective hydrogen
equivalence ratio of 0.02 or higher. Because the thermally cracked
kerosene contains small molecules and radicals, it is imperative to
investigate how these composition changes affect the self-ignition
limit and the associated combustion characteristics in supersonic
model combustors. Thus, self-ignition tests of cracked kerosene in a
Mach 2.5 model combustor with a range of fuel injection conditions
and varying amounts of pilot hydrogen were also conducted and
discussed.

Experimental Specifications

Test Facility

The experiments were conducted in both Mach 2.5 and Mach 3.0
test facilities. The Mach 2.5 facility was the same as the one used in
[19], and hence will not be described herein. The Mach 3.0 facility
consisted of a vitiated air supply system, a multipurpose supersonic
model combustor, and a kerosene delivery and heating system. The
facility operation, control, and data acquisition were accomplished
with a computer. The air supply system was capable of supplying
heated air at stagnation temperatures of 800–2100 K and stagnation
pressures of 0.7–2.5 MPa. TheMach 3.0 model combustor shown in
Fig. 1 had a total length of 1105.5 mm and was composed of three
sections, including one nearly constant area section with a cross
section of 70 mm in height and 51 mm in width and two divergent
sections. Two interchangeable integrated fuel injector/flameholder
cavity modules in tandem were installed on both sides of the
combustor, each with a depth of 12mm, a 45-deg aft ramp angle, and
an overall length-to-depth ratio of 7.3. In each module, there were
nine (five) orifices of 0.9 mm (0.5 mm) diameter designed for
vaporized (liquid) kerosene injection, while there were five orifices
of 1.0 mm diameter available for pilot hydrogen injection. Kerosene
and pilot hydrogen were injected normally to the airflow through the
cavity floor and just ahead of the cavity, respectively, as shown in
Fig. 1.

Stagnation pressure and stagnation temperature of vitiated air
ware measured using a CYB-10S pressure transducer and a type B
thermocouple, respectively. Static pressure distribution in the axial
direction was determined using Motorola MPX2200 pressure
transducers installed along the centerline of the model combustor
sidewalls. The experimental uncertainty in the pressure and
temperature measurements was within 3%.

The entire test facility was mounted upright on a platform and can
be translated laterally and vertically. It usually took approximately
2.5 s to establish a steady Mach 3.0 airflow and a typical run lasted
around 7 s.

Kerosene Delivery and Heating System

To minimize the fuel coking at high temperature, a two-stage
heating system shown in Fig. 2 was specially designed. The first
stage was a storage-type heater that can heat kerosene of 0.8 kg up to
570 K in approximately 10 min with negligible coking deposits. The
second stage heater was a continuous type, which was capable of
rapidly heating kerosene to 950 K. Although the residence time of
heated kerosene within the second stage heater was typically less
than 4 s, the extent of fuel coking was minimized. Furthermore, the
first stage heater was composed of a 20-m long stainless steel tube of
20 mm outer diameter and 1.5 mmwall thickness, which was wound
into a cylinder shape of 30 cm diameter. The stainless steel tube was
wrapped with five 960-W heating tapes, which were controlled
independently to achieve a uniform temperature distribution along
the tube. The second stage heaterwasmade of a hollow stainless steel
tube of 16 mm outer diameter and 2 mm wall thickness. The total
length of the second stage heating tube was approximately 23.5 m.
To rapidly raise the preheat temperature, the second stage heater was
resistively heated by directly passing a current through the stainless
steel tube at 80–100 dc voltages from a pulsed ac/dc welder power
supply of 25 KW.

Before the experiments, kerosene in a storage cylinder was
pumped into the first stage heater by a piston. Two pneumatic valves
(Swagelok, model nos. SS6UM and SS10UM) installed,
respectively, at the exits of the first and the second stage heaters
were employed to turn on/off the two heaters sequentially, as shown

Fig. 1 Schematic of kerosene/pilot hydrogenMach 3.0model combustor (top) and integrated fuel injection andflameholdermodule (bottom).All length

dimensions are in mm.
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in Fig. 2. When kerosene in the first stage heater reached a desired
temperature at high pressure, kerosene was pressed into the second
stage heater and heated up to the working temperature before being
injected into the combustor. After each run, air was used to purge out
the residual kerosene inside the second stage heater and to eliminate
any accumulation of carbon deposit. Two groups of K-type
thermocouples (Omega, model no. KMQSS-0.032E), TC11-13 and
TC21-26 shown in Fig. 2, were installed on the surface of or inserted
into the heater tubes and were used to monitor and achieve the
feedback control of fuel temperature distribution along the heating
system. The experimental uncertainty in fuel temperature measure-
ments was estimated to be 2%.

In addition, the second stage heater and the fuel injectors were
connected by 10 mm diameter tubes, which were also wrapped by
heating tapes and heated up to a temperature close to that of the
second stage heater to reduce heat loss and avoid kerosene
condensation before reaching the injectors. Tominimize the heat loss
of kerosene vapor or cracked fuelmixture to the flameholdermodule,
the design of kerosene injectors was modified from our earlier setup.

Specifically, instead of drilling orifices directly in the typical cavity
floor of �33 mm thickness, the kerosene injection station was
composed of small diameter tubes, 2 mm inside diameter and 1 mm
wall thickness, which were welded to a much thinner plate of 3 mm
thickness. These injection tubes were also wrapped with heating
tapes and were heated before each test run. The maximum preheat
temperature achievable was approximately 930 K. Each fuel
injection temperature (Tin) reported herein was based on a
thermocouple spot welded on the tube surface.

Much effort was also devoted to establishing a quick delivery of
the heated/cracked kerosene with stable fuel temperature and
pressure. Figure 3 shows the performance of the two-stage heating
system by plotting the time variations of temperature and pressure of
the cracked kerosene at the exit of the second stage heater. In this
case, the pneumatic valve between the first and the second stage
heaters was turned on at a reference time of 2 s, and the fuel injection
started at a reference time of 4 s. It is seen from Fig. 3 that the fuel
temperature and pressure profiles leveled off in about 2 s after turning
on the pneumatic valve and were kept almost constant during the
experiment duration.

Kerosene Conversion and Flow Rate Measurement System

Our previous investigation [19] has demonstrated that the mass
flow rate of vaporized and supercritical kerosene can be calibrated
andmeasured using a sonic nozzle as long as there is no condensation
during flow acceleration and the sonic condition is maintained at the
nozzle throat. In the cases of thermally cracked kerosene, no simple
dependence of the mass flow rate on fuel temperature and pressure
would be expected because the fuel composition changes
dramatically during cracking and the extent of conversion also
depends on the heating history and the mass flow rate itself.
However, for a given heater configuration (with consistent
temperature distribution along the heater) and a narrow range of
operational conditions, it is practical to assume that the final
composition of cracked fuel would remain approximately the same
for the same temperature and pressure such that a sonic nozzle would
give a consistent measurement of the mass flow rate. Modifications

Fig. 2 Schematic of kerosene delivery and heating system.

Fig. 3 Time histories of fuel temperature and pressuremeasured at the

exit of the second stage heater.
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of the existing calibration system are also required because the
cracked fuel mixture would undergo phase changes when cooled
down to the ambient temperature. As a result, the unreacted kerosene
and the heavier cracking products (>C5) condensed to liquid
products, while the lighter products (C1–C5) turned into gaseous
products.

Figure 4 shows the schematic of the present product collection and
flow rate calibration system. The mass flow rate of cracked kerosene
was measured using a sonic nozzle installed at the exit of the second
stage heater. After passing through the sonic nozzle, the cracked fuel
mixture was cooled to room temperature using an air-conditioner
condenser circulatedwith coldwater. The liquid products and carbon
deposits (if present) were collected directly after cooling, while the
gaseous products were collected using a container immersed in a
water pool and its volume was measured by the volume of water
displaced. The composition of gaseous product mixture was
analyzed using gas chromatography, and its average molecular
weight and density were determined. The mass flow rate was
determined from the total mass of collected liquid and gaseous
products divided by the time duration of fuel discharging, which was
precisely controlled by the pneumatic valves through a computer.
Because of the large variation of kerosene density in the temperature
range of 570–920 K, four different throat diameters, including 2.15,
2.5, 3.08, and 3.4 mm, were used to meet the mass flow rate
requirements for the subsequent combustion experiments. Consid-
ering the measurement accuracies of throat area, fuel pressure, and
fuel temperature, the overall uncertainty associated with the
measured fuel mass flow rate was within 5%.

Because kerosene is composed of a myriad of individual
components, it is very difficult to define the actual percentage of
kerosene decomposition without knowing the concentration change
of each component during thermal cracking. Edwards and Anderson
[9] defined a JP-7 conversion to gas over a certain period of time
simply based on the volume change of liquid parent fuel. As
discussed above, the total mass of liquid products (mL) and the total
mass of gaseous products (mg) weremeasured in the present study. If
all of the liquid products collected were treated as unreacted
kerosene, the mass fraction of kerosene conversion to gaseous
products can be defined as mg=�mg �mL�. In addition, a nominal
mole fraction of gas products was defined as

�g �
mg=$g

mg=$g �mL=$k

(1)

where $k and $g are the measured average molecular weights of
kerosene and the gas products, respectively. This nominal mole
fraction together with the mass fraction of gas products was used
herein to characterize the extent of kerosene conversion.

Results and Discussion

Measurements of Kerosene Conversion and Mass Flow Rate

A conventional jet fuel, China no. 3 aviation kerosene, was
employed in this study. On the volume basis, it is approximately
composed of 92.5% saturated hydrocarbons, 0.5% unsaturated
hydrocarbons, and 7% aromatic hydrocarbons. The overall chemical
formula of this kerosene is approximately C11H22. Using the
calibration system shown in Fig. 4, the liquid and gaseous products
from thermal cracking of China no. 3 kerosene were separated and
analyzed. With a fuel pressure of 5.5 MPa, Fig. 5 shows and
compares the measured composition of gaseous products at four
different fuel temperatures. The primary gaseous products obtained
were alkanes and alkenes of small carbon number (C1–C5), and had
an averagedmolecular weight of 26–30. For the conditions tested, no
hydrogen was detected. Figure 5 also indicates 25–45% (bymole) of
methane present in the gaseous products and a trend toward greater
kerosene conversion to methane with increasing temperature.
However, such a large molar percentage of methane found in the
gaseous product mixture represents a low chemical heat sink
available through the thermal cracking of kerosene.

Figure 6 plots the measured nominal mole fraction of gaseous
products (�g) at varying fuel temperatures. The measurements were
carried out at fuel pressures of 3.5–5.0 MPa and fuel mass flow rates
of 20–80 g=s. It is seen from Fig. 6 that for the conditions tested the
extent of kerosene conversion can be correlated quite well with fuel
temperature alone, indicating a strong dependence of �g on fuel
temperature, but relatively weak dependences on fuel pressure and
mass flow rate.

Figure 7 shows the measured mass flow rates per unit throat area
for kerosene of different temperatures. As mentioned earlier, four

Fig. 4 Schematic of product collection/analysis and flow rate

measurement system.

Fig. 5 Composition of gaseous products obtained from thermal

cracking of China no. 3 kerosene at varying fuel temperatures.

Fig. 6 Nominal mole fraction of gaseous products resulting from

thermal cracking of China no. 3 kerosene as a function of fuel

temperature.
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sonic nozzles of difference throat areas were used over the present
flow rate range. Although a range of fuel pressures was used in the
experiments, the values of mass flow rate per unit throat area plotted
in Fig. 7 were converted to those based on a reference pressure of
3.5 MPa by assuming that the mass flow rate per unit throat area is
proportional to fuel pressure (in the region not close to a critical
point). The use of a reference fuel pressure also facilitates the
comparison with the computed values using different theoretical
models. It is seen from Fig. 7 that the measured mass flow rate per
unit throat area decreases with increasing fuel temperature, with a
sudden reduction occurring near 850 K. This temperature
corresponds well to the critical value beyond which a substantial
amount of kerosene is decomposed, as shown in Fig. 6.

The measured mass flow rates per unit throat area are also
compared with the theoretical values using surrogate fuels. A
kerosene surrogate that closely matches the average molecular
weight and C=H ratio of the China no. 3 kerosene was chosen, based
on the surrogate proposed by Dagaut [21]. Table 1 lists the
composition of this kerosene surrogate. According to the
composition analysis shown in Fig. 5, a surrogate representing the
gaseous products resulting from the thermal cracking of kerosene
was used, as listed in Table 2. As such, when considering a cracked
kerosene mixture for a given fuel temperature in calculations, the
mixture composition, a blend of two surrogates shown in Tables 1
and 2, was determined with the empirical value of �g obtained from

Fig. 6. Furthermore, computational results compared in Fig. 7 were
based on two models, the model of extended corresponding states
(ECS) [22] and the model of ideal gas mixture (IGM), along with a
discharge coefficient of 0.91 for the sonic nozzle calculations.

Consistent with our previous findings [19], Fig. 7 demonstrates
that the ECS calculations using the unreacted kerosene surrogate
agree well with the experimental results for fuel temperatures below
830 K, because of insignificant kerosene cracking. When fuel
temperature increases beyond 830 K, a large discrepancy is noted in
Fig. 7 for calculations without considering thermal cracking of
kerosene, while agreement with experiments improves when
including the corresponding cracked kerosene surrogate mixture. It
is also seen from Fig. 7 that for fuel temperatures higher than 800 K,
both the ECS and IGM calculations for the cracked kerosenemixture
yield very close results. However, both calculations overpredict the
measured values by approximately 30% for fuel temperatures higher
than 830 K. It was further found that the measured mass flow rate
could be well predicted by using a much lower mean molecular
weight for the cracked fuel mixture. Because the sonic nozzle was
installed at the exit of the second stage heater (cf. Fig. 4), this in turns
implies that a substantial amount of low molecular weight, unstable
species, such as hydrocarbon fragments, may be present at high
temperatures, which, however, cannot be determined using gas
chromatography. Further study is needed to accurately characterize
the composition of the cracked kerosene mixture.

Combustion Characteristics of Thermally Cracked Kerosene

A series of combustion experiments using thermally cracked
kerosene injection were first conducted in the same Mach 2.5 model
combustor as our early study [19] to compare the combustion
performance with those with liquid and supercritical kerosene
injection. The height of the combustor entrance for this model
combustor was 51 mm. All experiments were conducted under
approximately identical flow conditions: a stagnation temperature of
�1750 K and a stagnation pressure of�1:15 MPa. To facilitate the
self-ignition of kerosene in this model combustor, the same amount
of pilot hydrogenwas used in these tests. Figure 8 compares the static
pressure profiles along the axial direction in the Mach 2.5 model
combustor for the three fuel injection modes at constant fuel mass
flow rates of �37 g=s. The relative locations of kerosene injection,
pilot hydrogen injection, and cavity flameholder are also sketched in
Fig. 8. For the combustion tests of liquid kerosene, the fuel was
injected at room temperature and under injection pressure of
�1:9 MPa. For the supercritical kerosene injection mode, the fuel
before injection was preheated to a temperature of�730 K, under a
supercritical pressure of �3:8 MPa. In the combustion experiments
using cracked kerosene, the fuel was preheated to 815–886 K, under
pressures of 3.1–4.25 MPa. Note that the mass percentages of

Fig. 7 Comparison of measured mass flow rates per unit throat area

and calculated values of unreacted kerosene surrogate and cracked
kerosene using the models of extended corresponding states (ECS) and

ideal gas mixture (IGM). All the experimental and computational values

were based on a reference fuel pressure of 3.5 MPa.

Table 1 Composition of China no. 3 aviation kerosene surrogate

Hydrocarbons Mole fraction

n-dodecane 0.63
1, 3, 5-trimethylcyclohexane 0.30
n-propylbenzene 0.07

Average molecular weight 152
Average chemical formula C10:9H21:3

Table 2 Surrogate composition of the gaseous products resulting from

thermal cracking

Hydrocarbons Mole fraction

Methane, CH4 0.35
Ethane, C2H6 0.20
Propane, C3H8 0.15
Ethylene, C2H4 0.15
Propylene, C3H6 0.15

Average molecular weight 28.7
Average chemical formula C1:95H5:3

Fig. 8 Comparison of static pressure distributions with liquid,

supercritical, and cracked kerosene injections in the Mach 2.5 model
combustor with the combustor entrance height of 51mm. Fuel mass flow

rate was �37 g=s. Vitiated air: stagnation temperature was �1750 K
and stagnation pressure was �1:15 MPa.
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kerosene conversion to gaseous products were 5–15% in this fuel
temperature range. It can be seen from Fig. 8 that the overall pressure
level during combustion increased significantly by changing the
injection mode from liquid kerosene to supercritical kerosene, and
continued to increase when transitioning to the cracked kerosene
injection mode. However, for the combustion tests using cracked
kerosene the static pressure increase was observed to commence
even within the isolator section.

To demonstrate the reproducibility of the present experiments
using cracked kerosene injection, Fig. 9 compares the measured
static pressure distributions in the Mach 2.5 model combustor from
four different runs under approximately identical airflow and fuel
injection conditions. It is noted in Fig. 9 that the fuel injection
location is now at the floor of the first cavity flameholder and is
moved more downstream as compared to that of Fig. 8. As a
consequence, the undesired pressure rise near the combustor
entrance at a higher fuel flow rate or a higher fuel temperature was
shown to be mitigated. Figure 9 clearly demonstrates that the present
experimental data were highly repeatable with an uncertainty of
�3%.

Recognizing that the combustor geometry and the entry Mach
number play important roles in affecting combustor performance, a
series of experiments were also carried out in a Mach 3.0 model
combustorwith a larger entrance height of 70mm, as shown in Fig. 1.
To compensate the possible decreases in the fuel–air mixing level
and combustion stability due to increasedMach number and entrance
height, two cavities in tandem were used instead of a single cavity.
Comparison of the combustor performance using the two types of
cavity arrangement was conducted first. The kerosene was preheated
to a temperature of �910 K under pressure of �4:8 MPa before
being injected into the combustor at a mass flow rate of �53 g=s.
With the same airflow and injection conditions, Fig. 10 demonstrates
that the overall pressure level near the fuel injection location is higher
when using two cavities in tandem. This higher pressure level in turns
implies a higher burning intensity. However, the addition of a second
cavity (without fuel injection therein) is expected to increase the
downstream combustor drag. Further investigation is therefore
warranted to elucidate whether the configuration of two cavities in
tandem indeed provides enough benefit to overcome the drag
penalty.

We further note that for a given throat diameter of the sonic nozzle
flow meter, a higher fuel pressure is required for a higher fuel
temperature to keep the fuel mass flow rate constant. Hence, the
effect of fuel pressure on combustor performance needs to be
clarified. For this purpose, additional combustion tests using a
cracked kerosene mixture with mass flow rate of �55 g=s and
temperature of �870 K were carried out. To vary the fuel pressure
while keeping the same mass flow rate and fuel temperature, two
different sonic nozzles with throat diameters of 2.5 and 3.08 mm

were used. Figure 11 plots such a comparison for two fuel pressures
of 3.42 and 5.21 MPa, showing that the two static pressure profiles
matchwith each other closely. This comparison suggests that the fuel
injection pressure had a much less effect on the combustion
characteristics of cracked kerosene than the fuel temperature did
(also cf. Fig. 8), at least for the fuel pressure range investigated.
Therefore, combustion of thermally cracked kerosene was further
investigated in theMach 3.0model combustor with special emphasis
on its dependence on fuel temperature or the extent of kerosene
conversion, which is discussed in the following.

Figure 12 compares the static pressure profiles in the Mach 3.0
combustor with increasing fuel temperature. The airflow conditions
were kept approximately identical, at a stagnation temperature of
�1880 K, a stagnation pressure of�1:88 MPa, and a mass flow rate
of�1150 g=s. Moreover, the fuel injection pressures were all higher
than the critical pressure of kerosene, and the fuel mass flow rate was
around 55 g=s. Figure 12 clearly shows that the overall pressure level
increased dramatically as the fuel temperature was increased from
725 to 911K.Note that the heated kerosenewas in supercritical states
at 725 K, while approximately 25% of the kerosene mass was
converted to lower order C1–C5 hydrocarbons at 911 K. Further
analysis using the one-dimensional model developed in an earlier
study [23] yielded combustion efficiencies of 85, 86, 89, and 94% for
fuel temperatures of 725, 839, 891, and 911 K, respectively. Thus,
the use of cracked kerosene injection was shown to promote the
overall burning intensity. We shall examine in the next section how

Fig. 9 Comparison of static pressure distributions from four different

combustion runs in theMach 2.5model combustor under approximately

identical airflow and fuel injection conditions. Vitiated air: stagnation
temperature was �1720 K and stagnation pressure was �1:11 MPa.

Fig. 10 Comparison of static pressure distributions with single cavity

and two cavities in tandem in the Mach 3.0 model combustor with

combustor entrance height of 70 mm under approximately identical

airflow and fuel injection conditions. Vitiated air: stagnation temper-
ature was �1850 K and stagnation pressure was �1:9 MPa.

Fig. 11 Comparison of static pressure distributions with cracked

kerosene injection at two different fuel pressures in the Mach 3.0 model
combustor. Vitiated air: stagnation temperature was �1860 K and

stagnation pressure was �1:9 MPa.
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the thermal cracking of kerosene affects the conditions of self-
ignition.

Self-Ignition Tests of Thermally Cracked Kerosene in the Mach 2.5

Model Combustor

A series of self-ignition experiments using thermally cracked
kerosene injection were conducted in the same Mach 2.5 model
combustor with a single cavity module as used in Fig. 8. The airflow
conditions were kept approximately the same at a stagnation
temperature of �1700 K and a stagnation pressure of �1:11 MPa.
Kerosene was preheated to temperatures of 865–928 K under
pressures of 3.75–4.40 MPa before being injected into the
combustor. The heat loss of the fuel mixture during injection
processes was controlled as described earlier, and hence the fuel
injection temperature (Tin) was fairly close to the preheat fuel
temperature.

Table 3 summarizes the test conditions and the corresponding
results. Following [20], the equivalence ratio of pilot hydrogen (�H)
and the effective equivalence ratio of kerosene (�fuel) were defined by
assuming that hydrogen is consumed completely with the available
oxygen because of its small addition and kerosene is then oxidized
with the remaining air. As a reference, our previous investigation of
liquid kerosene injection demonstrated that the minimum
equivalence ratio of pilot hydrogen required for facilitating the
self-ignition of kerosene can be as low as 0.02 for certain combustor
configurations [20]. Table 3 shows that, for partially cracked
kerosene injection, self-ignition can be achieved even with
�H � 0:01. Furthermore, it is of interest to note from the tests of
successful self-ignition that the time interval from turning on the fuel

valve to the rapid rise of static pressures within the combustor
became longer when �H was reduced below 0.02.

Conclusions

Combustion characteristics of thermally cracked kerosene were
investigated experimentally over a range of airflow and fuel
conditions. Cracked kerosene was prepared using a two-stage
kerosene heating and delivery system, which was capable of heating
kerosene up to 950 K at a pressure of 5.5 MPa and leading to a
maximum 50% mass conversion of kerosene with negligible fuel
coking. Chromatographs of the gaseous products collected from the
thermal cracking of China no. 3 kerosene showed a 25–45% mole
percentage of methane formation and a trend toward greater
conversion to methane with increasing fuel temperature, indicating
that the thermal cracking of kerosene would be less endothermic.

The mass flow rates of cracked kerosene were calibrated and
measured using sonic nozzles. Surrogates composed of the
representative components of unreacted kerosene and the gaseous
products of cracked kerosenewere, respectively, chosen tomatch the
corresponding mean molecular weight and C=H ratio and were used
to theoretically calculate the fuel mass flow rates. Computed mass
flow rates based on both the principle of extended corresponding
states and the law of ideal gas mixture overpredicted the
experimental values of cracked kerosene by approximately 30%,
suggesting the possible presence of some lightweight intermediate
species in the cracked mixture at high temperatures which were not
detected by the gas chromatography analysis.

A series of combustion experiments were conducted in aMach 2.5
model combustor with an entrance height of 51 mm and a Mach 3.0
model combustorwith an entrance height of 70mm.Results obtained
from both model combustors demonstrated that enhanced burning
intensity and higher combustion efficiency were achieved with the
injection of thermally cracked kerosene. Self-ignition tests of
cracked kerosene with different amounts of pilot hydrogen in a
Mach 2.5 model combustor were also conducted and compared over
a range of fuel injection conditions. It was generally observed that the
amount of pilot hydrogen required for achieving self-ignition
decreased with an increasing extent of kerosene cracking.
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