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Abstract

In scramjets, hydrocarbon fuels are being considered for their endothermic potential and for use in
flights where compact, volume critical designs are required at flight speeds at Mach 5+. Long-chain
hydrocarbon fuels, like aviation kerosene, have handling and storage advantages over hazardous and
volatile fuels, like hydrogen, that are more aligned with current flight systems. This research
investigates the conditions under which kerosene fuel (JP-8+100) may be used in a supersonic duct at
a hyper velocity impulse facility. Experimental data on kerosene ignition lengths for temperatures in
the range 1100-1550 K, pressure of 1 atm, and equivalence ratios of 0.2-2.5 are compared with
ignition delay correlations from literature.

1. Introduction

This paper reports on a study of the ignition length of long chain hydrocarbon (kerosene) based aviation fuel in a
scramjet combustor. This is the first part of an investigation examining the effects of adding supplementary ethylene
to the aviation kerosene. Ethylene combustion in a supersonic flow stream produces a vigorous and rapid combustion
onset, much like that of hydrogen [1]. Improving the long chain hydrocarbon (LCHC) ignition length would result in
a shorter combustor and reduction in associated skin-friction drag and heat transfer. LCHC fuels suffer certain
drawbacks when applied to a scramjet engine where the airflow through the combustor is of the order 2km/s. Chief
amongst these are the time required for ignition to commence and thermal stability of the fuel [2]. The long delay for
LCHC fuel ignition results in scramjet combustors of the order of metres long. This is prohibitive for a volume-
constrained aircraft. By augmenting LCHC with the addition of ethylene, it may be expected to react more like
ethylene and result in improvements to combustor efficiencies for LCHC fuels. Before ethylene augmentation tests
can be examined, a baseline for the ignition length of LCHC fuel (without ethylene augmentation) in a scramjet
combustor must be established. The particular LCHC fuel used was JP-8+100.

In order to test LCHC fuels, ground-test facilities must be able to deliver fuel at an equivalent condition as
experienced in flight. It's reported [3] that continuous flow facilities require in the order of 2 MW of power per kg/s
of feed fuel to replicate the appropriate fuel injection composition, temperature and pressure. Furthermore, for the
quantity of fuel required, the facility requires additional infrastructure to manage fuel pre-heating as well as
condensers and containment to deal with possible failures of the system. Impulse facilities have the benefit of
extremely short test duration, such that the amount of fuel injected per test is of the order of a few grams for a few
milliseconds; thereby avoiding hefty power and infrastructure requirements. The drawback with impulse facilities is
the same short test duration - which limits the use of slow-ignition liquid hydrocarbon fuels. There is usually
insufficient time for the fuel to be injected, vaporise, mix, and react within the available length of combustor.

This paper presents the results of an ignition length study with JP-8+100 using a fuel vaporiser suitable for use with
an impulsive hypervelocity test facility[3]. Results of tests on JP-8+100 with ethylene augmentation are the subject
of subsequent papers.

Facilities such as heated reflected shock tubes and well-stirred reactors are better suited to investigate ignition delay
correlations and chemical kinetics than the supersonic duct combustion chamber used for this study. The goal of this
research was not to replicate ignition correlations, but to investigate how well those correlations may be applied to a
generic supersonic duct.
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2. Experimental Setup

Flow within the supersonic duct was generated by the University of Queensland’s T4 free piston reflected shock-tube
impulse facility [5][6][7]. The representative nozzle-supply conditions were 35 MPa, 3.2 MJ/kg air which was
expanded to Mach 6.7 at the nozzle-exit and was further processed by a pair of compression wedges into the model.
The experiments were conducted at a duct entry condition of Mach 2.7, static pressure of 85-135 kPa and static
temperature between 1100 K and 1550 K. The principal variable controlling ignition was the temperature, so a wide
range in this parameter was desirable. In order to limit the test-to-test variation in ignition length due to pressure, the
target duct entry pressure was a nominal 1 atmosphere. Where 1 atmosphere was not achieved, ignition length data
was scaled by an inverse pressure relation, P,
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Figure 1: Schematic of the experimental model (adapted from [8])

The experimental model [9] consisted of a set of inclined plate compression wedges ahead of a parallel combustion
duct, with a central strut fuel injector (refer Figure 1), where flow is from left to right. The model was 1.75 m in
length, with a 1.2 m combustor of 0.1 m x 0.47 m cross section. The air entering the combustion duct was in the
range 1810 m/s to 1970 m/s for the 3 to 3.5 MJ/kg condition. In order for ignition to be observed within the duct, the
ignition delay needed to be less than 0.7 ms at 1 atm. Based on ignition delay correlations for JP-8 and Jet-A
[10][11][212][13][14], it was reasonable to expect JP-8+100 to ignite within the duct at temperatures 1300 K and
above.

A fuel supply system was developed [4] that was capable of delivering gaseous blends of hydrocarbon fuels within
the 2-3 ms test time available at the impulse facility. JP-8+100 was vaporised prior to injection into the supersonic
duct, by means of a heated Ludwig tube commissioned for this study. The vaporiser system was capable of blending
gaseous ethylene and liquid kerosene. The thermal control of the system moderated the fuel between 650 K to 700 K
such that two-phase gaseous-liquid regions were avoided. These were detrimental to the operation of the system, as
was the deposition of gum and sooting from JP-8+100 pyrolysis and reformation.

Pressure was measured at 20 mm intervals along the duct. It was the primary means of observing ignition and
combustion. Two baseline cases were established. One was a fuel-off case with air as the test gas and no fuel
injection, and the other was a supressed combustion case. The later occurs when fuel is injected into a nitrogen test
gas to allow the effect of fuel addition to be isolated in the absence of combustion. In subsequent fuel-on tests, any
pressure rise in excess of the baseline cases may be attributed to combustion. The ignition length was determined as
the axial location where the fuel-on coefficient of pressure (Cp) departed from the baseline cases in a sustained
pressure rise which achieved and maintained an increase of 0.1 Cp above the baseline at the end of the duct. The
reference pressure and dynamic pressure used in the calculation of Cp were taken at the duct entry conditions.
Ignition was assumed to occur within the mixing layer. This was assumed to be, to first approximation for this
experimental configuration, parallel with and at the same transverse location as the surface of the strut injector [8]. A
correction was applied to the measured ignition length to account for the axial displacement as the pressure
increment propagated across the duct by means of a Mach wave to be measured at the wall. For the presented
examples, this was a 49mm axial off set. While only first-order accurate, this correction was consistent across all
tests.

Experimental uncertainty of key parameters was 11%, 2% and 5% for duct entry temperature, pressure and Mach,
respectively. The uncertainty of coefficient of pressure, Cp, in the ignition region was 10%.
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3. Results and Discussion

Tests were carried out on 94-100% molar blends of JP-8+100 with ethylene. To differentiate between blended fuels,
the nomenclature used to refer to each blend is 'CnHm' for the carbon:hydrogen ratio on a molar basis. JP-8+100 was
modelled as C;,H,, after [15]. Where a fuel percentage is identified, it refers to the mole fraction of JP-8+100 and the
complementary percentage is ethylene. Results from blended fuel tests of 50% - 86% ethylene are to be reported in
subsequent papers.

An example of a test with 100% JP-8+100 fuel at an equivalence ratio of 1.5, injected into 1530 K airflow at Mach
2.7 is presented in Figure 2, where flow is from left to right. The figure presents the variation in Cp along the duct
commencing from the point of fuel injection. The baseline cases of fuel-off and suppressed combustion cases are
shown, along with the fuel-on case. A strong expansion and shock structure within the duct is evident. These are a
result of expansions and recompression shocks which occur at the step-change in geometry at the rear of the central
strut. The difference in Cp (ACp) between the fuel-on and the baseline cases is also presented, along with a four-point
running average. The increase in ACp of 0.15 above the baseline demonstrates that a sustained pressure rise in a
supersonic duct was achieved. This result also demonstrates that the fuel supply vaporiser operated satisfactorily and
may be used to conduct further research. The ignition length for this particular test occurred between 417-437mm
(less the 49mm correction). At a temperature of 1410 K it was observed (Figure 3) that ignition occurs further
towards the rear of the duct, as expected, between 497-517 mm. When the temperature was reduced to 1320 K it was
observed (Figure 4) that ignition occurs further towards the rear of the duct between 917-937 mm. These results
were consistent with the anticipated result of Arrhenius-type ignition delay correlations [10][11][12][13][14][16][17]
[18][19][20], where ignition delay is a strong function of temperature.

Ignition length measurements were made with a duct inlet condition between 1100-1550 K at pressures from 85-135
kPa and equivalence ratios 0.2-3.0. The experimental data is presented in Figure 5 along with a least squares
Arrhenius fit and 95% confidence interval. The ignition 'length' has been converted to an ignition 'delay’ by the duct
inlet velocity, and uses an inverse temperature abscissa. The regression fit and confidence interval are compared with
correlations for JP-8 5 [10] and Jet-A [11][12][13][14] in Figure 6. All experimental data and correlations are scaled
to 1 atmosphere for the comparison.

It was observed that there is significant scatter within the data for a given temperature, of the order 45%, which
represents the variation due to the experimental apparatus for measuring ignition length in a scramjet duct, as well as
the inherent repeatability of ignition delay studies. Flow within the duct has inherent non-uniformities and is not a
homogenous fuel-air mixture as in shock-tube studies of ignition delay (for example [10]) or with continuous control
over flow variables (such as in [16]). However, the amount of scatter is consistent with the 42% reported in [18] as
typical variation in length for shock-tube ignition delay studies. The Arrhenius fit to the data agrees well with the
presented correlations. The slope of the Arrhenius fit in Figure 6 (representing a suggested activation energy of 29.3
+ 8.9 kcal/mol for the fuel) is in keeping with those of JP-8 and Jet-A This was an anticipated result as the base fuel-
stock is from the same family of aviation kerosene. The large uncertainty on activation energy was due to the amount
of experimental scatter, suggestive of apparatus-dependent phenomena. Despite the scatter, the apparent activation
energy is in agreement with the reported values for JP-8 (29kcal/mol, [10]) and Jet-A (27.8 kcal/mol [12] and 29.2
kcal/mol [21]). All of the tabulated activation energies lie within the experimental uncertainty.

The strong similarity between the reported correlations [10][11][12][13][14] and the experimental data demonstrates
that the ignition delays observed in the impulse facility correlate with those previously observed in other facilities.
The correlations closely predict the ignition delay and activation energy of the fuel at experimental conditions of 1
atmosphere and temperature range 1250 K to 1600 K. The correlations for ethylene [17][19] are depicted in Figure 5
and Figure 6 for comparison with the future ethylene augmentation study.

The point of difference in the current study is that the experimental data were obtained from a supersonic duct, with
non-uniform flow and non-homogeneously mixed fuel. This is different from how the ignition delay studies are
typically made. They use a reflected shock tube with a homogeneous fuel and oxygen mixture which is subjected to a
sudden rise in temperature and pressure from a reflected shock wave [10]. The resulting ignition delay correlations
are regarded to be applicable under similar pressure and temperature conditions to those of the experiments from
which they were derived. When the correlations were scaled to atmospheric pressure, they matched the experimental
data. Therefore, the JP-8+100 study justifies the use of ignition delays found from conventional shock tube studies
for application in a scramjet duct. This is strong indication that the JP-8+100 ignition delay is reaction limited, not
mixing limited.
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Figure 2: Cp versus Length for JP-8+100 ignition length at 1530K
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Figure 3: Cp versus Length for JP-8+100 ignition at 1410 K
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Figure 4: Cp versus Length for JP-8+100 ignition at 1320 K
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Figure 5: Experimental data for the ignition delay of JP-8+100 in a supersonic duct
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Figure 6: Comparison of the JP-8+100 fit with Jet-A and JP-8 correlations
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The experimental data are compared with ignition delay data for JP-8 and Jet A from a heated shock tube across the
range 715 K to 1229 K [20] in Figure 7. Both sets of data display a consistent activation energy in the region above
900 K. Below 900 K, there is evidence of the negative temperature coefficient region, where the slope of the
Arrhenius-like exponential temperature dependency is reversed [20][22][23][24]. While the regression fit to the JP-
8+100 data should not be extrapolated beyond the range of the experimental data (1100 K to 1600 K), it is shown to
be consistent with JP-8 data between 1000 K and 1229 K.

Vasu’s data [20] shows the difference in ignition delay at equivalence ratio of ® =1 and 0.5. This reduction in ® had
the effect of increasing the ignition delay by 40% at 1080 K. The same influence of ® on ignition delay is reported
for Jet A and JP-8 from shock tube studies [12][23][25][26]. Equivalence ratio variation may explain the scatter
observed in the experimental results for JP-8+100.
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Figure 7: Comparison of JP-8+100 data with JP-8 and Jet-A data from [20]

4. Conclusions

The JP-8+100 experimental study shows that traditional correlations can be used to effectively predict the ignition
delay times of long-chain hydrocarbon (LCHC) fuels in a scramjet combustor, provided pressure effects are taken
into account. This is an important finding which allows the correlations to be used with confidence in scramjet
combustor design and CFD simulations of LCHC combustion in supersonic ducts. The fact that multiple Jet-A and
JP-8 correlations are closely aligned to the regression fit, gives confidence that the calculated duct inlet temperatures
are near the middle of the measurement uncertainty for temperature and not at the £11% limit. The correlations are a
validation of the regression and the temperature calculation.

The data presented for JP-8+100 conclusively shows that a pressure rise occurred that can be attributed to the heat
release from combustion. The examples represented 0.94 to 1.0 mole fraction JP-8+100 mixtures. This demonstrates
that the fuel injection system can be used to study combustion of JP-8+100 in a supersonic flow stream in an impulse
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facility. For the current experimental configuration, the earliest possible point of ignition was limited by the presence
of a strong expansion and shock system extending 100 mm downstream of the strut injector.

Combustion of JP-8+100 was found to have an apparent activation energy of the order 29 kcal/mol. The comparison
with ignition correlations from premixed homogenous tests provides good evidence that JP-8+100 combustion in a
supersonic flow stream is reaction-limited.

The ignition delay and ignition temperature is not an absolute property of a substance. Therefore empirical relations
will have an inherent degree of uncertainty related to the nature of the test apparatus and methods used for their
determination [27]. Yet, despite the scatter in the data, the results of the present study correlate well with published
correlations for JP-8 and Jet-A from a broad range of fuel-stocks and researchers.
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