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Abstract: Aero-engine combustors may experience extreme low pressures in the case of an in-
flight shutdown, which makes the study of aviation kerosene flame propagation characteristics at
low pressures important. The present work examined flame propagation during the combustion
of aviation kerosene over the pressure range from 25 to 100 kPa using a constant-volume bomb
apparatus. The laminar burning speeds at different initial pressures, temperatures and equivalence
ratios were measured and compared. In addition, numerical simulations were used to examine the
reaction sensitivity of the laminar burning speed at low pressure. In trials at the lean flammability
limit, the data indicated that it was more difficult to ignite the fuel under a lower pressure condition
of 25 kPa and a lower temperature condition of 420 K. The experimental results of laminar burning
speed were fitted to an equation providing the laminar burning speeds expected at different pressures
(25-100 kPa), temperatures (400-480 K) and equivalence ratios (0.8-1.5). The temperature index
(x = 1.76) and pressure index (3 = —0.15) of the fitting equation were obtained. Both hydrodynamic
and diffusional thermal flame instabilities were found to be suppressed at low pressures. The negative
effects of two specific reactions on laminar burning speed were greatly reduced at these same low
pressures of 25 kPa.

Keywords: aviation kerosene; low pressure; laminar burning speed

1. Introduction

Aero-engines function under extreme conditions involving high temperatures and
pressures, fast flow rates and rapid rotation, all of which result in frequent in-flight shut-
down incidents. The ignition and combustion characteristics of aviation kerosene are one of
the most important factors determining the chances of the successful high-altitude relight
of an aero-engine after an in-flight shutdown [1,2]. In the case of a shutdown, power
transfer from the turbine to the compressor ceases, such that the compressor speed drops
rapidly and the unit eventually enters a windmill state. As an example, after an aero-engine
has been stopped for just 30 s, the pressure ratio of the compressor will have fallen to
only 20% of the design value [3], such that both the inlet temperature and the pressure in
the combustor will also rapidly decrease. As a consequence of this low temperature and
pressure, the evaporation and ignition of aviation kerosene as well as flame propagation
become more difficult. Therefore, the flame propagation characteristics of aviation kerosene
at low pressures are a vital consideration.

Many previous studies have focused on the burning speed obtained using aviation
kerosene and various model fuels. Liu et al. [4] developed a surrogate for kerosene compris-
ing n-dodecane, n-decane, iso-cetane, methylcyclohexane and toluene at molar percentages
of 10%, 14%, 30%, 36% and 10%, respectively, and measured laminar burning speeds s?,
in a constant volume bomb at initial pressures P of 100 and 300 kPa with initial tempera-
tures T of 390, 400 and 420 K. Zheng et al. [5] also developed a model kerosene substitute
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based on n-decane, n-dodecane, ethylcyclohexane and p-xylene with molar percentages of
40%, 42%, 13% and 5%, respectively. Counterflow twin-flame experiments were carried
out using this fuel to determine the S) of both actual kerosene and the surrogate fuel at
100 kPa. Fu et al. [6] measured the S of both actual kerosene and a surrogate fuel (n-decane,
n-dodecane, isohexadecane, methylcyclohexane and toluene at molar percentages of 14%,
10%, 30%, 36% and 10%, respectively) at initial T of 390 and 420 K and initial P of 100 and
300 kPa. Vukadinovic et al. [7] studied the influences of pressure and temperature on S
and the Markstein number of kerosene Jet A-1 at initial temperatures of 373, 423 and 473 K
and initial pressures from 100 to 800 kPa. Several other works [8-10], in all of which the
initial pressure condition was no less than 100 kPa, also focused on the SY of kerosene and
its surrogate fuels.

The SY of different fuels will exhibit different responses to pressure changes. Met-
ghalchi et al. [11-13] conducted many measurements of the S! of different fuels and
analyzed the effects of pressure and temperature on S). In the review of Konnov et al. [14],
the relationship between pressure and S) of various fuels is mentioned, while most studies
have not focused on low pressure. Xie et al. [15] studied the effect of pressure variations on
methane combustion characteristics in a constant volume bomb. This prior work found
that S initially decreased and then increased as the P was increased over the range of
40 to 160 kPa. This trend was attributed to changes in the combustion reaction order as
the pressure was raised. Wang et al. [16] experimentally studied the effects of T, P and
other factors on the S of propane and reported that, within the range of 50-450 kPa, S!)
decreased exponentially with increases in P.

Previous studies have primarily employed model fuels as surrogates for aviation
kerosene and assessed the SO of these substances at P above 100 kPa. In contrast, there has
been relatively little research concerning flame propagation and ignition probability at low
pressures. The main goal of the present study was therefore to systematically investigate
SY and the ignition probability of aviation kerosene under low-pressure conditions. In this
work, S) were assessed over the pressure range of 25 to 100 kPa and correlations were
developed via regression calculations. Finally, the reaction sensitivity of aviation kerosene
was investigated at the same low pressures.

2. Materials and Methods
2.1. Experimental Method

The spherical flame method is a commonly used method for S) measurements [14,17].
In this work, experiments were carried out using a newly developed, fan-stirred, constant-
volume bomb apparatus. A diagram of the experimental setup is provided in Figure 1.
The apparatus consisted of a cylindrical, stainless-steel combustion chamber with an
inner diameter of 220 mm and a length of 400 mm that allowed ignition experiments
to be performed at an initial P of up to 2.0 MPa. Band heaters with a total power of
6.5 KW were installed on the side walls of this chamber to heat the combustible mixture
to a temperature as high as 573 K. The unburnt gas temperature was measured before
ignition using two thermal couples, which were set at radius of 5 cm in the chamber. The
temperature difference between the two thermal couples was within 1 K, representing a
good temperature uniformity in the chamber. All trials under the same initial temperatures
were conducted with differences within 3 K, showing a good experimental repeatability. A
100 mm diameter quartz window was mounted at either end of the chamber, allowing the
optical assessment of the combustion process. Prior to each experiment, the combustion
chamber was electrically heated to a preset temperature and evacuated using a vacuum
pump. A pre-calculated volume of fuel (the amount necessary for the desired equivalence
ratio, @) was subsequently injected into the chamber using a highly accurate syringe. After
the liquid fuel was completely evaporated, high-purity compressed air was introduced
into the chamber to provide both the desired @ and initial pressure. The fans were then
activated to homogenize the gas phase mixture in the chamber. During laminar flame
experiments, the fans were turned off after 2 min and the combustible mixture was allowed
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to stand for 5 min to become fully quiescent, after which the mixture was ignited at its
center by an electrode. A signal was simultaneously generated by the ignitor to trigger a
high-speed camera (Photron Fastcam SA-Z) operating at a frequency of 10,000 frames per
second to capture schlieren images of the flame evolution.
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Figure 1. Diagram of the fan-stirred, constant-volume bomb apparatus.

2.2. Laminar Burning Speed

Typical schlieren images obtained from the above experimental device are shown in
Figure 2. During the early stage of flame propagation, when the flame was still relatively
small, the pressure change in the constant-volume bomb was minimal and had little effect
on SY. In this study, the range of radius data that were taken for flame speed S;, was
1.5-3.0 cm. Consequently, combustion under these conditions could be considered to be
a constant pressure process. According to the expected behavior of a constant pressure
combustion process, the combustion of the premixed gas in the constant-volume bomb
gradually propagated outward as a spherical flame, and the high-speed camera was used
to obtain schlieren images of this flame propagation. The post-processing of images of
the expanding spherical flame was used to determine the propagation speed of the flame

surface, Sy, based on the equation
S, = dR/dt, (1)

where R is the flame radius and ¢ is elapsed time. A non-linear extrapolation method [18]
was employed to calculate the un-stretched propagation speed, S), using the equation

In(S,) = 1n(sg) —28%L,/(RS,), @)
where L;, is the Markstein length. Finally, S, could be obtained as
Su = Sp/e, ©

where ¢ is the ratio of the density of the unburned gas to that of the burned gas.
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Figure 2. Typical schlieren images of the flame propagation process.

3. Results
3.1. Validation Experiment Results

N-dodecane is one of the most common hydrocarbon fuels, and therefore its S, has
been studied extensively. For this reason, the S) of n-dodecane was determined using the
present experimental setup to verify the proper functioning of this apparatus. Figure 3
compares the S) obtained for n-dodecane in the present work with values reported in
the literature based on experimental trials [19-21]. The data from the apparatus used in
the present research can be seen to be in good agreement with those of previous work,
confirming the adequate performance of the constant-volume bomb.
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Figure 3. Comparisons of S) of n-dodecane obtained from prior experimental trials and from the

present work.
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3.2. Determination of Initial T, P and & Ranges of Experiments

Using standard procedures for calculating engine performance [22], the temperature
and pressure of the flow field in the combustion chamber of an aero-engine at an altitude
of 10-20 km and a flight speed of 0.4-2.0 Ma were estimated. Under these conditions, the
temperature and pressure at the combustion chamber inlet were predicted to be in the
ranges of 322-578 K and 17-586 kPa, respectively. The flammability limit of the kerosene
in the present apparatus was determined based on the use of schlieren images to assess
whether or not successful ignition was achieved in various trials. During these trials,
flame propagation was assumed to indicate ignition. Figure 4 plots the flammability limit
data acquired at initial temperatures of 420 and 450 K and the relatively low pressure
in the range of 15-75 kPa as functions of . During these experiments, the equivalence
ratio was reduced gradually in intervals of approximately 0.01, working near the lean
flammability limit. If three successive ignition failures occurred in a given set of conditions,
the equivalence ratio under those conditions was taken to equal the flammability limit.
These plots demonstrate that decreasing the pressure gradually increased and decreased
the lean and rich flammability limit equivalence ratios, respectively. Therefore, a lower
pressure inhibited the ignition of the fuel. Comparing the flammability limits associated
with the two initial temperatures, it is apparent that ignition was achieved more readily at
the higher temperature. This effect occurred because the higher temperature increased the
proportion of reactants that reached the activation energy required for the reaction.

100

Flammability limit of RP-3 kerosene at low pressure
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Figure 4. Flammability limit values for aviation kerosene at low pressures as functions of the
equivalence ratio.

Because pressure and temperature were estimated during the flammability limit ex-
periments, it was important to assess the actual environment within the constant-volume
combustion bomb used in this work. The bomb was able to vaporize the liquid fuel and to
heat the gas phase to temperatures as high as 573 K, although the premixed combinations
of kerosene and air would undergo automatic self-ignition at 500 K. Conversely, at tem-
peratures lower than 390 K, the liquid aviation kerosene did not readily evaporate at high
pressures and high equivalence ratios, potentially leading to large experimental errors. For
these reasons, the optimal temperature range for the present study was determined to be
400-480 K. In addition, at P lower than 25 kPa, ignition was inhibited and the range of ¢
over which ignition was possible was greatly reduced. Therefore, the appropriate pressure
range for this study was determined to be 25-100 kPa.

The SY of aviation kerosene was determined at various T and P, as shown in Table 1.
Although the rich flammability limit at all P and T was greater than @ = 1.5, unstable flame
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propagation had a significant effect on 52 measurements at higher ratios [23]; thus, the
highest equivalence ratio used in the present work was 1.5. The lean flammability limit
changed with variations in pressure and temperature; thus, the equivalence ratio used in
this work was changed from the lean flammability limit to 1.5 accordingly.

Table 1. Temperature and pressure conditions applied during experimental trials.

T/K P/KPa
400 50

420 25,50, 75, 100
450 25, 50, 75, 100
480 50, 100

3.3. Laminar Burning Speed of Aviation Kerosene

Figure 5 presents schlieren images of laminar flames acquired using different P and ¢
ata T of 450 K. The off-center flame in the first image (& = 0.8 and P = 25 kPa) is attributed
to a buoyancy effect, because flame propagation in this trial was very slow. It is evident
that @ of 0.8 and 1.0 gave very smooth flame surfaces, while the flame surface was broken
into cells at P = 100 kPa and & = 1.4. Decreasing the pressure at @ = 1.4 caused the flame
surface to gradually become smooth again, indicating that the extent of flame instability

was reduced.

25kPa

Figure 5. Schlieren images of flames acquired at different pressures and equivalence ratios at 450 K.

The S obtained in trials with aviation kerosene at different initial T, P and ® are
summarized in Figures 6 and 7. The same maximum S!, value was obtained at a @ of 1.1 at
all pressures and temperatures. An increase in S, can be observed as the initial temperature
rises and the initial pressure decreases.
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Figure 6. S of aviation kerosene (a) at 50 kPa and different initial temperatures as functions of the

equivalence ratio and (b) at various initial pressures and @ as functions of temperature.
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Figure 7. S) of aviation kerosene (a) at 450 K and different initial pressures as functions of the
equivalence ratio and (b) at different initial ¢ as functions of the initial pressure.

4. Discussion
4.1. Flame Instabilities at Low Pressure

At high pressures and high equivalence ratios, flame propagation was evidently
unstable, for which two causes can be proposed [23]. One possible reason is the occurrence
of hydrodynamic instability, also known as Darieus-Landau (DL) instability, which usually
appears above 100 kPa. DL instability is a consequence of a large difference in absolute
density between the front and back of the flame, such that the flame surface is very thin.
These conditions increase the degree of fluid discontinuity at the flame surface. The other
possible reason is diffusional thermal (DT) instability, which is typically observed at @
values above 1.4. This effect appears in cases where the Markstein length L, of the flame is
less than 0. Under such conditions, S will be positively correlated with the stretch rate,
such that the flame response to small disturbances becomes greater and cellular instability
occurs at the flame surface.

As shown in Figure 5, at low pressures, the effects of these two instability mechanisms
will be significantly different from those at high pressures. In the case of a laminar flame,
the density difference between the flame’s front and back will be minimal at low pressures,
and a thick flame will be obtained. This scenario results in a high degree of flow continuity,
as a consequence of which DL instability is suppressed. Figure 5 demonstrates that DT
instability appeared at P = 100 kPa with @ = 1.4, but was inhibited at P = 25 kPa. Figure 8
shows the variations in L;, values at different P with changes in @. It can be seen that L,
decreased significantly with increases in @ at higher pressures and was much lower than 0
when @ was equal to or greater than 1.4. The DT instability would be expected to remain
strong in this range. At the lowest pressure, L; changed more slowly with increases in
. As such, within the range in which @ was equal to or greater than 1.4, L;, was slightly
greater than 0 and, accordingly, the degree of DT instability was greatly reduced.
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Figure 8. Markstein lengths at different pressures as functions of the equivalence ratio.
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4.2. Corelation Equation of S

Figure 6a demonstrates that decreasing the initial T from 480 to 420 K at a constant
P of 50 kPa increased the lean flammability limit from 0.8 to 0.9. As shown in Figure 7a,
decreasing the pressure from 100 to 25 kPa at a constant T of 450 K also increased the
lean flammability limit from 0.8 to 0.9. These results indicate that ignition difficulties
could occur under low-pressure and low-temperature conditions. These data also confirm
that S) of aviation kerosene increases along with the initial temperature. Specifically,
combustion is promoted by the more rapid chemical reactions and enhanced mass diffusion
at higher temperatures, which in turn accelerate flame propagation. Figures 6b and 7b
show the relationships between S% and T or P more directly. It is apparent that S) increased
exponentially with temperatures between 400 and 480 K but decreased according to a
negative power growth law with increases in P.

It is helpful to be able to predict the S} of fuels in order to perform simulations in
conjunction with hybrid computational fluid dynamics calculations [24]. The most widely
used equation for this purpose [25] is the power law

ST, P,2) = k(o) (%) (k)" @

where S is a function of T, P and . SY; is the laminar burning speed under reference
conditions consisting of Ty and Py and can be expressed as

S%0(2) = ad* +b2® + 22% +do+e. (5)

In the present study, the reference conditions were Ty = 450 K and Py = 100 kPa.
The coefficients in Equations (4) and (5) were obtained by fitting the experimental results
obtained using @ ranging from 0.7 to 1.5, employing a least squares estimation process.
This gave the equation
T\176 , py\ 015
S0 = (199@4 _ 8780° + 124207 — 6130 + 117). i Y : )
To Py
A comparison between the predicted and experimental values for S is shown in Figure 9.
This plot demonstrates good agreement (errors within 5%), with the exception of some data

acquired under fuel-rich conditions. Under these conditions, the uncertainty in the data was
much larger as a consequence of the flame propagation instabilities described above.
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Figure 9. Comparison of the predicted and experimental S values.
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4.3. Reaction Sensitivity at Low Pressure

Simulations were carried out using the CHEMKIN program to further explore the re-
lationship between S) and P. In these calculations, a mixture of 15.26% n-butylcyclohexane,
11.37% n-dodecane, 31.08% n-tetradecane, 21.34% butylbenzene and 20.95% decalin (all per-
centages on a molar basis) was used as a surrogate for aviation kerosene. These simulations
also employed a skeletal oxidation mechanism for aviation kerosene based on the work of
Zhang et al. [26], comprising 88 chemical species and 290 reactions. A comparison of S
between the simulation and experimental results is shown in Figure 10. The simulation
results are in good agreement with the experimental results. The PREMIX reactor program
was used to calculate S and to determine the reaction sensitivity coefficients of mass flow
rate at different initial P [27].

90

T=450K

80

50

40

30 T T T
0.6 0.8 1.0 1.2 1.4 1.6
Equivalence Ratio

Figure 10. Comparison of S) between the simulation and experimental results.

As shown in Figure 11, the chain branching reaction R226 (H + O, — O + OH) was
found to be dominant at all the initial pressure conditions. As the initial pressure decreased,
the sensitivity coefficient of this reaction gradually decreased. In addition, the sensitivity
coefficients of the chain termination reactions R275 and R233 decreased with decreases
in the initial pressure, and the relative changes in these coefficients were much greater
than those of reaction R226. Figure 12 summarizes the changes in normalized sensitivity
coefficients, AS; = (S; — S;0)/Sip, where S; is the sensitivity coefficient of the iy, reaction
and S;  is the sensitivity coefficient of the iy, reaction at an initial pressure of 100 kPa. These
results show that decreases in pressure reduced the sensitivity coefficients of the majority
of these reactions, which in turn limited the effects of such reactions on 52. Among all the
reactions, R275 and R233 exhibited the largest weakening range. This finding indicates that
the negative effect of these two reactions on S) was greatly decreased at low pressures and
that this phenomenon caused S to increase with decreases in pressure.

R226: H+02=0+OH

R251: HCO+M=H+CO+M

R270: CH3+0O=CH20+H

R250: CO+OH=CO2+H

R273: CH3+HO2=CH30+0OH

R156: C6H5+02=C6H50+0

I >5kPa R275: CH3+H(+M)=CH4(+M)
24 sokpa
] 100kPa = R253: HCO+H=CO+H2

zg R233: H+OH+M=H20+M
1 1 1 1

05 -04 -03 -02 -01 00 01 02 03 04 05

Sensitivity coefficients

Figure 11. Variations in the sensitivity coefficients of key reactions with pressure.
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R226: H+02=0+OH =

R251: HCO+M=H+CO+M 2

R270: CH3+0O=CH20+H n) 25kPa
— 50kPa

R250: CO+OH=CO2+H @
R273: CH3+HO2:CH3O+CI)ﬂE

R156: C6H5+02=C6H50+0 £

]:| R258: HCO+CH3=CO+CH4

Iﬂ R275: CH3+H(+M)=CH4(+M)

22;%253: HCO+H=CO+H2

,_zzzzzz R233: H+OH+M=H20+M

L 1 1 1 1 1 1 ]

-100 -80 -60 -40 -20 0 20 40 60 80 100
AS/S; (%)

Figure 12. Variations in normalized sensitivity coefficients with pressure.

5. Conclusions

An experimental study was conducted to investigate the S) of aviation kerosene at
low pressures. The following conclusions can be drawn:

(1) The lean flammability limit of aviation kerosene increases as the pressure decreases
from 75 to 15 kPa and the temperature decreases from 450 to 420 K, indicating that
this fuel is more difficult to ignite at low pressures and temperatures;

(2) The present data could be fitted with a formula describing S} over the pressure range
of 25-100 kPa, the temperature range of 400-480 K and the ¢ range of 0.7-1.5;

(3) DL instability is suppressed at lower pressures because the difference in density
between the flame front and back is reduced and because a thicker flame is generated.
DT instability is also suppressed at lower pressures and at @ above 1.3 as a result of
the higher Ma under these conditions.

(4) As the initial pressure decreases, reactions that decrease S% (R275 and R233) have a
reduced effect, resulting in an increase in S at lower initial pressures.
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