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Fuel Injection and Flame Stabilization in a
Liquid-Kerosene-Fueled Supersonic Combustor

G.Yu,*].G. Li,"X. Y. Chang,i and L. H. Chen®
Chinese Academy of Sciences, 100080 Beijing, People’s Republic of China
and
C.J. Sung!
Case Western Reserve University, Cleveland, Ohio 44106

Investigations on combustion enhancement and stabilization of liquid kerosene using five different integrated
fuel-injection/cavity-based flameholder configurations were conducted in a model combustor of cross sections
51 X 70 mm. The entry Mach number was fixed at 2.5, whereas the ranges of total pressure and stagnation
temperature varied were 1.0-1.3 MPa and 1700-1900 K, respectively. Pure liquid atomization and barbotaged
atomization with either air or hydrogen were compared based on spray-structure visualization and combustion-
performance assessment. The effects of kerosene injection angle and cavity configuration on both flameholding and
mixing enhancement were also investigated. Experimental results showed that the average increase in combustion
efficiency using hydrogen barbotage is 15~ 20% as compared to the use of pure liquid atomization, for the
conditions investigated. Cavity configuration with combined open—closed cavities was demonstrated to have better
combustion performance than the single-cavity module. It was also shown that kerosene injection location and
injection scheme have strong effects on the minimally required pilot hydrogen equivalence ratio. The present
results further substantiate our previous finding that there existed a local high-temperature region, which would
be the major factor in promoting the ignition and the subsequent flameholding of the kerosene combustion.

Introduction

OMPARED to hydrogen, energy density and handling issues
render liquid hydrocarbonsas attractive candidates for fueling
the scramjet in the lower hypersonic flight regime. However, the
realization of liquid-hydrocarbonfueled scramjets would require
a number of scientific and technical problems to be resolved. For
instance, the relatively long ignition delay time of hydrocarbonfuel
could substantially exceed the residence time of gas flow within
combustors. Additionally, the use of liquid hydrocarbons requires
quick vaporization prior to the mixing and combustion. Therefore,
the challengingissues leading to successful operation of a scramjet
include fast evaporation of liquid spray, effective fuel-air mixing,
ignition enhancement, and combustion stabilization in supersonic
flows.!2
Considerableefforts (e.g., Refs. 3—16) have focused on the issues
of liquid-hydrocarbon fuel injection in supersonic crossflows and
effective approaches in achieving flame stabilization. It has been
recognized that a supersonic liquid-hydrocarbon-fieled combustor
of high performance requires 1) a deeper fuel penetration into the
airstream for better mixing; 2) generation of smaller liquid fuel
droplets for faster evaporation;3) an appropriate flame-stabilization
mechanism for piloting and sustaining combustion; and 4) a sub-
stantialreductionin drag losses associated with processes of mixing
and flameholding.
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In terms of ignition enhancement, many studies*~7 have demon-
strated that a hydrogen pilot flame can provide a reaction zone with
high temperature and a large radical pool so that the subsequenthy-
drocarbon ignition is enhanced. Regarding flame stabilization, ap-
plying the wall cavities as a flameholding mechanism in supersonic
combustors has been reported by several research groups 3710-14:13
The cavity-based integrated configuration, including fuel injectors
and flameholder, has been shown to possess a great potential to
achieve active flame stabilizationin supersonic combustors. In par-
ticular, theliquid fuel can beinjectedeitherupstreamor atthe floor of
the wall cavity for enhancing mixing and shortening ignition delay
time. Moreover, the wall injection can greatly simplify the overall
design of combustor and cooling system in practical applications,
as compared to the in-stream devices. Furthermore, a number of
studies including ours'¢ have demonstrated that the cavity-basedin-
tegrated configurationindeed improves the combustor performance
drastically. Especially, with a cavity, a high-temperature,low-speed
recirculation, reaction zone can be established to serve as a pilot
flame, which can in turn reduce the bulk ignition delay time and
sustain a stable combustion.

To date, the physical mechanism of the effects of cavity-based
flameholder on supersonic combustion remains an interesting sub-
ject. For example, the key parameters characterizing open/closed
cavities and stable/unstable cavities in reacting flows have not been
well explored. In particular, the effects of cavity on mixing and
combustion can be quite disparate depending on whether the cav-
ity is open or closed. However, the conventional definition of the
cavity characteristics was based on the nonreacting flows. Our pre-
vious results'é have suggested that the existing definition is subject
to revision in the reacting flows. Moreover, Yu et al.® have sys-
tematically investigated the stable and unstable characteristics of a
cavity flow with an emphasis on the phenomena of flow-induced
cavity resonance. It was found® that the stable and unstable cavities
could be used for flameholding and mixing enhancement, respec-
tively. As such, combined open—closed cavities in tandem would
be a promising approach to provide both flameholding and mixing
enhancement.

In terms of injection scheme and mixing enhancement involv-
ing liquid hydrocarbons, two basic requirements are 1) the size of
liquid fuel droplet generated must be sufficiently small for faster
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evaporationand 2) the fuel penetrationinto the supersonicairstream
hasto be as deep as possiblefor better mixing. Effervescentatomiza-
tion, in which gas bubbles are introduced to the liquid fuel, has been
proposed. As aresult, a turbulenttwo-phaseflow is generated, which
can improve the penetration and atomization of the fuel jet spray.
Although this approach seems to be a viable concept, its application
in liquid-fueledsupersoniccombustion has not yet been extensively
investigated. Avrashkov et al.® first applied the effervescent-type
injector to improve the atomization and mixing of kerosene jet in
a model supersonic combustor. However, there was no systematic
investigation on spray structure of aerated liquid fuel jet reporting
therein. Recently, Lin et al.!! employed the effervescent atomiza-
tion technique to examine the phenomena of liquid fuel injection
into a supersonic crossflow. Their results showed that the overall
breakup process for pure liquid mode spray is slow, and hence long
axial distance is needed for the generation of fine droplets. On the
contrary, for high levels of barbotage, namely, the so-called bar-
botage mode spray, the liquid break processes occur immediately
after or even before the liquid is discharged because of the highly
turbulent features of this inhomogeneous two-phase flow and the
expansion caused by a high-pressure barbotage gas.!! Besides, the
overall spray penetration height in the barbotage mode increases
with increasing amount of barbotage gas.!!

Mathur et al.'? extended the work of Lin et al.!! to study the com-
bustion characteristics of warm liquid JP-7 in a supersonic com-
bustor using a cavity-based fuel-injectorflameholder concept with
oxygen barbotage. It was demonstrated in Ref. 12 that the aerating
effect of the barbotage gas indeed facilitates combustion and that
with oxygen-assisted barbotage the mainstream combustion was
successfully sustained even after the ignition sources in the cavity,
including a spark plug and a plasma torch, were turned off.

Because the effervescentatomizationtechnique seems to be a vi-
able approach for combustionenhancementas a result of the deeper
fuel penetration and faster vaporization of liquid spray, the present
investigationextends our previous studies on pilot H, injection and
wall-cavity flameholders to examine the effects of effervescent at-
omization on supersonic combustion systematically. Experiments
were conducted using a combustor of cross section of 51 x 70 mm
with a fixed entry Mach number of 2.5, at various stagnation
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conditions and global equivalence ratios. Specifically, five types of
integrated wall injectors/cavity-basedconfigurations, with and with-
out effervescentatomization, were designed and tested for compar-
ison. The stagnation temperatures of vitiated air were varied from
1700 to 1900 K, and its stagnation pressures ranged from 1.0 to
1.3 MPa. Visualization of the atomization, penetration, and spread-
ing of a kerosene jet spray in a Mach 2.5 crossflow was also carried
out with and without gas barbotage.

In addition, the presentstudy aims to investigate further the cavity
flow in both open and closed cavities. Especially, the characteristics
of stable and unstable cavities in reacting flows are of particular
interest. Two cavities in tandem, consisting of one open cavity and
one closed cavity, for providing both flameholding and mixing en-
hancement were tested. Furthermore, based on the measured static-
pressure distributioninside the combustor, a one-dimensional anal-
ysis developed previously!”-!® was used for the data reduction and
assessment of the combustor performance.

The experimental details of the investigationare presented in the
nextsection. A one-dimensionalmodel employed for datareduction
and analysis will be briefly described, which is followed by results
and discussion.

Experimental Considerations

Facility and Experimental Specifications
Vitiated Air Supply System

High-temperature vitiated air was providedby burning hydrogen,
oxygen, and air in a heater with the resultingoxygen volume fraction
equal to that of the normal air. The system was controlled by a
computer and capable of supplying heated air up to a flow rate of
2.0 kg/s, stagnation temperature of 2100 K, and stagnation pressure
of 4.5 MPa. The airflow was then accelerated to Mach 2.5 with a
two-dimensionalnozzle. All of the flow rates were metered by sonic
nozzles. The uncertainty associated with the flow-rate measurement
was estimated to be within 3%. Details of this facility were described
by Liet al.!’

Combustor Configurations
Figure 1 shows the schematic of the model combustor that had
an entrance cross section of 51 x 70 mm. It was composed of four
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Fig. 1 Schematic of a kerosene/pilot hydrogen supersonic model combustor and the associated interchangeable, integrated cavity modules. All length

dimensions are in mm.
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sections, including a removable, constant cross-section isolator of
70 mm length, a nearly constant-area section (1-deg divergence for
boundary-layercorrections) of 334 mm length (section I), and two
expansion sections (sections II and III). The first expansion section
(sectionIl) was of 322 mm lengthand had 3-deg divergence,whereas
the second expansionsection (section III) was of 344 mm long with
4-deg divergence.

The systems of pilot injectors and recessed flameholder cavities
were designed to be composed of interchangeable,integrated mod-
ulesinorderfor flexible variations of systemconfiguration.Identical
cavity modules were flush mounted on the top and bottom walls of
the combustor in either section I only or both sections I and II.
Both kerosene and pilot hydrogen were injected through the cavity
module pair located in section I. When the second pair of cavity
modules was also installed in section II, only kerosene was injected
via the cavity modules therein. According to our earlier results, the
depth /2 and the cavity length L of the baseline cavity module (A)
were selected as 4 =12 mm and L =88 mm, respectively. Cavity
modules (C), (D), and (E) had the same % as cavity module (A),
whereas the cavity depth of cavity module (B) was increased to be
16 mm. In addition, cavity modules (A), (B) and (C) were of single-
cavity configuration with L = 88 mm, whereas cavity modules (D)
and (E) were of configuration with two cavities in tandem. The two
differentcavity lengths used in cavity modules (D) and (E) were 20
and 88 mm. Based on the conventional definition, the shorter and
longer ones correspond to open and closed cavities, respectively.
Moreover, cavity modules (D) and (E) have a reverse order in terms
of the cavity placement. For all five cavity modules the aft-ramp
angles were fixed as 45-deg.

Furthermore, exceptcavity module (C) with a 45-deg angle injec-
tion, kerosene was injected normally into the airflow at the upstream
of cavity. The presentinjectionlocation of keroseneis different from
our previous experiment,'® in which kerosene was injected mostly
near the trailing edge of the cavity. Additionally, when there were
cavity modules installed in both sections I and II there were two
stations of kerosene injectors, located at 242 and 524 mm down-
stream of the combustor entrance. The pilot hydrogeninjection was
located at 283 mm downstream of the combustor entrance and was
accomplishedviafive orifices of 1.0 mm diam normal to the airflow.
As such, the injection locations of pilot hydrogen of cavity modules
(A-D) were located upstream of the closed cavity, whereas that of
cavity module (E) had the injector exit flush with the floor of the
closed cavity.

Figure 2 shows the injection system for liquid kerosene and bar-
botage gas. Five equally spaced barbotage injectors with the same
exit orifice diameter ranging from 0.4 to 0.8 mm were distributed
along the wall width of 70 mm, as shown in Fig. 2a. Each barbotage
injector consisted of an internal tube with a diameter of 1 mm and
an external tube with a diameter of 4 mm. The inner tube was for
kerosene passage, whereas the barbotage gas flowed through the
annular gap between the tubes. The distance between the end of the
internal tube and the exit orifice varied from 8 to 15 mm. Figure 2b
also sketches the delivery system of liquid kerosene and barbotage
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gas. Kerosene was stored in a cylinder and pumped through a pis-
ton to achieve a desired pressurized state. The piston was driven
by pressurized nitrogen that was regulated through nitrogen sup-
ply, regulators, pressure sensor, and two solenoid valves for quick
turn on/off and release of high-pressure nitrogen. The barbotage
gas (either air or hydrogen) was supplied through a high-pressure
gas cylinder controlled by regulators, solenoid valve, pressure sen-
sor, orifice of 1.2 mm diam, and a one-way valve. Flow rate of the
barbotage gas was determined based on the pressure difference be-
tween upstream and downstream of the orifice through calibration.
Kerosene flow rate was measured by the actual amount of kerosene
released from the kerosene cylinder divided by the time elapsed.
The operation sequence of the barbotage system was controlled by
a computer through four solenoid valves.

Pressure Measurements

Static pressures were measured along the axial direction of the
flowpath. There were 24 pressure ports arranged along each side
wall of the model combustor. To obtain a mean axial-pressure dis-
tribution, pressure data of two sidewalls measured at the same axial
location were averaged. Motorola MPX2200 0-0.5-MPa pressure
sensors were used to detect the static-pressure signal. The uncer-
tainty associated with the static-pressure measurement was esti-
mated to be within 2%.

The stagnation pressure of vitiated air in the heater was measured
by using a CBY-21S 0-6-MPa pressure sensor manufactured by
Zhong Hang Machinery and Electron Technology Corporation, with
experimental error being within 2%. Moreover, the total pressure at
the exit of the model combustor was measured by using the water-
cooled pitot probes. The pressure sensor employed was Sensym
19CIU3000 ~ 1.5 MPa. The experimentalerror in this total pressure
measurement was within 3%.

Stagnation Temperature Measurements

The stagnation temperature 7, was measured by B-type thermo-
couples with corrections of radiation, conduction, and thermal iner-
tia. The measured T, was further compared with the computed value
based on the measured stagnation pressure and reactant flow rates.
The experimental error in the stagnation temperature measurement
was within 3% for T, <2000 K.

Visualization of Effervescent Atomization

Visualization of the global spray plume, with and without effer-
vescentatomization, was carriedoutin both a quiescentatmosphere
and the supersonicmodel combustorusing a digital video camcorder
with a proper backlighting for illumination. Figure 3 demonstrates
and compares the typical spray structures of kerosene injection into
a quiescent atmosphere, without and with barbotage gas. The base-
line cavity module (A) with discharge orifice diameter of 0.6 mm
was employed for the test. For the cases without barbotage gas,
comparison of Figs. 3a and 3b illustrates that the spray structure
varies with injection pressure. In particular, at low injection pres-
sure (< 1.0 MPa) the atomizationoccurred at ~350 mm downstream
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Fig. 2 Schematic of kerosene injection and barbotage system: a) barbotage injectors and b) supply system of liquid kerosene and barbotage gas.
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Fig. 3 Images of liquid-kerosene jet issuing into a quiescent atmo-
sphere, comparing the spray structures with and without gas barbotage.

of kerosene injection, as shown in Fig. 3a. As the injection pressure
was increased to 3.65 MPa, it is seen from Fig. 3b that the overall
spray width increases and the atomization behavior improves sub-
stantially. On the other hand, for given similar injection pressures
Figs. 3¢ and 3d demonstrate that the global structures of kerosene
spray aerated with air and hydrogen appear to behavior similarly.
Moreover, with barbotage gas it is seen that the kerosene jets ex-
panded to form blunt cones immediately after the discharge orifice.
The diameter of the blunt cone was estimated to be at least 20 times
the orifice diameter. Furthermore, the spray structure of the aerated
kerosenejetappears to approachhomogeneouswithin 70 mm down-
stream of the orifice. The preceding results clearly demonstrate that
gas barbotage can facilitate the liquid breakup process and shorten
the streamwise distance for optimal atomization.

Spray visualization in the present model combustor was accom-
plished through the view windows installed on both sides of the
kerosene injection station. Two types of windows were designed.
The first type consisted of a single quartz window on each sidewall

p = 0.085 MPa Injector Diameter : 0.8 mm

T=800K Kerosene Pressure : 3.4 MPa

Fig. 4 Images of liquid-kerosene jet in a hot supersonic crossflow:
a) normal injection and b) 45-deg injection.
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Fig. 5 Imagesofliquid-kerosenejet issuinginto a hot supersonic cross-
flow: a) pure liquid jet and b) aerated liquid jet.

with 66 mm in height and 120 mm in length. For the second type
two quartz windows in tandem, with each being of 46 mm in height
and 80 mm in length, were installed on each side of the combustor.
Figure 4 first compares the kerosene spray plumes by using nor-
mal injection and angled injection in a supersonic crossflow, under
the same flow and injection conditions. Whereas the angled injec-
tion might have a smaller total pressure loss, Fig. 4 shows that the
corresponding spray penetration height is smaller as compared to
that of the normal injection. Because the angled injection led to less
kerosene penetrationinto the hot airstream, it would be less efficient
in terms of fuel-air mixing and fast spray evaporation.

Figure 5 further shows the spray structure comparison of pure
liquid atomization and effervescent atomization in a supersonic
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crossflow. For both cases kerosene was injected through normal
injectors of 0.6 mm diam with 3.8 MPa injection pressure. Local
static temperature was around 800 K, and local static pressure was
0.09 MPa. Although the penetration depth in both cases appears
to be similar, the overall spray length in the streamwise direction
was much shorter with air barbotage and in fact only half of that
in the pure liquid atomization case, as shown in Fig. 5. The present
results support the previous findings!! that with barbotage gas the
liquid breakup process is faster, and hence a shorter axial distance
is required for fine droplets generation and the subsequent quick
evaporation.

Self-Ignition

Our previous study'® demonstrated that the ignition delay of
kerosene could be less than 1 ms when the local temperature is
greater than 1280 K. It was estimated'¢ that for the temperature
range of 1000-1500 K the evaporation time of a kerosene droplet
could be limited to within 1 ms if the dropletdiameter is smaller than
20 pm. Thus, for the successful self-ignition of a liquid kerosene-
fueled scramjet system it is essential that the cavity residence time
is sufficiently long and larger than the sum of the liquid fuel vapor-
ization time and the ignition delay time.

Experiment Procedure

The typical tests lasted 7 s using a preprogrammed sequencer.
In the heater the major gases (air, oxygen, and hydrogen) were re-
leased 1 s aftera spark ignited the pilot mixture of air and hydrogen.
It generally took ~1.5 s to reach a steady state and achieve the re-
quired temperature and pressure. Once the steady Mach 2.5 airflow
was established (at ~2.475 s), the pilot hydrogen was injected and
subsequently self-ignited, if the condition were adequate. It took
another 2 s to achieve a steady burning for the given pilot hydrogen
and airflow. Kerosene (with or without barbotage gas) was then in-
jected at 4.5 s. Once the pilot hydrogen flame ignited the kerosene,
the overall kerosene burning would be sustained even after the pilot
hydrogen was turned off.

Data Analysis

Following the studies of Yu et al.,!”"!® a one-dimensional model

was developed to facilitate the data reduction and the subsequent
performance assessment. The details of the one-dimensionalmodel
have been documented therein. Based on the measured distribution
of static pressure, the flowfield within the combustor was first ap-
proximated. This approximated flowfield was then used as an input
for the computation of the axial profiles of various flow proper-
ties, including Mach number, static pressure, total pressure, static
temperature, total temperature, and core flow area. It is noted that
the computed flow core area is not necessarily equal to the actual
cross-section area of the combustor.

The combustion efficiency is defined herein by the ratio of the
static temperature increment between the exit and entrance of com-
bustor to the temperature difference between the correspondingadi-
abatic flame temperature and the static temperature at the combus-
tor entrance. A simplified one-formula surrogate fuel model,2° with
C2Ha4 representing kerosene, was adopted. The associated ther-
modynamic properties taken from Wang,?® including heat capacity,
enthalpy, and entropy as a function of temperature, were used to
calculate the adiabatic flame temperature.

Assuming the pilot hydrogen addition is relatively small and
hence is first consumed completely with the available oxygen, the
equivalenceratio of pilot hydrogen ¢y is expressed by

Gy = (my/my)/(my/my)g

where my and m, are the mole flow rates of pilot hydrogen and
vitiated air, respectively. The subscript st represents the stoichio-
metric condition, thereby (my/m ), =0.418. Whereas the mean
molecular weight of the vitiated air varies with the specific stag-
nation temperature, the oxygen mole fraction within the resulting
vitiated air is the same as that of normal air (20.9%). Hence, mole
flow rates were used to evaluate the fuel equivalenceratio.

Moreover, the effectiveequivalenceratio of keroseneis expressed
bylé

G =mp/lmy —my/(my/ma)]/(mp/my)g

where mr denotes the mole flow rate of keroseneand (mg/m )y =
0.0116 by approximating kerosene as C;,H,,. This expression
of the effective equivalence ratio assumes that in order to com-
pletely oxidize my amount of pilot hydrogen my/(my/my)g
amount of air is required. Therefore, the remaining air, [m, —my/
(my/my)gl, is used to oxidize the m amount of kerosene.

Results and Discussion

Effect of Cavity Flameholder on Combustion Stabilization

Figure 6 shows the typical static-pressure distribution at the rel-
evant moments, including 1) before the pilot hydrogen ignition
(no combustion), 2) after the pilot hydrogen burning, 3) after the
kerosene burning, and 4) after pilot hydrogen ceased. The experi-
ment was conducted by using baseline cavity module (A) installed
in section I only. Stagnation conditions of the Mach 2.5 flow were
stagnation temperature T of 1810 K and stagnation pressure p, of
1.06 MPa. Itis seen from Fig. 6 that steady combustion of kerosene
was sustained after pilot hydrogen was turned off. However, the
overall static-pressure profile reduced slightly owing to the absence
of the additional heat contributionfrom the pilot hydrogen. Further-
more, the final static pressure was seen to reach an approximately
isobaric plateau within Section I of the model combustor and subse-
quently decrease continuously towards the combustor exit. The rel-
ative position of the cavity module is also sketched as a reference.
It is seen that the location of fuel injector/flameholder coincides
quite well with the regime of isobaric pressure plateau, indicating
that the major heat release must take place within the cavity flame-
holderregime. In addition, the rapid static-pressurereductionbehind
the cavity module resulted from both the expansion process in the
downstream divergent sections and the decrease in combustion heat
release downstream of the cavity flameholder. Figure 6 also shows
that the static-pressure profile extended towards the upstream of
kerosene injection.

Figure 7 further illustrates the significant effect of cavity flame-
holder on combustion stabilization. The experiment was conducted
by using two baseline cavity modules (A) in tandem, installed in
both sections I and II, with flow conditions of 7, = 1668 K and
po =1.015 MPa. The front cavity module was equipped with both
kerosene and pilot hydrogen injections, whereas only kerosene in-
jection was installed in the rear one. It is seen from Fig. 7 that
there existed two regimes of isobaric pressure plateau, which corre-
sponded well to the locations of two cavity modules (compare the
position sketch of the cavity modules in Fig. 7).

Cavity (A), $,,=0.08, $;=0.45, p,=1.06 MPa, T,=1810 K
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Fig. 6 Typical static-pressure distributions in the axial direction at
relevant moments using the baseline cavity module (A).
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Cavity (A): Two Cavities in Tandem
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Fig. 7 Typical static-pressure distributions in the axial direction at
relevant moments using two baseline cavity modules (A) in tandem.
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Fig. 8 Comparison of static-pressure distributions in the axial direc-
tion using cavity modules (A) and (B), comparing the effect of cavity
depth on combustor performance.

Effect of Cavity Depth on Static-Pressure Distribution

Based on the analysis of nonreacting cavity flows, the cavity
depth characterizesthe cavity residence time. Our previousresults'
demonstratedthat the combustionperformance was improved by in-
creasingthe cavity depthfrom 8 to 12 mm. We have furtherincreased
the cavity depth to 16 mm and compared its performance with that
of 12 mm cavity depth. Figure 8 shows such acomparisonusing cav-
ity modules (A) and (B) under the same air/fuels flow conditions,
with T, =1744 K, py=1.04 MPa, ¢ =0.53, and ¢y = 0.09. Ex-
perimental results showed that the static-pressure profiles were es-
sentially the same (within the experimentaluncertainty)with 4 = 12
and 16 mm. Although the enhancementeffects of cavity depthseems
to saturate when & > 12 mm, the strong interactionsamong the pilot
hydrogen flame, kerosene spray, and the flow recirculation inside
the recessed cavity merit further studies. In particular, the interac-
tions are also complicated by the presence of the oblique shock train
and expansion waves within the cavity.

Effect of Effervescent Atomization on Combustion Performance

It has been shown in the study of Lin et al.!! that the structure
and performance of effervescentatomization depend on the impos-
ing pressures of liquid and barbotage gas as well as their relative
mass ratio. To demonstrate the steadiness of the present barbotage
system, Fig. 9 compares the measured profiles of static pressure ob-
tained from various runs under approximately the same conditions.
The baseline cavity module (A) was employed, with ¢ =0.44,
¢n =0.09, and hydrogen barbotage of 1.22 g/s. Although Fig. 9
shows that the experimental data were quite reproducible (within
the experimental uncertainty), the overall system response was less
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Fig. 9 Static-pressure distributions in the axial direction under sim-
ilar experimental conditions using cavity module (A) with hydrogen
barbotage.
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Fig. 10 Comparison of static-pressure distributions without and with
gas barbotage using cavity module (A).

stable as compared to the cases with pure liquid-keroseneinjection.
Further examinations indicated that the stability and repeatability
are sensitive to the operation conditions of effervescent atomiza-
tion. Nevertheless, the present data of effervescent atomization are
considered to be of representative, although various improvements
to the barbotage system are currently underway.

Figure 10 compares the performance of kerosene combustionaer-
ated with either air or hydrogen using the baseline cavity module
(A), with ¢ =0.22 and ¢y =0.09. The mass-flow rates of barbo-
tage air and barbotage hydrogen were 6.8 and 1.28 g/s, respectively.
The data obtained using pure kerosene injection are also included
in Fig. 10 for comparison. Under the same operation conditions,
results generally show that the aerating effect of barbotage gas fa-
cilitates the overall burning. Moreover, hydrogen barbotage leads
to a better combustor performance than air barbotage. In particular,
the peak plateau pressure yielded by using hydrogen barbotage is
20-25% higher than that obtained using pure liquid atomization,
for the conditions tested. This substantiates our earlier expectation
that effervescent atomization can greatly enhance fuel-air mixing
and facilitate the generation of fine droplets for fast evaporation.
Additionally, the use of hydrogen barbotage further generates more
heat release to promote the global burning.

Effect of Angled Injection on Combustion Performance
Figure 11 shows the static-pressure profiles obtained by using
normal and angled injections, namely cavity modules (A) and (C),
respectively.The flow conditionswere Ty = 1780K, py = 1.02 MPa,
r=0.22,and ¢y = 0.10.It is seen from Fig. 11 that normal injec-
tion yielded a better combustion performancethan that using angled
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Fig. 11 Comparison of static-pressure distributions using normal in-
jection and 45-deg injection.
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Fig. 12 Imageofliquid-kerosenejet issuinginto a hot supersonic cross-
flow.

injection. This findingis consistentwith the spray visualizationcom-
pared in Fig. 4 that normal injection yielded a deeper fuel penetra-
tion. However, the angled injection scheme might hold a potential of
reducingtotal pressureloss. We will discussthis further when assess-
ing the performances of various fuel-injectorflameholder modules
in a later section.

Cavity Characteristics

It has been recognized that the effects of cavity on mixing
and combustion stabilization can be quite disparate depending on
whether the cavity is open or closed. Generally speaking, stable
cavity could be used for flameholding purpose, whereas unstable
cavity could be applied for mixing enhancement. Because the con-
ventional definition of the cavity characteristics was based on the
nonreacting flows and our previousresults'® have suggested that the
existing definition is subject to revision in the reacting cases, we
have carried out the following experiments to address the preceding
important issues.

Figure 12 shows the spray structure of a pure liquid-kerosene
jet in a hot supersonic crossflow, using a fuel-injectorflameholder
module with normal fuel injection upstream of the cavity. The lo-
cal conditions of the Mach 2.5 airflow were p =0.085 MPa and
T =800K, thereby eluding self-ignitionof kerosene. Kerosene was
injected from the injectors of 0.8 mm diam and with injection pres-
sure of 4.0 MPa. Moreover, the cavity depth and length were 12
and 84 mm, respectively. Basing on the conventional definition, the
present cavity with L/ h =7 is characterized as an open cavity. Be-
ing an open cavity, the shear layer shed from the leading edge of
cavity is supposed to move across the cavity without impinging on
the cavity floor. However, Fig. 12 clearly illustrates that the spray
was deflected towards the bottom floor of the cavity, even start-
ing from the very beginning of the cavity. Therefore, in spite of
L/h =17 the present cavity exhibits “closed” characteristics with
kerosene normal injection.
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Fig. 13 Direct photographs of the baseline cavity pair after several
experimental runs.
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Fig. 14 Comparison of static-pressure distributions using the baseline
cavity module (A) and cavity module (D).

Figure 13 further demonstratesdirect images of the baseline cav-
ity pair posterior to supersonic combustion experiments. In this run
kerosene and pilot hydrogen were injected upstream of the cavity.
Photographs in Fig. 13 show that the temperature distribution in
the cavity was extremely nonuniform. In particular, the temperature
in the recirculation zone was low because the local surface color
was almost unchanged before and after the experiments. However,
there was severe change in the surface color in the local stagna-
tion region near the aft-slanted wall, thereby implying a localized
high temperature therein. This result demonstrated that the reacting
spray impinged somewhere on the cavity floor rather than the aft
wall and thus induced a local high-temperature region. This local
high-temperature region would be the major factor in promoting
the ignition and the subsequent flameholding of the kerosene com-
bustion. Because this module also behaved like a closed cavity, the
threshold value of the length to depth ratio defining a closed cavity
should be no more than 5 ~ 7 for reacting flows.

Figure 14 compares the performances of the baseline cavity mod-
ule (A) and cavity module (D) with open and a closed cavities in
tandem. The flow conditions were similar, and the equivalenceratios
of kerosene and pilot hydrogen were kept constant. Based on the
measured profiles of static pressure obtained from various runs, the
use of the combined open—closed cavities seems to yield a slightly
better combustion performance.

Figure 15 shows a comparison of static-pressure distribution us-
ing cavity modules (D) and (E) with Ty = 1738 K, py =1.025 MPa,
¢r =0.49, and ¢, =0.09. The experiment was conducted by
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Table1 Experimental condition and combustor performance

Barbotage gas . Total pressure
) Airflow conditions Pilot H, conditions Kerosene conditions mass-flow rate Combustion recovery

Cavity efficiency ———
module T7p,K  po, MPa Q,¢gls  p, MPa 0, gls du p, MPa 0, gls dF Ou2, g/ Qair, g/ n, % Cal Exp
A 1735 1.035 1267 4.40 4.04 0.1 2.60 53.38  0.53 0 0 —_— _
B 1752 1.045 1268 4.00 3.67 0.09 2.30 53.99 0.53 0 0 —_— _
A 1721 1.025 1260 4.30 3.94 0.10 1.95 4596 0.44 0 0 57 044 043
B 1815 1.065 1271 3.90 3.58 0.09 1.90 46.09 0.46 0 0 60 044 —
A 1746 1.030 1255 3.80 3.48 0.09 3.30 32.35 032 0 0 66 044 —
B 1853 1.100 1293 3.75 3.44 0.08 3.60 34.53  0.32 0 0 74 044 —
A 1790 1.040 1248 4.20 3.85 0.10 0.50 24.08 0.23 0 0 68 047 049
A 1751 1.050 1276 5.30 4.86 0.11 3.05 24.08 0.23 0 6.8 87 043 046
A 1812 1.050 1251 4.70 431 0.10 3.58 22.50 022 1.28 0 89 046 046
B 1777 1.030 1240 3.40 3.12 0.08 0.86 32.35 032 0 0 71 044 —
A 1827 1.030 1220 4.00 3.67 0.10 3.54 31.25  0.31 0 6.5 76 045 043
A 1928 1.090 1252 4.70 431 0.11 3.65 3295 032 1.25 0 86 044 043
B 1815 1.065 1271 3.90 3.58 0.09 1.90 46.09 0.44 0 0 61 044 —
A 1839 1.060 1249 5.20 4.77 0.10 3.55 45.60 0.44 0 6.1 70 042 —
A 1815 1.080 1272 3.70 3.39 0.08 3.56 48.40  0.46 1.22 0 76 042 045
A 1825 1.04 1237 4.40 4.04 0.10 1.15 36.84  0.36 0 0 70 043 043
A 1807 1.045 1248 4.40 4.04 0.10 1.30 38.06  0.38 0 0 65 043 044
D 1751 1.055 1285 4.10 3.76 0.09 1.90 36.24  0.36 0 0 76 042 043
D 1876 1.075 1256 4.10 3.76 0.09 1.85 3891  0.38 0 0 72 043 043
B 1786 1.025 1230 3.40 3.11 0.09 1.80 46.20 0.45 0 0 67 041 —
A 1721 1.025 1260 4.30 3.94 0.10 1.95 4596 0.44 0 0 57 044 043
D 1895 1.065 1250 5.30 4.86 0.11 3.20 45.60 0.44 0 0 82 040 ——
D 1828 1.065 1263 4.10 3.76 0.09 3.10 46.82  0.46 0 0 79 041 041
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Fig. 15 Comparison of static-pressure distributions using cavity mod-
ules (D) and (E), with combined open and closed cavities.

using pure liquid-keroseneinjection along with pilot hydrogen. As
sketched in Fig. 1, cavity module (E) differs from cavity module
(D) in terms of the arrangement of open and closed cavities. In ad-
dition, for cavity module (E) the injection station of pilot hydrogen
was located at the floor of the leading closed cavity. It is seen that
the performance of cavity module (E) seems to be slightly better by
comparing the static-pressure distributions. It was also found that
the self-ignitionof kerosene was facilitated when the pilothydrogen
injection was located at the cavity floor than upstream of the cav-
ity. Specifically, the minimally required pilot hydrogen equivalence
ratio ¢y min can be as low as 0.04 for the use of cavity module (E).
This implies that the pilot hydrogen flame also needs a sufficient
residence time to fully develop in order for the production of a pool
of heat and radicals, which can then effect kerosene ignition. Oth-
erwise, the cold kerosene spray would quench the immature pilot
hydrogen flame.

Figure 16 compares the combustion performances of cavity mod-
ule (E) and the baseline cavity module (A) with T, =1748 K,
po=1.02 MPa, ¢ =0.23, and ¢y =0.09. Kerosene was barbo-
taged with hydrogen herein. It is seen from Fig. 16 that cavity (E)
leads to higher peak static pressure and better combustion perfor-
mance.

$,=0.09, $=0.23, p,=1.02 MPa, T,=1748 K
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Fig. 16 Comparison of static-pressure distributions using the baseline
cavity module (A) and cavity module (E).

Combustion Efficiency and Total Pressure Recovery

The experimentconditions and combustion performances of var-
ious runs associated with Figs. 8, 10, and 14 are listed and sum-
marized in Table 1. Stagnation temperature ranged from 1700
to 1900 K, whereas stagnation pressure was kept around 1.0 to
1.1 MPa. Recognizingthat the flow within the supersoniccombustor
is extremely complex and is highly turbulent in nature, the one-
dimensional model employed herein aims to gain qualitative under-
standing of the dominant physical processes in supersonic combus-
tion. We have found that the approximate flowfield yielded by this
simplified one-dimensional model is generally consistent with the
experimental observation. Because the key combustor performance
parameters, such as combustion efficiency and total pressure recov-
ery, were deduced based on the measured static-pressure distribu-
tion, the associateduncertaintieswere estimated by varyingthe input
static-pressure profile within the experimental uncertainty. Statisti-
cal analysis showed that the uncertainties for combustion efficiency
and total pressure recovery are around 6 and 4%, respectively.

For the first six experiments related to Fig. 8, it is seen that when
h > 12 mm the effect of cavity depth is insignificant and the com-
bustionefficiencies and total pressurerecoveriescaused by different
cavity depths were similar. The next nine runs corresponded to
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Fig. 10, in which the case of ¢ =0.22 along with hydrogen barb-
otage showed the highest combustion efficiency of 89%. Moreover,
the lowest combustion efficiency of 61% occurred in the case of
pure liquid atomization with ¢ = 0.44. For the conditions inves-
tigated the use of hydrogen barbotage increased the combustion
efficiency by 15-20% as compared to the pure liquid atomization
cases. For the last eight runs corresponding to Fig. 14, the module
with combined open and closed cavities generally had 10% higher
combustion efficiency than the baseline cavity module.

It was also found that with 45-deg injection the combustion ef-
ficiency was approximately 10% lower than that with normal in-
jection. However, the total pressure recovery improved in the case
with angled injection. We further note that the estimated total pres-
sure recovery using the one-dimensional model agreed well with
the measured one, as shown in Table 1.

Summary

Combustion stabilization and ignition enhancement in a liquid-
kerosene-fueledmodel combustorof crosssection51 x 70 mm were
systematically investigated utilizing the concepts of effervescent
atomization, with either air or hydrogen being a barbotage gas, and
cavity-based flameholder. The entry Mach number was fixed at 2.5.
The total pressure of vitiated air varied around 1.0-1.3 MPa, and
the total temperature ranged from 1700-1900 K.

Barbotagedatomizationby usinghydrogen was shown to promote
the overall burning and increase the combustion efficiency by 15—
20% comparingto the pure liquid atomization case. However, it has
toberecognizedthatthe extentof combustionenhancementstrongly
depends on the operation condition of effervescent atomization.

In general, combustion performance was found to increase with
increasing cavity depth, which essentially characterizes the cavity
residencetime. It was found thatfor the givendesign of cavity flame-
holder the combustion performancedoes not vary much with further
increasing the cavity depth from 12 mm. In terms of the cavity char-
acteristics, the threshold value of the length-to-depthratio defining
a closed cavity should be no more than 5~ 7 for reacting flows.
In addition, the configuration with an open and a closed cavities in
tandem was shown to have a better performance than the one with
a single closed cavity. Further study in this regard is warranted.

The present experimental results also substantiate our previous
finding that there existed a local high-temperature region, which
serves as a source of thermal energy and active chemical radicals
for promoting the initiation and the subsequent flameholding of the
kerosene combustion.

Furthermore, the experimental investigation demonstrated that
injection location and injection scheme have significant effects on
the minimally required pilot hydrogen equivalence ratio. It is of
importance for the pilot hydrogen flame to fully develop so that a
sufficiently strong pool of heat and radicalsis available for effecting
kerosene ignition.

Acknowledgments

The research program of the Chinese Academy of Sciences was
supported by the National Natural Science Foundation of China
under Contract 10232060. C. J. Sung was supported by the Case
School of Engineering through the Case Alumni Association. The
authors would also like to acknowledge D. X. Qian and Y. Li for

their assistance in experimental preparations as well as L. J. Yue
and F. Cheng for the help of data reduction.

References

ITishkoff, J. M., Drummond, J. P., Edwards, T., and Nejad, A. S., “Future
Direction of Supersonic Combustion Research: Air Force/NASA Workshop
on Supersonic Combustion,” AIAA Paper 97-1017,Jan. 1997.

2Curran, E. T., and Murthy, S. N. B., Scramjet Propulsion, Progress in
Astronautics and Aeronautics, Vol. 189, AIAA, Reston, VA, 2001, Chap. 12.

3 Avrashkov, V., Baranovsky, S., and Levin, V., “Gasdynamic Features of
Supersonic Kerosene Combustion in a Model Combustor Chamber,” AIAA
Paper 90-5268, Oct. 1990.

4Kay, I. W., Peschke, W. T., and Guile, R. N., “Hydrocarbon-Fueled
Scramjet CombustorInvestigation,” Journal of Propulsionand Power, Vol. 8,
No. 2, 1992, pp. 507-512.

5Vinogradov, V., Kobigsky, S., and Petrov, M., “Experimental Investi-
gation of Liquid Hydrocarbon-Hydrogen Fuel Combustion in Channel at
Supersonic Velocities,” AIAA Paper 92-3429, July 1992.

éBonghi, L., Dunlap, M. J., Owens, M. G., Young, C., and Segal, C.,
“Hydrogen Piloted Energy for Supersonic Combustion of Liquid Fuels,”
AIAA Paper 95-0730, Jan. 1995.

7Owens, M. G., Tehranian, S., Segal, C., and Vinogradov, V., “Flame-
holding Configurations for Kerosene Combustion in a Mach 1.8 Airflow,”
Journal of Propulsion and Power, Vol. 14, No. 4, 1998, pp. 456-461.

8Yu, K., Wilson, K. J., and Schadow, K. C., “Effect of Flame-Holding on
Supersonic-Combustion Performance,” Journal of Propulsion and Power,
Vol. 17, No. 6, 2001, pp. 1287-1295.

9Baurle,R. A., and Gruber, M. R.,“A Study of Recessed Cavity Flowfields
for Supersonic Combustion Applications,” AIAA Paper 98-0938,Jan. 1998.

10Mathur, T., Gruber, M., Jackson, K., Donbar, J., Donaldson, W.,
Jackson, T., and Billig, F., “Supersonic Combustion Experiments with a
Cavity-Based Fuel Injector,” Journal of Propulsion and Power, Vol. 17,
No. 6, 2001, pp. 1305-1312.

17 jn, K.-C., Kirkendall, K. A., Kennedy, P.J., and Jackson, T. A., “Spray
Structures of Aerated Liquid Fuel Jets in Supersonic Cressflows,” AIAA
Paper 99-2374, June 1999.

2Mathur, T., Lin, K.-C., Kennedy, P. J., Gruber, M., Donbar, J.,
Jackson, T., and Billig, F, “Liquid JP-7 Combustion in a Scramjet Com-
bustor,” AIAA Paper 2000-3581, July 2000.

BLi, I. G., Yu, G, Zhang, X. Y., and Huang, Q. S., “Combustion of
Kerosene in a Supersonic Stream,” AIAA Paper 2000-0615,Jan. 2000.

l4Hgu, K.-Y,, Carter, C., Crafton, J., Gruber, M., Donbar, J., Mathur, T.,
Schommer, D., and Terry, W., “Fuel Distribution Abouta Cavity Flameholder
in Supersonic Flow,” ATAA Paper 2000-3585, July 2000.

I5SBurnes, R., Parr, T. P., Wilson, K. J., and Yu, K., “Investigation of Su-
personic Mixing Control Using Cavities: Effect of Fuel Injection Location,”
ATIAA Paper-2000-3618, July 2000.

loyy, G.,Li, J. G., Chang, X. Y., Chen, L. H., and Sung, C. J., “Investiga-
tion of Kerosene Combustion Characteristics with Pilot Hydrogen in Model
Supersonic Combustors,” Journal of Propulsion and Power, Vol. 17, No. 6,
2001, pp. 1263-1272.

7yu, G., Li, J. G., Zhao, J. R., Han, B., Chang, X. Y., and Qian, D. X,
“Experimental Studies on Hy/Air Model Scramjet Combustor,” AIAA Paper
99-2449, June 1999.

8yy, G., Li, J. G., Zhang, X. Y., Chen, L. H., Han, B., and Sung, C. J.,
“Experimental Investigation on Flameholding Mechanism and Combus-
tion Performance in Hydrogen-Fueled Supersonic Combustors,” Combus-
tion Science and Technology, Vol. 174, No. 3, 2002, pp. 1-27.

914 7. G, Yu, G, Zhang, Y., Li, Y., and Qian, D. X., “Experimental
Studies on Self-Ignition of Hydrogen/Air Supersonic Combustion,” Journal
of Propulsion and Power, Vol. 13, No. 4, 1997, pp. 538-542.

20Wang, T.-S., “Thermo-Kinetics Characterization of Kerosene/RP-1
Combustion,” ATAA Paper 96-2887, July 1996.



