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Expansion and Mixing Processes of Underexpanded Supercritical
Fuel Jets Injected into Superheated Conditions
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The expansionandmixingprocesses ofunderexpandedsupercritical fuel jets injected intosuperheated conditions
were experimentally studied. Ethylene was used as the fuel, and nitrogen was the ambient gas. The near-� eld jet
plume structure was characterized by the location and size of the Mach disk and the expansion angle. The Mach
disk location of the supercritical ethylene jet matches that of an ideal-gas jet. The size of the Mach disk and the
expansion angle, however, increase as the injection temperature approaches the critical value. The far-� eld mixing
processes were characterized by measuring fuel mole fraction and temperature distributions using spontaneous
Raman scattering. Fuel mole fraction distributions follow a Gaussian function, whereas temperature distributions
exhibit a de� cit inside the jet plume because of the expansion and acceleration of the fuel jet. As the injection
condition approached the critical point, the following observations were made: 1) the ethylene centerline mole
fraction increased, 2) the jet width at the stoichiometric level increased, 3) the jet width at half the maximum
concentration remained the same, and 4) the temperature de� cit became more signi� cant. These results were
attributed to the larger injected fuel mass � ow and fuel condensation when the jet injection conditions approach
the critical point.

Nomenclature
a = distance to jet virtual origin
c = speed of sound
d = injector exit diameter
dm = diameter of Mach disk
dps = pseudodiameter
Is = intensity of scattered signal
k = constant
Pm = fuel mass � ow rate
n = number density
P = pressure
R = gas constant
T = temperature
X = fuel mole fraction
x = axial distance from injector exit
xm = axial distance from injector exit to Mach disk
y = transverse distance from jet centerline
° = gas speci� c heat ratio (Cp=Cv )
µ = jet expansion angle at injector exit
¹ = � uid viscosity
½ = � uid density
¾ = Raman scattering cross section

Subscripts

CL = jet centerline property
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C2H4 = property of ethylene
c = property at the critical point
chm = gas property in injection chamber
e = nozzle exit condition
inj = injectant property before reaching nozzle

passage
N2 = property of nitrogen
RAD = radial pro� le

Introduction

F OR hypersonic� ight, e.g., for � ightMachnumbersgreater than
8, thermal management of the airframe and onboard electronic

components is an engineering challenge.1 Endothermic fuels are
currently under evaluation for use as heat absorption media for the
airframe and combustor;for these applications,the fuel temperature
will be above the critical value before injection. Additionally, the
fuel injection pressure will normally be higher than the fuel critical
pressure. Thus, the heat management of future aircraft is expected
to require fuel injection from supercritical states into superheated
environments.1

Supercritical fuels are known to exhibit unusual thermophysi-
cal and transport properties near their critical point: liquidlike den-
sity, zero latent heat, zero surface tension, and high compressibility.
These fuels also exhibit large variations in speci� c heats and speeds
of sound, and enhanced values of thermal conductivity, viscosity,
and mass diffusivity.2¡4 Previous studies of supercritical fuel in-
jection and atomization processes have been limited in scope and
have focused primarily on experiments with injectant temperatures
lower than the fuel critical value Tc , into an environment at tem-
peratures higher than Tc.5¡11 These injection processes have been
studied in quiescentenvironments,5 in supersoniccross� ows,6;7 and
in a rocket combustor.8 Yang et al.,9 Woodward and Talley,10 and
Mitts et al.11 investigated liquid droplet combustion and breakup in
both subcritical and supercritical environments. These studies all
indicate that the injectionand mixing processesare not simply � uid
dynamics problems; thermodynamic critical anomalies must also
be considered.
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Wu etal.12 investigatedthe injectionofethylenefromsupercritical
into superheated conditions. It was found that the fuel injection
follows an isentropic path, and fuel mass � ow rates are 20–30%
larger than thoseof ideal-gasjets at the same pressureswhen the fuel
is initially supercritical and near the critical point. In addition, the
fuel jet was found to exhibit a long fuel core, starting at the injector
exit, which was caused by fuel condensation. The increased mass
� ow rate and fuel condensation presumably affect the subsequent
expansion and mixing processes.

Expansion and mixing characteristicsof ideal-gas jets have been
studiedextensively.13¡17 Crist et al.14 characterizedthe near-� eld jet
plume structure with the location and size of the Mach disk. They
found that the axial distance to the Mach disk, after normalization
by the injector diameter, is proportional to the square root of the ra-
tio of the injection to the ambient pressures.The size of Mach disks
of various gases was also measured.14 Birch et al.15;16 and Ewan
and Moodie17 studied velocity and concentration decays along the
centerlinesof underexpandedideal-gas jets. The decayswere corre-
lated, using a pseudodiameterapproach,with the pressure ratio and
a universal decay constant, as was done for subsonic conditions.
Dowling and Dimotakis18 and Beer and Chigier19 reviewed the ra-
dial mean concentrationpro� les for subsonic turbulent freejets and
found that the concentration distribution follows a Gaussian self-
similar solution. Despite these research efforts, however, the struc-
ture of an underexpandedjet plume of fuel injected near the critical
point has not been investigated.

The objective of this study is thus to characterize the expansion
and mixing processes of a supercritical fuel at injection tempera-
tures slightly greater than Tc , with back pressures lower than the
critical pressure.Ethylene was used in this study because its critical
temperature is near room temperature, and the injection starts from
supercritical conditions and is superheated by the end of the pro-
cess. Measurements were focused on the near-� eld structure of the
expansionplume and far-� eld characteristicsof the mixing process.
Test conditionswere designed to simulate injection of an endother-
mic fuel at temperatures between the critical temperature and the
point where thermal cracking becomes signi� cant. This paper be-
gins with a description of the experimental methods. Results for
the near-� eld and far-� eld jet structures are then discussed, treating
Mach disk properties, expansion angles, effects of ambient temper-
ature, fuel mole fraction, and temperature distributions.Finally, the
differences between the expansion and mixing characteristics of a
supercritical fuel and an ideal gas are discussed.

Experimental Methods
Apparatus

The test � uid was injectedverticallydownward into a large injec-
tionchamber� lledwith an inertgas(nitrogen).Detaileddescriptions
of the design and operation of the facility have been presented in a
previous study.12 The apparatus consisted of a fuel tank, solenoid
valve,fuel temperaturecontrolunit, injector,and the injectioncham-
ber (Fig. 1). The fuel tank assembly was designed to allow preset
initial fuel pressures and temperatures and to provide a steady fuel
supply during injection. A solenoid valve with a response time of
150 ms was installed in the fuel delivery line to control the injec-
tion duration. Injection times were limited to 5–8 s to minimize fuel
consumption and the accumulation of ethylene in the chamber.

The injector passage consisted of a rounded entry and a converg-
ing section to ensure that a choke point could occur only at the
injector exit. Two injector diameters, 0.5 and 1.0 mm, were tested,
and the ratio of passage length to exit diameter was 4 in both cases.
The injector design was tested by Wu et al.12 and has a discharge
coef� cient of 0.97. The 1.0-mm injector was used for the measure-
ment of the Mach disk structure, whereas the 0.5-mm injector was
employedto study 1) the effects of ambient temperatureon the near-
� eld expansion process and 2) the far-� eld mixing characteristics.

Supercritical fuel temperatures were monitored with thermocou-
ples and controlledby � owing ethylene glycol outside the fuel pipe
along the fuel delivery line for a distance of over 6 m upstream of
the nozzle. Through the use of a heat exchanger, the temperature of

Fig. 1 Sketch of fuel-injection apparatus.

the ethyleneglycol was maintained at the desired temperature,with
an uncertaintyof §1 K. Tests showed that the � nal fuel temperature
was within 2 K of the coolant temperature; the fuel temperaturesre-
ported in this studyare thereforethe measuredcoolanttemperatures.
The fuel static pressure was measured upstream of the nozzle pas-
sage with a bridge-type pressure transducer having an uncertainty
within §7 kPa. The recorded pressure and temperature were then
used to quantify the fuel properties before injection.

The injection and mixing characteristicsof supercritical fuel jets
were studied in a large injection chamber. This chamber was de-
signed to simulate temperature and pressure environments encoun-
tered in ramjets, scramjets, rockets, and gas turbines, as well as in
industrial injector atomization processes. The chamber diameter is
0.42 m and its height is 0.94 m, resulting in an internal volume of
0.12 m3. Four optical ports are provided for � ow diagnostics. The
chamber pressure was monitored by a bridge-type pressure trans-
ducer, also having an accuracy of §7 kPa.

Initially, the chamber was � ushed with nitrogen to remove oxy-
gen. The fuel pressure and temperature were set by charging the
fuel tank to a speci� ed pressure and adjusting the set temperature
of the fuel heat exchanger. Flow was initiated by energizing the
solenoid valve; fuel and chamber pressures and temperatures were
then recorded by a high-speed data-acquisition board linked to a
personal computer. During each run, the rise in chamber pressure
was typically less than 34 kPa. After each run, the chamber was
vented, � ushed, and reset to the desired operating pressure.

To study the effects of ambient temperatures on the near � eld
jet expansion process, electric heaters were used to increase the
temperature inside the injection chamber. Four 2.3-kW cartridge
heaters were installed inside the chamber to heat the chamber wall
temperature to the preset level. Insulation was installed outside the
chamber to reduce heat losses. Because of the large thermal mass
of the vessel, the fresh nitrogen was readily heated to the preset
chamberwall temperaturewithin a short time after it � lled thevessel.
The gas temperaturewas thus approximatedwith a measurementof
the chamber temperature Tchm and was reasonably constant during
the experiment.

Instrumentation

Schlieren Photography

Long-exposureschlierenphotographswere takento resolveshock
structures. The schlieren system included a SpeedGraphic camera,
loaded with Polaroid type 57 100 £ 125 mm black and white � lm;
the shutter speed was 1

125 s. Two 300-mm-diam parabolic mirrors,
with focal lengthsof 1220mm, collimatedand focusedthe light from
a mercury lamp. The arrangementprovided an image magni� cation
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Fig. 2 Sketch of Raman scattering system.

of 4.15 and a 22 £ 27 mm � eld of view (FOV). The location and
size of the Mach disk were determined from the photographs by
measuring the distance between the center of the Mach disk and
the injector ori� ce and the distance between the two triple points,
respectively.The expansion angle was determined as the angle be-
tween the jet centerline and the line tangent to the jet boundary
passing through the edge of the ori� ce. Results were obtained by
averaging measurements obtained from four photographs for each
test condition; measurement uncertainties for the Mach disk size
and axial location, and the expansion angle were less than 0.12d
and 3 deg, respectively. The standard deviation between the four
images was less than 4%.

Raman Scattering System

Time-averaged ethylene and nitrogen concentrations along the
axis of the laser beam were recorded on an air-cooled, back-
illuminated charge-coupled device (CCD), using spontaneous vi-
brationalRaman scattering20 (see Fig. 2). This CCD camera system,
manufactured by PixelVision, Inc., has a high quantum ef� ciency,
»90% at 600 nm, and low noise, »11 electrons for a 100-kpixel/s
digitization rate; as a consequence, this detector can capture low-
level signals such as those from Raman scattering. A continuous
wave Nd:YVO4 laser, the Spectra Physics Millennia,was employed
as a light source, and the 3.5-W, 532-nm beam was focused with
a 1-m focal length lens into the chamber through a quartz window
(Fig. 2). To minimize scattered/re� ected light, the second window
was replaced by a steel blank incorporatinga beam dump. Two op-
tical � lter sets were incorporated into the camera system to isolate
the Raman signalsof ethyleneand nitrogen.Each � lter set consisted
of »5 mm of colored glass, such as Schott glass OG 570, and an
interference� lter appropriate for the vibrationalRaman shift of the
component of interest: 1) for N2, ¸center

»D 610 vs »607 nm for the
Q-branch band origin; 2) for C2H4 , ¸center

»D 633 vs 634 nm for the
band origin.The purposeof the colored-glass� lter was to minimize
strong Rayleigh and particle scattering (the Mie scattering signal,
e.g., can be many orders of magnitude stronger than the Raman
signal). The � lter sets, each mounted in a tube having a standard
52-mm external thread, were easily screwed onto the front of the
fast Noct Nikkor 58-mm =1:2 lens, which was used to collect and
focus the scattering image onto the CCD array.

The camera was placed just outside the viewing port (see Fig. 2),
at a right angle to the laser beam axis. With this setup, the FOV for
the 512 £ 512 pixel array (24-¹m pixels) was »77 £ 77 mm, cor-
responding to a magni� cation of »0:16. Thus, each pixel viewed
»150 ¹m of physical space. The pixels were binned in the vertical

direction (before digitization) becauseonly the variation in concen-
tration along the laser-beam axis was of interest. In all of the mea-
surements, the CCD integrated the Raman scattering signal during
a 2-s interval, and the Uniblitz shutter employed by the PixelVision
camera was opened following a 1-s delay after initiation of the in-
jection process. The timing of the camera shutter was accurately
controlled using a Stanford Research Systems DG535 digital de-
lay generator; a test showed that the accuracy of the shuttering was
better than 10 ms. In general, the resulting C2H4 Raman scattering
signal levels were strong, several thousand counts above the back-
ground, and the correspondingphoton shot noise for the peak C2H4

Raman signals was less than 1%. The camera was carefully focused
and squared with respect to the beam axis using scattering from a
wire placed in the beam path near the jet centerline. The jet center-
line was determined by traversing the laser probe and the camera
in concert and � nding the maximum C2H4 scattering signal. Four
images were taken for each test condition, and the average of these
images was used to obtain the ethyleneand nitrogennumber density
distributions.The signalvariationbetween images (one standardde-
viation) was small, corresponding to less than 2 mol/m3, primarily
because of the accumulation of ethylene before (from incomplete
purging) and during data collection.

Calibration of Raman Scattering Signals

To determine the number density of both ethylene and nitrogen,
it was necessary to establish the relationship between the number
densityof each gas and the signal recordedby the CCD camera.This
calibration was performed by � lling the injection chamber with a
known concentration of nitrogen and ethylene. Gas number den-
sities were calculated using the ideal-gas state equation based on
measured pressures and temperatures. The recorded Raman scat-
tering intensity is plotted in Fig. 3 as a function of the gas number
density.The least-squaresmethodwas used to determinethe propor-
tionalityconstantand the backgroundlevel.Correlationcoef� cients
of these tests are both above 99%, and the differences between the
� tted and measured background levels are small. Standard errors of
estimate of the predictionswere found to be 12.6 and 126 counts for
nitrogen and ethylene, respectively. The proportionality constants
were found to be 470 and 49.6 count/(mol/m3) for ethylene and
nitrogen, respectively. The larger value for ethylene results from
the larger Raman scattering cross section (¾C2H4 D 1:9 £ 10¡30 vs
¾N2 D 0:46 £ 10¡30 cm2/sr at 532 nm),20 and the fact that the in-
terference � lter for ethylene has higher transmission at the Raman
scatteringwavelength.The linearityof the calibrationcurve and the
close agreementbetween the measured and � tted backgroundlevels
validate the present Raman scattering system and indicate that the

Fig. 3 Calibration of Raman scattering signal vs gas density.
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Table 1 Injector exit properties (Refs. 3 and 4) and � ow conditions (Ref. 12)a

Tinj=Tc Pe=Pinj Te=Tinj ½e, kg/m3 ¹e, 10¡7 Pa s ce , m/s °e . Pme/meas , g/s Re; £10¡6

1.04 —— —— —— —— —— —— 12.1 ——
1.10 0.572 0.878 61.1 113 253 2.17 12.4 1.38
1.14 0.572 0.876 53.2 109 271 1.76 11.6 1.33
1.19 0.572 0.880 47.6 116 287 1.59 10.9 1.18
1.24 0.570 0.884 43.6 119 299 1.50 10.6 1.11
1.27 0.569 0.892 40.5 122 310 1.44 10.4 1.03
aEmploying 1-mm injector.

� lters effectively remove Rayleigh and Mie scattering.The number
density of nitrogen and ethylene can thus be determined from the
measured signals using these calibrations. The overall uncertain-
ties were calculatedusing the rss formula, considering the standard
deviations of the individual measurements and the calibration un-
certainties.The overall uncertaintieswere 0.16 and 0.44 mol/m3 for
ethylene and nitrogen, respectively.

Test Conditions

The fuel temperature and pressure were set to be slightly above
the critical point for studying expansionand mixing characteristics.
Ethylene was chosen as a test fuel because its critical temperature is
near room temperature, and this reduces the system safety require-
ments. Nitrogen was used as the ambient gas because it is inert and
has properties similar to those of air. Fuel pressures and temper-
atures are expressed as reduced values, i.e., relative to the critical
point values of 5.04 MPa and 282.3 K. The fuel-injection pressure
Pinj was set between 5.7 and 5.8 MPa, §1%, yielding reduced pres-
sures from 1.13 to 1.15. Fuel temperatures Tinj were varied from
293 to 358 K, resulting in reduced temperatures from 1.04 to 1.27.
Chamber pressures Pchm were set at 0.14–0.81 MPa. This resultedin
jet expansionratios Pinj=Pchm of 7.0–56. Chamber temperature Tchm

was varied from 300 to 447 K, resulting in reduced temperatures
from 1.06 to 1.58. Table 1 lists the � uid properties at the injector
exit based on the thermophysical properties of Younglove,4 � uid
viscosities from Holland et al.,3 and the isentropic approximation
discussed by Wu et al.12

Results and Discussion
Near-Field Mach Disk Structures

Properties of the Mach Disk

Figure 4 shows the near-� eld expansion of ethylene jets injected
into a 0.2-MPa nitrogen environment for injection temperatures of
293, 311, and 354 K, corresponding to reduced temperatures of
1.04, 1.12, and 1.40, respectively. As discussed by Wu et al.,12 the
photographof the ethylene jet shows a long fuel core caused by fuel
condensation,when the injection temperature approaches the criti-
cal value. As Tinj increases, the fuel condensation is less signi� cant
and the Mach disk structure is visible. The bowl shape of the jet
plume at the injector exit suggests that a Mach disk exists for the
Tinj D 293 K case, although it is not visible in the photograph.Crist
et al.14 reported that the fuel condensationincreases the static pres-
sure inside the jet plume, and a larger Mach disk is thus formed to
equalizethe pressure� eld. This fuel condensationcore was found to
persist for a long distance (about 50d ) before complete evaporation.

The Mach disk locations of the ethylene and nitrogen jets, shown
in Fig. 5, are very close, even when the ethylene is injected near
the critical point. As Pinj=Pchm increases, the axial distance from the
injector exit to the Mach disk xm =d increases. This behavior can
be predicted by the correlation developed by Crist et al.14 for an
ideal-gas jet injected into an environmentof the same gas. This fact
suggests that the Mach disk location depends only on the pressure
ratio, and is independent of fuel types and fuel condensation. This
� nding is mentioned by Wu et al.12 and is quanti� ed in the present
study.

Figure 6 shows the diameters of Mach disks dm =d for the super-
critical ethylene and nitrogen jets measured in the present study,
along with nitrogen Mach disk diameters from Crist et al.14 The

Fig. 4 Effects of injection temperatures on fuel-injection processes.

Fig. 5 Locations of Mach disks of ethylene and nitrogen jets.

measurements of Crist et al. agree with the present nitrogen results.
These data indicate that dm =d increases as Pinj=Pchm increases. Al-
though dm =d of ethylene jets show the same trend, they are always
larger than those of nitrogen jets. For higher injection temperatures
(Tinj > 325 K), dm=d is fairly constantbut 20–30% larger than those
of nitrogen jets. Because ethylene takes on the characteristicsof an
idealgaswhen the temperatureis muchhigherthan the criticalvalue,
the difference in dm=d was attributed to the difference in ratios of
speci� c heats, ° .°C2H4 D 1:22, and °N2 D 1:40).13;14 For lower in-
jection temperatures (Tinj < 325 K), however, the dm =d increases as
Tinj approaches Tc . At Tinj D 311 K, dm is about 10–20% larger than
those of ethylene jets at higher Tinj and about 40–50% larger than
those of nitrogen jets, possibly because of the larger fuel mass and
fuel condensation.

The supercriticalethylenejet condensesat Tinj D 293 K, as shown
in Fig. 4, which makes the measurement of Mach disk proper-
ties impossible when using the schlieren technique. Therefore, the
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Fig. 6 Diameters of Mach disks of ethylene and nitrogen jets.

Fig. 7 Expansion angles of ethylene and nitrogen jets.

expansionangle µ is used for comparison.Although the determina-
tion of this angle is somewhat subjective, it can providea good basis
for comparison of the degree of expansion for the fuel jets. Figure 7
shows the comparisonof expansionangles for nitrogenand ethylene
jets. The expansionangle illustrates the same behavior as the Mach
disk diameter: the angle increases as Pinj=Pchm increases. For nitro-
gen jets, µ is insensitive to Tinj, even when Tinj is varied from 293 to
354 K, perhaps because ° does not change signi� cantly. Ethylene
jets always produce a larger µ than nitrogen jets. For higher injec-
tion temperatures (Tinj > 325 K), the expansionangle is reasonably
independent of Tinj, as was dm . For lower injection temperatures
(Tinj < 311 K), µ increasessubstantiallyas Tinj decreases,especially
when Tinj approaches Tc. The expansion angle suggests that dm at
Tinj D 293 K will be larger than that at Tinj D 311 K.

Effects of Ambient Temperature

Effects of ambient temperatureon the near-� eld Mach disk struc-
ture were investigated and are shown in Fig. 8. The injection tem-
perature was kept constant at 293 K, whereas the chamber tempera-
ture was varied from 303 to 447 K. These temperatures correspond
to Tinj=Tc of 1.04 and Tchm=Tc from 1.07 to 1.56. For JP-7 fuel

Fig. 8 Effects of ambient temperature on jet plume.

Fig. 9 Measured number density of C2H4 and N2, and the total num-
ber density: Tinj = a) 293 and b) 358 K.

(Tc D 673 K),1 these ranges are equivalent to Tinj of 697 K and Tchm

from 720 to 1050 K, which cover ramjet and scramjet combustor
operatingconditions.21 Figure 8 shows that fuel condensationis less
signi� cant and the fuel condensation core shortens as the ambient
temperature increases. Nevertheless, fuel condensation can still be
observed, even at Tchm of 447 K, because of the � nite heat transfer
rate from the ambient gas to the fuel jet plume. It is thus expected
that the problem of fuel condensation cannot be neglected, even
when the jet is placed in a high-temperatureairstream.

Far-Field Mixing Characteristics

The number densities of nitrogen and ethylene, nN2 and nC2H4 ,
were measured using Raman scattering at x=d D 112, Pinj D 5:8
MPa, Tinj from 293 to 358 K, Pchm D 0:2 MPa, and Tchm D 300 K.
Results for Tinj D 293 and 358 K are shown in Figs. 9a and 9b, re-
spectively. The maximum value of ethylene jets is at the jet center
and decreases as the radial distance increases.The small amount of
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ethylene outside the jet plume resulted from the accumulation of
injected ethyleneduring data acquisition.As expected,nN2 shows a
de� cit at the jet center because of the presence of the ethylene jet.
The sum of nN2 and nC2H4 yields the total gas number density and
exhibits a maximum at the jet centerline at Tinj D 293 K. Assuming
a constant pressure � eld, this indicates a decrease in the jet center
temperature. At Tinj D 358 K, nC2H4 is smaller inside the jet plume
than the measurements for Tinj D 293 K. The total gas number den-
sity for this case is fairly constant, indicating that the reduction of
nN2 at the jet center is compensated for by the presence of nC2H4 .
The constant total gas number density is attributed to the higher
temperature at the measurement station. The total number density
and nN2 show a slight variation across the image domain, possibly
because the jet is not perfectlyaxisymmetricand/or becauseof laser
beam extinction. Note that larger � uctuations in nN2 are a result of
the smaller signal-to-noiseratio for nitrogen.

The nC2H4 and the total number density are used to calculate
the fuel mole fraction, which is plotted in Fig. 10 as a function of
radial distances for Tinj D 293, 325, and 358 K. The mole fraction is
calculated as

X D
nC2H4 ¡ nC2H4;b

nN2 C nC2H4

(1)

where nC2H4;b is the nC2H4 accumulated inside the chamber during
data collection. The measurement uncertainty of the mole fraction
(one standard deviation) was estimated to be 0.004, given the un-
certainties in nC2H4 and nN2 . As shown in Fig. 10, the mole fraction
level decreasesas Tinj increases from 293 to 325 K. As Tinj increases
from 325 to 358 K, however, the mole fraction distributionsdo not
show signi� cant variations. A stoichiometric mole fraction, 0.065,
was also calculated for ethylene in air and is shown in Fig. 10 as
the dashed line. A large portionof the jet plume is apparentlyabove
the stoichiometric level. The jet width at the stoichiometric level
(see Fig. 10) decreases »7% (14 vs 13 mm) when Tinj increases
from 293 to 358 K. The larger mole fraction level and jet width for
Tinj D 293 K attributed to the larger fuel mass � ow rates, the lower
jet temperature and velocity, and the fuel condensation.These dis-
tribution curves are smooth and can be � t with a Gaussian function
as can a subsonic turbulent freejet.19

The temperaturedistributionof the jet plumewas calculatedbased
on the obtained total gas number density and the assumption of a
uniform pressure � eld across the jet plume at the measurement sta-
tion (Fig. 11). Because the calculated temperature is sensitive to
Pchm , care was taken to set Pchm precisely to a predeterminedvalue.
In most instances, Pchm was varied within 4 kPa from the prede-
termined and measured value of 0.2 MPa, to match the calculated
temperature outside the jet plume to the measured Tchm of about
300 K. The temperature distributionexhibits a de� cit within the jet
plume becauseof the expansionprocess.As Tinj increases, the mag-
nitudeof the de� cit decreasesand graduallyapproachesthe ambient
temperature(»300K) at Tinj D 358 K. The temperaturede� cit is still

Fig. 10 Mole fractions of ethylene jets at various injection tempera-
tures at x/d = 112.

Fig. 11 Temperature distributions of ethylene jets at Tinj = 293, 325,
and 358 K.

Fig. 12 Variation of the measured and predicted centerline mole frac-
tions and the measured centerline temperatures.

fairly signi� cant at x=d D 112 for the Tinj D 293 K case because of
the persistenceof near-� eld expansion and fuel condensation.

The centerlinemole fractionsand temperatures, XCL and TCL, are
shown in Fig. 12 for Tinj from 293 to 358 K. XCL decreases and TCL

increases as Tinj increases from 293 to 325 K; beyond 325 K, the
effect of fuel temperature on XCL and TCL is not signi� cant. The
thermodynamic critical anomalies and the isentropic injection path
approximation12 suggest that the increase in XCL for Tinj < 325 K
may be attributed to the larger fuel mass � ow rates and the smaller
speed of sound near the critical point.

Birch et al.15;16 employed a pseudodiameter approach to predict
the centerline mole fraction for underexpanded sonic methane and
ethylene jets. The underexpanded fuel jet was treated as a sonic
jet injected from a virtual injector. The exit condition at the virtual
injectorori� ce was selectedto be ambientpressureand temperature,
and the ori� ce diameter was determined from the conservation of
fuelmass.The ori� ce is termeda pseudodiameterdps,which replaces
d in the decay prediction of a subsonic turbulent jet. This approach
was applied with the present results using ° at the injector exit
conditions; an XCL value of 0.184 was obtained for all Tinj tested.
This de� ciencywas attributedto the fact that theapproximationdoes
not considerthe thermodynamiccriticalanomalies.The approachof
Birch et al.15 was then modi� ed using the measured exit conditions,
listed in Table 1, to remove the ideal-gas assumption. The resulting
correlations for XCL and dps are

XCL D kCL[dps=.x ¡ a/].½N2 =½C2H4 /
1
2 (2)

dps D .½ece=Pchm/ .RTchm=° / (3)
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Note that the mole fraction is essentially equivalent to the mass
fraction for ethylene injection into nitrogenbecause their molecular
weights are virtually identical. The density ratio term in Eq. (2)
is unity, and the value of ° in Eq. (3) is equal to 1.22. kCL is the
decay constant, which is typically between 4.0 and 5.5 (Ref. 15);
4.2 was used in the present study. As suggested by Birch et al.,15

the axial distance to the virtual origin a=d was set to be 6.7. The
predicted XCL agrees well with the measured values as shown in
Fig. 12, except at Tinj D 293 K. The good agreement indicates that
the increasein XCL (except at Tinj D 293 K) is causedby the increase
in fuel mass � ow rates because of the rapid increase in � uid density
near the critical point.12 Therefore, the centerlineconcentrationof a
supercriticaljet injected near the critical point is always higher than
that of an ideal-gas jet injected under the same pressures.

At Tinj D 293 K, the predictionof XCL is about 10% smaller than
the measured value. Because the measured mass � ow rates (see
Table1) are almost the same for Tinj D 293 and 311 K, this de� ciency
is attributed to the presence of fuel condensation at the injector
exit. Fuel condensation reduces the jet temperature, and possibly,
the velocity. Therefore, the formulations used in the calculation of
the speed of sound at the pseudodiameter location and the virtual
origin distance to the injector exit may not be valid. Further studies
are required to identify the effects of fuel condensation on the jet
mixing process and on the centerline concentrationdecay.

The centerline temperature increasesas the injection temperature
increases.Because the relative decrease in XCL is at about the same
rate as the relative increase in TCL when Tinj increases from 325 to
358 K, the increase in TCL is attributed to the mixing process rather
than to the increase in Tinj. The low TCL measured at Tinj of 293 K is
related to fuel condensation. If these temperatures scaled with Tc,
the present results would correspond to the condition of JP-7 fuel
injection at Tinj D 700 K, Tchm D 713 K, and TCL D 626 K. The low
temperatures within the jet plume will increase ignition delay in a
combustor and thus affect combustionperformance.As the jet stag-
nation temperature is increasedand fuel condensationbecomes less
signi� cant, TCL gradually approaches the Tchm and might be higher
than Tchm if the stagnationtemperatureis high enough.Higher ambi-
ent temperaturesmay help to reduce the temperaturede� cit within a
shortertime period,as indicatedin Fig. 8. Nevertheless,fuel conden-
sation is still expected to affect the combustion processes because
of the � nite heat transfer rate from the ambient air to the fuel jet.

The radial ethylene mole fraction pro� le normalized by the cen-
terline value is plotted in Fig. 13 to check the self-similar charac-
teristics for the cases of Tinj D 293–358 K. All values collapse onto
a single curve and can be modeled well by a Gaussian function. In
this study, a least-squaresmethod was applied to � nd the best � t for
X=XCL > 0:03. The resulting relation is as follows:

X

XCL
D exp ¡

y2

6:342
(4)

Fig. 13 Measured (symbols) and � tted (solid line) mole fraction dis-
tributions of ethylene jets at various injection temperatures.

where the correlationcoef� cient is 99.5%. The ratio of the predicted
to the measured values has a mean of 1.002 with a standard devia-
tion of 0.072. This function demonstrates that the full width at half
the maximum concentration of these normalized mole fractions is
10.5 mm. Equation (2) can be written in a self-similar form as

X=XCL D exp ¡kRAD[y=.x ¡ a/]2 (5)

where x is 55.9 mm in the present case, and kRAD is a radial spread
constant. Beer and Chigier19 suggested kRAD D 54–57 for subsonic
turbulent freejets, and the agreement with the pro� le of Dowling
and Dimotakis18 is reasonable for y=x less than 0.15. In the present
study,kRAD was found to be 69. The larger constant indicatesthat the
radial concentration pro� le is narrower after normalization for an
underexpandedjet than for a subsonic turbulent freejet, presumably
because of the expansion process.

The mole fraction pro� le of ethylene jets shows a larger center-
line fuel mole fraction, a greater jet width, and a lower centerline
temperature at the same axial location when the injection temper-
ature approaches the critical value. These phenomena are related
to thermodynamic critical anomalies and fuel condensation. Care,
however, has to be taken when applying the mixing ef� ciency cri-
teria developed from the results of noncondensing ideal-gas jets to
supercritical fuel jets.22 According to these criteria, a larger center-
line concentration indicates less mixing, whereas a larger jet plume
area implies better ef� ciency. These criteria apparently should be
modi� ed for fuel jets at conditions where thermodynamic critical
anomalies or fuel condensationare signi� cant. The effects of these
phenomena on the combustion process should also be addressed in
future studies.

Summary and Conclusions
Expansionand mixing processes of fuel jets injected from super-

criticalto superheatedconditionswere studied.The locationandsize
of the Mach disk, expansion angle, fuel mole fraction, and temper-
ature distributions were characterizedusing schlieren photography
and spontaneous Raman scattering. The major conclusions are as
follows:

1) Near the nozzle exit, supercritical ethylene jets exhibited an
opaque region at low Tinj, which persisted for a distanceof about 50
injectordiameters.This opaque region,which is caused by fuel con-
densation,disappearsas the injection temperature increases.Never-
theless,the fueljet still undergoestheexpansionprocessand exhibits
a bowl-shaped jet boundary at the injector exit.

2) The Mach disk location of a supercritical ethylene jet agreed
with that of an ideal-gas jet. The size of the Mach disk and the
expansion angle, however, increased as the injection temperature
approachedthe criticalvalue,possiblybecauseof the larger injected
fuel mass and condensation.

3) A higher ambient temperature reduced the length of the fuel
condensation core, although fuel condensation was still observed
even at high ambient temperatures. This is attributed to the � nite
heat transfer rate from the ambient gas to the jet plume.

4) The mole fraction distribution of ethylene, determined from
Raman scattering, has a maximum value at the jet center and can
be modeled by a Gaussian function, in spite of the near-� eld fuel
condensationand thermodynamiccritical anomalies. The spread of
the jet plume after normalization by the centerline value, however,
is smaller than that of a subsonic turbulent freejet.

5) The centerline concentrationcan be predicted using a pseudo-
diameter approach when the critical point properties and an isen-
tropic injection path are applied. The prediction indicates that the
centerline concentrationof a supercritical jet injected near the crit-
ical point is higher than that of an ideal-gas jet injected at the same
pressure. This phenomenon is caused by the larger injected mass
� ow rate because of the rapid increase in fuel density near the crit-
ical point. The prediction, however, underestimates the centerline
value for cases in which fuel condensation is signi� cant.

6) The temperature distribution exhibited a modest de� cit in the
jet plume because of the expansion process. The de� cit became
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signi� cant, however, when the injection temperature approached
the critical value, because of the fuel condensation.
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