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Abstract

A jet of a cryogenic fluid, typically liquid N2, is injected into a chamber whose ambient pressure is varied to values exceeding the

critical pressure of the injectant. The structure of the jet and the shear layer between the jet and the ambient have been examined.

Results from visualization, jet initial growth rate, fractal analysis, and Raman scattering measurements indicate that the behavior of

the injected fluid changes from liquid spray-like to gaseous jet-like behavior as pressure increased. This is attributed to the reduction

of the surface tension and enthalpy of vaporization as the critical pressure of the injectant is approached. The initial divergence angle

indicating the growth rate of the jet is measured at the jet exit. These values are then compared with those measured from a large

number of other mixing layer flows, including atomized liquid sprays, turbulent incompressible gaseous jets, supersonic jets, and

incompressible but variable density jets covering over four orders of magnitude in the gas-to-liquid density ratio, the first time such a

plot has been reported over this large a range of density ratios. At and above the critical pressure of the injected fluid, the jet initial

growth rate measurements agrees well with the theory and measurements of incompressible, variable density, gaseous mixing layers.

This is the first time a quantitative parameter has been used to demonstrate that the similarity between the two flows extends beyond

mere qualitative physical appearance. The initial growth rate using Raman scattering is also in reasonably good agreement with our

measurements using shadowgraphy if twice the FWHM of the normalized intensity radial profiles are used. Finally, an equation

based on a proposed physical mechanism combined with the characteristic gasification time (sg) and interfacial bulge formation/

separation time (sb) is proposed, h ¼ 0:27½sb=ðsb þ sgÞ þ ðqg=qlÞ0:5�, that shows good agreement with the measured initial growth

rate data. It is found that the transition point from sub- (liquid-jet like) to supercritical (gas-jet like) behavior occurs when the time

scale ratio (sb/(sb þ sg)) is approximately equal to 0.5. � 2002 Published by Elsevier Science Inc.

1. Introduction

In recent years, combustion chamber operating
pressures have been increased in order to realize per-
formance and/or efficiency benefits in a wide range of
propulsion and energy conversion applications. In some
cases, this has resulted in the injected fluid(s) experi-
encing ambient pressures exceeding their thermody-
namic critical pressure(s). An example of particular
interest in rocket applications is the cryogenic liquid
hydrogen/liquid oxygen Space Shuttle Main Engine in
which the combustion or thrust chamber pressure is
about 22.3 MPa. Thrust chamber pressures for the
Vulcain (Ariane 5) engine have been recorded to reach

up to 10 MPa. Both of these pressures exceed the critical
pressure of oxygen (Pcr ¼ 5:043 MPa). In these appli-
cations, the initial temperature of the oxygen is below its
critical temperature (Tcr ¼ 154:58 K), and then under-
goes a transition to a supercritical temperature as the
oxygen is mixed and burned in the combustion chamber.

For single component fluids, the distinct difference
between the gas and liquid phases disappears when either
the pressure exceeds the critical pressure or the temper-
ature exceeds the critical temperature. Near the critical
point, the surface tension and enthalpy of vaporization
vanish. Large variations in the density, thermal con-
ductivity, and mass diffusivity also occur. For multi-
component fluids, the solubility of the gas phase in the
liquid phase increases as pressure approaches the critical
pressure, and mixture effects need to be taken into ac-
count in calculating the critical properties. The critical
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properties of mixtures are referred to as the ‘‘critical
mixing temperature’’ and the ‘‘critical mixing pressure’’
(Bruno and Ely, 1991). The critical mixing pressure can
be many times the critical pressure of the individual
components as seen in Woodward and Talley (1996).

Previous efforts, (for example, Newman and Brzu-
stowski, 1971; Mayer et al., 1996), have reported a gas-
like jet visual appearance at a supercritical chamber
temperature and pressure with no evidence of droplets.
Newman and Brzustowski (1971) studied steady CO2

jets injected into a chamber of pure N2 and also mix-
tures of CO2 þ N2 at both sub- and supercritical pres-
sures and temperatures. They explained the effects of
increased chamber temperature on the jet appearance
to be due to the progressive reduction in ambient gas
density, the reduction in surface tension to zero at the
critical temperature, and the increase in liquid CO2

evaporation. Based on coarse photographs, they pro-
posed the possibility of jet gasification, namely that at
supercritical temperatures and pressures the jet could
be treated as a variable-density single-phase turbulent
submerged gas jet. Mayer et al. (1998) studied liquid
cryogenic N2 (LN2) jets at a fixed temperature of 105 K
injected into a N2 environment at 300 K, but at varying
ambient sub- to supercritical pressures, and observed
drastic changes in the jet structure near and above the
critical pressure. They attributed this behavior to a con-
tinual decline of surface tension until it vanished at and
above the critical pressure. They also studied the coaxial
injection, similar to the injection scheme used in cryo-
genic rocket engines, of LN2 (at 97 K) inside gaseous He
(at 280 K), as simulant fluids for H2 and O2. As before,
changes in the jet structure were clearly observed as
pressure increases were clearly observed. Again, these
changes were attributed to increases in the solubility of
He into N2 and reductions in the surface tension. Finally,
they studied H2/O2 combustion in a windowed model
rocket combustion chamber, and again observed struc-
tural changes in the jet with pressure in both the ignition
and steady state combustion phases. No evidence of
droplets was observed at supercritical conditions.

Woodward and Talley (1996) studied the injection of
LN2 jets into gaseous N2 and gaseous mixtures of N2

and He at much lower Reynolds numbers than the
above studies. For N2/N2 systems, observation of the
resulting fluid structures at and above the critical pres-
sure showed strong evidence that surface tension be-
comes negligibly small either at the instant of mass
injection or very rapidly thereafter. Adding gaseous He
(�20 wt.%), however, was found to produce structures
which again showed strong evidence of having surface
tension at pressures up to twice the critical pressure of
pure N2, demonstrating the strong effect of composition
on the critical mixing properties.

Anderson et al. (1995), Decker et al. (1998), Osch-
wald and Schik (1999), Oschwald et al. (1999), and

Chehroudi et al. (2000) used Raman scattering to in-
vestigate the structure of a cryogenic nitrogen jet under
supercritical conditions. Decker et al. (1998) observed
a smooth transition from the high-density core of a
cryogenic, N2 jet to the more rarefied, warmer N2 in the
ambient outer region. There was no distinct phase in-
terface. The density radial profile was never observed
to have a top hat profile, even as close as 2.5 injector
diameters from the outlet. Based on limited tests, they
concluded that the thermodynamic state of an injected
supercritical fluid was of prime importance in deter-
mining the jet growth, and not the injection velocity or
momentum.

The objective of this paper is to concisely present
the experimental and modeling experiences gained thus
far at AFRL on the injection of cryogenic fluids under
subcritical to supercritical pressures. The structural
features of the jet and the shear layer between the jet and
the ambient will be described. An initial attempt to
model the measured growth rates of the jet shear layer is
also presented.

2. Experimental apparatus

Fig. 1 shows a schematic diagram of the experimental
rig. The stainless steel chamber can withstand pressures
and temperatures of up to 20 MPa and 473 K, respec-
tively. It has two facing circular sapphire windows with
two UV-grade side-mounted slot-shaped quartz win-
dows for optical diagnostics and laser illumination of
the chamber. Liquid N2 is used to cool and/or liquefy
the injectant passing through the cryogenic cooler prior
to injection. The mass flow rate of the injectant is
measured and regulated via a mass flowmeter, and a
precision micrometer valve. Back-illumination of the jet
is accomplished with diffuse light flashes (0.8 ls dura-
tion). A model K2 Infinity long distance microscope is
used with a TM-745E high resolution (768ðHÞ � 493ðVÞ
pixels in 8:8ðHÞ � 6:6ðVÞ mm actual sensing area) in-
terlaced CCD camera by PULNix to form images of the
injected jets. The resolution of this setup is 30 	 7 lm.
For the results reported, the cryogenic jet is injected
through a sharp-edged stainless steel tube with a length,
l ¼ 50 mm, and inner and outer diameters measuring
de ¼ 0:254 mm and do ¼ 1:59 mm respectively. This re-
sults in l=de ¼ 200, which is sufficient to ensure fully
developed turbulent pipe flow at the exit plane. The
Reynolds number in these studies ranges from 25,000 to
70,000. The rig is fully instrumented to measure pres-
sure, temperature, and mass flow rate of the injected
fluid.

For the Raman scattering experiments, a Contunuum
Powerlite 8010 frequency-doubled Nd:Yag pulsed laser
(532 nm output wavelength) with a pulse energy of
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330 mJ/pulse as a source to induce the Raman effect. The
pulse repetition rate for this laser is 10 Hz with a pulse
width of 10 ns. A passive pulse stretcher is designed to
reduce the possibility of plasma formation. The original
pulse is extended in time by dividing it into three major
pulses, each being 10 ns in duration, but delayed in time
by 8 and 16 ns. This results in a final pulse duration of
about 26 ns. The laser beam is shaped by passing through
a Galilean beam expander before forming a thin sheet via
two cylindrical lenses. The laser sheet thickness was
measured using an attenuator attached to a CCD camera
and found to be about 100 lm. The entire assembly is on
a separate optical bench which can be traversed in both
vertical and horizontal directions.

The scattered Raman signal at 607 nm is detected by
a cooled 576 � 384 pixel ICCD camera from Princeton
Instruments. A set of three filters is also used to separate
the Raman signal from the 532 nm incident beam. A

high-pass OG570 filter is used to reduce the light at 532
nm by more than 105 and at 607 nm by not more than
10%. A holographic supernotch plus filter attenuates the
light at 532 nm by better than 106 while less than 20% at
607 nm. Finally, a 10 nm bandwidth interference filter
centered at 610 nm reduces the scattered light at 532 nm
by better than 104 while attenuating by about 0.5 at 607
nm. Therefore, an optical density of better than 15 is
achieved at the 532 nm laser wavelength while the
transmittance of the Raman signal is 0.36. This ar-
rangement was found to be adequate to ensure the re-
moval of stray light while passing sufficient Raman
signal for detection. The lens package consists of a
Nikon PK-12/14 extension ring connected to one end of
a Noct-Nikkor 58 mm F/# (1.2–16) lens with a NIK-
2734 close-up lens located in its front. For more detailed
on experimental setup see Chehroudi et al. (2002, 1999,
2000).

Fig. 1. Schematic diagram of experimental setup for sub- to supercritical jet injection.
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3. Visual appearance changes in cryogenic jets and shear

layers

Fig. 2 (top row) shows representative images of a jet
of liquid nitrogen (LN2) (Pcr ¼ 3:39 MPa, Tcr ¼ 126:2 K)
injected at an initial temperature of 99–110 K into room
temperature (300 K) gaseous nitrogen (GN2). For the
results presented here, the chamber pressure is normal-
ized (or reduced) by the critical pressure of the pure fluid
in the jet; Pr ði:e: reduced pressureÞ ¼ Pchamber/Pcr. Fro-
ude number values were calculated at each chamber
pressure to examine the importance of buoyancy forces
within the distances investigated in this study. This
number ranges from 42,000 to 110,000. Chen and Rodi
(1980) suggested that the flow is momentum dominated
when a defined length scale xb < 0:53, while Papanico-
laou and List (1988) suggested xb < 1. Considering the
more conservative estimate by Chen and Rodi (1980),
the jet used here is momentum dominated for distances
less than 30 to 40 mm from the injector exit. Pictures
presented here cover up to about 5.5 mm (axial distance/
diameter ratio of 21.6) from the injector and hence

buoyancy effects can be ignored in favor of the inertial
forces.

The bottom row of Fig. 2 shows the jet shear layer.
Generally, it is apparent that as pressure is increased, the
jet width increases and the structure of the shear region
changes from being dominated by ligaments and drop-
lets to being dominated by finger-like structures. The
results presented here are not unique to the injection of
liquid nitrogen. Similar results have been found injecting
liquid oxygen into gaseous nitrogen. In column (a),
where the chamber pressure is subcritical, the jet has a
classic liquid-like appearance. Consistent with the clas-
sical liquid jet breakup regimes described by Reitz and
Bracco (1979), surface instabilities grow downstream
from the injector and very fine ligaments and drops are
ejected from the jet. This has been confirmed to corre-
spond to the second wind-induced liquid jet breakup
regime in Reitz and Bracco (1979).

Major structural and interfacial changes occurred at
Pr ¼ 1:03. Above this Pr, drops are no longer detected
and regular finger-like entities are observed at the in-
terface. Rather than breaking up into droplets, the in-
terface dissolves at different distances from the dense
core. These structures are illustrated at a Pr ¼ 1:22 in
column (b) of Fig. 2. This change in the morphology of
the mixing layer is evidently due to the combined effects
of reductions in the surface tension as the critical pres-
sure is exceeded and enthalpy of vaporization because of
this transition.

As chamber pressure is further increased, the length
and thickness of the dense core decreased, and the jet
begins to appear similar to a turbulent gaseous jet in-
jected into a gaseous environment. This is illustrated in
column (c). Any further droplet production, and con-
sequently any additional classical liquid atomization,
are completely suppressed.

4. Jet and shear layer growth rates

In order to compare with classical mixing layer the-
ory, the initial growth rate of the jets was measured at
distances less than 28 jet diameters from the exit. As
discussed by Chehroudi et al. (2002), this distance was
well within the mixing layer region. The results were
then plotted in Fig. 3 as the tangent of the spreading
angle versus the chamber-to-injectant density ratio.
Overlaid on top of the present data are the results of
other researchers. Note that the jet studied here exhibits
a dual character personality, liquid-like and gas-like.
When liquid-like, it atomizes and produces a fine liq-
uid droplet spray. However, consistent with other re-
searchers, such a behavior is not detected and the jet
resembles a gaseous jet injected into a gaseous envi-
ronment under supercritical ambient pressure. Observ-
ing these two completely different characters motivated

Fig. 2. LN2 injected into room temperature nitrogen at different

pressures. The bottom row contains magnified images of the top row in

order to examine the shear layer.
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us to simultaneously present ‘‘visual’’ spread rate for
both liquid sprays (two-phase flow) and gaseous jets/
mixing layers (single-phase flow). With the exception of
the supersonic jet (shown for completeness) and in-
compressible gas jet theories (used as a reference), we
selected those information found in the literature that
are closest and of immediate relevance to the present
case. All the data presented in this plot share the fol-
lowing attributes: straight-hole injectors, sufficiently-
long nozzle hole length-to-diameter ratio (to ensure

fully-developed flow before the injector exit plane),
Reynolds number range, momentum-dominated jets in
the initial measurement zone, turbulent jet, comparable
measurement zone for the growth rate, and consider-
ation of the ‘‘visual’’ growth rate (all other growth rates
were converted to ‘‘visual’’ rates). This resulted in a plot
that is unique in that it spans nearly four orders of
magnitude in density ratio and compares growth rates
for both two-phase liquid sprays and single-phase tur-
bulent jets.

Fig. 3. (a) Spreading or growth rate as tangent of the visual spreading angle versus the chamber-to-injectant density ratio. (*) refers to data taken at

AFRL. (b) An image of the jet depicting spread angle and dark-core angle measurements under high ambient pressure. (c) Plot is similar to (a)

showing magnified data near the critical point.
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We will first examine the subcritical region of Fig. 3.
A more complete description can be found in Chehroudi
et al. (2002). In this region, the LN2 jet appears visually
to have spray-like characteristics, as seen in Fig. 2a. The
growth rate of this jet approaches the trend of that seen
in liquid spray measurements such as Reitz and Bracco
(1979), shown in Fig. 3. Their results represent the
predictions of the linear stability atomization theory,
while the error bars represent the extent of experimental
scatter around the theoretical predictions. Results by
Naber and Siebers (1996) are also shown for comparison
purposes. Reitz and Bracco’s data show the well-known
result that the initial spreading rates of sprays from
plain round orifices are sensitive to the injector internal
geometry and, in particular, to the injector hole pa-
rameter, L=de. However, in comparing the shape of the
curves, their data for L=de ¼ 85 closely correspond to
the LN2 jet data at L=de ¼ 200. In both of these cases,
the flow is fully developed. As the density ratio is in-
creased into the transition region (as seen in Fig. 2b), the
jet and shear layer growth rate also increases. Near the
critical pressure, the rate of increase becomes much
steeper. Note that the abrupt change occurs at different
density ratios for the different data sets in Fig. 3 because
the data sets correspond to different mixtures with dif-
ferent critical properties.

At supercritical chamber pressures, where the LN2 jet
visually resembles a turbulent gas jet, the growth rate
closely follows both the theoretical equation proposed
by Dimotakis (1986) and the independently-derived
equation by Papamoschou and Roshko (1988) for
incompressible variable-density mixing layers. The
spreading angle of the jet shear layer also agrees with
Brown and Roshko’s (1974) spreading angle measure-
ments of an incompressible variable-density turbulent
mixing layer between helium and nitrogen gases. Com-
parison with mixing layer data is justified because our
measurements are within the initial mixing layer of the
jet and do not extend far beyond the length of the po-
tential core (for single-phase gaseous or liquid jets) and
the intact core (for two-phase liquid sprays), see Che-
hroudi et al. (2002, 1999).

These growth rate measurements complement and
extend the visualization results of the previous section.
At supercritical pressures, not only do the jets have the
visual appearance of a turbulent gas jet, but also the
growth rates measurements are consistent with incom-
pressible variable-density turbulent jets. This quantita-
tive agreement was first shown in Chehroudi et al.
(1999). At subcritical pressures, the jets have the same
appearance and growth rate trend as liquid sprays. The
transition between the two regimes occurs near the
critical pressure. The above conclusions have been
demonstrated for the case of a fully-developed flow at
the jet exit. Other initial conditions have not yet been
examined.

5. Fractal analysis

The notion of a fractal has been given a strong
foundation and application by its father Mandelbrot
(1983). Fractals are intimately connected to the concept
of self-similarity. In essence, a similarity transformation
involves one or combination of multiplication by a scale
factor, pure translation, and pure rotation. Under such
a transformation a geometrical object stays similar to
the original or to a preceding stage if repetitively ap-
plied. Self-similarity, however, in a strict sense means
that if one chooses any point of a geometrical object and
locally magnifies, it will look similar to the ‘‘whole’’
object. In a sense infinite number of the scaled-down
version of the ‘‘whole’’ are embedded in the ‘‘whole.’’ In
nature such idealized mathematical objects do not exit.
For example, Peitgen et al. (1992) explain that a cauli-
flower head contains branches or parts, which when
removed and compared with the whole are very much
the same, only smaller. Applying the proper scale factor,
the head and the branches are identical. These can again
be decomposed into smaller ones, which again look very
similar to the whole as well as to the first generation
branches. This self-similarity carries through for about
three to four stages, unlike the mathematical fractals
which can be decomposed an infinite number of times.
After that the structures are too small for a further
dissection. Hence, in natural geometrical constructs self-
similarity is confined between two sizes (or scales) re-
ferred to as inner (the smallest size) and outer cut-offs
(the largest size).

The fractal dimension of any curve is between 1 and
2. The more wrinkled and space-filling the curve, the
larger the value of the fractal dimension. Natural curves,
similar to a cauliflower, are self-similar only to within a
narrow range of scales. Our objective here is to measure
the fractal dimension of the interface of the jets injected
into the chamber to see if any pattern is uncovered. To
our knowledge, this is the first application of the fractal
approach to the liquid jet interface under sub- and su-
percritical conditions.

The fractal dimension of jets at various pressures
ranging from subcritical to supercritical was calculated
and compared to results of other researchers. Reference
results were taken from Sreenivasan and Meneveau
(1986) who measured the fractal dimensions of a variety
of turbulent gaseous jets, mixing layers and boundary
layers. These results indicate a fractal dimension be-
tween 1.33 and 1.38. In addition, the fractal dimensions
of a turbulent water jet (Dimotakis et al., 1983) and of a
liquid jet in the second wind-induced atomization re-
gime (Taylor and Hoyte, 1983) were computed from
high-resolution scanned images.

The fractal dimensions from the above reference cases
are shown as horizontal lines in Fig. 4. Overlaid on top
of these lines are discrete points indicating the fractal
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dimension of LN2 jets injected into GN2 at various
chamber pressures. At supercritical chamber pressures,
the fractal dimension approaches a value similar to
gaseous turbulent jets and mixing layers. As the cham-
ber pressure is decreased, the fractal dimension also
decreases. Below Pr ¼ 0:8, the fractal dimension rapidly
reduces to a value approximately equal to that of a
liquid spray in the second wind-induced liquid jet
breakup regime.

A more thorough discussion of the above results is
found in Chehroudi et al. (1999). The key observation to
be taken is that the results from the fractal analysis
complement and extend the previous results. At super-
critical pressures, jets have a fractal dimension similar to
turbulent gas jets, and at subcritical pressures, cryogenic
jets have a fractal dimension similar to liquid sprays.
The transition occurs at about the same pressure as the
transition in visual appearance and growth rate.

6. Modeling the growth rate

Using the data collected on the growth of the cryo-
genic jet, a phenomenological model for the growth rate
has been developed. Complete details about the devel-
opment of this equation are given in Chehroudi et al.
(1999). The physical reasoning motivating the equation
is outlined below.It was noticed that previous expres-
sions for the growth rate of liquid sprays and of tur-
bulent jets have a remarkably similar form. Reitz and

Bracco (1979) proposed that the growth rate of an iso-
thermal steady liquid spray could be expressed as

h 
 0:27½0 þ ðqg=qlÞ
0:5�:

The first term in the bracket is the number zero to
contrast with other equations discussed next. Similarly,
Papamoschou and Roshko (1988) suggested the fol-
lowing form for incompressible, but variable-density,
turbulent gaseous jets:

h ¼ 0:212½1 þ ðqg=qlÞ
0:5�:

The similarity in the form of these equations suggests
the potential for a link between the two. Imagine a jet
that is being injected into a subcritical pressure envi-
ronment similar to the ones shown in Fig. 2. Clearly
there are drops and ligaments, testifying the existence of
a surface tension. Also evidence of a phase change is
seen. Hence, one appropriate characteristic time of the
problem (at subcritical, Pr < 1) is the ‘‘bulge’’ forma-
tion/separation time (sb) on the interface of the turbu-
lent liquid jet. This time characterizes the formation and
separation event of bulges from the liquid jet producing
isolated ligaments and drops. Tseng et al. (1995) suggest
that this time is equal to ðqlL

3=rÞ1=2 for the primary
breakup of turbulent liquid jets where ql, L, and r are
liquid density, characteristic dimension of turbulent
eddy, and surface tension, respectively. The second rel-
evant characteristic time (at subcritical) is the gasifica-
tion time (sg). Here, an estimate of this time is calculated
through the so-called D-square law for drops to be equal

Fig. 4. Fractal dimensions of the boundaries of various jets as a function of reduced pressure (chamber pressure divided by the critical pressure of the

jet material). Discrete points are data from the present study. Box32, Box64, and EDM are different methods of calculating the fractal dimension,

giving an impression of the extent of variability, for details see Chehroudi et al. (1999).
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to D2/K where D and K are drop diameter and vapor-
ization constant, respectively. In addition, we also pro-
pose the following hypothesis. If the aforementioned
characteristic times (calculated for appropriate length
scales) are nearly equal in magnitude then the interface
bulges are not able to separate as unattached entities
from the jet interface to form ligaments and drops be-
cause they are gasified as fast as they desire to be de-
tached. Here, this is defined as the onset of the gas-jet
like behavior. Therefore, the transition between liquid-
like and gas-like behavior would be governed by finding
the point at which these time scales are approximately
equal. This is suggested by the comb-like structures seen
in Fig 2(b).

Using the above physical models, an equation was
proposed for the N2/N2 system as

h ¼ 0:27½sb=ðsb þ sgÞ þ ðqg=qlÞ
0:5�:

In the limit, when sg � sb and sg ! 1, this equation
collapses to the isothermal liquid spray case. This
equation agrees well with the current data at subcritical
pressures for sb=ðsb þ sgÞ < 0:5. A constant value of 0.5
was used to predict the spreading rate for higher pres-
sures, including supercritical pressures.

For injection of N2 into N2, the characteristic time
ratio, sb=ðsb þ sgÞ, was calculated from experimental
measurements of bulge and droplet sizes and calcula-
tions of the relevant properties. For N2 injection into
other gases, however, reliable information about the
mixture properties at the interface, particularly the
surface tension, prevents such a calculation from being

performed. To model these cases, it is hypothesized that
the characteristic time ratio is a dominant function of
the density ratio, i.e. sb=ðsb þ sgÞ ¼ F ðqg=qlÞ. Brown
and Roshko (1974), indicate that this hypothesis is
reasonable because at low Mach numbers there is no
distinction between mixing layers where the two streams
have different molecular weights, temperatures, or
compressibility effects. Measurements and calculations
of sb=ðsb þ sgÞ provides the shape of the function F for
the N2/N2 system and is provided as a plot in Chehroudi
et al. (1999). A curve fit of that plot gives

F ðqg=qlÞ ¼ 5:325ðqg=qlÞ þ 0:0288 qg=ql < 0:0885

¼ 0:5 qg=ql P 0:0885

It was found that the same function, F, calculated from
measurements of the N2/N2 system could be made to
work for other cases, provided that a case-dependant
transformation was made to the density ratio at which F
is evaluated. The final form of the equation thus arrived
at is

h ¼ 0:27½F ðxðqg=qlÞÞ þ ðqg=qlÞ
0:5�;

where, x ¼ 1:0 for N2-into-N2, x ¼ 0:2 for N2-into-He,
and x ¼ 1:2 for N2-into-Ar.

In other words, the same functional form of the
characteristic time ratio, sb=ðsb þ sgÞ ¼ F ðqg=qlÞ, for
the N2 -into-N2 case is used but with a density-ratio
coordinate transformation. The quality of the agreement
with experimental data is demonstrated in Fig. 5. Hence
there are no major changes in the form of the proposed

Fig. 5. Comparison of the proposed growth rate model by Chehroudi et al. (1999) with experimental data.
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model equation even for as extreme of an arrangement
as injection of N2 into He. However, an observation is
made here. The factor x ¼ 0:2 in the N2-into-He case is
comparable to the molecular weight ratio of He to N2 of
0.14, while the factor x ¼ 1:2 in the N2-into-Ar case is
comparable to the molecular weight ratio of 1.42. This
also suggests the dominant effect of the density ratio
parameter between the cases.

7. Raman scattering measurements

In addition to the line-of-sight shadowgraph images
from which the preceeding results have been acquired,
spontanenous Raman scattering has also been used to
obtain spatially-resolved measurements of the density
distribution within the cryogenic jet. Raman scattered
light results from an inelastic collision between light
photons and molecules. Since the process is inelastic, the
incident beam will be shifted a fixed amount dependent
upon the structure of the molecule. Generally, the in-
tensity of the Raman scattered signal yields information
on the number density of the gas being examined. The
Raman spectra are obtained by irradiating a sample
with a powerful visible monchromatic source. The
scattered signal is usually observed at 90� to the inci-
dent beam with a suitable visible-region detector or
spectrometer. The scattered radiation does not exceed
0.001% of the source, as a result detection and mea-
surement is difficult except for the resonant Raman. The
scattered light is of three types, Stokes, anti-Stokes, and
Rayleigh. Rayleigh, which has exactly the same fre-
quency as the excitation source, is substantially more
intense than either two. Stokes peak lines are found at
wavelengths larger (lower energies) than the Rayleigh
peak while anti-Stokes are at smaller (higher energies)
than the wavelength of the source. It is critical to realize
that the magnitude of the Raman shifts are independent
of the wavelength of excitation source. A more detailed
description of these experiments and Raman effect can
be found in Chehroudi et al. (2000).

Fig. 6 shows typical averaged raw images of the LN2

jet at sub- and supercritical conditions. The Raman in-
tensity profile for the subcritical case is larger in mag-
nitude at the center of the jet and is narrower in shape
than the corresponding image of the supercritical jet.
The observed Raman intensity radial profile broadening
prevented us from using the jet thickness definition
proposed by Brown and Roshko (1974) based on the 1%
free stream density point on the radial profiles. Instead,
the full-width of the radial profiles measured where the
intensity increment was half the maximum (Full-Width-
Half-Maximum, FWHM) appeared a safer parameter
for comparison with other results. Also, it is not known
if density values can be measured to within 1% accuracy.
Nevertheless, Brown and Roshko (1974) reported that

their 1% thickness definition corresponded fairly well
with the extent of the mixing visible on the shadowgraph
pictures. The FWHM was extracted from the measured
Raman data, and the spreading rate thus measured was
compared with the spreading rate measured from the
shadowgraph visualizations. The results are plotted in
Fig. 7. It was found that the spreading rate measured at
twice the FWHM values of the Raman data agreed well
with the shadowgraph measurements. Thus the corre-
spondence of the two different techniques of measuring
the width of the jet was established.

Fig. 6. Averaged Raman images of LN2 jet (flowing downward) at sub-

and super-critical chamber conditions. Raman intensity radial profiles

(radial direction is quantified by pixels) are also shown. Left: Chamber

pressure of 6.9 MPa (supercritical); right: chamber pressure of 1.46

MPa (subcritical).

Fig. 7. Comparison of the tangent of the spreading angle measured

using shadowgraph and Raman techniques using twice the FWHM

values.
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8. Summary and conclusions

The structure and initial growth rate of cryogenic jets
injected into an ambient with a pressure which ranged
from subcritical to supercritical have been studied at
AFRL. At subcritical pressures, comparison of shad-
owgraph measurements show that the jets have the ap-
pearance of a conventional liquid spray. As pressure is
increased beyond the injected fluid critical pressure, the
structure of the jet changes. Under these conditions, the
cryogenic jets have the appearance of turbulent gaseous
jets. Quantitative agreement of the jet initial growth rate
measurements with those predicted by the theoretical
equations and measurements for incompressible vari-
able-density gaseous jets has been shown for the first
time. Also, for the first time, a unique plot has been
generated through conversion of all growth rate types to
the ‘‘visual’’ growth rate using the most relevant works
reported by other researchers on variable-density in-
compressible mixing layers, axisymmetric incompress-
ible and compressible gas jets, supersonic jets/mixing
layers, and liquid sprays. The resulting plot of spreading
angle as a function of density ratio spans four orders of
magnitude in density ratio.

A physically-based phenomenological model was
developed which proposes a mechanism governed by the
characteristic gasification times and interfacial turbulent
bulge formation times to predict the measured growth
rate behavior. Spontaneous Raman scattering mea-
surements of the density have been used to confirm the
earlier shadowgraph measurements. Growth rate mea-
surements derived from the Raman measurements at
twice the FWHM distance correspond very closely to
the growth rate derived from the shadowgraph mea-
surements.
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