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Abstract 
The effect of large amplitude acoustic waves on subcritical and supercritical cryogenic jets was studied A general 
trend was observed tliat acoustic waves cause the time averaged cross section of tlie jet to flatten in a direction 
where the minor axis becomes aligned with the direction of propagation of the waves. It was also found that the 
presence of acoustic waves shortened the breakup length of the jets compared with non-acoustically forced jets. The 
above trend was observed with decreasing magnitude as pressure increases from subcritical to supercritical pres- 
sures, until the trend became nearly indiscernible at the highest supercritical pressure evaluated. An increase in the 
mass flow rate of the jet also tended to decrease the magnitude of the trends observed. 

Introduction 
In a wide range of propulsion and energy conversion 

applications, high combustion chamber operating pres- 
sures tend to lead to performance and/or efficiency bene- 
fits. In some cases, chamber pressures have become high 
enough to exceed the thermodynamic critical pressure of 
one or more of the injected fluids. An example of rele- 
vance to the present study is the Space Shuttle Main En- 
gine (SSME), fueled by liquid hydrogen and liquid oxy- 
gen. Tlie main combustion chamber pressure in the SSME 
is about 22.3 MPa, or about four times the critical pres- 
sure of 5.043 MPa for oxygen. The initial temperature of 
the oxygen is initially below its critical temperature of 
154.58 K, and then it undergoes a transition to a super- 
critical temperature as the oxygen is burned, in a so-called 
"transcritical" process. The injection behavior of cryo- 
genic jets at rocket-like pressures has been the subject 
continuing study at tlie Air Force Research Laboratory 
(AFRL). 

The AFRL study was initiated because at high 
enough pressures, injection and combustion processes are 
expected to become very different than conventional 
spray combustion processes. For example, the distinct 
difference between the gas and liquid phases disappears 
when either the pressure exceeds the critical pressure or 
the temperature exceeds the critical temperature. Near the 
critical point, the surface tension and enthalpy of vapori- 
zation vanish. Large variations in the density, thermal 
conductivity, and mass diSiisivity also occur. For multi- 
component fluids, the solubility of the gas phase in the 
liquid phase increases as pressure approaches the critical 
pressiffe, and mixture effects need to be taken into ac- 
count in calculating the critical properties. More informa- 
tion about the thermofluid behavior of substances under 
such conditions may be found in references [1-9]. 

Corresponding author 

Most recenfly, a study of the interaction of acoustic 
waves with isolated cryogenic jets as a fimction of pres- 
sure has been initiated. The motivation is to learn more 
about the mechanisms leading to combustion instabilities 
in high pressure liquid rocket engines. Combustion insta- 
bilities can cause engine damage witiiin a fraction of a 
second, and have been known to produce pressure fluc- 
tuations reaching 100% of chamber pressure. They have 
always been one of the most complex and difficult to 
control phenomena in Uquid rocket engines. In one mode 
known as "chugging," large amplitude pressure fluctua- 
tions are produced at relatively low frequencies (less than 
several hundred Hertz) due to coupling with feed line and 
structural modes of the engine. Chugging is responsive to 
system-type analysis. Another mode of instability known 
as "screaming" is characterized by high amplitudes and 
much higher frequencies, reaching several thousands of 
Hertz. Screaming can lead to local burnout of the com- 
bustion chamber walls and injector plates, due to ex- 
tremely large heat-transfer rates brought about by the high 
frequency pressure and gas velocity fluctuations (see Har- 
rje and Reardon [10]). 

Although numerous reports are available in the lit- 
erature on most aspects of combustion instabiUty, the in- 
teraction of acoustic waves with cryogenic jets at pres- 
sures approaching and exceeding the critical pressure ap- 
pears never to have been systematically studied. The work 
reported here is our initial attempt to document such be- 
havior. A more detailed description of the present work 
may be found in Chehroudi, et al. [11]. Related relevant 
work by other researchers may be found in refs. [12-15], 
although the latter work did not address supercritical ef- 
fects. 
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Experimental Setup 
Nitrogen was used to simulate oxygen in the present 

study. Liquid nitrogen jets having a critical pressure of 
3.39 MPa and a critical temperature of 126.2 K were in- 
jected into room temperature gaseous nitrogen at various 
chamber pressures. A schematic diagram of the experi- 
ment is shown in Fig. 1. Liquid nitrogen at atmospheric 
pressure was used to chill the high pressure nitrogen 
passing through a cryogenic heat exchanger just prior to 
injection to an initial temperature of between 99-110 K. 
This allowed the nitrogen to be measured and regulated 
by conventional room temperature flow meters and preci- 
sion micrometer valves. Back-illumination of the jet was 
accomplished with diffuse light flashes of 0.8 p,s duration. 
A model K2 Infinity long distance microscope was used 
with a high resolution 1280 x 1024 CCD camera by the 
Cooke Corporation to form images of the injected jets. 
The jet was injected through a sharp-edged stainless steel 
tube with a lengtli of 50 mm and inner and outer diame- 
ters of 0.254 mm and 1.59 mm, respectively. The result- 
ing length-to-diameter ratio of 200 was sufficient to en- 
sure fiilly developed turbulent pipe flow at tlie exit plane. 
The Reynolds number in these studies ranged from 
14,000 to 80,000. The rig was folly instrumented to 
measure pressure, temperature, and the mass flow rate of 
the injected fluid. A piezo-siren specially designed by 
Hersh Acoustical Engineering (Westlake Village, CA) 
produced large amplitude acoustic waves at chamber 
pressures up to 13.4 MPa. The piezo-siren was enclosed 
in a suitable pressure housing, and acoustic waves were 
introduced into the chamber through a circular-to- 
rectangular transition coupling which focused the waves 
along the lengtli of the jet and perpendicular to its axis. 
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FiguK X. Schematic diagram of experimental setup for sub- to supercritical Jet injection 

Figure 2. Top: coupling of the acoustic driver 
(piezo-siren) with the high-pressure chamber. 
Bottom: the design of the circular-to-rectangular 
channel to guide the waves into the chamber. 

The pressure housing and the circular-to-rectangular tran- 
sition geometry are illustrated in Fig. 2. A model 601B1 
Kisfler piezoelectric-type pressure transducer was used to 
measure the acoustic pressure variations inside the cham- 
ber at various locations very near the jet location. 

Experimental Results 
The piezo-siren was found to produce the largest 

acoustic amplitudes at two fi-equencies of approximately 
2700 Hz and 4800 Hz when coupled to the chamber. The 
sound pressiue level (SPL) was measured to range be- 
tween 161 db to 171 db at these frequencies. Considering 
that the speed of the sotmd was about 357 m/s in the 
chamber, these fi-equencies correspond to acoustic wave- 
lengths of about 13.1 cm and 7.4 cm. Both wavelengths 
were therefore much larger than the .254 mm initial di- 
ameter of the jets. During the initial investigation, it was 
foimd that a minimum oscillation amplitude threshold was 
required to cause a detectable interaction. W'hen a rapid 
transition was made fi-om below to above this minimum 
value, a strong and transitoty effect was observed, char- 
acterized by the eruption of many drops and ligaments 
from the surface of the jet, combined with amplification 
of the surface wave instabilities. 

Preliminary observations of the interaction of the 
acoustic waves with the nitrogen jets following the initial 
transitory period are presented in Figs. 3 and 4. No quali- 
tative difference between the 2700 Hz and 4800 Hz case 
has yet been observed. Consequenfly, only the 4800 Hz 
case is shown in Figs. 3 and 4. The acoustic waves travel 
from left to right in Fig. 3, and they travel perpendicular 
to and out of the page in Fig. 4. Each figure shows three 



image pairs, -with each pair consisting of an image of a jet 
■with the acoustics off, and an image of the same jet with 
the acoustics on. The top left image pair in each figure 
was taken at a subcritical pressure of 1.46 MPa, or a re- 
duced pressure of 0.43. The bottom left image pair was 
taken at a near-critical pressure of 2.48 MPa, or a reduced 
pressure of 0.73. The top right image pair was taken at a 
supercritical pressure of 4.86 MPa, or a reduced pressure 
of 1.43. Tlie jet flow rate was fixed at 150 mg/s for all 
cases. Up to 10 images were taken at each axial position, 
and a representative image was chosen to be displayed in 
Figs. 3 and 4. These images were taken in random phase 
to the acoustic waves. Each composite jet image consists 
of a representative mosaic of several images taken fi-om 
the same run but at different times and jet axial locations. 

Space allows only an indication of the broad trends 
represented by Figs. 3 and 4. A more detailed discussion 
and a more complete set of figures may be found in ref 

[Ill- 
Examination of the subcritical case in Fig. 3 reveals 

tliat the acoustic waves cause a constriction of the jet in 
the acoustic propagation direction near the injector exit, 
followed by the acceleration of the atomization process 
fiuther downstream. The acceleration causes a relative 
broadening of tlie jet downstream compared with the non- 
acoustic case. However, Fig. 4 shows a much greater rate 
of broadening of tlie subcritical jet perpendicular to the 
direction of propagation. Tlie net result is a time-averaged 
elliptical cross section having a minor axis aligned with 
the direction of propagation. Fig. 4 also shows that the 
breakup length of the jet is shortened by the presence of 
tlie acoustic waves. 

Examination of the near-critical case in Figs. 3 and 4 
shows the same trends as the subcritical case. However, 
the magnitude of tiie trends appears to be slightly reduced. 
As pressure is fiuther increased above the critical pres- 
sure, the reduction in magnitude continues, but at a 
greater rate than at subcritical pressures. By the time the 
supercritical case in Figs. 3 and 4 is reached, the magni- 
tudes have reduced to such an extent that the trends are 
nearly indiscernible. It would appear that the sensitivity of 
the jets to the presence of acoustic waves is reduced as 
pressure increases. This observation gives rise to the pos- 
sibility tiiat a supercritical state may couple relatively 
more poorly with combustion instabilities. 

The effect of the mass flow rate of die jets was also 
examined. It was found that the impact of the acoustic 
waves on tiie jet was reduced as jet inertia forces in- 
creased through an increase of flow rate. This finding is 
consistent with the findings of Buffiim and Williams [12] 
for subcritical jets. 

Summary and Conclusions 
The effect of large amplitude acoustic waves on 

cryogenic nitrogen jets was studied, where the wavelength 
of the acoustic waves was much larger than the diameter 

of the jets. The jets were injected initially at a subcritical 
temperature into room temperature gaseous nitrogen at 
various pressures ranging from subcritical to supercritical 
pressures. A general trend was obsen'ed that acoustic 
waves cause the time averaged cross section of the jet to 
flatten in a direction where the minor axis becomes 
aligned with the direction of propagation of flie waves. It 
was also found that the presence of acoustic waves short- 
ened the breakup lengtii of the jets compared with non- 
acoustically forced jets. The above trend was observed 
with decreasing magnitude as pressure increases beyond 
the critical pressure, until the ttend became nearly indis- 
cernible at the highest supercritical pressure evaluated. An 
increase in the mass flow rate of the jet also tended to 
decrease tiie magnitude of the trends observed. 
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Figure 3. Images of the liquid nitrogen jet injected into 
the gaseous nitrogen chamber at subcritical (top left, P = 
1.46 MPa), near-critical (bottom left, P = 2.48 MPa), and 
supercritical (top right, P = 4.86 MPa) chamber pres- 
sures. The injected flow rate was 150 mg/s. The acoustic 
waves traveled from left to right in these images. The 
acoustic wave frequency was set at 4800 Hz. Each com- 
posite jet image consists of mosaic of several images 
taken from tlie same run but at different times and jet 
axial locations. 
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Figure 4. Images of the liquid nitrogen jet injected 
into the gaseous nitrogen chamber at subcritical (top 
left, P = 1.46 MPa), near-critical (bottom left, P = 2.48 
MPa), and supercritical (top right, P = 4.86 MPa) 
chamber pressures. The injected flow rate was 150 
mg/s. The acoustic waves traveled perpendicular and 
out from the page in these images. The acoustic wave 
frequency was set at 4800 Hz. Each composite jet im- 
age consists of mosaic of several images taken from 
the same run but at different times and jet axial loca- 

tions. 
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