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ABSTRACT 

In an effort to investigate and understand the behavior of the injected cryogenic fluid^«J™Ä 

Pr'^jr He rd mixtures of CO+N2. The effects of chamber pressure ranging from a subcntical to a 
^S^^a^tol chamber are photographically observed and documented near the injector 
SrS «o^^ a CCD camera illurmnated by a short-duration back-lit strobe light. At low subcntjcal 

Imber pretu^s the jets exhibit small surface irregulanties that ^J^^^^^, 
hut waw on the surface which eventually break up mto irregularly-shaped small entities, further increase 
^^t^^^formation of many small droplets on the surface of the jet ejecting away only within a 
chamber pressure mas I0™ > d fl id   M1    t0 a second wmd-mduced jet breakup 
narr0W K^LtÄ^ST^iSonLo a full atomization regime is inhibited by reaching near, but 

sufficientlv reduced The jet appearance changes abruptly at this point and remains the same to resemble a 
S^^rtNecL The jet initial growth rate, is extracted from a large set of images and plotted with the 
S2S ^ on STfuel injection in diesel engine environment, turbulent incompressible, and variable 
dlnshv Ltfa^d miZTayers creating a unique plot on its own. The jet spreading rate measurements agree well 
^JS^STÄ^P«>POsi f- Compressible but variable density turbulent mixing layers by 
ptmoschouand Roshko [1]and follow the trend ofthat of Dimotakis s [2], thus quantitatively strengthening 
fhefisXt like^^nce Considering this agreement, the inhibition of transition to atomization regime, and 
he 4ual Lnexistence of drops; the relevancy of current injection models and some drop 
Zo^nlZbos&oa results under conditions where gas-jet like  appearance is  observed should be 

20010126 070 INTRODUCTION 

In designs of chemical rocket engines liquid fuel and oxidizer aTeTrrj^cWliräugrrT^^ 
Ixiafo-t&Z* types, entering into the hot and elevated pressure environment of the _combustion 
chamber^Po^Svdy higher thrust chamber pressures are employed to achieve higher specific impulse and 
because o ^Sf trend aid existence of high temperature in the combustor, injected liquid may find itself near or 

llT^X tlnaoäyn^ critical condition. For example, the -^f^f^^^^Z 
(Ariane 5^ with liquid Mquid O, can reach up to 10 MPa while a record pressure of nearly 28.2 MPa has been 
Portedl^V«y iäfi information is available on liquid jets injected mto supercritical condition. And 
Z^äsl^Zon in initiating an organized and systematic experimental effort investigating liquid jets 

under sub- and supercritical conditions. 

There are drastic changes in some important properties of a pure substance as it approaches ^ ^erm^dynamic 

2n?alomU^ 
gas nhases disappears at and above the critical point and it is simply referred to as   fluid Also, lar e ctianseso 
SSÄL cntical point Other properties that change widely near ^f^^^ 
conductivity, mass diffusivity, and surface tension. Indeed, constant-pressure specific heat b<£™™^f£ 
and surface tension vanishes at the critical point. Also, as ambient pressure is raised the importance ot the 
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•       u   v    -A „w increases and one should consider multicomponent phase equilibrium 
solubility of gases into the liquid phase increases andonesno environment, the amount of nitrogen 
information. For example, for a P^hydrocarbon drop ^J^^Z, critical mixing temperature 
dissolved on the ^_^,^^ ™J^ St£dea, the terms sub- and supercntical 

S^X^^^^ ^ reSpeCt t0 4e CnÜCal COndlÜOn °f Ae PUr£ SUb 
used in jets and not the environment. 

There are a few worhs on liquid injection mto ^r^«**^ SÄ' ami 
Mqvar « 0/.CT, W. "— and Brzus,o^h6 ^C0^^ ^experiments where CO, is 
mixtures of N,+CO; at ^f^^X^^^s »action at a fixed supercritical 
injected mto a mixture of CCM-Ni with constam uui     „ . Dossibilitv of gasification and that at 
temperature but varying sub- to supercritical pressures, *eyc°*l«™^ieXsitv'single-phase turbulent 
supercritical temperatures and pressures thejet ™y ta «»4--» ™ f £ tnwonmen. I 300 K bat a. 
submerged  gas jet. Mayer e, al [6] use liquid Ni 0ÄJ« *^   K m»       -^ dras,ic chmges ta ^ je, 

=eTe^P=eeS^ 

iis^s^ — *- - 
supercritical combustion. 

EXPERIMENTAL SETUP 

Figure 1 shows schematic drawmg of the 7™^^™^J^Z^^^ 
^l^S^t^^t^^ST^. The high pressure chamber is 
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Fi-ure 1. Schematic diagram of experimental setup for sub- to supercritical jet injection. 

constructed „tth stainless steel to withstand pressures and <?^^f ^3^Ät ^ 
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flow rate of the infant is «gol-*^ 
valve.  For more details.efer J^StotÄS*..^W 
-ualcharactenzation.AQ^^ used tQ ^ of ^ ^^ j 

^^♦^£TA^?M-7"E hi h^sltion (768(H) x 493(V) pixels in 8.8(H)x6^6(V) mm actual 
presented m this paper. AW £> ^ video output is used in free run operating 
sensing area) "^^^^^^oe ^bber LG-3 from Scion Corporation installed in a dedicated 

ST006'^nutefÄ by TÄSti^al Institute of Health) image acquisition and processing 
Macintosh computer and run oyinc v „,HaW_ fr„mP rateo 0f UT) to 20 frames per second. The 

fully-developed turbulent pipe flow at the exit. 

JET STRUCTURE 

f tv,» \r iPt iniected into N> at a fixed supercritical chamber temperature but varying Figure 2 shows images of the N2 jet injected into IN2 ai a nxcu,    ^ .   liquid-like with surface 
sub- to supercritical pressure. At the lowest subcntical chamber pressure the jet ^ 
instabilities that grow downstream where it has twisted appearance^ A ^°™43^^ bein   ejected from 

plif ed until at the J^^^Ä Si »°ticeabfy ^ ^ 

which phase transition and/or large locai   UCI1Ml>;       . , images nro<ressively resemble 

critical point. 

JET SPREADING ANGLE 

Loo^ages^^^ 

^l£«^£2A<- O^Ponance^i - ^^^"J; £ 
the nature of their measurements by other researchers as well as   the choes of ^ "^ ^ J

For 

investigated here exhibit both liquid-jet and gas-jet hke appearances ^^^^^%^ 4 intersects 
the N2 into N2 case tested in this work, an average curve_(not ^^^^ somewhere 

the Papamoschou andRoshko S [1] incompressible ^W^^^^^^^ 0f N, where the jet 
at the density ratio of 0.09. Departure between the two mcreases below ^ mtica^a« ^ of the 

appears liquid-like, going even below the Dimotahs ^J^.^,^°l™^ü evident. Data for 
data to approach those of liquid sprays generated by a high length-to-diameter ratio nozzle is ev de 
S into N! shows a steeper drop in angle near but below the cntical pressure of -ygen - ^ ^Tob 
confidence and also generate gaseous jet data using the identical arrangement, we injected 
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the N, chamber as well as cooled N, into He environment. Results are shown in Fig. 4 for a range of chamber 
pressures from 0 77 to 9 19 MPa. Although there is scatter in the data at various chamber pressures, it is 
interesting that the narrowing of the angle is seen as injection of the cooled N2 into He is considered, consistent 
with the Brown and Roshko 's [8] data. The shift to lower density ratios seen in our data is because injectants are 
cooled in our case. In summary, there is one clear conclusion, that for a range of density ratios in which our 
images show *as-jet like appearance the experimental data agrees well with the proposed theoretical equation by 
Papamoschou and Roshko [1] and follows the trend of Dimotakis S equation. This can be taken as further and 
quantitative confirmation that at ambient supercritical pressure and temperature conditions (based on the 
miectant values) the injected jets visually behave like a gas though technically it may be referred to as fluid . 
Tnere is marked disagreement between liquid sprays (at comparable length-to-diameter ratio of 85) and our data, 
see Fi* 4 even though it appears going through initial phases of the atomization process, see Figs. 2. I he 
disasreement is that although the jet studied here shows second wind-induced breakup features, it fails to reach 
full "atomization state as chamber pressure is raised due to decrease in both surface tension and heat ot 
vaporization. Transition into the full atomization region is therefore inhibited. A search for a universal curve to 
cover all the data in Fig. 4 is a challenging one. To date, no appropriate nondimensionahzed parameters are 
found to collapse all spreading rate information on a single curve. Appropriateness of the surface tension for 
liquid jets and sprays and its irrelevance for gaseous jets are among the issues to be reconciled. 

SUMMARY AND CONCLUSIONS 

Structural transition and growth rate of jets injected into an environment at fixed supercritical temperature but 
varyin* sub- to supercritical pressure are analyzed.  N2, 02, and He are injected into N2, He, and mixtures of 
CO+N, at different proportions. Increasing chamber pressure from a low subcntical value, the fluid in the jet 
appears to go through classical liquid jet breakup stages up to a second wind-induced breakup regime. In this 
"regime one sees a divergent jet with ligaments and many droplets ejecting from the jet. Penetration into the rail * 
atomization regime is inhibited near but before the critical pressure of the injectant because of the combined 
effects of lowered surface tension and heat of vaporization. At this point the jet assumes a gas-jet like 
appearance that remains up to the highest pressure tested here. Also, a unique and new plot is formed by 
converting all other types of spreading rates to the visual growth rate using most relevant works of others on 
variable density incompressible mixing layers, axisymmetric incompressible and compressible gas jets/mixing 
layers  and liquid sprays, covering an ambient-to-injectant density ratio range of a 1000. Our measurements 
clearly   follow a theoretical equation proposed by Papamoschou and Roshko [1] for an incompressible but 
variable density turbulent mixing layers. This agreement   for spreading angles   starts at a pressure near but 
below the thermodynamic critical value of the injectant substance, quantitatively confirming gas-jet hke visual 
appearance observed in images of the jets for the first time. Therefore, (1) inability of droplet visual detection m 
the acquired images and their visual impression of a gaseous jet, (2) inhibition of transition into toe full 
atomization zone due to lowered surface tension tested by the available atomization criteria, (J) rapid 
gasification due to vanishingly small heat of vaporization, and (4) agreement of   the jet spreading rate 
experimental measurements with those of incompressible but variable density gas mixmg layers theory, all tend 
to strengthen the position that at near and above the critical point of the injectant the jet exhibits gas-jet like 
behavior. Considering this, relevancy of current injection models and some drop vaporization/combustion 
results under the conditions where gas-jet like behavior is detected should be reexamined. 
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Instant images of 

N2 into N2 
(Pcntica, = 3.39 MPa;Tc= 126.2 K) 

(Pch/Pcritical= 2.71,2.41,2.01, 1.62, 1.22, 1.02, 0.93, 0.82, 0.62, 0.43, 0.23; from upper left to lower right) 
(Re= 25,000 to 75,000; injection velocity: 10-15 m/s; Froud: 40,000 to 110,000) 

Figure 2.   Back-illuminated images of the nitrogen injected into chamber of nitrogen at a fixed supercritical 
temperature of 300 K but varying sub- to supercritical pressure. Injectant temperature: 99 to 120 K. 
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Figure 3. Magnified images of the jet at its outer boundary showing transition to the gas-jet like appearance 
starting at just below the critical pressure of the injectant. Images are at fixed supercritical chamber temperature 
of 300 K. Relative pressure: 0.9, 1.22, 2.71 from left to right. 
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Figure 4. Shows spreading or growth rate   as tangent of the visual spreading angle versus the chamber-to- 
injectant density ratio. (*) refers to data taken at AFRL. 


