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Progress    Report 

During   the   period   of   October   1,    1992   to   September   30,    1993, 
there  were   seven Air  Force  Research  in Aero  Propulsion  Technology 
(AFRAPT)    trainees   in   residence   at   Princeton   University.    Their 
progress    during    the    reporting    period    is    summarized    in    the 
following. 

Robert Brady 
The student is under the supervision of Professor Chung K. 

Law. His doctoral thesis is an ONR-sponsored project on droplet 

combustion and diagnostics of energetic liquid materials. Novel 

fuels for airbreathing propulsion are being synthesized and 

tested. These fuels have high energy densities and also possess 

extremely fast burning rates. The key feature here is the 

occurrence of liquid-phase reactions, which are exothermic such 

that the heat release can be directly used for fuel droplet 

gasification. The droplet gasification rate can thus be increased 

by an order of magnitude. In order to characterize and quantify 

the nature of the liquid-phase reaction, it is necessary to time 

resolve the temperature and concentration profiles within the 

droplet as droplet combustion progresses. The student was engaged 

in the development and application of exciplex techniques based on 

the approach of Professor Lynn Melton of the University of Texas. 

Some preliminary results were obtained. 

Scott Davis 

The student is under the supervision of Professor Chung K. 

Law. The objective of his research is to study, both 

experimentally and theoretically, the chemical kinetics of 

aromatic fuel oxidation. During the reporting period, a liquid 

fuel flow system was constructed for the study of aromatic fuels. 

The purpose of the flow system was to aid in the study of certain 

flame characteristics for aromatic fuels. The system can be used 

to study: flame speeds for different equivalence ratios, effects 

of stretch on flames through extinction, and pressure effects on 

the burning intensity of aromatic flames. Flow rates for the 

liquid fuels were measured from a calibrated syringe pump, while 

the flow rates of all gases were measured using sonic orifices. 



An atomizer was developed in order to ensure that the liquid fuel 

was completely vaporized while avoiding temperatures where 

pyrolytic reactions are possible. This was accomplished by using 

the partial pressure of the fuel mixed with a diluent (nitrogen) 

in the vaporization process. Along with experimental studies, 

modeling efforts were also conducted. Initial modeling of 

previous measured experimental flame speed data was studied. It 

was determined, assuming data is accurate, that current models for 

the oxidation of toluene and benzene substantially under predict 

flame speed data. Most models were constructed using reaction 

rates at flow reactor temperatures (1000-1300K). This requires 

further research into the rates of certain reaction steps and the 

consideration of new reactions at higher temperatures which are 

characteristic in flames. 

James Eng 

The student is in his third year, studying under the 

supervision of Professor Chung K. Law. His doctoral thesis is to 

investigate the properties and dynamics of a cylindrical flame 

under microgravity conditions. The cylindrical flame geometry is 

interesting because although the flame is curved, it is not 

stretched. Additionally, the flame can be stabilized by flow 

divergence in the absence of heat loss, and provides an 

opportunity to experimentally study a one-dimensional adiabatic 

flame. Microgravity experiments were performed at the NASA-Lewis 

Research Center in Cleveland. During this reporting period, a 

total of 8 weeks were spent at NASA-Lewis, and a variety of burner 

designs were used in an effort to produce a smooth flame surface. 

Although improvements were made in the design, the flame was 

still somewhat distorted at the higher mass flow rates. 

Computational studies were performed with detailed chemistry and 

multi-component diffusion using the Sandia flame code. A 

theoretical analysis was also performed using a one-step reaction 

and matched asymptotic analysis. Both of these studies showed 

that the mass flux at the downstream side of the flame in the thin 

reaction zone was the same as a planar one-dimensional flame. By 

mass conservation, the mass flow, and thereby the flow velocity, 

at the upstream side of the flame is increased from the planar 

condition. 



Jeffrey Gatto 

The Student is under the supervision of Professor Frederick 

Dryer working on nitrogen chemistry in propellant combustion. 

Many solid propellants such as HMX contain nitrogen dioxide 

groups, N02, in their structure. As these propellants burn, the 

NO2 is released and acts as an oxidizer. In order to effectively 

model these propellant characteristics on a computer, a detailed 

kinetic model is needed. The goal of this research is to develop 

this model. To accomplish this, research was done on a variable 

pressure flow reactor. This allowed rate measurements at 

pressures of 1-20 atmospheres, and 600-900 K. Research was done 

on N02 with hydrogen and carbon monoxide. In addition, work was 

begun on a liquid N02 injector for the reactor. This would cut the 

cost of an experiment by a factor of 12, and allow higher 

concentrations to be studied. 

Jaal Ghandi 

The student is under the supervision of Professor Frediano 

Bracco.  His doctoral thesis is on studying combustion phenomena 

using degenerate four-wave mixing (DFWM).   The focus of his 

research is the understanding of the effect of the pre-ignition 

fuel distribution on the performance and variability of direct- 

injection stratified-charge engines.   The stratified charge 

concept entails the direct injection of fuel into the engine 

cylinder rather than premixing the fuel and air upstream of the 

engine.  The control of fuel distribution is important for proper 

ignition,  good combustion efficiency and reduced emission 

formation.  However, proper mixture preparation is made difficult 

by the unsteady, turbulent environment of the engine.  Initial 

work was made in development of laser-based diagnostics for 

measuring the fuel distribution and attempting to understand the 

physical processes in a motoring engine.  Current work is focused 

on the simultaneous fuel distribution measurement of the fuel 

distribution and the cylinder pressure history.  In this manner, 

direct correlation of the combustion phenomena and the fuel 

visualization are made.  The integration of the laser diagnostics 

and standard engine pressure measurements provides insight into 

the physics which can not be achieved while performing either of 

the diagnostics separately. 



James Kistler 

The Student is under the supervision of Professor Chung K. 

Law. During the reporting period, he worked on an oscillating 

flame experiment. The objective of this study is to quantify the 

effects of an oscillating flow field on counterflow non-premixed 

and premixed flames. Some possible directions are frequency and 

amplitude effects on flame location, flame extinction, and soot 

formation. During this time, he constructed the flow system, 

counterflow apparatus, and oscillation circuit. The counterflow 

apparatus consisted of two convergent nozzles, upon which a 

speaker was placed at the divergent end of each nozzle. These 

speakers were used to generate a sinusoidal perturbation in the 

flow field. This perturbation was created using a function 

generator and amplifier. An initial finding from this study is 

that at higher frequency, a larger oscillation amplitude is 

required for extinction. In addition, the flame response (flame 

location movement) to the oscillations is less pronounced at 

higher frequencies. These responses can be understood by 

comparing characteristic times. For the lower oscillation 

frequencies, the flame can adjust to the perturbations in the 

flow. As the oscillation frequency increases, the flame has a 

shorter time to respond. Then, above a critical frequency, the 

flame will no longer be able to respond to the oscillations. In 

order to study the flow field, a statistical method was used to 

analyze the velocity probability density functions (pdf). At each 

location in the flow field, a pdf representing sinusoidal velocity 

behavior was measured. From this pdf, the mean and amplitude of 

the perturbation was extracted. However, due to some uncertainty 

in this analysis, he has since switched to a more deterministic 

approach. This deterministic approach synchronizes the data 

taking with the oscillations. 

Paul Papas 

The student is under the supervision of Professor Irvin 
Glassman. His thesis research continues the study of the 
structure and extinction of hydrogen/air diffusion flames. During 
the summer of 1991 he worked as a research associate at UTRC in 
East Harvard, Connecticut. An apparatus was built to study the 
penetration characteristics and turbulent structure of 
supercritical   fluid   jets   in   supersonic   flow.      Experiments   were 



conducted on the penetration of supercritical nitrogen and 

subcooled ethanol in a Mach 2 stream. This work was continued in 

the spring of 1992 and a paper entitled "Structure and Penetration 

of a Supercritical Fluid Jet in Supersonic Flow" was presented at 

the AIAA/ASME/ASEE Meeting in Nashville, Tennessee in 1992, and 

was published in the Journal of Propulsion and Power. A copy of 

the paper is attached as Appendix A. 

The Department of Mechanical and Aerospace Engineering at 

Princeton is please to participate in the AFRAPT program and 

recognizes that it is an excellent opportunity to further 

academic, industrial and government cooperation. We are grateful 

to AFOSR for its support of this project. 
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Structure and Penetration of a Supercritical Fluid Jet 
in Supersonic Flow 

J. C. Hermanson,* P. Papas,t and I. W. Kay+ 

United Technologies Research Center, East Hartford, Connecticut 06108 

The penetration characteristics and turbulent structure of transverse supercritical nitrogen (and reference 
subcooled liquid ethano!) jets were examined experimentally by the use of spark shadowgraph imaging. For 
given injection and freestream stagnation pressures, supercritical nitrogen jets penetrated significantly less into 
the supersonic stream than subcooled ethanol jets. The jet penetration further decreased with increases in the 
degree of superheat. The supercritical nitrogen jets were characterized by large-scale structure not generally 
observed for the case of subcooled ethanol injection. Practical difficulties inherent in the use of liquid fuel 
simulants in unheated supersonic flows for the simulation of supersonic combustion environments are discussed. 

R     = 

Nomenclature 
C,,  = discharge coefficient 
C,,   = fluid specific heat 
D    = jet diameter f 

dr   = effective injector orifice diameter 
d,   = physical injector orifice diameter 
h     = jet penetration height 
hfK   =  latent heat of vaporization 
M   = freestream Mach number 
P„   = freestream static pressure 
Pr   = critical pressure 
P,.   = fluid vapor pressure at injection temperature 
Puj — jet stagnation pressure 
P-.   = static pressure behind normal shock 

freestream dynamic pressure 
bubble radius 
boiling temperature at static pressure 

T,.   = critical temperature 
77   = dimensionless temperature parameter 
7",   = fluid injection temperature 
T,   = temperature of saturated liquid 

aerodynamic breakup time 
flash vaporization time 
bubble induction time 
bubble growth time 

u„   = freestream velocity 
Uj    = jet injection velocity 
x     = distance downstream of injector orifice 
a    = jet fluid thermal diffusivity 
777   = dimensionless vapor pressure parameter 
p„   = freestream static density 
Pi    = jet fluid density 
a    = surface tension 

Introduction 
THERE is significant interest in the potential use of liquid, 

hydrocarbon fuels in propulsion systems for hypersonic 
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flight applications.'-4These fuels have high density, are stor- 
able, and are easily handled in comparison with cryogenic 
fuels. As such, they are attractive for future aircraft and mis- 
siles which may require the performance benefits offered by 
supersonic combustion ramjet (scramjet) propulsion systems. 
Consequent to these applications, there is significant interest 
in developing a means of promoting effective mixing and com- 
bustion of hydrocarbon fuels in supersonic combustors. One 
technique with the potential for achieving high levels of fuel 
dispersion exploits the violent disruption and flash-vapori- 
zation resulting from the injection of liquid at superheated or 
supercritical conditions. In practical applications, the hydro- 
carbon fuel would be used as a coolant to handle the high 
heat loads associated with hypersonic flight, and thus might 
subsequently be injected as superheated liquid. 

The use of pressurized, preheated liquid hydrocarbon fuels 
in supersonic reacting flow was examined as part of a recent 
experimental study, in which high levels of combustor per- 
formance were achieved.4 In those studies, much of the com- 
bustor testing was performed using Jet-A (JP-5), a liquid hy- 
drocarbon, as the primary fuel; additional teference tests were 
conducted using gaseous ethylene fuel. During early tests in 
which the Jet-A was injected as an unheated liquid, very low 
combustion efficiencies were achieved. Subsequent injection 
of the Jet-A as a preheated liquid that flash-vaporized upon 
injection resulted in significantly higher combustion efficien- 
cies. At low equivalence ratios, the efficiencies achieved with 
the preheated Jet-A were nearly identical to levels achieved 
with gaseous ethylene fuel. At higher equivalence ratios, it 
was suspected that poor penetration of the flash-vaporizing 
jet was the primary cause of the noticeably lower combustion 
efficiencies achieved with Jet-A vs those achieved with gas- 
eous fuel. 

The cost and difficulty of conducting experiments under 
actual scramjet combustor conditions provide a strong mo- 
tivation for developing rational simulations using unheated 
supersonic flow. Numerous previous studies in unheated 
supersonic flow have examined the penetration, shock struc- 
ture, and overall mixing characteristics of both sonic5"" and 
supersonic''"" transverse gas jets issuing into supersonic pri- 
marv streams. There have also been studies of the structure, 
penetration, and atomization of liquid jets injected into super- 
sonic streamr'2" IJ and flash-vaporizing liquid jets injected 
into stagnant gas.15"1'' Relatively little research has examined 
the case where the liquid is preheated or is in a supercritical 
state and flash-vaporizes upon injection into a supersonic 
crossflow.2"-" 

The experimental studies of the breakup of superheated 
liquid jets in a compressible crossflow that have been under- 
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taken are somewhat inconclusive as to the effect of flash- 
vaponzation on jet penetration. For example, Newton and 
Uowdy-" injected liquid nitrogen into supersonic streams of 
Mach numbers ranging from 2 to 4. In thisicase the flash- 
vaponzation resulted in a decrease in jet peneVation   Schetz 
M    un ^Ud'ed the inJection of Freon-12 into an unheated 
Mach 0.44 alrstream and also noted a reduction in penetration 
height compared to room temperature water injection   Rei- 
chenbach and Horn," however, noticed no change in pene- 
tration characteristics between jets of superheated acetone 
and those of room temperature water in tests conducted at 
similar flow conditions. These results point to a need for an 
improved fundamental understanding of the physics of liquid 
disruption, vaporization, and fuel/air mixing of liquid jets in 
compressible flows in order to provide design criteria for the 
successful development of supersonic combustion ramjet pro- 
pulsion systems which may employ liquid hydrocarbon fuels 

Experiments utilizing an unheated supersonic flow dictate 
the use of a test liquid with a high vapor pressure at low 
temperatures if a rapid transition to vapor is to be achieved 
FoMhis reason, nitrogen, delivered above its critical pressure' 
t\- - 33.5 atm, and near us critical temperature   T  =  P6 
K, was selected to serve as a fuel simulant in this work  The 
current study extends the earlier subcritical liquid nitrogen 
injection research by Newton and Dowdy20 into the super- 
critical regime. Specifically, this work examines the effects of 
the flash-vaporization process on the structure and penetra- 
tion characteristics of a thermodynamicallv unstable fluid let 
in a supersonic crossflow. ' 

Theoretical Discussion 

The process of the breakup of a liquid jet in a supersonic 
crossflow ,s rather complex, even in the absence of flash- 
vaponzation. A simplified diagram of the principal features 
of the flowfield is shown in Fig. 1. The interaction of a trans- 
verse jet with a supersonic primary stream results in the for- 
mer being swept downstream; the injected fluid serves in turn 
to obstruct the primary stream, givine rise to a bow shock 
upstream of the jet. Subsequent reflection of this shock wave 
from the flow channel walls can lead to additional pressure 
disturbances downstream of the injection site. In addition 
the interaction of the bow shock with the boundary layer can 
give nse to a separation shock and a separation zone upstream 
of the injector site. The cohesive liquid core within this com- 
plicated, highly three-dimensional flowfield can develop wave 
structure on both the windward and leeward sides prior to 
the development of detached masses of liquid leading to even- 
tual atomization." 

Joshi and Schetz'J developed a correlation for the penetra- 
tion of nonvaponzing jets over a wide range of freestream 
Mach numbers: 

hM 
—r = 0.152 P, 

0) 

It should be noted that the correlation given by Eq. (1) is 
only valid ,n compressible flow, and in fact breaks down as 
the Mach number approaches zero. In addition to increasing 

mcreä^r,e!,S,,nhgPreSSUre 'T P»',P" the Jet Penetration also 
increases w„h increasing l.quid/freestream gas density ratio 

bi&fh <relat,°ns
k
bated on other simP'e Physical models are 

,nXl yed,bV K0ip'n eI a!-2': most of th°se ™0el< 
Z Ho« ^ d,eP.endencies on pressure and density ratios 
as does the correlation eiven in Eq. (1V 

Some insight into the nature of the breakup of superheated 
l.qu.d jets has been gained from experiments involving hquld 

SS?,a£Tn:gaS'"" Lienhard a"d Day- p/o os 
hat the breakup of a liquid jet undergoing flash-vaporization 
n a stagnant environment be characterized by two charac- 

teristic times: an "idle" or "dwell" time for bubble nucleation 

Supersonic Flow 
>   < AtoMtfOo« fifitm 

Boundary Layer 

Fig. 1    Liquid jet in supersonic crossflow (adapted from Ref. 12). 

inside the thermodynamically unstable liquid, followed bv a 
growth time of these bubbles to sizes that will fracture t'he 
jet. An expression for a characteristic mean dwell time 

'./, 
aWp, 

D2(Pt. - P„ (2) 

was derived from dimensional arguments. A similar expres- 
sion was derived by taking into consideration homooeneous 
nucleation. the force balance on a bubble, and the probability 
of nucleus survival until the onset of rapid bubble growth "■'* 
Equation (2) illustrates the strong impact that the degree of 
superheat O.e., />,. - P„) has on the dwell time. 

I he asymptotic growth time is in part controlled bv the 
transfer of energy to the liquid-vapor interface of the bubbles 
and can be expressed as1" 

D- 
'.12   =     

■na \c.AT (3) 

where A7 - T, - 7. is the degree of superheat, i.e., the 
difference between the injectant fluid temperature and the 
saturation temperature. 

The presence of a crossflow dictates that the breakup of a 
liquid jet also be characterized by an aerodynamic time scale 
Ihe aerodynamic breakup time can be represented as the 
penetration height divided by the liquid jet velocity 'Rei- 
chenbach and Horn- expressed the jet velocity in terms of 
he injection pressure ratio to yield the following relationship 

tor the aerodynamic breakup time": 

'„ = 4.&{dj)]>VMP)!-) (4) 

where the effective injector orifice diameter d   includes a 

Z\tZ °,r d,SChar8£ COeffiCienL AS ,0nS as '-"» An the f]d h ng time ,   = /     + ,„_,. the penetration shou]d 

be greatly impacted by flash-vaporization, and as such will 
obey the correlation given in Eq   (1) 

Reichenbach and Horn- calculated characteristic times for 
their experiments and also for those of Newton and Dowdv°'- 
in both cases the very short calculated asymptotic growth 
imes , suggest that the flashing process was governed by 

the nucleation time, ,,,. Reichenbach and Horn further con- 
cluded that in their experiment the aerodynamic breakup t.me 

roTa hT,haKn ,he nKa,Sh'n£ tim£ '- '"'«conclusion stemmed 
rom a lack of observable change in penetration with increas- 
es superheat.  Regarding the experiments of Newton and 
Dowdy, however, Reichenbach and Horn conciuced that pre 
mature nucleation caused the nucleation staee to be com- 

t      tetve  ,JCh"qi,d nkr0£en WaS Sti,i in the inJec,or< *° that the overall breakup process was essentially due to flash- 

a«1önTforr,!1e
an aer°dynamic breakuP' Characteristic calcu- 

™ H 
r
t
the,C"r,rem «Penment, based on the flash-vapor-' 

zut.cn data of Wu et al.,<> suggest that a. lower injection 
mp ratures the flash-vaporizing times are comparab e S 

the aerodynamic times: a. higher liquid temperatures fand 



HERMANSON. PAPAS. AND KAY      FLUID JET IN SUPERSONIC FLOW 3X9 

hence, higher vapor pressures) the flashing time becomes an 
order of magnitude shorter than the corresponding aerody- 
namic times. " , 

To account for the effects of flash-vaporization on jet pen- 
etration, Kolpin et al.:i employed an empirical correction to 
the correlation given in Eq. (1), to get 

hM 
= 6.77 

p., [P.. 
(5) 

The empirically determined values of the exponent were n = 
0.25 for P,. > P2, and n = 0 for P,. < P2\ the latter value 
corresponding to the case without flash-vaporization. 

The penetration heights of Newton and Dowdy,2" when 
correlated with Eq. (5), compared well with the room tem- 
perature water results of Reichenbach and Horn.-2 Reichen- 
bach and Horn also studied the effect of vapor pressure on 
the penetration of superheated acetone and water jets in 
supersonic flow. The correction based on vapor pressure was 
evidently not required for the superheated acetone and water 
jets. Issues pertaining to this comparison are discussed later 
in this article. 

Experimental Investigation 
Nitrogen at supercritical pressure and subcooled (i.e., be- 

low saturation temperature) liquid ethanol were employed a» 
injectant fluids in these experiments. It was desired to sim- 
ulate the structure and penetration characteristics of a liquid, 
hydrocarbon fuel stream undergoing flash-vaporization in a 
scramjet device where the supersonic flow would be at a higher 
static temperature than that of the fuel. The relatively low 
static temperature (170 K at Mach 2) of the unheated super- 
sonic flow in this experiment dictated the use of a fuel simulant 
with high vapor pressure at low temperature to ensure flash- 
vaporization at test section conditions. This consideration, as 
well as those of availability and environmental impact, led to 
the selection of nitrogen as an injectant fluid. Unheated ethanol 
liquid was chosen to serve as a baseline, nonflash-vaporizing 
fluid for comparison with the flash-vaporizing supercritical 
nitrogen. The relatively low freezing point of ethanol (156 K) 
precluded freezing at the low primary stream static temper- 
atures of this investigation. 

Apparatus 

Experiments were performed in a small-scale supersonic 
flow facility. This facility was described in detail in a previous 
paper* and is only briefly described here; a schematic diagram 
of the facility is shown in Fig. 2. Dry nitrogen gas from com- 
pressed gas cylinders was supplied to a settling chamber 51 
mm in diam and 64 mm in length. The stagnation pressure 
and temperature of the primary flow were measured, respec- 
tively, by a static pressure probe situated in the settling cham- 
ber and by a thermocouple in the nitrogen supply line. The 
contraction and nozzle section was 135 mm in length. Nozzle 
blocks were installed to produce a nominal test section Mach 
number of 2.0 for this experiment. 

The test section employed in this study was 12.7 x 12.7 
mm in cross section and 140 mm in length. The test section 
consisted of top and bottom walls fashioned from aluminum, 
with optical access provided from sidewalls fabricated from 
quartz plate. The flush injector orifice (0.30-mm diam) was 
situated in the bottom wall 50 mm downstream from the be- 
ginning of the test section. The walls of the injector orifice 
plenum consisted of a 45-deg half-angle cone joined at its 
apex to a straight section 1.3 mm in length. Calibration witn 
pressurized water indicated a discharge coefficient of ap- 
proximately C,, = 0.75. The temperature of the injectant fluid 
was measured using a type-T (copper-copper/nickel) ther- 
mocouple mounted in the supply line immediately upstream 
of the injector orifice. A wall static pressure tap was situated 
28 mm upstream of the injector orifice, on the opposite wall. 

COMPRESSED 
GAS 
CYLINDERS 

HELIUM GAS 

LNj RESERVOIR 

TO EXHAUST 

Fig. 2    Schematic of flow facility. 

Downstream of the test section, pressure recovery was ac- 
complished by a diffuser section 80 mm in length connected 
to an exhaust blower located outside the laboratory. 

The injectant fluids were contained prior to each run in a 
pressurized flask of 300-ml volume. This volume allowed for 
a fluid injection time of roughly 30 s at a representative supply 
pressure of 40 atm. For the case of nitrogen injection, the 
flask was submerged in a liquid-nitrogen bath. The flask was 
held at constant pressure during fluid discharge by means of 
pressurized helium gas that was precooled to the saturation 
temperature of the liquid nitrogen (77 K (a 1 atm) via a 
cooling coil immersed in the liquid-nitrogen bath (see Fig. 2). 
Helium was chosen as the pressurizing agent because it re- 
mains gaseous under the injection conditions of this experi- 
ment. The pressure in the flask was measured with a cryogenic 
pressure transducer. The supply line connecting the flask to 
the injection orifice was cooled prior to the beginning of each 
experiment by purging with liquid nitrogen from a separate 
de war. 

Flow visualization was accomplished by spark shadowgraph 
imaging. Illumination was provided by an air gap spark of 
roughly 0.3-yxs duration. An/10 parabolic mirror collimated 
the spark source into a parallel beam which transited the test 
section parallel to the injector wall. The shadowgraph image 
was then captured directly at the focal plane of a 35-mm 
camera mounted approximately 100 mm from the test section 
centerline. 

Flow Conditions 
The supersonic freestream was at a nominal Mach number 

of M = 2.0 at stagnation pressures and temperatures ranging 
respectively from 3.0 to 3.7 atm. and 279 to 283 K. Wall static 
pressure measurements for the case without injection (i.e., 
primary flow only) indicated a Mach number at the test section 
entrance of M — 1.84. The corresponding static pressure and 
temperature conditions ranged from 0.49 to 0.61 atm and 166 
to 169 K, respectively. The injectant stagnation pressure ranged 
from 34 to 57 atm for the supercritical nitrogen experiments, 
and from 17 to 54 atm for the liquid ethanol experiments. 
The temperature of the nitrogen at the injection orifice varied 
from rouchlv  113 to  125 K: ethanol \v,n injected HI  room 
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temperature («293 K). The turbulent boundary-layer thick- 
ness at the injector site was estimated visually from sha- 
dowgraph images to be roughly ].l mm. The Mach number 
decreased roughly 69c over the length of the test section due 
to boundary-layer growth/ 

Experimental Results 
Spark shadowgraph images of the flowfield for the case of 

supercritical nitrogen injection are presented in Figs. 3 and 
4a-4b. The three images shown in Fig. 3 are all at "the same 
flow conditions and serve to illustrate typical shot-to-shot var- 
iations in turbulent structure. Representative images for two 
other flow conditions are shown in Figs. 4a and 4b. The flow 
is from left to right with the injector wall at the bottom of 
each image. The location of the injector orifice is shown in 
each figure. Locations corresponding to downstream distances 
normalized by the effective orifice diameter of xld,. = 30, and 
xld, = 60, where x is the distance downstream of the injection 
site, are also shown for reference. The large density difference 
between the injectant fluid and the supersonic primary gas is 

Fig. 3 Spark shadowgraph images of nitrogen jet injected at super- 
critical pressure into M = 1.84 supersonic flow. All images are at the 
same flow conditions: />„_ = 4.1 aim, />    = 58.1 atm, T„   = 114 K 

conductive to good shadowgraph visualization of the flow 
structure For the nitrogen injection experiments shown in 
i-igs. 3 and 4, large structures are observable for normalized 
distances that range from 15 < xld. < 55, and are typically 
well developed by xld,. = 30. 

Structural features continue to be visible well downstream 
of the injection site, persisting until the transition from fluid 
to vapor is complete at 35 < xld, < 60. Downstream of this 
point large-scale structural features are not visible using the 
current v1Sualization technique, although the boundary of in- 
jectant fluid can still be discerned. The jet does not appear 
to achieve its maximum penetration until a normalized down- 
stream distance of roughly xld,. = 30. This distance is some- 
what greater than for the case of gas-phase jets,*'" where the 
maximum penetration height is essentially attained by xld = 
10. The shadowgraph images also suggest that regions of un- 
mixed primary stream gas penetrate well into the profile of 
the transverse fluid jet, consistent with observations of gas- 

'   phase jets in compressible flow.» It should be noted that at 
least part of the regions in question may consist of vaporized 
injectant fluid rather than primary stream gas. The sense of 
rotation of the large structures seen in Figs. 3 and 4 cannot 
be determined from the current results, as shadowgraph im- 
aging is line-of-sight, and, in addition, only single-shot ima°es 
were acquired. " " 

Spark shadowgraph images of subcooled liquid-ethanol jets 
are shown in Figs. 5a and 5b. The low static temperature of 
the supersonic primary stream precluded any significant va- 
porization of this fluid. The liquid-gas interface is clearly vis- 
ible, but large-scale structure is generally not as apparent as 
in the case of supercritical nitrogen injection. The horizontal 
streaks visible in some of the images in Fig. 5 are the tracks 
of ethanol droplets deposited on the wall from a previous run 
The maximum penetration of these subcooled liquid jets ap- 
pears to be achieved at roughly the same ranee of downstream 
location as for supercritical fluid jets, i.e., xld,. = 30. 

The nitrogen fluid jet at supercritical injection conditions 
exhibits a lower penetration at a given downstream distance 
than a subcooled ethanol liquid jet injected at an identical 
pressure ratio P„/P„. A similar value of />„//>„ also implies 
assuming constant discharge coefficient, a comparable jet/ 
freestream momentum flux ratio J = (p,uj>Prui) The ob- 
served penetration heights, scaled by Mach'number and ef- 
fective orifice diameter, are plotted in Fie. 6 vs the measured 
pressure ratio. The trend towards decreased jet penetration 
with increasing superheat is in qualitative aareement with 
earlier results,^-1 in which superheated liquids injected at 
subcntical pressure exhibited lower penetration than nonsu- 
perheated liquid jets. Penetration heights were measured from 

b)       H r di 4 x/d£ =30 j x/d, =60 

Fig. 4    Spark shadowgraph images of nitrogen jet injected at super- 
critical pressure into M =  1.84 supersonic flow: a) />„   =30 atm 
Pv - 3S 2 atm, TtJ = US K and b) 1\ = 3.4 atm, />„> 48.6 aim! 
* tu —  125 K. 

Fig. 5 Spark shadowgraph images of subcooled ethanol jet injected 
at supercritical pressure into M = 1.84 supersonic now: a) P =34 
atm, />„, = 33.3 atm, r„, = 293 K and b) P„   = 3.4 atm, />„.'= 39 4 
atm, 
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the shadowgraph images at a normalized downstream distance 
of xldt. = 100. The scaling law2' hid, ~ {xld,)"A was employed 
to rescale the results presented by Reichenbach and Horn22 

and Kolpin et al.21 from xld, = 150 toxid,. = 100 Vo facilitate 
comparison with the current results. 

The room temperature ethanol jet penetrations of the cur- 
rent work are seen in Fig. 6 to be in reasonable agreement 
with the room temperature water and acetone results of pre- 
vious investigators.- Since the ratio of vapor pressure to static 
pressure at the injection site is quite small for the room- 
temperature acetone, ethanol, and water experiments, one 
would expect the penetration characteristics of these ther- 
modynamically stable jets to be similar. As the degree of 
superheat of the injected fluid increases (i.e., PJP, de- 
creases), however, the normal penetration of the jet might 
be expected to diminish as the transition to vapor and the 
breakup of the jet becomes more rapid. This is confirmed by 
the current results, where nitrogen jets with vapor pressure 
ratios of PJP,. = 0.1 do penetrate less into the supersonic 
flow than the unheated liquid jets; the cases for which PJP, 
= 0.05 penetrate still less. The nitrogen injection data of 
Newton and Dowdy-" which are characteristic of a ratio of 
static pressure to vapor pressure of about PJP, = 0.1 also 
show the expected reduced normal penetration relative to 
room temperature liquid, in agreement with the current work. 

The observed penetration heights in the current work at 
xld, = 30, scaled by Mach number and effective orifice di-, 
ameter, are presented in Fig. 7. Penetration heights were 
estimated by fairing a smooth, monotonically increasing curve 
through the edges of structural features farthest from the wall 
and recording the height of each such curve at xld, = 30. 
Especially for the case of supercritical nitrogen injection, the 
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Fig. 6    Normalized jet penetration comparison at xld, =  100. The 
values of the pressure ratio PJP, are for nitrogen injection only. 
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Fig. 7    Normalized jet penetration comparison at xld, =30. 

liquid-vapor interface is somewhat more distinct at xid,. = 30 
than at xld, = 100, owing to the presence of iarge amounts 
of nonvaporized fluid. The somewhat larger variations in 
measured penetration height for nitrogen injection than for 
the case of liquid ethanol injection are due both to the large 
structures at xld, — 30 as well as to variations in superheat 
level within each data set identified in Fig. 7. The trend of 
decreasing jet penetration with increasing superheat remains, 
however, in qualitative agreement with the results presented 
in Fig. 6. 

It should be noted that the penetration measurements cited 
for xld, = 100 are downstream of the intersection of the first 
reflected shock with the transverse jet. Although the reflected 
shocks visible in the figures are of finite strength, there does 
not appear to be any systematic effect of the shock/jet inter- 
action on the jet penetration, as determined visually from the 
figures. This conclusion is supported by the qualitative agree- 
ment between the penetration results for xld, = 30, which is 
well upstream of the reflected shock/jet intersection, and those 
ior xld, = 100. 

Discussion 
The mechanisms which give rise to the observed large-scale 

structure are not entirely clear. Kush and Schetz1-1 state that 
aerodynamically induced waves are a dominant mechanism 
leading to jet breakup, and observed such waves in nonva- 
porizing liquid jets. It is unclear whether these waves arise 
solely from the primary stream/jet interaction, or whether 
they might be a consequence of oscillations in the position of 
the bow shock.24 It is also unclear why the large-scale structure 
becomes more apparent with increasing superheat. One pos- 
sibility is an unsteadiness in the jet injection due to flash- 
vaporization. For example. Newton and Dowdy2" acknowl- 
edge the possibility of premature boiling in the jet plenum 
prior to injection. This phenomenon is. however, less likely 
in the current experiment due to the supercritical pressures 
at which the fluid is injected. Interfacial instability can also 
be driven by rapid vaporization,;? although calculations based 
on the jet size and injectant flow rate indicate that the inter- 
facial mass flux due to flash-vaporization in the current study 
is roughly two orders of magnitude smaller than that required 
to drive this type of instability mechanism. 

It can be noted from Fig. 6 that some of the Newton and 
Dowdy2" liquid nitrogen penetration data agree with those of 
the room temperature water correlation. The ratio of static 
pressure to vapor pressure PJP, at the injection site, however, 
is about unity for this subset of the Newton and Dowdy ex- 
periments. The superheated acetone and water results of Rei- 
chenbach and Horn also do not exhibit a decrease in pene- 
tration as compared with unheated liquid injection results. 
Reichenbach and Horn attributed this to the aerodynamic 
time being much shorter than the nucleation time in the ex- 
periments considered. 

An alternate explanation of this discrepancy can be derived 
from consideration of the vapor pressures of the test fluids 
utilized. The vapor pressures are plotted in Fig. 8 vs tem- 
perature. The rectangular regions in the figure denote the 
range of freestream static pressures of the works of Reichen- 
bach and Horn,22 Newton and Dowdy, and the current study. 
Liquids such as acetone, ethanol, and water have relatively 
low vapor pressure at room temperature, as shown in the 
figure. In order to obtain a vapor-pressure to static-pressure 
ratio comparable to that of Newton and Dowdy,2" Reichen- 
bach and Horn22 heated acetone and water to temperatures 
exceeding 400 K. In contrast to both Newton and Dowdy's 
experiment and the supercritical injection cases of the current 
work, the injectant fluids in Reichenbach and Horn's exper- 
iments were characterized by lower vapor pressures at the 
static temperature of the freestream than at injection. This 
implies that the vapor pressures of their injectants tended to 
continually decrease with downstream distance as the injec- 
tant fluid was cooled by the cold supersonic stream. The at- 
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Fig. 9    Normalized jet penetration and vapor pressure correlation of 
Kolpin et al.21 

tendant reduction in vaporization rate may partially explain 
why the superheated jets did not exhibit a n'oticeable'decrease 
in penetration compared with jets injected at room temper- 
ature. Although much of the vaporization occurs near the 
injection site, the shadowgraphs of supercritical nitrogen jets 
do suggest that some unvaporized fluid remains welt down- 
stream (possibly as far as to 35 < x/d,. < 60). It is probably 
in this downstream region that the vaporization rate would 
be most affected by flow cooling, with a commensurate impact 
on mixing and penetration. 

The validity of the empirical correlation developed by Kol- 
pm et a!.:i [Eq. (5)] to account for the effects of flash-va- 
ponzation on jet penetration was examined by plotting the 
current penetration results as a function of the parameter^P„ I 
Pu){PJP,)n~\ as shown in Fig. 9. The choice of the pressure 
ratio PJP,. as a correlating parameter is physically reasonable 
in that the degree of flash-vaporization depends most strongly 
on the enthalpy, which is a strong function of temperature 
(and hence, vapor pressure />,.), but only weakly dependent 
on pressure for fluids at or below the critical temperature 

The correlation [Eq. (5)] appears to be only effective for 
those data in the current investication with a comparable 
degree of superheat (i.e., PJP,.) to those of Newton and 
Dowdy.-" That agreement might be expected, as the corn 
lation was in fact derived irom the data oi Newton and Dowdy 
The higher degrees of superheat (i.e., smaller yalues of PJ 
P,.) in the current work appear to be outside the useful range 
of the correlation. This suggests that this correlation may not 
capture the essential physics of vaporization and jet penetra- 
tion for the case of supercritical injection. For example, the 

maximum fraction of liquid that will theoretically flash-va- 
porize in an isoenthalpic expansion ranged from roughly 40- 
70% in the current work. This substantially exceeded the 9- 
15% flash-vaporization attained in the work of Newton and 
Dowdy. 

The comparison between Newton and Dowdv's experiment-" 
and that of Reichenbach and Horn-- indicates, as discussed 
above, that the amount of jet penetration into a supersonic 
crossflow depends not only on the initial degree of jet su- 
perheat, but is also impacted by the variation in vapor pres- 
sure associated with temperature changes due to heat trans- 
fer between the injectant fluid and the supersonic stream. 
For example, in the scramjet combustion investigation of Kav 
et al.,4 fuel was injected at a temperature of about 600 K 
compared with a static temperature of up to 1400 K behind 
the bow shock. This temperature difference between injectant 

. and primary stream was thus of reverse sign than the exper- 
iments of Reichenbach and Horn,- where liquids were in- 
jected at temperatures of 300-560 K into a supersonic flow 
with maximum static temperatures of 300 K. Thus, while the 
experiment of Reichenbach and Horn could have achieved a 
comparable initial degree of superheat to the combustor tests 
of Kay et al., the vapor pressure of the injectant would have 
changed in a fundamentally different manner with down- 
stream distance, possibly impacting the penetration charac- 
teristics of the jet. This could have important implications in 
designing experiments to simulate the fuel dispersion and fuel/ 
air mixing characteristics of a scramjet combustor by usin° 
fuel simulants in unheated supersonic flow. Acceptable sin> 
ulations therefore require consideration of both the decree 
of superheat and the actual temperature difference between 
the supersonic flow and the injectant. Other factors would 
include injector configuration and flow rate. Mach number 
liquid density, viscosity, and surface tension.r' 

The adequacy of a simulation can be quantified bv use of 
the following nondimensional parameters-"': 

-,{T) = 
P,  - P„ 

T: S 

where 7"rc, is a reference temperature. Schetz et al.-' suggested 
that a reasonable choice of reference temperature is 7"K., = 
T„ - Tr where T„ is the boiling temperature of the injectant 
fluid at the ambient static pressure. Using this definition and 
expressing the freestream dynamic pressure as q, = (y/2)P M2 

allows rewriting the above two parameters as ' 

TT,{T) 
2 

yM- 
P,- 

Tf = 
T„ - T, 

Values of these parameters are presented in Table 1 for 
the current investigation and previous studies discussed in this 
article. The range of the temperature parameter in the current 
study was comparable to that of the scramjet investigation of 
Kay et al.,4 although the current results are at somewhat 
higher normalized vapor pressures. The work of Newton and 
Dowdy2" was performed over a similar range of the pressure 
parameter r.n but with somewhat different values of the tem- 
perature parameter 77. This is a consequence of both the 
lower jet injection temperatures as well as lower freestream 
static pressures in their work as compared with the current 
study. The values of superheat parameters for the experiments 
of Schetz et al.--1 were chosen to simulate ramjet, rather than 
scramjet, conditions. 
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Table 1    Values of superheat parameters 

Investigation Injectant Primary stream 77, 77 

Current study Nitrogen at 
supercritical 
pressure 

j   M = 1.84 unheated 
*      nitrogen 

+ 11.5 to +27.0 -4.2 to -2.9 

Kav et al.a Jet-A M = 3.0 heated air + 7.1 to +8.0 -5.4 to -3.9 

Newton and 
Dowdy:" 

Schetz et al.-' 

Liquid nitrogen 
at subcritical 
pressure 

Freon-12 

M = 2.Ü1 to M = 3.99 
slightly heated air 

M - 0.44 unheated air 

+ 4.2 to +21.0 

-6.3 to -0.62 

-13.8 to -6.7 

-0.5 to +2.5 

Reichenbach 
and Horn- 

Reichenbach 
and Horn" 

Superheated 
water 

Superheated 
acetone 

M = 2.8 and M = 4.0 
unheated air 

M = 2.8 and M = 4.0 
unheated air 

+ 0.10 to +18.1 

+ 0.97 to +35.7 

+ 1.1 to +6.4 

+ 0.76 to + 1.1 

In any case, a clear contrast exists between the experimental 
conditions of Reichenbach and Horn" and both the actual 
scramjet conditions as well as the nitrogen injection simula- 
tions. This is clearly illustrated by the change in sign of the 
temperature parameter T*. This sign change reflects the dif- 
ference discussed above between the vaporization character- 
istics of a jet which is heated by the surrounding gas vs those 
of a jet subject to cooling. 

The reasonable agreement in the values of superheat pa- 
rameters between the current cold-flow simulation and the f 

actual scramjet experiments of Kay et al.J affirm the relevance 
to scramjet applications of the trends reported here, i.e., the 
decreased jet penetration with increasing amount of super- 
heat, and the observed structural features and vaporization 
characteristics. 

Summary and Conclusions 
The structure and penetration characteristics of transverse 

nitrogen jets injected at supercritical pressure into supersonic 
flow were examined experimentally and compared with those 
of subcooled ethanol jets. Shadowgraph images revealed the 
presence of large-scale structures for the case of supercritical 
nitroaen injection which were visible up to a normalized 
downstream distance of xld, = 55. The shadowgraph images 
also suggest that regions of unmixed primary stream gas pen- 
etrate well into the profile of the transverse fluid jet. Similar 
structural features do not appear to characterize subcooled 
ethanol jets injected at similar pressures. 

The supercritical nitrogen jets penetrate less into a super- 
sonic stream at a given downstream location than jets con- 
sisting of subcooled liquid ethanol injected at similar pressure. 
The current jet penetration results are in agreement with 
previous studies for subcritical nitrogen injection at compa- 
rable superheat, i.e., comparable values of the fluid vapor 
pressure/gas stream static pressure ratio. The jet penetration 
further decreases with increases in the degree of superheat. 
The ethanol penetration results are in agreement with the 
unheated water and acetone injection results of previous in- 
vestigations. 

Consideration of injection and supersonic flow conditions 
of previous investigations reveals that, in some cases, the 
vapor pressures of the injectants may have continually de- 
creased with downstream distance as the injectant fluid was 
cooled by the cold supersonic stream, thus retarding the tran- 
sition to'vapor and enhancing jet penetration. This suggests 
that experiments to simulate scramjet flowfields must consider 
both the degree of superheat as well as the temperature dif- 
ference between the injectant fluid and supersonic gas stream 
Although resulting in a lower penetration than for nonvola- 
tile, subcooled liquid injected at similar pressure, the super- 
critical fluid naturally results in a much more rapid transition 
from fluid to vapor than does the subcooled liquid. More rapid 
vaporization is unfortunately accompanied by poorer pene- 
tration, suggesting the existence of an optimum selection of 

injection parameters in the tradeoff between penetration and 
vaporization. 
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to change without notice. Returns will be accepted within 30 days. Non-U.S. residents are 

responsible for payment n! any taxes reguired by their government. 
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