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The density field of underexpanded supersonic free jets issuing from a choked circular nozzle was
measured using a Rayleigh scattering-based technique. This reliable and nonintrusive technique is
particularly suitable for high-speed flows and is fundamentally superior to the intrusive probes and
particle-based techniques such as laser Doppler velocimetry. A continuous wave laser and photon
counting electronics were employed for time and phase-averaged density measurements. The use of
dust-free air for the entrained flow allowed measurements in the shear layer region. The free jets
were produced in the plenum to ambient pressure ratio range of 1.88-5.75, which corresponded to
a fully expanded Mach number range of 0s98I;<1.8. A comparative study of schlieren
photographs and time-averaged density data provided insight into the shock-cell structures. The
radial profiles obtained at various axial stations covering a downstream distance of 10 jet diameters
show the development of the jet shear layer and the decay of the shock—cells. The supersonic free
jets produced screech sound. A phase-averaged photon counting technique, using the screech tone
as the trigger source, was used to measure the unsteady density variation. The phase-averaged
density data show the evolution of the large-scale turbulent vortices that are found to be modulated
periodically along the flow direction. A comparison with previously obtained data showing
near-field pressure fluctuation and convective speed of the organized vortices reveals many
interesting dynamics. All quantities show regular spatial modulation. The locations of local maxima

in density fluctuations are found to coincide with the high convective speed and the antinode points
in the near-field pressure fluctuation. Interestingly, the periodicity of modulation is found to be
somewhat different from the shock spacing. Instead it shows that the standing wave system, known
to exist in the near-field pressure fluctuation, extends into the jet shear layer. The standing wave is
formed between the downstream moving Kelvin—Helmholtz instability waves and the upstream
propagating part of sound waves. A detailed field measurement of the unsteady density fluctuation
was conducted for thil;=1.19 and 1.42 jets for which the near-field pressure fluctuation data were
obtained previously. The phase-matched, combined plots of the density fluctuation present inside
the jet flow, and the pressure fluctuation present just outside the jet boundary provide a charming
insight into the shock—vortex interaction leading to the sound wave generatiot99® American
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I. INTRODUCTION known that the screech generation is dependent on the shock-

] ) cell parameters, the interactions with the Kelvin—Helmholtz
Although supersonic underexpanded free jets are founghsiapility waves present in the shear layer and a self-

in many applications involving jet and rocket propulsion, oursustaining feedback loop. It is odd to note that the vast ma-
knowledge of the flow field has remained incomplete. Infor-

. . : . " éority of earlier work on screech has concentrated on the
mation about various fluid dynamic quantities, such as th sound field while providing a superficial description of the
density, temperature of velocity distribution, is obtained P 9 P P

from computational fluid dynamic&CFD) efforts>~ A lack flow field. This lack of reliable experimental data has com-

- . : 5
of quantitative experimental data has compelled comparisoR€!€d th% existing screech prediction effo(Gain etal,”
of the CFD results with schlieren visualizatfowhich is ~ Tametal’) to extrapolate the known perfectly expanded jet

qualitative at best. The present study is a part of a screec@ta to determine the underexpanded jet flow fields. Since
noise prograrﬁ__7 Underexpanded supersonic jets producethe flow field of a shock-containing underexpanded jet is
shock-associated noise, and screech tone is a special caseeipected to be vastly different from that of a perfectly ex-
this noise category. From the earlier work of Poféllis ~ panded jet, the results obtained from the prediction efforts
are also expected to be approximate. The motivation of the
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OH 44135. Corresponding author. underexpanded jets using a nonintrusive technique and
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thereby advancing the fundamental understanding as well @se identical operating conditions &;=1.19 and 1.42 for
providing a database that can be used for further refinementshich the screech frequencies and modes are, respectively,
of the computational efforts. 8400 Hz, axisymmetric and 5400 Hz, helical. The same jet
The lack of experimental data is primarily due to thefacility and nozzle blocks used in the previous studies are
problems in using the traditional experimental tools. Inser-used for the present one. A particularly useful result of the
tion of any intrusive probe, such as the static and total presearlier studies is the data showing temporal evolution of the
sure tubes or a hot-wire probe, changes the shock structurear-field pressure fluctuations. These data were obtained by
significantly. The present authors built a static pressure meghase averaging a microphone signal. Since a microphone
suring probe similar to the one used in an earlier well-knowncan be used only outside the jet flow, the need for a new
study® and found out that the frequency and amplitude ofexperimental tool capable of obtaining unsteady data inside
the screech tone change dramatically as the probe is insertdloe flow field becomes apparent. This has provided an addi-
into the flow. As the probe was moved downstream from aional motivation to extend the Rayleigh scattering technique
one shock cell to the next an edgetone-like staging charade unsteady phase-averaged measurements. The technique
teristic was heard. All of these indicated significant alterationdeveloped for this purpose is discussed in the text, and the
of the jet flow. An intrusive hot-wire probe has been used byphase-matched, combined views of density fluctuation and
Hu and McLaughlif! in a low Reynolds number jet to pro- near-field pressure fluctuations are also presented. It is worth
vide limited mass-flux fluctuation data. Laser Doppler ve-adding here that the screech directiviety patterns for the same
locimetry (LDV) is partially successful in providing time- operating conditions were measured earlier by Lush and
averaged velocity daf%:®* However, various problems Burrin?® and cine films from schlieren visualization were
associated with seed particles passing through shock wavemade by Westley and Wooléy.These references provide
beam steering effects from sharp density gradi¢intslual-  complimentary information to the present set of papers. It is
beam technique and problems in measuring high Doppler hoped that the data set can be used as a standard to validate
frequency shift using commercially available electronicsthe current as well as the future computational and analytical
make LDV difficult to apply. Similar problems associated efforts to predict screech and flow characteristics of under-
with seeding particles are also encountered in the particlexpanded jets.
image velocimetry(PIV).}*1> An additional problem of us- The reason for choosing the two operating Mach number
ing a particle-based technique to measure turbulent sheaonditions ofM;=1.19 and 1.42 is that the screech tone,
flows arises from biasing effects. The Rayleigh scatteringvhich for the most part is unsteady and appears in béfsts,
technique, on the other hand, depends on the light scatterifgecomes steady and regular at these windows. The axisym-
from air molecules. Since no seed particles are used and oniyetric nozzle geometry used for the present experiment pro-
a single beam is necessary, many problem associated witluces “cleaner” flow compared to nonaxisymmetf&uch
LDV and PIV can be overcome. Moreover, information is as rectangular and ellipligeometry where axis switching
obtained directly from the molecular distributions, therefore,and corner vortices bring additional complexities.
the Rayleigh scattering technique is a more fundamental way Finally, an interesting observation in the screech sound
of measuring flow properties. The ultimate purpose of thegeneration process revealed in an earlier Worleeds to be
Rayleigh scattering setup is to obtain velocity and temperamentioned. In a screeching jet the strongest beam of sound
ture data, in addition to the density data presented in thipropagates upstream toward the nozzle lip and self-excite the
paper. In the past Rayleigh scattering has been used in vaigshear layer. As a result of this feedback loop the Kelvin—
ous flow fields, such as to survey pocket pluni®sasholtz Helmholtz instability waves present in the shear layer be-
et al%), to measure time-averaged and unsteady gas conceoeme very coherent. They are referred to as the organized
tration in premixed flame¥,"*°and recently to measure den- vortices. Unlike a perfectly expanded jet the rolled up vorti-
sity in a turbine cascad®.Since it is relatively easy to pro- ces in a screeching jet are found to be periodically modu-
duce a small supersonic jet in the laboratory environmentlated. Although the intuitive expectations will be to see the
free jets have been common test grounds for various opticapatial periodicity of modulation to be that of the shock spac-
techniques including a few variations of the Rayleighing, in reality the periodicity is found to be slightly different.
scattering-based techniquds?* The velocity and density The spacing of the modulation follows that of a standing
data reported in the above-mentioned studies are from a fewave formed between the downstream propagating orga-
points, and are insufficient to characterize the complete flomized vortices and the upstream propagating screech waves.
field, which is the motivation of the current study. That this standing wave is present in the near-field region
Some additional comments are necessary to clarify thgust outside the shear-layer boundary is a known fact. How-
background of the present work. An experimental progranever, its presence inside the shear layer is a new observation.
on screech noise is in progress at the NASA Glenn Researchhe present paper confirms this observation and further
Center. As part of this program the oscillation of variouselaborates upon the implications in light of recent
shock wavegPandd® and the near-field pressure fluctua- computations.
tions present just outside the jet bound4Band&®) were Laser-induced Rayleigh scatteringvhen a laser beam
also measured. However, the flow field information was lim-is allowed to pass through a gas, the molecules present in the
ited. The goal of the present work is to complement thegas cause quasielastic light scattering. The scattered light,
earlier studies by providing detailed flow field data. There-Pg, collected from a probe volumé&/s., into a solid angle,
fore, a major part of the present experiment was conducted al(), can be written agSeasholtzt al %)
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The experiments were conducted at the NASA Glenn
Research Center. Figure 1 shows a schematic of the experi-
mental setup. Supersonic underexpanded jets were produced
from a choked, 25.4-mm-diam circular nozzle in the pressure

atio range of 1.89—5.75. This paper follows a common prac-

and « is the angle between the incident electric vector anc{iCe of expressing the operating conditions in terms of a
the direction of light collection. The Rayleigh scattering “fully expanded Mach number,”M;, which is the ideal
1 ]i

cross section depends on the light wavelength and the effewIach number achievable by isentropically expanding the

tive molecular diameter. This is constant for a fixed wave- . .
plenum pressure to the ambient value. The operating pres-

length laser and a fixed gas mixtuer for this work. For a sure ratios cover a fully expanded Mach number range of

fixed optical setup, the scattered laser power is directly proz 0<M,<1.8. The details of the nozzle rig construction

portional to the molecular number density. Now, the numbe(N'ere resented earlier by Parfdarhe supolv air was un-
density,n, is related to the bulk density, through the fol- P y PPl

wheren is the molecular number densitl, is the incident
light intensity,do/d(} is the differential Rayleigh scattering
cross-section of the gder gas mixturg under consideration,

heated with an average total temperature of 24°C. This was

lowing: also the average ambient temperature. The average ambient
N air density was 1.17 kg/fn
n= p_A, 2) In essence, the Rayleigh scattering setup consists of a
M continuous laser beam focused at a p@probe volume in

. . ) the flow field, with the light scattered by the air molecules
whereM is the molecular weight antll, is the Avogadro  ¢jjected and measured by a photomultiplier tube. The green
constant (6.022 10?6 kmol ™). The scattered light intensity |5qer jine(514.5 nm from an argon-ion laser was used for
was measured using a photomultiplier tube and a photog,e present experiment. Since the laser was kept in the same
counting process was p_erformed. The number. of photongest cell with the nozzle rig, the extremely high noise level
collected during a fixed time intervdlt can be written as produced by supersonic jets was a concern for stable opera-

tion of the laser. Therefore, the laser and the optical mea-

epNal oV do Sir? kdQAt surement device were placed in an anechoic box, and the
ePAt *dQ light was passed through 30-m-long, multimode, fiber optic
= = =kpAt, 3
~ hy Mhv —patb cables. The setup facilitated stable operation of the laser and

the light intensity was found to remain unchanged over 10 h
whereh is the Planck constant,is the frequency of the laser of continuous operation. In the transmitting side, the optical
light, and e is the overall collection efficiencfa product of train was designed to transmit laser light through a 0.365 mm
the light transmission efficiency and the quantum efficiencycore diameter fiber and focused at the measurement volume
of the photomultiplier tube Equation(3) shows that the using anf/2, 80-mm-diam and afV/3.3, 82-mm-diam achro-
photon count over a fixed time interval is directly propor- matic lenses. The scattered light was collected from a 90°
tional to the gas density at the probe volume. The proporangle using identical lenses and was coupled to a 0.55 mm
tionality constant has to be determined through a calibratiomore diameter fiber. Th&/3.3 lens fixed the collection aper-
process. ture. The laser power delivered to the probe volume was 0.65
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W. However, the laser light at the probe volume was ranphoton count Kl from the count obtained with the flow on
domly polarized by its transmission through the optical fiber.(N;) and then add a reference no flow count obtained from a
Thus, because of the polarization sensitivity of the Rayleigifar away point unaffected by the stray lighkl(). There-
scattering[Eq. (1)], only about 1/2 of the laser power was fore, the corrected photon courltl{,) is

effectively used. The core diameter of the collection fiber

and the magnification factor of the collecting lenses fixed the NeoX,1) = Ni(X,1) = Npt(X, )+ Neer. @
probe volume length to 1.03 mm. The diameter of the beanusually, the no flow counts were obtained from identical
waist was 0.16 mm. The scattered light was measured by measurements stations immediately after obtaining the flow
thermo-electrically cooled photomultiplier tube. The optical counts. The time-averaged data presented in this paper are
arrangement was designed to measure the axial velocity arabrrected in this way, while the phase-averaged data are left
temperature in addition to the density measurement pemncorrected.

formed for the present work. The third problem was with condensation. The primary

To minimize stray light, the incident beam was directedsupply air was dried to a dew point 6f50 °C; therefore
into a beam dump. A similar arrangement was made in thenoisture condensation was absent in the primary air jet.
collection side to provide a dark background. The transmitHowever, the entrained room air contained a significant
ting and receiving optics, including the beam dump and themount of moisture, which condensed in the shear layer and
dark background, were mounted on a two-axis traversingaused significant stray scattering. As the jet Mach number is
mechanism that facilitated point by point movement alongincreased the unheated air is cooled to a progressively lower
the flow (x axis) and transversér-axis) directions. The jet temperature and the condensation appears closer to the
operating conditions were monitored via a pressure transiozzle exit. An effective solution is found in operating the jet
ducer and a thermocouple probe placed in the jet plenum. for a couple of hours continuously before starting the data

The low level of the scattered light called for a photon acquisition. The jet facility is located in a closed test cell and
counting system and the cooled photomultiplier t(B#T) a couple of hours of operation purged the moist room air and
was especially suitable. A snubbing circuit was built at thesignificantly reduced condensation.

PMT output to improve the shape of individual photon pulse.

The output of this circuit was amplified by a wide bandwidth

amplifier and the final counting was performed through alll. RESULTS AND DISCUSSION

photon counter. A typical count rate obtained from the setupA Calibration
was 1.% 10°/s.

A few other hurdles had to be overcome before the Ray-  For the time-averaged data, photon counting was per-
leigh scattering technique could be successfully impleformed ove a 4 sinterval. A calibration process was neces-
mented. The most difficult one arose from the dust particlessary to determine the proportionality constant between the
Since particle(Mie) scattering is a few orders of magnitude rate of photon countN,) and the air density, as well as to
stronger than the Rayleigh scattered light, the presence dfetermine the residual stray light collected through the op-
dust particles can completely swamp the Rayleigh signaturdics. Free jets at various known density conditions were ob-
The dry air, supplied to the rig from a central high pressurgained by changing the plenum pressu?g, The air density
facility, was passed through two sets of filters for dust re-at the jet core g;) can be determined from isentropic rela-
moval. This made the primary jet air very clean; howevertion until a choked conditiorijet Mach numbeM;<1) is
particles from the entrained air made density measuremenmeached:
impossible in the jet shear layer. To mitigate this problem, an p P\ -~y
air filter system that provided dust-free air in the jet neigh- PF%( 5 ob) ,
borhood was installed. The clean air was routed via a flexible 0\ "am
duct and exhausted vertically at a very low spée® m/s  where T, is the plenum temperaturd®,,, is the ambient
through a 30.5 cri38 cm hood over the nozzle blo¢kig.  pressureR is the universal gas constant, apds the ratio of
1). The clean air from the hood flows in a vertical direction, specific heats. The photon arrival rate was counted at each
normal to the main jet, and in effect, creates a cross-flovoperating condition and a straight line,
situation. However, any perturbation to the supersonic jet is N.—ko +B ©)
expected to be minimal due to the very low cross-flow ve- rEPITE,
locity. was fitted through the datérig. 2) using the least-squares

The second problem was with the stray reflected lasemethod. The slope of the link, provided the proportionality
light. Due to the special 90° arrangement of the optical setupsonstant as shown in E¢3), and the intercep8, provided a
the primary laser beam was found to intersect the nozzleneasure of the stray light. Using a standard deviation of 1%,
block when the probe volume was close to the nozzle exithe goodness of fit was established to be 1.0. It should be
(within the first one-half diameter distancdn this region pointed out that the density variations, encountered in the
the stray background light overwhelmed the Rayleigh signatinderexpanded jet plumes, occur over a wider range than the
ture and no measurement was possible. BetweeD @3d range used for calibration. However, the calibration is ex-
1.5D (D=nozzle exit diametgrdownstream distance the pected to remain valid over the entire range due to the fun-
stray light was still found to contaminate the Rayleigh light. damental linear relationship between the molecular number
The best way around this problem is to subtract the no flondensity and the intensity of scattered light. Possible sources

®)
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FIG. 2. Calibration curve of Rayleigh scattered light to measure air density.
Straight line shows a least-square fit.

of deviation, such as a change in the molecular composition,
is expected to be of little concern over the Mach number
range encountered.

y
N

B. Validation

The density field of a fully expanded jet4; = 0.99) was 1.1
measured to validate the measurement technigug. 3).

The same nozzle was used for calibration and all other data
presented in this paper. The radial profiles were measured by
moving the probe volume from point to point and performing

a photon count at each point. The fundamental error source
in the time-averaged measurements is due to the electronic
shot noisg(in the photomultiplier tubewhich is manifested —— T T
as the statistical phpton count noise. The shot noise is pro- 15 1.2 0.9 0.6 0.3 0.0
portional to the variance of the number of photdhg de- ~«— Radial distance, /D

tected over a fixed time interval in repeated measurements.

Since the detection of photons obeys Poisson’s statistics, thRG. 3. Radial profiles of time-average density from indicated axial posi-
variance of the photon count is equal to the average numbéipns measured iM;=0.99 jet. Solid lines correspond to the expected
of counts, i.e., vai{)=N, the relative uncertainty in the Vvaniation. Each plotis shifted by a division.

measurement dil is given by

(var(N)*?
(e~ _

1.0

Time average density, T»/pJ
(=}
|
%

x/D = 0.6

e
o

N™2 (7) cult to quantify. It is expected that some of the sources lead
to bias error and the others to random efffmecision errox.
For the present experiment the count rate was high; over a #the calibration of photon arrival rate against known density
s interval the number counted was between 5 and 10 milvalue is expected to minimize the bias error. The random
Therefore, the uncertainty from the shot noise was belowpart of the uncertainty was estimated from repeatability of
0.05%. Since the contribution from the fundamental noisedata. The measured data are found to be repeatable within
source was very low, that from a host of secondary sources1% of the quoted values.
became prominent. Occasional particles were unavoidable The solid lines used in Fig. 3 are from a commonly used
and their passage led to an increase in the photon countmpirical relation to describe the density variation in cor-
There were very fine oil droplets, perhaps picked up from theectly expanded free jetdviorris and Tan?® Tam et al29).
air compressor, that caused a small difference in scatteringhe relation relies on earlier measurements of axial velocity
intensity between the supply air and the cleaned ambient aidistribution in free jets and then density is calculated using
A third source of error was from a slow temperature drift of Crocco’s relation. The empirical relationship does not pro-
both supply and cleaned ambient air over 4—5 h of continuvide an exact description of density variation; however, in
ous operation. Usually, a calibration curve was obtained athe absence of any other reliable density data in the litera-
the beginning or at the end of a day, and was used for all datiaure, the empirical relation is used as a guideline. The details
acquired in that day. The secondary noise sources are diffef the relationship are postponed to the Appendix. Perhaps
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FIG. 4. Time-averaged, centerline density variation at
indicated Mach numbers. The straight lines show the
fully expanded density value, i.en/p;=1. Each plot is
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the reliable part of the empirical relation is the description ofdensity variations measured along the jet centerline for five
the jet core that lasts up tabdownstream distance. In this different levels of underexpansion are shown in Fig. 4. All
region, betweenk/D=1.5 to 5, the measured data follows density data presented in this paper are normalized by the
the expected variation with=1% uncertainty limit. It has jgeally expanded density valup; , obtained by using Eq.

been already mentioned that the background illuminations) The straight lines in Fig. 4 correspond to these values.
contaminated data up %/D<1.5. The no ﬂ.OW correction o the lower Mach number conditiorfantil a Mach disk
[Eq. (4)] produces some data scatter seen in the traverses I%trms in the jet core, around; = 1.5) the local density os-

1 J -

x/D=0.6 and 1.0. A second problem region is the outer part; . .
of the shear layer beyond>20 cm (/D =8.0). The edge of cillates aboup; . It decreases beloy; in the expansion part
t_of each shock cell and increases abgvein the shock-

the hood supplying clean air lies at this line. The dus i . . .
containing ambient air starts to entrain in the shear layer anBompression part. The oblique shocks formed in the jet are

contaminates data. Except for the problem regions, the addweak and therefore, nonisentropic heating is minimum. The
tional discrepancies between the measured data and the edata presented for thid;=1.80 jet show a deviation where
pirical relations apparent in the shear layer region are bethe local density does not rise over after first few shocks.
lieved to be due to the inaccuracy of the latter. Finally almosit is known that there occurs a large entropy generation
all time-averaged data, including Fig. 3, present only onedownstream of a normal shock. The associated rise in tem-
half of the jet. The symmetry was checked from additionalperature, beyond what is attainable by isentropic compres-
measurements across the jet cross setiiand found to be sion, is referred to as shock heating. Shock heating causes a
satisfactory. lower value of density than what is attainable by isentropic
C. Time-averaged data compression. This feature also becomes clear from a com-

As the plenum pressure is increased beyond the chokdR@rison between the Rankin—Hugoniot and isentropic rela-
flow condition a series of shock cells form in the jet plumetions for density increase. The lowering in density due to

and the isentropic relatiofEq. (5)] no longer applies. The shock heating becomes prominent as the strength of the
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Mach disk increases, as seen betwdgn=1.6 and 1.8 jets.
Mixing caused by a spreading of the slipstream eventually
increases the local density, as apparent in the latter shock
cells, yet the jet is changed due to a large entropy production
after the Mach disk. In general, for all Mach number condi-
tions, viscous losses and mixing dissipate the shock cells
further downstream from the nozzle exit and progressively
reduce air density to the ambient value.

Figure 5 shows the complex density variation around the
first shock formed just after the nozzle exit. The following is
an attempt to provide some insights into the variation. Note
that the schlieren photographs and the density plots are not in
the same scale and thus, for a comparison, one needs to
match the axial positions marked in the photographs and the
plots. Also note that the chain lines in the plots do not indi-
cate exact locations to the indicated feature. The density data
were obtained for one-half of the jet cross section. The in-
viscid jet boundary, indicated by the chain lines labeled I,
nominally corresponds te;, the isentropically expanded
density. The shear layer lies radially outside of this bound-
ary. Inside the boundary lies various shock waves and slip
stream as marked. The expansion region, just after the nozzle
exit, causes density to fall below the ambient level. How-
ever, even inside this expansion region the inception of a
weak shock, labeled Il, is encountered. The weak shock
shows up as a faint diagonal line originating from the nozzle
lip in the schlieren photograph for thd; =1.43 jet. As the
degree of underexpansion is increased in Mhe=1.6 and
1.8 jets the diagonal line becomes curved and is known as
the barrel shock or incidence shockAdamson and
Nichols®). It is interesting to note that an inception of the
incidence shock can be noticed even in the schlieren photo-
graphs of thev;=1.1 jet(not presented heyeThe incidence
shock ends at the conicédr truncated conic@lcompression
boundary. In theM ;= 1.43 case the shock compression zone
(marked 1)) is conical and density remains uniform inside
the cone. For the higher Mach number conditions, however,
a normal shocKMach disk labeled 1Y appears in the core.
The Mach disk is accompanied by a shock triple point and a
slipsteam(labeled V, Loveet al%. The slip stream is an
axisymmetric imbedded shear layer that separates the sub-
sonic, flow downstream of the Mach disk, and the supersonic
flow downstream of the reflected shoélabeled Il). The
local density increases across the Mach disk; however, as
mentioned earlier, excessive heating due to the nonisentropic
compression produces a value lower than In the radial
traverses made downstream of the Mach disk, such as at
x/ID=1.5in Fig. 8b) or atx/D=1.8 in Fig. Jc), the probe
volume progressively move outward from the centerline
through the slip stream, downstream of the reflected shock,
crosses the reflected shock, and passes through the shear
layer. The local density is relatively high downstream of the
Mach disk, however, it becomes even higher as the slip
stream is crossed; the density drops to a smaller value in

FIG. 5. Comparison of density measurement with schlieren photographs dront of the reflected shock, and approaches the ambient con-

three Mach no condition@), (b), (c). Streamwise distanceg/D) from the
nozzle lip are marked. Solid base lines correspond to ambient density. Ea
plot is shifted by two minor division. The chain lines correspond(lfo
inviscid boundary(ll) incident shock(or its inception, (lll') conical shock

or reflected shock(lV) Mach disk, (V) slip stream.

dition through the shear layer. The axial direction further

Hownstream of the shock-compression zone marks the begin-

ning of another expansion process and the flow density is
progressively reduced.
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Before leaving this part it is useful to address the naturget conditions. Even the shear layer is found to develop dif-
of density variation across shock waves formed in the underferently, especially aftex/D=2. Additional lobes in the
expanded jet plumes. A closer look into the density variashear layer indicate a second inflection point and show a
tions for the moderately underexpanded(jbat is before the significant increase in the shear layer spreading.

Mach disk formationM;<1.5), show relatively smooth in-
creases in the compression regi@fRgy. 4). This brings the D. Phase-averaged measurement
guestion of whether shock waves are present at all, since the

density data should show a sharp jump as opposed to the The advantage of working on a screeching jet is that the

smooth increase across a shock. It is believed that there exigPSteadmeSS in the jet column and the radiated sound waves

multiple causes whose combined effect results in the PPears p”T“a”'y at the screech frequc_ancy. The shear Ifayer
; : S . around the jet periphery develops Kelvin—Helmhltz type in-
smoothening process. The first possibility is the spatial aver- bili h I . h ical
aging associate with the finite probe volume; however theSta. ||ty waves t. at rofl up into conherent vortical structures,
' ' - which interact with the shock cells and produce the screech

probe volume is about 1 mm long, while the Compression e since all of these phenomena appear at the screech

process may occur over more than 10 mm distance. Th . :
X L fequency, the powerful phase-averaging technique can be
second reason is the shock oscillation. Pahdas shown . ; . o
applied to provide a deterministic description of the com-

that all but the first shock oscillates vigorously in a screech- : .
S S 4 plete process. The phase-averaged Rayleigh scattering mea-
ing jet, and such oscillation is the primary reason for the

. : urements are reported here for the first time. The phase-
smoothening effect seen in all shocks formed downstream g :

. : . .averaging process separates the phase-locked coherent

the first one. Now, the first shock is measured to oscillate

: ST . component for the background random turbulent fluctua-

barely by less than 1 mm distance, which is insufficient to,

4 . ; tions. The originally proposed phase-averaging process of
explain the slow compression over a 10 mm distance SN \ssain and Reynodisused a triple decomposition. How-
for the moderately underexpanded jetd (< 1.5, Fig. 4. '

. . ) Co L ._ever, for the present application a double decomposition is
The first shock is also examined in Fig. 5, where the radmﬁsed_ The time-dependent densiigx.r.t) is split into a

traverses show that even for the higher Mach number condi- .
. N o phase-locked coherent componép(x,r,7) and an inco-
tions of M;=1.6 and 1.8 the density increases smoothlyherem random fluctuation’ (x.r ,t):

across the reflected shoc¢Kl). All of these point out the s

presence of additional physics, perhaps explainable in the p(x,r,t)=(p)(X,r,7)+p’(X,r,t). 9
light of Pack’s® analysis. It is known that, in an underex-
panded jet, expansion waves originate from the nozzle li
and reflect back from the jet boundary as compressio
waves. An examination of Pack’s analysis indicates that a

Here, 7 is the phase time (8 7<T) that varies within the
Rcreech time period. The phase-averaged density is defined

L

part of the compression waves forms the shock and the rest 1

lie either in front of or cross the shock. Therefore, density i~ (P)(X.T,7)= E;l p(X,1r, 7,1+ 1), (10
expected to show a slower increase in spite of the presence

of a shock wave. where the time referendg for the phase-averaged measure-

To model screech one needs to know the behavior of thEents was generated from the screech sound signal measured
surrounding shear layer and the decay of the shock cell8y @ microphone placed in the vicinity of the jet. The time
present in the core. Figure 6 provides such a data set for tH@solutions are 1/24 and 1/36 of the screech period for the
M;=1.19 jet. Although radial traverses were made at a largé;=1.19 and 1.42 jets, respectively, and the sample Isize
number of axial stations, only a selected few are presented it 1000.

Fig. 6 for the sake of clarify. Similar data for a few other Since the time average of the incoherent fluctuation is
Mach number conditions are also available from the authorgz€ro, the time-averaged density can be calculated from the
The solid lines in Fig. 6 show the expected density distribuiPhase-locked component. The latter also provides a measure
tion in an ideal jet that is correctly expanded to 1.19 Machof coherent fluctuationtp)mdX,r),

number. The empirical relation used is described in the Ap- 1 (T

pendix. Note that the abscissa in nondimensionalizeD by p(X,r)= Tf (p)dr,

the fully expanded jet diameter which accounts for the in- 0

crease in the effective diameter of an underexpandetf jet: 1 (T — (11
_ (P)mdx.1)= \/—f [{p)—pl*d7.
5D 1+ 3(y—1mz| PR o TJo
I \/l\/l_, 1+Y(y—1) In the present experiment density is measured by count-

ing the number of photon pulses arriving within a given time
The use ofD;, instead of the nozzle exit diametd, pro- interval. For the phase-averaged measurement such counting
vides a better fit to the experimental data. The solid lines argvas performed over a gated time inter¢&ig. 7). The width
representatives of the density profile used in the previousf the gate is typically fus and the position of the gate from
computational efforts for screech predictibhwhile the ex-  the falling edge of a trigger pulse can be adjusted by a suit-
perimental points show the actual variation present inside thable delay. Since the screech time periods are roughly 120
jet. Inside the potential core, modulations from the shockus and 180us, the time resolution as mentioned earlier is
cells causes significant deviations from the fully expandedachievable. For trigger generation from the screech tone a
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primary source of uncertainty arose from the unsteadiness of
the supply air and inherent jitter in screech frequency. The
central air supply served multiple installations and therefore,
some amount of pressure fluctuation is unavoidable. How-
ever, data were taken only when the pressure remained
steady within =1.5% of the plenum pressure set point.
Within this limit the screech frequency was found to change
by about+=75 Hz. There was also a naturally present un-
steadiness of nearly the same magnitude due to the inherent
jitter in screech generatidfi.No attempt was made to quan-
tify the increased uncertainty due to the screech frequency
variation. Qualitatively, frequency variation affects the trig-
ger locations used for the phase-averaging process. The net
effect is a smearing of the measured fluctuations, that is, the

x/D =

0090

007'000000000

6.0
T xXZIXTrIxXX

N ] measured density difference between peak and valley of an
qhasdatasaaas instability wave is expected to be smaller than the actual
000 value. A similar trend is expected in the root-mean-square
- 3.0 0009 .
data derived from the phase-averaged measurements. The
4_26 phase-averaged data are found to be repeatable within 10%
22 of the quoted value.
: Data obtained by the phase-averaging process inside the
4 18 shear layer of tht; = 1.42 jet are shown in Fig. 8. The axial
1.46 traverse was made at a radial locationr 6D =0.63, which
1 was deliberately chosen to be outside the potential core so
12 4 1.34 that the time-averaged data in FigaBdo not show any
2 modulation caused by the shock cells. Nevertheless, the
‘@ 11 4 1.22 . L .
S phase-averaged data show large, spatially periodic density
o 10 4105 fluctuations, which propagate downstream with the flow
g?:- [Fig. 8b)]. The motion becomes evident by following any
¢ 09 peak region from one trace to the next. The fluctuations are
[ . - .
© 08 4 06 g due to the instability waves that roll up into large coherent
-E eddies and are phased locked with the screech frequency.
0.7 LI B S S B I S B SO B S N B The density variation inside a compressible eddy has a simi-
1.5 1.2 0.9 0.6 0.3 0.0 lar appearance to that of a shock cell, that is, there exist a

~«—— Radial distance, 1/D; compression and an expansion zone. Interestingly, the ex-
pansion zones are relatively longer and the density gradient
FIG. 6. Raqia! density profiles obtained.at theindigate_d axial distances fromg smaller; in contrast, the compression regions steepen up
g};r'i‘gstzi';n"fr’] '2 ?Jﬁle;iégi'&i?};_l'lglet' The solid lines show expected 5 occasionally provide the appearance of a shock wave.
One such instance in Fig(i8 is marked by an arrow. The
data were obtained by averaging over 1000 cy(ie®ffect
microphone was placed at the jet vicinity. In order to reducel000 eddies and therefore, a sharp shock front is expected
triggering uncertainty from other random noise componentsto be somewhat smeared out due to the natural differences
the microphone signal was bandpass filtered through a 100fetween the eddies. In spite of the smearing process, the
Hz window around the screech frequency. Usually thesharp compression regions in Figh8are conspicuous and
screech tone is very prominent, typically it stands out 20 dBone cannot eliminate the possibility of a shock wave inside
above the random noise; therefore the bandpass filtering does eddy. The direct numerical simulations of compressible
not significantly change the signal. Subsequently, the bandshear layer by Lel&® Leeet al,*” and others have predicted
passed signal is fed into a wave form generator, where shothe presence of “eddy shocklets,” whose behavior are some-
duration TTL pulses are generated at the zero crossings witlvhat similar to the above mentioned description.
positive slopes. The series of TTL pulses are then used by The growth and decay of the organized vortices are best
the photon counter to generate gates for counting. The phaneasured by calculating the rms of the phase-averaged data
ton arrival rate at a particular phase is determined from th@btained at each measurement pdigt. (11)]. Note that
accumulated count over 1000 samples, and then converteslich data provide a measure of fluctuations that are phase
into density using the calibration constanjtsq. (6)]. The locked with the trigger signal, that is the fluctuations occur-
phase-averaged data have higher uncertainty level than thiag in the screech frequency and all of its harmonics. The
time-averaged counterpart as the total time over which theontributions from all other frequencies are averaged out.
photon count is accumulated is much less than the lattefFigure 8c) provide such data for thil;=1.42 jet. Notably
Using Eq.(7) and the typical count rate, the estimated errorthe evolution data show that in addition to the overall growth
contribution from the shot noise alonedsl%. However, the and decay, there are local modulations. The modulations are
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_:_J_L_I_—L FIG. 7. A schematic of the phase-averaged photon
PMT Gat counting arrangement for unsteady measurements.
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counter
L4
l Waveform Trigger signal

| U

the special feature of an incorrectly expanded jet and are na@nce of a standing wave and locations of possible sound
found in the fully expanded conditions. Previous sources. Further discussion of an interesting juxtaposition of
measurement$3® using hot-wire probes also demonstratedsimilar node—antinode patterns inside the shear layer fol-
such modulation; however, the present data are more reliablews. The convective speed data are also from the same ear-
due to the nonintrusive nature of the Rayleigh scatterindier paper; they were measured using a nonintrusive tech-

technique. nique based on the line-of-sight scattering of a narrow laser
beam by the organized vortices. The measurement technique,

E. Combined density and near-field pressure in brief, involved passing a narrow laser beam through the jet

fluctuation data shear layer, normal to the flow direction, collecting the line-

of-sight scattered light, and measuring by a PMT. The PMT

The axial traverse shown in Fig. 8 is at a fixed radial utput was cross correlated with the signals from a fixed
location. This is a subset of a large data set obtained fromu P 9

many axial traverses made at a large number of radial Sta@lcrophone at the nozzle lip. The cross-correlation phase at

tions. The detailed data were obtained for two Mach numbe[’he screech frequency is of interest. The relative change of
conditions:M;=1.19 and 1.42 for which the screech tonesthe cross-correlation phase, as the laser beam was moved

are in, respectively, axisymmetric and helical modes. Thdfom point to point along the axial direction, was noted and

global variations are shown in Figs. 9 and 10. In addition tothe local convective speed is measured from the local gradi-

the Rayleigh scattering data showing the density variatioff"'t ©f Phase variation. A quantitative description of the pro-
inside the jet, the near-field pressure fluctuations measuregfSS ¢an be found in Ref. 39. The convective spé&g (s
just outside the jet boundary and the convective spékg ( normalized by the ambient sound spéepdand is expressed
of the organized vortices measured in the shear layer are al& @ convective Mach numbevl.=U./c. The purpose of
combined in Figs. 9 and 10. The combined set is useful ifh€ four plots in each of Figs. 9 and 10 is to relate the pres-
correlating the modulations in all measured quantities. Théure fluctuation occurring outside the jet to the density and
density data are obtained from phase-averaged RayleigfPnvective velocity fluctuation occurring inside. It is worth
scattering measurements over a dense grid ofii8)x77 rgpeating that all rms measurement are of fluctuations occur-
(in x) points for theM;=1.19 jet and 2Qin r)x80 (in x) ~ 'ing at the screech frequency. _ .
points for theM; =1.42 jet There is a pair of oblique strips in Perhaps a discussion of shock noise should start with a
Figs. 9¢) and 1@c) where excessive background light con- description of the shock-cell structure. This is shown in Figs.
taminated the time-averaged density measurement; the a$(c) and 1@c) where the yellow-red regions represent shock
fected data points are not shown. The time-averaged densi§Pmpression and the blue-green regions correspond to the
and rms fluctuation values are calculated from the phaseexpansion part. As the Kelvin—Helmholtz instability waves,
averaged data following Eq11). rolled up as organized vortices, are convected downstream
The pressure fluctuation data were obtained using a traby the flow their speed as well as the amplitudes are modu-
versing microphone and has been described in an earlier pt#ated. The rms density fluctuation plots of FiggbPand
per(Pand&’). In brief, a 3.18-mm-diam microphone was tra- 10(b) show such modulation. An intriguing observation is
versed from point to point over a grid of 53 axial and 19the considerable difference in the axisymmetric and helical
radial positions for thev;=1.42 case and 5421 stations shock—vortex interaction presented in Figéh)%and 1@b).
for M;=1.19 case. At each measurement point a narrowThe density fluctuation in the axisymmetric mddeg. 9(b)]
band spectrum of the sound pressure fluctuation was oliakes the shape of a ladder. The poles of the ladder lie in the
tained and the spectral peak at the screech frequency wabear layer and the rungs lie in the expansion part of the
measured. The spectral peak provided a measure of roothock cells. The appearance is different in the helical mode
mean-square pressure fluctuation present at the screech fig-Fig. 10b). Nevertheless, from a sound generation point of
guency. All such measurements obtained from the completeiew, the interest is in the fluctuation pattern observed in the
grid are then plotted to obtain Figsi@and 1Qa). The pres- shear layer where regular periodic modulations are apparent
sure fluctuation data of these two figures are quite complein both Mach numbers considered. The vertical chain lines in
The red-yellow node—antinode patterns, close to the jeFigs. 9 and 10 indicate the positions of local maxima in
boundary, are of particular interest as they indicate the pregdurbulent fluctuations. An examination of the chain lines
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show that the locations of high convective spésdown in  tion of the organized vortices and the screech sound genera-
Figs. 9d) and 1@d)] matches those of local maxima in den- tion process. As the organized vortices are periodically
sity fluctuation. In other words the locations of highest am-modulated, the pressure fluctuations follow suit and are
plitudes are also the locations of the fastest speed of thganifested as the local maxingellow region and minima

organized eddies. (red region in Figs. 9a) and 1@a).
The vertical chain lines also line up with the antinode
points in the near-field pressure fluctuation plots of Figa) 9 Standing waves inside the shear layAt this point it is

and 1@a). This provides a relationship between the modula-useful to bring the results of an earlier analg3ishere it has
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FIG. 9. Combined plots ofa) rms sound pressure levels at screech frequeigyms density fluctuationecoherent pajt (c) time-averaged density variation,
and(d) convective speed of organized vortices 8D =0.48 inM;=1.19 jet. Vertical chain lines correspond to local maxima in convective speed.

been demonstrated that the local maxima and minimainthe 1 1 1

pressure fluctuatiofiFigs. 9a), 10(@)] can be explained as L—Z)\—+ I (12

the outcome of an interference between two wave systems. > ° "

In a screeching jet the pressure field of the Kelvin—Reference 25 shows that the node—antinode pattern in the
Helmholtz instability waves, also referred to as the organizedhear-field pressure fluctuation indeed satisfies this length
vortices, interact with two additional wave systems. The firstscale. To arrive at Eq12), one of the assumption was uni-
one is the stationary shock-cell system present inside jgbrm convective velocity for the instability waves. Figures
core, and the second one is the upstream propagating scree@fd) and 1@d), on the other hand, show extreme modula-
waves generated from the shock—vortex interaction. In théions. The difference is resolved by assuming an extension of
literature the potential pressure field associate with the instahe same standing wave inside the shear layer. It has been
bility waves is referred to as the hydrodynamic field. Thedemonstrated by Pandet al*° that in a partially formed
standing wave system, mentioned above, is produced by irstanding wave the local convective velocity show periodic
terference between the hydrodynamic fluctuations thamodulations over an average value. If a standing wave is
propagate downstream and the sound waves that propaggieesent in the shear layer then the modulated feature will be
upstream. If the wave systems are assumed to have uniformeasured instead of the uniform velocity of the instability
convective velocities, the wavelength associated with the inwaves alone. Note that additional convective velocity data
stability waves is assumed to be,, that with the sound obtained from various radial locations in the shear layer
waves is\g, then the standing wavelenglth,, satisfies the show that the modulations are weakened in the inner part of
following: the shear layeftoward the jet coreand strengthens in the
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time-averaged density variatiop/(p;), and(d) convective speed of organized vortices €D =0.48 inM;=1.42 jet.

outer part. The amplitude modulations of Figsc , e above-mentioned analysis disregards an intuitive ex-
Th litud dulati f Figsc)8 9(b) The ab ioned lysis di d intuiti
and 1@b) are also explainable in terms of the partially pectation that the shock cells are directly responsible for the
formed standing wave pattern. The local maxima in the denamplitude and phase speed modulation of the instability
S|ty fluctuations COI’reSpOI’ld to the antinode and the minimQVaves_ Figures 9 and ](and a host of data presented in Ref.
to the node points of the standing wave. 39 show that the periodicity of modulation of the instability
To form a standing wave an upstream propagating disyayes is somewhat different from the shock spacing but
turbance needs to be present in the shear layer in addition 'fﬁose to the standing wavelength. For te=1.19 and 1.42
the instability waves. A direct proof of the existence of an;ﬁ;s L.,/D is, respectively, 0.67 and 1.02, while the average

upstream propagating disturbance cannot be obtained fro ock spacina normalized by iet diameter is. respectivel
the experimental data, since a separate measurement of t b 9 v ' P Y,

two wave systems is impossible to perform. However, recen?'77 and 1.28. )
computational efforts of Manning and Lélgrovide the nec- That the sound waves affect the development of their
essary proof. Through a direct numerical simulation of interOWn source, instability waves, shows the nonlinearity in-
action between Kelvin—Helmholtz instability waves and anvolved in the screech generation process. The nonlinearity
isolated shock they have shown that part of the generate@ay also explain an earlier observation that the use of the
screech sound wave propagates upstream through the shetanding wavelength, as opposed to the shock spacing, pro-
layer as oblique Mach waves. vides the correct formulation to predict screech frequency. A
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FIG. 11. Combined plots of phase-averaged sound pressure valiajopar) and phase-averaged density variatibattom partin M;=1.19 jet at indicated
six different phases of screech cycle. The syn@aionnects one eddy in flow with its hydrodynamic field, the symalhows compression part of a sound
wave; arrows | and Il show the distances covered by, respectively, an eddy and a sound wave over a screech cycle.

proper incorporation of this nonlinearity may also be criticalnear-field pressure fluctuation was obtained from phase-
in predicting screech amplitude via computational means. averaged microphone measurement. This part was reported
earlier in Ref. 25. Since the two sets were measured using
Time evolution of density and pressure fluctuation ob-two different techniques, a phase matching was necessary.
tained through phase averagingtere we present extremely This was accomplished by matching the phases of fluctua-
detailed, unsteady density and pressure field data that ulttions occurring along the lower boundary of the pressure data
mately show time evolution of the shock—vortex interactionand the upper boundary of the density data. The screech time
leading to the generation of the individual compression angberiod (T) in the M;=1.19 jet was divided into 24 phase
rarefaction parts of the sound waves. This is the most fundantervals (7), out of which only 6 phases that are nearly
mental way of looking into the sound generation processequally spaced are shown in Fig. 11. Similar measurements
Unlike the previous qualitative schlieren visualizatf@®®>  for a second Mach number condition bf;=1.42 was also
Fig. 11 provides a quantitative description of the processperformed. The shock—vortex interaction is somewhat differ-
The videotap® accompanied by the paper was made froment as the screech mode shape is helical. The video contains
the same data sets and provides a better insight into the coran animation of this second Mach number condition.
plex interaction process. There are two data sets used to cre- There are certain regions in each plot of Fig. 11 where
ate Fig. 11. The flow field information was obtained from no data are available. The fluctuations in the narrow wedge
phase-averaged density measurement. This part is new. Thegion between the microphone and Rayleigh data were too
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high to be measured by a microphone and too low to beshock-like discontinuity is found to germinate from the

resolved by Rayleigh. A significant amount of backgroundnozzle exit and is found to grow in strength as the Mach
scattering prohibited measurement close to the nozzle exitumber is increased. This discontinuity ultimately results in
and along the whiten arrowhead region. The contour levels barrel shock when a Mach disk forms inside the core

in the pressure fluctuation data are at an interval of 300 P@M;>1.5). The density variation downstream of the Mach
(N/m?) and those in the density plot are at an interval OdeSk shows complex variation due to the nonuniform shock
0.05. Note that a density is normalized py. heating and the presence of an imbedded shear I&ier

Figure 11 can be described as an interaction betweestream. The detailed data should be useful in validating
three different entities: the stationary shock-cell structureshock-capturing ability of the computational fluid dynamics
downstream propagating instability waves, and primarily up-codes.
stream (there exists a weaker downstream component The centerline density traverses show the decay of the
propagating sound waves. Among these three, instabilitghock-cell structure and the asymptotic fall of the jet density
waves are seen both in density and microph@mgdrody- to the ambient value. To demonstrate the shear layer behav-
namic fluctuation data. The shock cells appear as aior, many radial transverses covering a downstream distance
guasiperiodic compressidgellow-red and expansiofblue-  of 8 jet diameters were performed for a few Mach number
green zones associated with the shock-cell system. The derconditions. When compared with the expected variation in
sity fluctuation from the instability waves can be detected adully expanded jets the extra features became obvious. The
red blobs that convect over the shock train as the phase tinghear layer is found to grow faster and the presence of addi-
progresses. The instability waves are axisymmetric and #onal inflectional pointgdifferent from those caused by the
cross-sectional view is visible in the figures. One such instashock cells in the potential corevere detected.
bility wave is marked with a closed circle with a small ver- (2) The underexpanded jets produced intense screech
tical line. The purpose of the vertical line is to associate thdones, and the density fluctuations occurring at the screech
pressure fluctuation measured in the near field with the derfrequency were measured by the phase-averaging technique.
sity fluctuation measured in the jet. Over a screech cycle, th&he detailed field data obtained for tiv;=1.19 (axisym-
instability waves move by one wavelengtéhown by the metric screech modeand 1.42(helical screech modalem-
arrow I), which is roughly twice the shock-cell spacing. onstrated the evolution of instability wavéwahich roll up

The pressure data are also complex and a detailed digto organized eddigsand their interaction with the shock
cussion can be found in the original Ref. 25. In brief, therecells. Phase-averaged sound pressure fluctuation measured
are two systems of waves present in the near field. The hysutside the flow boundary in an earlier stu§and&’) for
drodynamic fluctuations associated with the instability waveghe identical operating conditions were superimposed on the
are prominent close to the jet boundary, where they propadensity fluctuation data to obtain further insight into the
gate downstream. The second system is due to the screesbund generation process. A video animation of the two data
sound waves, which propagate upstream and become mosets shows the propagation of organized vortices over the
distinguishable slightly away from the jet boundary. Eachshock train and the generation of the individual compression
wave system is made of a compressioed) and a rarefac- and rarefaction parts of the sound waves.
tion (blue) region. By following the sequence of figures it (3) The root-mean-square density fluctuation measured
can be seen that the acoustic waves are generated from tfrem the phase-averaged data shows that the instability
modulated hydrodynamic fluctuations. The closed trianglesvaves are periodically modulated along the jet shear layer. A
in Fig. 11 follow the generation of the compression part of acomparison with earlier data shows that these locations co-
sound wave. The video animation is especially useful inincide with the local maxima in the convective velocity as
demonstrating this feature. It should be pointed out that avell as the antinode points in the near-field sound pressure
guantitative separation between hydrodynamic and acoustituctuations. All of these point out the local modulations as
fluctuation is difficult to make as both are in the same fre-the source of screech generation. The amplitude and convec-
guency. However, the advantage of working with a screechtive velocity modulations of the instability waves are ex-
ing jet is that the two propagate in opposite directions; thigplained through a partially formed standing wave that is
has provided the basis for a qualitative separation made ipresent in the shear layer and is similar to the one found just
the above discussion. outside the jet boundary.

Note This paper is accompanied by a video tape titled,
“Screech generation from underexpanded jets.” All data
presented in this manuscript and used for the video are sub-

(1) The time-averaged density was measured in thenitted for EPAPS deposit in 33in. disks (quantity 2 as
Mach number range of 0.89M;<1.8. At first, the density ASCII flles A README file in disk No. 1 describes the data
variation within one shock- ceII distance around the firststructure!®
shock closest to the nozzle exit was explored and compared
with schlieren photographs. An underexpanded jet starts with
an expansion process where density progressively decreasgsNnoOWLEDGMENT
until the shock compression region is encountered where
density jumps to a higher value. The measured data showed The authors would like to acknowledge the help of
complex deviations from this simple textbook description. AWentworth T. John in setting up the optical system.
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