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Table 1 Flow properties
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Fig. 2 Drag coefficient vs bluntness ratio from both the measured
results and the Newtonian prediction.

constant throughout the test time. The driver gas composition was
90% helium and 10% argon.

The conditions in the test section were numerically determined
using ESTC5 and NENZF.6 The shock speed in the shock tube, the
shock tube fill pressure, and the stagnation pressure were measured
and used as inputs to ESTC to determine the temperature of the
test gas in the stagnation region after shock reflection. The test gas
undergoes a steady expansion from the stagnation region to the test
flow properties at the exit plane of the nozzle. NENZF is a one-
dimensional nonequilibrium code which predicts the properties of
the test gas at the exit plane of the nozzle given the stagnation
pressure and temperature. Experiments were performed in a test gas
of air at a freestream Mach number of 5.2 and a stagnation enthalpy
of 14.9 MJ/kg. A summary of the test flow properties is shown in
Table 1. This condition corresponds to an equivalent flight speed of
approximately 5.5 km/s.

Results and Discussion
The strain gauge signal was deconvoluted numerically as de-

scribed previously to obtain the time history of the drag on the
model. This drag measurement technique is inherently noisy as the
deconvolution process tends to amplify any noise present in the orig-
inal output signal y(t). Thus, it was necessary to pass all of the drag
measurements resulting from the numerical deconvolution process
through a 2-kHz, 6-pole Butterworm low-pass digital filter. Figure 1
shows an example of the measured drag after filtering in comparison
with its corresponding strain gauge output signal before deconvolu-
tion. An estimate of the accuracy of the technique indicates values
are correct to ±10%.

The results are summarized in Fig. 2 in a plot of drag coefficient
vs nose bluntness ratio. At the smaller nose bluntnesses the effect
of nose bluntness on the total drag is small. There is an increase in
drag from the sharp nose value of only about 20% at a bluntness
ratio of 0.144 (nose radius of 7.2 mm). Beyond this bluntness ratio,
however, the drag increases more rapidly so that at a bluntness ratio
of 0.36 (nose radius of 18.0 mm) the value of drag is about 145%
greater than the drag on the sharp cone.

The Newtonian sine-square law7 was used to obtain an approxi-
mation of the pressure coefficient on the cone. The Newtonian law
modified for blunted bodies7 was used to estimate the pressure co-
efficient over the blunted nose region. The drag coefficient was cal-
culated based on these approximations and is also plotted in Fig. 2.
There is good agreement between the measured drag coefficients
and the Newtonian predictions. This would indicate the absence of
any real gas effects on blunted cone drag in this hypervelocity flow.
This is in agreement with blunted cone studies made in a hyperve-
locity ballistic range.3

Conclusions
The results indicate that, for small cone angles, the drag of a

blunt cone in a hypervelocity flow is reasonably well predicted by
the Newtonian sine-square law modified for blunt bodies. This sug-
gests the absence of any real gas effects on the total drag on a blunted
slender cone in hypervelocity flow.

The effect of nose bluntness at the smaller bluntness ratios is
relatively small, with about a 20% increase in drag at a bluntness
ratio of 0.144. This is encouraging for the design of a hypervelocity
space plane or a centerbody for an axisymmetric scramjet where a
slightly blunted nose is required to reduce stagnation point heating.
Beyond a bluntness ratio of 0.144 the drag increases more rapidly
with bluntness.
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Introduction
( HERE have been several investigations of screech tones in un-
derexpanded jets. It was shown by Glass1 and Krothapalli et al.2
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Fig. 1 Schematic of the supersonic jet flow facility.

A-*-1

Four
Nozzles

View A-A

that screeching jets have spreading rates that are higher than their
nonscreeching counterparts. Thus, the idea of using an excitation
source such as jet screech that requires no external power seems
attractive for jet mixing and noise control applications. Further, in
cases where natural screech does not exist, it is possible to induce a
screech-like tone using the edge tone concept. A demonstration ex-
periment on "induced screech" was conducted by Rice and Raman3

using square obstacles that were partially immersed into a super-
sonic jet. The result was enhanced jet mixing with a severe thrust
penalty (20%) due to the drag on the obstacles. This thrust loss can
be reduced by proper shaping of the obstacles.4 The idea of using
acoustic feedback from natural or induced screech sources with po-
tential applications in the design of jet mixer noise suppressors was
described by Rice.5

The potential for the use of multiple jets for enhanced mixing,
improved ejector efficiency, and noise control has prompted several
other investigations. Krothapalli et al.6 and Chandrasekhara et al.7
have conducted extensive studies on a linear array of multiple sub-
sonic and supersonic rectangular jets in an ejector.

The objective of the present work was to study the mixing char-
acteristics of a linear array of supersonic rectangular jets under con-
ditions of screech synchronization. The screech synchronization at
a fully expanded jet Mach number of 1.61 was achieved by a precise
adjustment of the internozzle spacing. To our knowledge, such an
experiment on the resonant mixing of screech synchronized mul-
tiple rectangular jets has not been reported before. The results are
compared with the case where the screech was suppressed in the
multijet configuration.

Experimental Apparatus and Procedure
The existing jet facility at NASA Lewis Research Center was

modified with the addition of four identical convergent rectangular
nozzles. A schematic drawing of the flow facility is shown in Fig.
1. The exit dimensions of each rectangular nozzle were 6.9 x 34.5
mm (aspect ratio = 5). These nozzles were used to produce four
parallel underexpanded jets at a fully expanded Mach number of
1.61. The individual nozzle total pressures could be maintained to
within ±0.1 psi by remote control valves.

The frequency and phase difference of the screech tone between
adjacent jets were measured by analyzing pairs of signals from four
0.64-cm (B&K) microphones using a 2-channel (B&K) signal ana-
lyzer. The microphones were secured to the bottom of each nozzle.
The total pressures in the jet flowfield were mapped using a total
pressure probe with an o.d. of 0.8 mm.

Two complete sets of experiments were conducted in this study.
The first set involved the study of the mixing characteristics of
the four underexpanded rectangular jets with synchronized screech.
This was accomplished by a precise adjustment of the spacing be-
tween the nozzles. The process of changing the internozzle spacing
to obtain synchronized screech was done meticulously to ensure that
the nozzle alignment was undisturbed. At a fully expanded Mach
number of 1.61, an average nozzle spacing of s/h = 9.084, pro-
vided a screech tone frequency of 6748 Hz for all four jets and
screech amplitudes of 163.4, 161.9, 159.1, and 160.6 dB for jets
1-4, respectively (where s is the center-to-center nozzle spacing
and h the width of the rectangular nozzle exit). It is important to
note that the internozzle spacing was not exactly the same from noz-
zle to nozzle. The spacings were s/h = 9.037 (between 1 and 2),
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Fig. 2 Topical streamwise distributions of normalized total pressure
for the synchronized and suppressed screech cases; P and Pt are the
pitot pressure and plenum pressure, respectively: a) centerline of jet 4
and b) between jets 3 and 4.

9.173 (between 2 and 3), and 9.041 (between 3 and 4). The phase
difference obtained from the cross spectrum between signals from
microphones on adjacent nozzles was 9.7 deg (between 1 and 2),
—9.1 deg (between 2 and 3), and 1.6 deg (between 3 and 4) with
a measurement accuracy of ±5 deg. The total pressure field was
mapped by a pitot tube traversing at various axial stations under
computer control.

The second set of experiments involved measurements similar to
the first one except that the screech tone amplitude was suppressed
and the synchronization was lost. This was accomplished by can-
cellation of the screech tone near the nozzle lip by installation of
a reflecting baffle upstream of the nozzle exit plane. The screech
cancellation technique used in these experiments was similar to that
reported by Nagel et al.8 The suppressed screech amplitudes were
143.8,150.1,151, and 151.5 dB for jets 1-4, respectively. The phase
difference obtained from the cross spectrum between signals from
microphones on adjacent nozzles was 104.4 deg (between 1 and 2),
100.4 deg (between 2 and 3), and -59.4 deg (between 3 and 4), with



AIAA JOURNAL, VOL. 32, NO. 12: TECHNICAL NOTES 2479

Synchronized screech Suppressed screech

= 4.0

= 12.0

Fig. 3 Mach number contours for synchronized screech and sup-
pressed screech cases; Mj = 1.61; contour interval at 0.1 with jc be-
ing the streamwise direction and y and z being the directions that are
perpendicular to the smaller and larger nozzle dimensions, respectively.

a measurement accuracy of ±5 deg. Therefore, the screech tones in
the suppressed screech case were not synchronized.

Results and Discussion
Typical axial variations of normalized pitot pressure, on the jet

centerline, for one of the four jets, for both the screech synchro-
nized and suppressed cases are compared in Fig. 2a. It is seen that
in the synchronized screech case, the potential core length and the
number of shock cells have been reduced to half of that for the sup-
pressed screech case. As a consequence, the centerline pitot pressure
at x/Deq = 1.5 for the screech synchronized case is only 68% of
that for the screech suppressed case. Note that x is the axial distance
along the jet centerline, and Deq is the equivalent circular diame-
ter defined as the diameter of a circle having an area (AJ equal
to the total exit area of the four nozzles (i.e., Deq = ^/(4Ae)/7r).
This reduction in centerline pitot pressure for the screech synchro-
nized case is indicative of substantial mixing enhancement, a result
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Fig. 4 Variation of normalized mass flux with axial distance for the syn-
chronized and suppressed screech cases; m and me represent the mass
flux at various downstream stations and at the nozzle exit, respectively.

that was verified further by computing the mass flux from detailed
flowfield data.

Streamwise distributions of the normalized pitot pressure mid-
way between adjacent nozzles are compared in Fig. 2b for one of
the four jets for both the screech synchronized and suppressed cases.
It needs to be emphasized that midway between the nozzles, imme-
diately downstream of the exit, there is no flow except that due to the
mobilization of air due to entrainment by the jets. However, as the
pitot tube is moved farther downstream it senses higher pressures
due to jet spreading and the initiation of interaction between jets.
It is clear from Fig. 2b that the initiation of interjet mixing for the
screech synchronized case occurs 0.25Deq upstream, more rapidly
(higher slope), and also peaks 0.75 Deq upstream as compared to
the screech suppressed case. In addition it should be noted that the
maximum value is 65% higher for the screech synchronized case as
compared to that for the screech suppressed case.

The Mach number contours are compared for the screech syn-
chronized and suppressed cases in Fig. 3. For stations far down-
stream, the Mach numbers were subsonic and were obtained from
the total pressure data by using isentropic relationships. For these
calculations it was assumed that the local static pressure could be
approximated by the ambient pressure. For stations closer to the
jet exit, the Mach numbers in the core of the jet were supersonic
and were calculated using Rayleigh's pitot tube formula. In these
calculations it was assumed that the static pressures upstream of
the bow shock in front of the pitot probe could be approximated
by the ambient pressure. Note that the latter approximation (i.e.,
for the supersonic Mach numbers) is used only as a qualitative
comparison between the various cases. Stations very close to the
jet exit (x/Deq < 4) have been avoided due to inaccuracies and
large measurement uncertainties.

From the data in Fig. 3 it is apparent that the four jets rep-
resented by four Mach number islands at x/Deq = 4 merge
and spread faster for the screech synchronized case than for the
screech suppressed case. Note that the Mach number of the cen-
ter contour and wider contour spacings are indicators of higher jet
spread.

The mass-flux ratios for the two cases under consideration are
compared in Fig. 4. The data from a single jet emerging from an
"equivalent rectangular nozzle" having the same aspect ratio as the
individual nozzles and with an exit area equal to the total area of
the four nozzles is also included in the figure. The mass-flux ratios
were obtained by an integration of the flowfield data over the entire
jet cross section. From the data in Fig. 4 it is clear that the screech
synchronized multijet case has the highest mass-flux ratio followed
by the multijet with suppressed screech, with the single equivalent
rectangular jet having the least.

Concluding Remarks
A unique set of data is presented on the effect of synchronized

screech on the mixing of a linear array of underexpanded rectangular
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jets. Two other cases are provided for comparison. One case is the
multijet array with suppressed screech and the other case is a single
equivalent rectangular jet with screech. The synchronized screech
multijet case produced the maximum mass-flux augmentation fol-
lowed by the screech suppressed multijet and the screeching single
equivalent jet. Future work should focus on investigating synchro-
nized screech excitation for smaller internozzle spacings that are
useful for mixer-ejector applications.
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Introduction

T HE estimation of turbulence spectra from "individual realiza-
tion" laser velocimetry (LV) data is very important in deter-

mining the frequency characteristics of turbulent flows and the as-
sociated time and length scales of turbulence structure. The turbu-
lence scale information obtained from the spectral estimates can
aid in evaluating theoretical and numerical turbulence models. A
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thorough knowledge of the factors that affect the accuracy of the
spectral estimates is essential.

LV data constitute a set of randomly sampled velocity-time data
obtained from the light scattered by seed particles passing through
the measurement volume. Spectral analysis of such data has been
investigated for several years and special techniques are available
to obtain the spectral estimates.1'2 Shapiro and Silverman3 showed
theoretically that alias-free spectral estimates can be obtained if
the sampling is Poisson distributed. In applying these techniques to
laser velocimetry, it is generally assumed that the particle arrival
at the measurement volume is Poisson distributed. Well-controlled
LV experiments do exhibit Poisson distributed samples. There are,
however, many flow situations where LV data do not show these
characteristics, and they deviate from the true Poisson distribution
(see Ref. 4). One such "non-Poisson" distribution of samples was
encountered by the authors during the axial flow velocity measure-
ments near the reattachment region (about 9-step heights down-
stream of the step) of a backward-facing step flow facility and is
shown in Fig. 1. (A detailed description of the experimental facil-
ity, including the LV system, is given in Ref. 4.) Figure 1 shows
the probability density function p(At) of an occurrence of a given
interarrival time AJ, displayed on a semilog plot. The variability at
large Af is because of the low number of samples occurring in that
range and is typical of an LV experimental observation. The dotted
straight line represents the theoretical (Poisson) distribution4

p(Af) = vexp(—vAf)

where v is the mean data rate. A non-Poisson process deviates from
this straight line. If the sampling is truly Poisson distributed, then
the two curves should overlap.

The problem of non-Poisson sampling is attributed to the complex
dynamics of the flow that cause nonhomogeneous distribution of
particles in the flow. Sometimes, in the desire to obtain high data
rates, one may intentionally try to force a high particle flow rate
through the sample volume. This can also cause a nonhomogeneous
distribution of seeding and can lead to non-Poisson arrival of data.
The effect of non-Poisson sampling on the accuracy of spectral
estimates has not been addressed in the literature. This Note presents
the results of an investigation into this effect. The study is based on
a simulated first-order spectrum, which typifies a one-dimensional
turbulence spectrum, and some LV experimental data.

Simulated Data
Generation of both Poisson and non-Poisson distributed samples

for a first-order spectrum of the form
2

" 1 + 10-4(27T/)2

where S(f) is the power spectral density at frequency /, is described
in Ref. 4. Non-Poisson distributed Af were generated at an arbitrary
mean data rate of 200 samples/s, by choosing4

where r is a random number between 0 and 1. The probability density
function of these Af is shown in Fig. 2. This Af distribution closely

- Actual (Non-Poisson)
—— Theoretical (Poisson)

0.00 0.01 0.02 0.03 0.04 0.05
At, sec

Fig. 1 Probability density function of interarrival times for LV data,
i/ - 282 samples/s.


