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Measurements of Supersonic Helium/Air Mixture Jets
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and
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An enhanced method of using helium/air mixture jets to simulate the aeroacoustic properties of hot jets is
presented. By using helium to reduce the jet density and to increase the jet acoustic speed, unheated nominal Mach
1.5 jets are tested that have jet-to-ambient density and acoustic speed ratios that approximately match those from
a hot jet with a jet-to-ambient static temperature ratio of 1.2. The jets are operated at a reduced Reynolds number
(approximately 2.7 x 104), which allows the use of diagnostic measurement tools such as hot-wire anemometry and
active control via glow discharge excitation. Mean and fluctuating flowfield and acoustic measurements from a near
perfectly expanded Mach 1.5 elliptic and round jet are presented. Direct comparisons of the cold and simulated
heated jets are made. Compared to the pure air jets, the helium/air mixture jets showed increased instability wave
phase speeds near or exceeding the ambient acoustic speed, increased noise levels, and increased coupling between
the flowfield fluctuations and the radiated acoustic field. These features are consistent with the theory of Mach wave
radiation, the dominant noise source in high-speed jets. The data presented show that the helium/air simulation
is able to capture the dominant noise characteristics of actual heated jets. The use of this group of diagnostic
measurement techniques is an added benefit of the simulation that is not available in conventional heated jet
experiments.

Nomenclature
At, A* = throat area
a = speed of sound
Deq = area equivalent diameter
F = Fliegner's constant
/ = frequency
fc = characteristic frequency, w;/Deq
M = Mach number
m = mass flow rate
R = distance from jet exit; gas constant
Sr = Strouhal number, fDcq/Uj
T = temperature
u = velocity
x = axial distance from jet exit
Y = ratio of specific heats
p = density

Subscripts
a = ambient property
c = convective property
ch = anechoic chamber property
j = jet exit property
0 = stagnation quantity

Superscript

* = simulated condition of helium/air mixture jet

Introduction

I N the field of jet noise research, many laboratory jet noise tests
use unheated jets to represent flows from various nozzle con-
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figurations. However, a problem inherent to experiments with un-
heated jets is that, even at low supersonic Mach numbers, the large-
scale turbulent structures may not achieve a supersonic phase speed.
Morrison and McLaughlin1 measured the phase speed of the domi-
nant jet Strouhal number component to be only about three-quarters
of the ambient sound speed for a cold Mach 1.5 circular jet. This
would mean that the radiated noise would not contain Mach wave
emission, a primary noise generator found in high-speed jets when
the turbulent structure velocity exceeds the ambient sound speed.
However, when a Mach 1.5 jet is heated, the jet velocity as well
as the structure convection velocity increase significantly and can
produce Mach wave radiation. In most practical applications, such
as turbojet engine exhausts, the jet static temperature is well above
the ambient temperature so the Mach wave emission may be present
even in subsonic aircraft engines.

Research by Tanna et al.,2 Lau,3 Seiner et al.,4 and Tarn and
Chen5 demonstrates that there are significant differences in how
moderately heated supersonic jets generate noise from their un-
heated counterparts. Therefore, to study jets under realistic engine
operating conditions, they should be heated so that the convection
velocity of the structures is supersonic and the effects of Mach wave
radiation can be measured. In practical terms, however, a heated jet
facility involves significant complexity and expense. To avoid this
in the present work, the low density and high velocity of hot jets
are simulated by using a lower density gas with different properties
than air, namely, helium. This allows the jet properties to be com-
pared as the operating conditions change from cold to simulated hot
conditions so that the effects of jet heating can be directly observed.
Although there are some differences between an actual heated jet
and the simulation, the major features of the Mach wave emission
process are well represented by the simulated jet. Therefore, the
primary noise generation mechanism found in heated jets is also
present in the helium simulation.

A research program at the Pennsylvania State University has been
investigating supersonic jet noise generated from round and asym-
metric jets. There are three unique aspects to this work. The first
is that the experiments were performed under reduced Reynolds
number conditions. This is an approach that has been applied suc-
cessfully in the same facility when it was located at Oklahoma State
University.1'6'7 The approach involves operating jets at a Reynolds
number much lower than that found in actual jet engines. Work from
Refs. 1,6, and 7 confirms that the low-to-moderate Reynolds number
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Table 1 Properties of Mach 1.5 jet for different gases and temperature conditions

Case
A
B
C
D
E

To,
K

293
293
293
760
760

Jet He
concentration
(by mass), %

0
26
26
0
0

Ambient He
concentration
(by mass), %

0
0
7
0
0

<0.
m/s

430
690
690
690
690

ah
m/s
290
460
460
460
460

da,
m/s

343
343
415
343
415

Pa/Pj

0.69
1.5
1.2
1.8
1.2

Actual
Tj/Ta

0.69
0.61
0.61
1.8
1.2

Yj
A
.55
.55
.4
.4

supersonic axisymmetric jets produce noise that, when scaled prop-
erly, is very similar in level and directivity to jets operating at much
higher Reynolds numbers. The second unique aspect of this work is
that high-speed heated jets are simulated by mixing helium with the
jet airflow. The helium/air mixture jets are designed to simulate the
low density and high velocity of hot jets. Most of the data, analysis,
and interpretation of the data have been presented previously.8"11

The third unique aspect of this research is that the jets are sometimes
excited with a glow discharge excitation, a form of active control.

The purpose of this paper is to document the development and
methodology of the helium/air simulation and to demonstrate its
usefulness in this research. The analysis required to properly pro-
duce a helium/air mixture and explain how it simulates an actual
heated jet is presented. Jet aerodynamic and acoustic measurements
are presented to show how these properties are affected when helium
is used to simulate hot jet temperatures. Similarities and differences
between the simulated hot jets and actual hot jets are discussed.

Heated Jet Simulation
As described in McLaughlin et al.,9 the jet noise facility has been

modified to mix helium with the main jet airflow. The jet then has
a reduced density and higher acoustic speed (and jet velocity) com-
pared to an unheated air jet. As a result, the helium/air mixture jets
simulate a heated jet by having a density and velocity more compa-
rable to an actual heated jet. Because the helium/air mixture jets are
only a simulation of hot air jets, it is important that the simulation
replicate the most important aspects of actual heated jets. The two
most distinguishing differences between heated and unheated jets
are the lower density and the higher velocity of the hot jets com-
pared to the unheated jets. Stability analyses performed in Refs. 5,
12,13, and others show that the jet-to-ambient density and acoustic
velocity ratios are the dominant factors in determining the stability
characteristics and, hence, the noise generation of high-speed jets
in this velocity range.

A helium jet exhausting into an air environment can have the same
density ratio as an actual hot jet. For example, a perfectly expanded
helium (or helium/air mixture) jet would simulate a hot air jet of the
same density ratio as follows:

( Tj I Ta ) simulated = (Pa/Pj) helium jet = (Pa/Pj) hot air jet (1)

For shock containing jets operating off design, these relations would
need to be modified to account for the unequal static pressure be-
tween the jet and the ambient environment.

Whereas this shows that helium/air mixture jets can be used to
simulate the density ratio of an actual hot jet, it is important that the
jet velocity of the hot jet be simulated as well. Because helium has
a higher acoustic speed than air, a helium/air mixture jet operating
at the same Mach number as a pure air jet will also have a higher jet
velocity. This can be seen by comparing the jet exit velocities of an
air jet and a helium/air mixture jet at the same Mach number.

Table 1 shows several important jet and gas properties for two
helium/air mixture jets (cases B and C) and for two relevant heated
Mach 1.5 jets (cases D and E), all with the same exit velocity. The
helium concentration is calculated by mass, not molar, quantities.
Properties of an unheated Mach 1.5 jet (case A) are also listed for
comparison. Cases A, B, and D are for jets exhausting into standard
atmospheric temperature conditions resulting in an ambient acoustic
speed of 343 m/s. Cases C and E are for jets exhausting into an
environment other than standard day air conditions. Case E will
be shown shortly to be the hot jet conditions most comparable to
the simulation reported in this work. The temperature and density

C
0)
o
C
oo

o

E
2

0.
1.0

Fig. 1
tration.

0.2 0.4 0.6 0.8
7. Helium by mass

Helium molar content as a function of helium mass concen-

ratios listed in Table 1 are actual values calculated from isentropic
relations. The specific heat ratios for the jets are also listed.

Because both the gas constant R and the ratio of specific heats y
vary with helium concentration, it is not possible to exactly match
the jet exit velocity and density to the heated pure air jet exhausting
into standard day conditions. Note in Table 1 that, whereas the jet
exit velocity is matched by the helium/air jet (case B), the jet density
is not equivalent to the actual hot jet case exhausting into a similar
environment (case D). However, a match of the appropriate non-
dimensional ratios can be achieved if the ambient air is allowed
to absorb some helium, thus raising its effective temperature and
lowering its density accordingly. Cases C and E in Table 1 show this
match. Therefore, to match the jet-to-ambient density and velocity
ratios of an actual heated jet, some helium is allowed to remain in
the sealed anechoic chamber of the jet noise facility during testing.

Jet Mixture Concentration
If the gas properties of the mixture (such as the specific heat ratio

and the gas constant) are known, standard isentropic relationships
can be used to determine the jet Mach number, velocity, temperature,
and density. For a binary gas mixture such as the one in this work,
it is straightforward to calculate these quantities as long as either
the mass fraction or mole fraction of each constituent is known.
Figure 1 shows the molar concentration of helium in a helium/air
mixture as the mass fraction of helium is increased. Because of
the low molecular weight of helium compared to air, the molar
content of the jet mixture increases rapidly as the mass fraction of
helium is increased, and small amounts of helium in the mixture can
have a relatively large effect on the thermodynamic characteristics
of the mixture. A complete description of the methodology used to
determine the thermodynamic characteristics of a binary gas mixture
can be found in most fundamental thermodynamic books and is also
described by Kinzie10 for this particular application.

Because it is possible to determine the gas mixture properties if
either the helium or air concentration of the mixture is known, it is
necessary to develop a procedure to mix the upstream helium and
air supplies such that the mixture molar content is known and can
be controlled. Figure 2 shows a schematic of the upstream supply
lines and important points in the system. The key to determining the
mixture concentration is to ensure that the airflow and the helium
flow each pass through a choked valve before mixing. The mass flow
through a choked orifice is constant regardless of changes to the flow
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Fig. 2 Schematic of upstream supply lines and critical choke points
needed to set the helium concentration of the jet flow.

conditions downstream of the choke point, and this guarantees that
the mass flow of each gas into the system will not change once
conditions upstream of the choke points are set. These choke points
are shown as VI and V2 in Fig. 2. The pressure upstream of these
points is maintained at approximately 2.5 atm while the pressure
downstream of these points is typically less than 0.5 atm, thereby
ensuring that these valves are choked for any operating condition
within the scope of this work.

The mass flow through a choked orifice can be described by

(2)

Therefore, the mass flow through the orifice is dependent only on
the orifice size, the total temperature and total pressure upstream of
the orifice, and the gas composition. The right-hand side of Eq. (2)
will be a constant for any given specific heat ratio and gas constant,
which for the present work will be a unique function of helium
concentration of the gas mixture. This constant is referred to as
Fliegner's constant F. For air (y = 1.4, R = 287 kJ/kg-K) and
helium (y — 1.67, R = 2077 kJ/kg • K) Fliegner's constants are
Fair = 0.0404 and Fhe = 0.0159, respectively.

Because the nozzle throat is also a choke point and because the
supply valves VI and V2 remain choked when the flows are com-
bined, the mass flow of the mixture will be

(3)

where FmjX(y, R) is Fliegner's constant for the mixture. Fliegner's
constant for the mixture, Fmix, is a function only of the mixture
specific heat ratio and gas constant.

The procedure to determine the helium concentration in the jet
mixture is to set the upstream supply valves that control F0,air and
P0,he and to record each of these mass flows individually in the
absence of flow from the other gas. Then Po.mix is recorded when
the gases are combined. Once Fliegner's constant Fm\x is known
from Eq. (3) and the individual mass flow rates, the concentration
of helium in the mixture can be found by determining what mass
fraction of helium is required to satisfy Eq. (2). When the helium
concentration of the mixture is known, the gas properties of the flow
can be calculated.

Helium Concentration in Test Chamber
In the present facility, the ambient gas density changes as he-

lium builds up in the chamber during an experiment. As seen from
Table 1, this change in density allows both the jet-to-ambient acous-
tic velocity ratio and density ratio of the simulation to match those
of an actual hot jet. However, hot jets are only simulated if there is a
large difference in gas properties between the jet flow and ambient
environment. To reduce the effect of the helium buildup, laboratory
air is bled into the chamber during an experiment to dilute the helium
that is present.

The helium concentration in the chamber is determined from a
method that measures the speed of sound in the chamber surrounding

Known Microphone
Separation Distance

Fig. 3 Schematic showing dual microphone setup used to measure am-
bient sound speed and helium concentration.

the jet. This is done by using two phase-matched microphones with
a known separation distance and by measuring the phase difference
of various spectral components of the radiated noise, as shown in
Fig. 3. By separating the microphones by a known distance and
pointing them at the approximate sound source location in the jet
(typically near the end of the jet potential core), the phase difference
between the microphone signals allows the speed of sound in the
chamber to be calculated. It is also known that the sound speed in
the chamber can be calculated from

(4)

In this expression, ac^ is measured from the dual microphone phase
difference, and rch is measured from a thermocouple in the test
chamber. Because both Rch and ych are related uniquely to the
amount of helium in the chamber, the helium concentration in the
ambient environment can be found by determining what concentra-
tion of helium results in values of Rch and ych that give the measured
sound speed. McLaughlin et al.9 give a detailed description of this
procedure.

Small amounts of helium in the chamber typically result in an
ambient helium concentration on the order of about 7% by mass. In
terms of the simulation, the increase in ambient sound speed due to
the helium corresponds to a simulated ambient temperature higher
than the standard value of 293 K. As earlier discussed, this results in
a lower simulated temperature ratio than if the jet were exhausting
into pure air, but also a temperature ratio that produces the desired
jet-to-ambient acoustic velocity and density ratios.

A test of the helium delivery system was made by shutting off
the outside bleed supply and operating a given helium/air jet un-
til the chamber environment had approximately equalized with the
jet mixture concentration. The dual microphone system in this case
measures a helium concentration in the chamber equivalent to the
jet helium concentration set using the flow control valves. The test
showed that the two methods agreed within 1% over a wide range
of helium/air mixture concentrations. Because each of these meth-
ods is independent of one another, the good agreement between the
calculated and measured helium concentrations serves as a check
on the accuracy of both methods. The results of the helium concen-
tration calibration are also a check on the premise that the strong
induced convective stirring of the test chamber by the jet ensures
that spacial variations in helium concentrations are minimal. The
reader is referred to Ref. 10 for more details on this calibration.

Experimental Facility
A schematic of the jet noise anechoic chamber is shown in Fig. 4.

Its dimensions are 0.7 x 0.8 x 1.1 m, and it is lined with acoustic
foam 5 cm thick, which produces an effectively anechoic environ-
ment for frequencies above 1 kHz. Ambient pressures of around ~
of an atmosphere are established into which the small supersonic
jets are exhausted. For these experiments, the exit pressure of the
jet flow is maintained within 2% of the ambient chamber pressure
to produce relatively shock-free perfectly expanded jets. A recent
description of the operation of this facility at Pennsylvania State
University can be found in Refs. 8-11.

Both an elliptic and round nozzle were tested. The elliptic nozzle
used for this research has an aspect ratio of 3:1 and is designed for
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shock-free flow with a nominal exit Mach number of 1.5. The nozzle
exit has a major axis length of 24 mm and a minor axis length of
8 mm. The exit area of the nozzle is 151 mm2, which is equivalent to
an axisymmetric nozzle with diameter Z)eq = 13.8 mm. The equiva-
lent diameter Deq is used as the length scale for nondimensionalizing
the experimental results. The round nozzle is also designed to be
shock free at a Mach number of 1.5 and has a diameter of 10 mm
and exit area of 78.5 mm2. The elliptic nozzle is fitted with one glow
discharge electrode located in each quadrant. Because the electrodes
are located just outside the nozzle exit, very close to the flow, the
modulating local high temperature perturbs the jet shear layer at
the chosen frequency with minimal disturbance to the jet flow. By
phasing the electrodes separately, different azimuthal modes can be
excited in the jet. Kinzie and McLaughlin8 give a detailed descrip-
tion of the glow discharge technique.

Table 2 shows the experimental conditions (within 2%) reported
in this paper for the near perfectly expanded pure air jets and the
simulated hot jets. The conditions are the same as in case C of the
helium/air jets listed in Table 1 and simulate a hot jet most closely
represented by case E. Although both the circular and elliptic jet
nozzles were designed to operate at the nominal Mach number 1.5,
the circular nozzle ran at M = 1.6 for the present experiments. This
is because this nozzle was originally designed to operate in the lower
Reynolds number range (Re < 1 x 104) with boundary-layer cor-
rections included in the nozzle contour design. Operation at higher
Reynolds number produces a thinner boundary layer with more noz-
zle expansion to the higher Mach number. When operating the he-
lium/air mixture jets, the helium concentration is set such that both
jets have the same exit velocity, within experimental uncertainty.
Throughout this paper, the temperature ratio for all air jets will be
nominally referred to as Tj/Ta = 0.69, and all helium/air mixture
jet cases will be referred to nominally as 7}/ T* = 1.2. In addition,
the 0% helium concentration cases will be referred to as pure air jets,

Table 2 Experimental conditions, Re = 2.7 x 104

Nozzle
shape

Elliptic
Circular
Elliptic
Circular

Mj

1.5
1.6
1.5
1.6

£>eq,
mm
13.8
10
13.8
10

Jet He
concentration
(by mass), %

0
0

26
23

Pa/Pj
(Tj/Tj)

0.69
0.66
1.2
1.1

Uj,
m/s
425
445
690
690

PO,
torr

101
160
185
240

Pj>
torr

28
37
47
51

fc,
Hz

30,800
44,500
50,000
69,000

whereas the helium/air mixture jets are referred to as helium/air jets
or simply helium jets.

Results and Discussion
The results shown are intended to highlight the difference be-

tween the pure air jets and the helium/air mixture jets and to show
the effectiveness of the heated jet simulation. Where possible, com-
parisons are made of the results from the helium simulation with
actual hot jet experiments or simulations. Only limited analysis and
interpretation of the results are provided here, and more detail can
be found in Refs. 8, 10, and 11.

The centerline velocity distributions of the pure air elliptic jet
are compared to those of the helium/air mixture jet (Tj/T* = 1.2)
in Fig. 5. The velocity distribution of the helium jet shows an in-
creased decay rate compared to the air jet with a very slight decrease
in potential core length. According to the work of Lau3 on axisym-
metric jets, the potential core region generally contracts as the jet
is heated, accompanied by a corresponding faster decay of the cen-
terline velocity. For a Mach number of 1.4, Lau shows a decrease
in potential core length from approximately 6 to 4.5 diameters as
the jet temperature is increased from isothermal to Tj/Ta = 2.32.
Because the elliptic jet already has a shorter potential core than the
circular jet11 and the simulated temperature ratio in the present work
is not large, the present data appear to agree with the trends observed
from the work of Lau3 in actual heated jets.

Z)\
Z)

Elliptic ,Tj\To = 0.69
Elliptic ,Tj\T0 = 1.2

Fig. 5 Centerline velocity distributions for pure air and helium/air
mixture jets.
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Fig. 6 Hot-wire spectra: x/Deq = 3.0, elliptic jet, TjlTa = 0.69.
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Fig. 7 Hot-wire spectra: elliptic jet, x/Deq = 3.0, Tj/T* = 1.2.

Figures 6 and 7 show measured hot-wire spectra at the location of
maximum fluctuation level in the jet for both the air and the helium
conditions. The amplitudes are normalized by the maximum value
in the minor axis plane of each jet. The highest energy levels are
centered close to a Strouhal number of 0.4 for both cases. Note,
however, that the characteristic frequency of the helium jet is higher
than the corresponding air jet (see Table 2). These general spectra
occur for both cases at a downstream distance of jc/Deq = 3.0, close
to the end of the potential core. This dominant frequency of Sr = 0.4
is predicted by the stability analysis of Morris and Bhat12 to be the
most highly amplified component for a Mach 1.5, /4R = 3, elliptic
jet. In terms of frequency content and relative energy levels, the
spectra for the air jet and the helium jet look very similar. It is also
clear from these data that the minor axis plane fluctuations contain
more energy than those of the major axis plane. This is true for all
axial locations throughout the potential core region.

As mentioned earlier, an important property of the instability
waves in regard to sound generation is the phase velocity of the in-
stability waves with respect to the ambient environment. Supersonic
traveling waves will radiate sound to the far field directly as Mach
waves. As reported by Kinzie and McLaughlin,11 the phase veloc-
ity of the instability waves can be measured by cross correlating
the glow excitation signal with a hot-wire signal located at various
downstream locations in the jet shear layer.

Figure 8 shows the phase velocity of the instability waves as a
function of Strouhal number for the pure air elliptic jet. In general,
the varicose mode has a higher velocity than the flapping mode,
and the phase velocity increases with increasing Strouhal number,
except at higher frequencies. The horizontal line represents the phase
velocity that is equivalent to the ambient speed of sound normalized
by the jet exit velocity. Therefore, phase velocities above this value
may radiate noise through Mach wave emission. Except for the
varicose mode at Sr = 0.4, no Strouhal number component exceeds
this value for the air jet case.

Figure 9 shows the same measurements for the helium/air ellip-
tic jet. Again, the varicose mode shows a higher velocity compared
to the flapping mode. The stability analysis of Morris and Bhat12

also predicts the varicose mode to have a higher phase velocity than

0.2 0.3 0.4 0.5 0.6 0.7
Strouhal Number

Fig. 8 Phase speed as a function of Strouhal number in artificially
excited pure air elliptic jet (downstream of potential core): Tj/Ta = 0.69.
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Fig. 9 Phase speed as a function of Strouhal number in artificially ex-
cited helium/air elliptic jet (downstream of potential core): Tj/T* - 1.2.

the flapping mode for both the cold and heated jet conditions. They
also predict the phase velocity of both modes relative to the jet exit
velocity to decrease as the jet is heated. In general, the present mea-
surements also show these trends. Therefore, these results agree with
the predictions of Morris and Bhat that jet heating causes the insta-
bility wave phase velocity to increase with respect to the ambient
sound speed but to decrease with respect the jet exit velocity.

Note that for the helium case, the phase speed of the varicose
mode exceeds the ambient speed of sound over nearly the entire
Strouhal number range, whereas the flapping mode is close to, but
just below, the sonic value. Tarn and Morris13 showed that near sonic
instability waves can have supersonic wave number components
that will radiate to the far field. Evidence of the stronger coupling
of the hydrodynamic pressure field to the acoustic field at the higher
jet velocity is seen in the modal decomposition measurements of
the helium elliptic jet reported by Kinzie and McLaughlin.8 They
showed a significant increase of the flapping mode in the jet acous-
tic field when helium was added to the jet. Far-field acoustic data
to be presented later show evidence that this increase in instability
wave phase velocity compared to the ambient sound speed corre-
sponds to an increase in acoustic radiation consistent with Mach
wave emission.

Sound pressure level (SPL) directivity arcs from the pure air el-
liptic and circular jets are shown in Fig. 10. The peak noise levels
are between 25 and 30 deg. The minor axis plane of the elliptic jet
is louder than the major axis plane. This most likely results from
the higher fluctuation levels in the minor axis plane compared to the
major axis plane and the higher growth rate of the flapping mode as
shown by Kinzie and McLaughlin.11 The elliptic jet also emits less
total noise than the round jet.

Figure 11 shows the same measurements for the helium jets. The
peak noise angles for the helium jet cases have increased to between
30 and 35 deg. The major axis plane of the elliptic jet is 4-5 dB
quieter than the circular jet. Also, the relative difference between
the major and minor axis planes of the elliptic jet has increased
making the major axis plane of the elliptic jet even quieter compared
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90°

Fig. 10 SPL directivity
arcs: R/Deq = 25, TjlTa =
0.69; •, elliptic minor axis;
O, elliptic major axis; D,
circular jet; and •, M*S
prediction for circular jet.
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Fig. 11 SPL directivity
arcs: R/Deq = 25, Tj/T* =
1.2; •, elliptic minor axis;
O, elliptic major axis; D,
circular jet; and 4, M*S
prediction for circular jet.
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to the minor axis plane. A similar phenomenon was also observed
by Seiner et al.4 in measurements of a heated Mach 1.5 elliptic
jet. These changes as the jet velocity is increased are attributed to
stronger contributions from Mach wave emission to the radiated
sound field in the helium/air mixture jet. The increased relative
noise suppression at higher velocities is attributed to the ability of
the noncircular jet to mix faster compared to the axisymmetric jet.
As a result, Mach wave emission, which becomes more powerful
as the jet velocity increases, is suppressed more by the increased
mixing characteristics of the noncircular jet at the higher jet velocity
compared to the lower velocity conditions.

Whereas the helium simulation clearly reproduces many quali-
tative characteristics of actual hot jets, it is also important to show
that the simulation is able to reproduce quantitative changes in SPL
and directivity. Because actual hot data were not available for these
conditions, noise predictions for the circular jet were made using
the M*S noise prediction methodology described in Ref. 14. The
predictions are included with the measured data in Figs. 10 and 11.
M*S is a well-established semi-empirical prediction tool used in in-
dustry for the prediction of noise radiated from high-speed heated
jets. M* S was developed using correlation data from a number of ac-
tual hot jet experiments. To better compare the trends of the present
experimental data with the predictions, the peak SPL value for the
predictions of the unheated jet was matched to the peak SPL value
of the pure air experimental jet, and that difference was added to all
of the predicted values. Therefore, a constant value of 3.3 dB was
added to the M*S predictions for both the unheated and heated jet
cases. With this minor adjustment to the predictions, the comparison
between the measured and predicted directivities are quite good. In
particular, the quantitative changes in overall SPL and directivity
as the simulated jet temperature increases agree well with the ac-
tual hot jet prediction. This comparison is evidence of the ability
to accurately simulate the noise generation characteristics of actual
heated jets using the helium/air simulation.

Far-field acoustic spectra at the location of peak noise emission
are shown in Fig. 12 for the pure air elliptic jet case. The energy peaks
around a Strouhal number of 0.25 with the major and minor axis
planes showing approximately equal energy in the lower frequency
range. The higher SPL levels measured in the minor axis plane come
from spectral contributions above a Strouhal number of 0.4.

Figure 13 shows the acoustic spectra at the location of peak noise
emission for the helium elliptic jet. As seen in the SPL measure-
ments, the absolute energy levels from the helium/air jets are much
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Fig. 13 Acoustic spectra: elliptic jet, R/Deq = 25, (3 = 30 deg, Tj/T* =
1.2.

higher than from the pure air jet. Again, as with the pure air jets,
the lower frequencies have approximately equal amplitude on the
major and minor axis planes. However, at Strouhal numbers above
0.3, the minor axis plane of the helium/air jet shows significantly
more energy than the major axis plane.

Note that the peak acoustic frequencies for the air case tend to
be lower than the peak fluid dynamic fluctuations measured by the
hot wires (see Fig. 6) indicating a nonlinear relationship between
the flow fluctuations and the radiated noise. For the helium simu-
lation, however, the acoustic spectrum on the minor axis plane is
very similar to that measured by the hot wire in the jet shear layer
(Fig. 7). Kinzie and McLaughlin8 used a near-field modal decompo-
sition technique to show that, for the helium/air case, these increased
Strouhal number components above Sr = 0.3 are composed primar-
ily of the jet flapping mode. Because of the increased phase velocity
of the flapping mode relative to the ambient environment, it is be-
lieved that these Strouhal number components now radiate directly
to the far field. It is clear from these data that the noise generation
process from the simulated hot jet is quite different from the cold jet
and that these differences are consistent with similar measurements
from actual heated jets.

Conclusions
These results show that the helium simulation is able to capture

the important noise and flowfield characteristics of an actual heated
jet. These data also demonstrate that there are significant differences
between cold and heated asymmetric jets with regard to how the fluid
dynamics of the jets produce noise. Many of these observations have
already been made for the case of heated round jets. Most of the
measurement trends agree favorably with the elliptic jet stability
analysis of Morris and Bhat,12 and the measured changes in overall
SPL and directivity of the circular jet were in good agreement with
the semi-empirical prediction methodology of Ref. 14.

Higher hot-wire fluctuation levels were measured in the minor
axis plane than in the major axis plane. Measurements show that,
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for the simulated heated jet, the instability waves obtain a phase
speed close to or higher than the ambient sound speed, producing a
capability for the jet to radiate noise through the Mach wave emis-
sion process. The varicose mode always has a higher phase speed
than the flapping mode. However, because the flapping mode has
a higher growth rate and higher overall fluctuation levels in com-
parison to the varicose mode, the flapping mode contributes more
strongly to the far-field noise.

Acoustic measurements show that the simulated hot jets radiate
more noise to the far field at a higher angle to the jet axis compared
to the air jet case. Higher SPLs were measured in the minor axis
plane than in the major axis plane. These increased levels are at-
tributed to the higher flow fluctuations in the minor axis plane, the
faster growth of the flapping mode, and the stronger coupling of the
hydrodynamic pressure field to the radiated acoustics as the jet flap-
ping instability achieves a higher phase velocity. For the helium/air
case, noise levels in the major axis plane of the elliptic jet were
4-5 dB lower than for the axisymmetric jet. Also for the helium/air
case, far-field acoustic spectra were found to contain spectral con-
tent similar to the near-field hot-wire spectra. The far-field acoustic
spectra of the air jet had a lower frequency content than the hot-wire
spectra. These aerodynamic and acoustic observations are consistent
with the theory of Mach wave radiation.

These experimental results show that the helium/air simulation
captures the dominant characteristics of actual heated jets. In addi-
tion, this approach facilitates the use of diagnostic techniques such
as hot-wire anemometry and glow discharge active control, which
are difficult, if not impossible, in conventional hot jet laboratory ex-
periments. Even though the simulation requires some compromise
of the actual physics of a hot jet, the additional insight gained by the
use of these diagnostic techniques makes the helium/air simulation
a valuable resource in the study of high-speed jet noise.
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