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A molecular Rayleigh scattering technique is developed to measure gas velocity, temperature, and density in
unseeded gas flows at sampling rates up to 32 kHz. A high-power continuous-wave laser beam is focused at a point in
an air flowfield, and Rayleigh scattered light is collected and fiber-optically transmitted to a Fabry-Perot
interferometer for spectral analysis. Photomultiplier tubes operated in the photon-counting mode allow high-
frequency sampling of the total signal level and the circular interference pattern to provide density, temperature, and
velocity measurements. Mean and root-mean-square fluctuation measurements in both an electrically heated jet
facility with a 10-mm-diam nozzle and in a hydrogen-combustor-heated-jet facility with a 50.8-mm-diam nozzle at
NASA John H. Glenn Research Center at Lewis Field are presented. Measurements are compared with hot-wire
anemometry, cold-wire thermometry, and temporally resolved particle image velocimetry to validate the Rayleigh

technique.
Nomenclature n = molecular number density, m™
a = most probable molecular speed, m - s~ Py = power of the incident lzaser beam, J - s~!
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D = nozzle exit diameter, m q = annularregion numoer
d = Fabry—Perot mirror spacing, m r = radial position in the image plane, m
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f = sampling rate, s~ g = fringe radius for the reference laser light, m
hs = Planck’s constant, 6.626 x 10-3* N-m - s S = Ra}{leigh scattering spectrum
I = Fabry—Perot instrument function r = static temperature, K
K = interaction wave vector, m~! Tomp = ambient temperature, K
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Kk, = incidentlight wz;ve vector. m-! T = root-mean-square temperature fluctuations, K
= a s I | P
k, = scattered-light wave vector, m™' Uj B Jet.ei( it velocity, mf ;1 loci .
L = length of subrecords in spectral calculations u = axial component of the velocity Veth) .r Vomes
L = probe volume length, m Uy = measured-velocity component, m - s
x J ’ _ _ _ . . .
I, = mean free path between molecular collisions, m u = root mean-square axial velocity fluctuations,
Ma = acoustic Mach number m-s .
m = molecular mass, kg v = velocity vector, m - s
N = effective finesso x = axial position in the jet flowfield, m
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B = angle between E and the scattering plane, rad
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= phase change between successive reflections in planar
Fabry—Perot
solid angle, sr

1. Introduction

URRENTLY, nonintrusive temperature-measurement techni-

ques available for use in turbulent-flow studies in which the
local pressure is unknown are limited to sampling rates of less than a
few kilohertz. There are also no techniques that can provide
nonintrusive time-resolved measurements of gas temperature,
velocity, and density simultaneously at rates beyond a couple of
kilohertz. Conventional intrusive measurement devices such as
resistance wires, pressure probes, and thermocouples are usually
limited in spatial and temporal resolution, disturb the flow under
study, and can be damaged by high pressure or temperature. The
Rayleigh scattering technique presented is unique in that it provides
simultaneous temperature, velocity, and density measurements at
sampling rates up to 32 kHz. A high-power single-frequency
continuous-wave (CW) laser beam is focused at a point in an air
flowfield, and Rayleigh scattered light is collected and transmitted
via optical fiber to another location at which the light is spectrally
resolved. The signal strength and spectrum of the light contain
information about the density, temperature, and velocity of the flow.
A planar-mirror Fabry—Perot interferometer (FPI) is used to analyze
the spectrum of the scattered light, and photomultiplier tubes (PMTs)
record the signal strength and fringe-intensity pattern at high
sampling rates, enabling time-resolved measurement of the gas-flow
properties. The ability to obtain dynamic high-frequency-response
measurements of multiple properties simultaneously is a valuable
tool for compressible turbulent-flow research.

Dynamic flow measurements are particularly useful to aero-
acoustics researchers who are interested in correlating flow property
fluctuations with far-field acoustic fluctuations, leading to validation
and improvement of computational aeroacoustics noise-prediction
codes. Knowledge of velocity-temperature fluctuation correlations
and turbulent Prandtl number are also needed to improve com-
putational fluid dynamic (CFD) models of compressible turbulent
flows. The ability to route the signal, and potentially the incident
illumination, via fiber optics makes this technique appealing to
facilities researchers who typically require flow measurements in
harsh environments with tight space constraints.

Various optical techniques are available for temperature,
molecular number density, and velocity measurements. Optical
flow-measurement techniques can be divided into two basic
categories:

1) Molecular-based techniques can involve elastic (non-energy-
exchanging) or inelastic (energy-exchanging) scattering processes
from atoms or molecules or absorption of light by molecules
sometimes followed by spontaneous emission.

2) Particle-scattering techniques involve elastic scattering from
particles (Mie scattering) entrained in the flow.

Molecular-based techniques are free of problems associated with
the seeding of flows with particulates, such as abrasiveness to
equipment and difficulties with achieving proper flow-seeding
conditions. Because the gas-molecule properties are directly
determined, molecular-based techniques are capable of providing
gas temperature and density information not available in particle-
based techniques.

Eckbreth [1] provides the details of several molecular-based
techniques, such as coherent anti-Stokes Raman spectroscopy
(CARS), spontaneous Raman and Rayleigh scattering, and laser
induced fluorescence, with an emphasis on their use in combustion
applications. Other molecular-based techniques include laser-
induced gratings [2,3], filtered Rayleigh scattering [4], frequency-
modulated filtered Rayleigh scattering [5,6], collective light
scattering [7], molecular flow-tagging techniques [8], and tunable
diode laser absorption spectroscopy [9]. The most common particle-
based techniques are laser Doppler velocimetry [10], particle image
velocimetry (PIV) [11], and planar Doppler velocimetry [12].

The temporal response of many optical measurement techniques is
typically limited by the repetition rate of pulsed lasers. Advances in
laser technology have led to recent demonstrations of temporally
resolved PIV measurements in hot jets [11] and Rayleigh
thermometry in flames [13] using pulsed lasers at rates exceeding
10 kHz. Although high-repetition-rate lasers exist, we take
advantage of the stable frequency and narrow line width of solid-
state diode-pumped CW laser systems in this work by collecting
Rayleigh scattered light over a finite length of the high-power laser
beam, spectrally filtering the light, and sampling the number of
photons collected during very short integration periods. This
arrangement provides pointwise multiproperty measurements with
spatial resolution of approximately 0.1 x 0.1 x 1 mm? at high
temporal resolution without the need for multiple lasers and complex
alignment requirements.

Previous works using molecular Rayleigh scattering to make
temperature, velocity, and number density measurements in various
environments [14—17] and dynamic density and velocity measure-
ments in supersonic free jets [18,19] have been reported. Bivolaru
et al. [20] developed a novel technique combining CARS and
interferometric Rayleigh scattering to measure temperature, species
concentration, and two components of velocity at low sampling rates
in combusting flow environments. The Rayleigh technique described
in this paper has been validated previously in an acoustically
modulated nozzle flow and an asymmetric oscillating counterflow
with unequal enthalpies; these modulated flows have been used to
validate the velocity and temperature fluctuation measurements,
respectively, by comparison with hot-wire and cold-wire probe
measurements [21].

This paper describes the application of the technique for
characterization of heated airflows. The first experiment studies the
flow issuing from an electrically heated jet equipped with a 10-mm-
diam nozzle that provides flow velocities up to 110 m/s and
temperatures up to 775 K. The Rayleigh scattering measurements are
compared with hot-wire and cold-wire measurements.

In response to NASA’s mission to reduce aircraft noise levels,
experiments have been conducted to evaluate the contribution of
temperature fluctuations to far-field noise by application of the
presented Rayleigh scattering technique in the small-hot-jet acoustic
rig (SHJAR), which is a heated-nozzle facility located in the
Aeroacoustic Propulsion Laboratory (AAPL) at the NASA John H.
Glenn Research Center at Lewis Field (GRC). This facility can
provide up to Mach 2 flow conditions with maximum temperatures
approaching 970 K. Sound-pressure fluctuation (microphone)
measurements will eventually be acquired simultaneously with
Rayleigh measurements, allowing correlation between flow property
fluctuations and noise generation.

Determining sources of jet noise will help engineers to design
quieter, more efficient, aircraft. Data acquired in this facility at
subsonic heated-flow conditions using a 50.8-mm-diam convergent
nozzle are compared with temporally resolved PIV (TR-PIV)
measurements. Although all three flow parameters (density,
temperature, and velocity) have been measured in these two
experiments, only velocity and temperature results are presented here
because the density measurement has been demonstrated in previous
work [19,22].

II. Theory

A. Rayleigh Scattering and Spectral Analysis

In molecular Rayleigh scattering, an incident electric field
interacts with an atom or molecule, inducing a dipole moment that
oscillates and radiates at the frequency of the incident field. It is
considered an elastic scattering process because the internal energy
of the molecule is unchanged. The frequency of the light is altered
only by the Doppler effect due to the thermal as well as the bulk
motion of the molecules. The frequency spectrum of the scattered
light contains information about the gas density, bulk velocity, and
temperature. Figure 1 shows a Rayleigh scattering spectrum
containing the narrow laser line and a typical Rayleigh spectral peak
to illustrate how the flow property measurements are obtained from
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the spectral information. If the gas composition is fixed, the total
intensity of the Rayleigh scattered light is directly proportional to the
gas density. The frequency shift between the laser peak and the
Rayleigh peak is proportional to the bulk flow velocity. The width of
the spectrum is related to the gas temperature.

The shape of the spectrum is dependent on gas pressure p,
temperature 7', and scattering angle x, [23]. A nondimensional
parameter y, which represents the ratio of the wavelength of the
scattering grating (A = A/[2sin(x,/2)]) to the mean free path
between molecular collisions (/,, = an/n«T), is used to establish
spectral shape regimes [24]:

A P
= = 1
Y 2nl,, nKa M
where
2«T
a= " @
m

The wavelength of the scattering grating is the wavelength associated
with the interaction wave vector K, which defines the direction of the
measured-velocity component u;. K is the bisector of the incident-
and scattered-light wave vectors (Fig. 2). The interaction wave vector
and its magnitude are given by

K =k, -k, 3)
4 s
=k =7 [sn ] @

The geometry of the optical arrangement in an experiment can be
designed such that the desired component of the velocity vector v is
measured:
K-v

K

u = ®)
Experiments are typically arranged such that the electric field vector
E is perpendicular to the scattering plane defined by the incident- and
scattered-light wave vectors [ = 90deg with s-type polarization
(Fig. 2)]. In this situation, the collected scattering intensity is
independent of the scattering angle and is maximized.

A kinetic theory model developed by Tenti et al. [23] and Boley
et al. [25] (TENTI S6: 6-moment Rayleigh scattering model)
provides the Rayleigh—Brillouin spectrum for diatomic gases and is
incorporated in the model function used in maximum likelihood

Fig. 2 Light scattering from a moving particle.

Mirrors  Fp|
S
Irp
H fiber image
° diameter
&3 red
85 H 7
25
r
Image
Plane

Coll|matmg P '| Fr|nge
lens forming
lens

Fig. 3 Basic optical arrangement for spectrally analyzing a uniform
light source using a planar-mirror Fabry-Perot interferometer.

estimation (MLE) analysis of the experimental data. This
measurement technique requires spectral analysis of the Rayleigh
scattered light. Figure 3 illustrates the basic arrangement for
spectrally analyzing a uniform light source located at the focal plane
of the collimating lens and imaged at the focal plane of the fringe-
forming lens using a planar-mirror FPI [26]. The Fabry—Perot etalon
consists of two parallel planar mirrors.

In this work, the FPI is operated in the static imaging mode in
which the plate spacing d and medium refractive index p are held
constant, whereas the angle of the incoming light ray 6 is varied by
imaging points offaxis, which allows transmission of different
frequencies to recreate the spectrum of the incident light. The lens at
the etalon output images the light source at the image plane in which a
detector is located. If the incoming light has a very narrow line width,
the imaged intensity pattern is essentially a delta function convolved
with the instrument function.

A one-dimensional representation of the instrument function /p is
illustrated at the image plane in Fig. 3 for a single normalized-
frequency value. A change in normalized frequency results in a
physical shift of the fringe locations in the radial direction. For
Rayleigh scattered light the resulting function at the image plane is
the instrument function convolved with the Rayleigh spectrum. The
line width of the broadened fringes provides a measure of
temperature from Rayleigh scattered light. The frequency shift of the
light associated with the bulk flow velocity is determined by a spatial
shift in the fringe positions in the image.

In this work, the light source is a finite-diameter optical fiber face
that is illustrated at the object plane in Fig. 3. The physical extent of
the image of the fiber is also illustrated at the image plane. In this
situation, the extent of the interference pattern that is detectable is
limited by the image size, which is governed by the focal length of the
imaging lenses. The physical extent of the fiber image in this work
permitted imaging of the innermost fringe of the interference pattern
only, as shown by the portion of the instrument function that falls
within the extent of the image diameter in Fig. 3.

The fringe-intensity pattern is a function of both the Rayleigh
spectrum and the Fabry—Perot instrument function. The Fabry—Perot
instrument function in terms of normalized frequency x, and radial
position in the image plane r is given by the following relation:

1
1+ Fsinz[w(xf, r)/2]

IFP(xfs r)= (6)

where

1

= S (z/2N,) ™

and the phase change between successive reflections is derived from
Eq. 3 of [26] by applying the small-angle approximation and by
expressing the absolute frequency v as a function of normalized

frequency:
_4mpd Aa 1 r)?
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where the normalized frequency x, is the ratio of the frequency
change due to the bulk flow velocity and the frequency associated
with the most probable molecular speed:

27(v — v,

== o)

In this experiment, Rayleigh scattered light from a defined probe
volume is collected into a multimode optical fiber. The incident laser
beam is focused to a diameter smaller than the imaged field size, such
that the power collected is proportional to the length of the probe
volume set by the field size of the collection optics. The Rayleigh
scattered light integrated over the collection solid angle €2 from a
probe volume of length L, expressed in terms of expected
photoelectron counts is

_ ePonL ANt (d0 .
(Ng) _/;QT(BQ)SIH BIQ2 (10)

where the overall system efficiency ¢ includes detector quantum
efficiency and other losses, and At is the integration time over which
photoelectrons are counted. The differential scattering cross section
d0/0%2, and hence the scattering strength, scales with the fourth
power of frequency; therefore, shorter wavelengths are desirable for
Rayleigh scattering experiments.

The light exiting the fiber is collimated and directed to the FPI, and
a lens at the interferometer output focuses the interference fringe
pattern at the image plane. With the interferometer in the light path,
the interference fringe pattern is equivalent to the intensity of the
image of the fiber face without the Fabry—Perot modified by the
transmission properties of the FPI. The circular interference pattern is
split up into one circular and three annular regions, as shown in
Fig. 4, and the light from each region is detected by four PMTs. The
expected amount of energy collected from the gth annular region of
the interference pattern in terms of photoelectron counts can be
expressed by the following model function:

T o0
(N,) =(N72R)271/ ‘q/ Spxp) ep(xy, r)rdx,dr 11
TTT thax Tig —00
where the Rayleigh spectrum Sy is evaluated using the TENTI S6
model. The developed model function given by Eq. (11) is used in
MLE analysis of the experimental data.

The Fabry—Perot used in the experiments has a free spectral range,
or frequency change between fringes, of 8.7 GHz and an effective
finesse of approximately 15, which provides an instrument function
width of 0.58 GHz. The width of the Rayleigh spectrum is set by the
molecular thermal motion. For a temperature of 300 K, the Rayleigh
spectral line width is approximately 1.1 GHz.

The extent of the imaged fringe pattern is limited by the lenses
used to image the optical fiber face through the Fabry—Perot. The
image diameter in the current experiments is equivalent to a partial

PMT 1

Fiber
Image
Edge

PMT 3 PMT 4

Fig. 4 Dissection of Fabry-Perot fringe pattern into one circular and
three annular regions.

fringe order, and therefore only the innermost fringe of the pattern is
detectable. The outer diameter of the image is equivalent to
approximately 0.4 times the free spectral range of the instrument, or a
maximum frequency shift of approximately 3.5 GHz. This means
that the maximum velocity that can be measured results in a
frequency shift of less than this amount. The velocity associated with
a 3.5 GHz frequency shift for the current experimental arrangement
is 1300 m/s. This would require a reference fringe that is right at the
edge of the image and a Doppler-shifted fringe at the origin of the
concentric pattern. In reality, this would be an impossible situation to
measure. A more realistic velocity measurement limit would be
approximately half of this, or 650 m/s.

B. Lower Bound for Measurement Uncertainty

The lower bound on the uncertainty in temperature, velocity, and
density measurements using Rayleigh scattering is set by the photon
statistical (shot) noise. Shot noise can be modeled by a Poisson
distribution. Estimates of the measurement uncertainty in the
unknown parameters for the Rayleigh measurement technique are
obtained by Cramer—Rao lower-bound (CRLB) analysis [27]. The
results of this analysis were presented previously in [28,29]. The
lower-bound uncertainty in the temperature, velocity, and density
estimates acquired during a photon-counting integration period of
31.25 ps for air at a temperature of 298 K, standard atmospheric
pressure, and mean velocity of 100 m/s for an instrument similar to
the system used in these experiments with an overall system
efficiency of approximately 2% is as follows:

or 258K 0, 230m/s o, > 0.78 kg/m’

The uncertainty in both temperature and velocity is inversely related
to the square root of the number of photoelectron counts [28,29];
therefore, increasing the amount of detected light decreases
measurement uncertainty. Although the uncertainty in the
parameters is rather high for each individual measurement within
the time record, long data records allow for calculation of higher-
accuracy statistical quantities such as power spectra and root-mean-
square (rms) fluctuations.

III. Experimental Setup

The Rayleigh scattering diagnostic was applied in two heated jet
facilities at GRC. The first demonstration was in a lab-scale
electrically heated jet with a 10-mm-diam nozzle. The Rayleigh
system was then installed in the SHJAR in GRC’s Aeroacoustic
Propulsion Laboratory. The SHIAR was equipped with a 50.8-mm-
diam convergent nozzle, and the vitiated airflow was heated by a
hydrogen combustor. The Rayleigh scattering system was used to
measure temperature, axial velocity, and density fluctuations in both
facilities. The goal of the testing in the SHJAR was to provide an
experimental database, particularly of temperature fluctuation data,
to be used for validation of computational codes.

A. Electrically Heated Nozzle Facility

Flow measurements were acquired in an electrically heated
airflow issuing from a 10-mm-exit-diam convergent nozzle with a
200-mm-diam 10 m/s filtered-air coflow (Fig. 5). Because the
measurement technique relied on having particulate-free gas flow, a
series of filters were placed in line with the air plumbing to remove
dust, oil, and water from the air supply before entering the nozzle
flow system. The air issuing from the jet was heated by applying
voltage to coils of wire inside the jet plenum. The coflow was
provided by an air blower system equipped with submicron high-
efficiency particulate air (HEPA) filters. Figure 5 shows the layout of
the optics around the jet; these optics were used to collect Rayleigh
scattered light from gas molecules in the flow. The jet was mounted
such that the main flow direction was parallel to the table.

A Coherent Verdi 10 W, 532-nm-wavelength, single-frequency,
Nd:Vanadate CW laser provided incident light for the system. The
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Fig. 5 Diagram of laser and collection optics for the electrically heated nozzle flow experiment.

laser had a line width of 5 MHz and frequency stability of
approximately +10 MHz. The laser line width was negligible in the
calculation of temperature, because the Rayleigh spectral line width
was on the order of 1 GHz. The vertically polarized laser beam was
focused with a 250-mm-focal-length lens (L1) to a 70-um 1/e?
diameter at the probe volume. The beam was oriented in the
horizontal plane at a45 deg angle to the primary flow direction. Light
was collected at a 90 deg scattering angle, and two lenses imaged the
collected light onto a 0.55-mm-diam multimode optical fiber.

Because the pair of lenses provided 1:2 imaging, the length of the
probe volume in the laser-beam-propagation direction was 1.1 mm;
however, the resolution in the radial direction, which was the
direction of the velocity gradient of interest, was 0.78 mm. The 20-m-
long optical fiber transmitted the scattered light to another area of the
room in which the spectral analysis equipment was located. The
incident and scattering wave vectors were arranged such that the
axial component of the jet velocity u was measured, as indicated by
the K vector in Fig. 5. As the laser beam propagated from the
unheated ambient air through the heated jet air, the K vector changed
slightly due to beam steering related to refractive index changes
between the different-temperature airstreams. It was determined that
laser beam deviation introduced less than 0.007% contribution of the
radial component into the measured-velocity component, which was
assumed to be negligible.

The jet was mounted on vertical and horizontal translation stages
so that the probe volume could be positioned anywhere in the jet
plume. The probe volume was positioned two jet diameters from the
nozzle exit and was scanned radially at I mm increments across the
flow, providing velocity, density, and temperature profiles at various
flow conditions. The jet temperature was set by observing the output
of a thermocouple in the jet plenum. A fixed power level was applied
to the heater coils, which maintained a fixed air temperature for a
fixed flow rate.

For calibration purposes, temperature, density, and velocity
measurements were acquired in a steady laminar flow in the jet core.
The total temperature was measured by a type K thermocouple with a
0.13 mm bead diameter. Two digital pressure gauges measured the
ambient (static) pressure and the jet plenum (total) pressure. The
velocity and density at the probe location within the core flow were
calculated via isentropic flow and ideal-gas equations using total and
static pressure and total temperature measurements. The calibration
data were acquired in the core flow over a temperature range of 298 to
765 K and a velocity range of 14 to 110 m/s. The velocity and
temperature fluctuations were verified using hot-wire anemometry
and cold-wire thermometry systems.

The hot-wire and cold-wire systems could not be used at all flow
conditions, due to physical limitations of the devices. Both of the fine
wire probes were limited to a maximum temperature of 423 K. Also,
the single-wire hot-wire system is not valid in flows with large
temperature fluctuations, and the calibration must be performed at
the flow temperature at which measurements are desired. Therefore,
the hot-wire measurements were performed in unheated flows with
mean velocities similar to the corresponding heated cases. Cold-wire
data were only available at low-speed conditions, due to the fragility
of the probe.

B. Small-Hot-Jet Acoustic Rig

The SHJAR is a vitiated-air-heated-jet facility that can cover the
range of Mach numbers up to Mach 2 and static temperature ratios up
to 2.8 using a hydrogen combustor and central air compressor
facilities; however, the Rayleigh technique has only been applied to
subsonic flows in this facility. The SHJAR is located in the AAPL at
GRC. The AAPL is a 19.8-m-radius geodesic dome, with its interior
covered by sound-absorbent wedges that provide the anechoic
environment required to study propulsion noise from the SHJAR rig.
The nozzle used in this test is one of a family of convergent nozzles,
called the simple metal chevron (SMC) nozzles. For this test, the
baseline nozzle SMCO000 is used, which has a 50.8 mm exit diameter
and a smooth round exit (no chevrons). A variety of conditions with
acoustic Mach number Ma, which is defined as the jet exit velocity
divided by the ambient sound speed (ranging from 0.5 to 1.59), and
static temperature ratio TR (7' / T, ranging from 0.835 to 2.7), are
covered in the test matrix; however, results from a single setpoint at
Ma = 0.5 and TR = 1.765 are presented here. Measurements are
acquired at several axial locations of x/D > 2 and radial locations of
0.0 <r;/D <1.25.

A hydrogen combustor was used to avoid soot generation, because
this molecular scattering technique required a clean gaseous flow.
Burning hydrogen produced water vapor, which did not condense in
the high-temperature plume. Flows with TR < 1 were also studied
for calibration purposes, but condensation was not observed. The
Rayleigh scattering cross section of water vapor is 13% lower than
that of oxygen. Because the combustion process replaced some
oxygen by water vapor, the Rayleigh scattering cross section for the
heated air is expected to be different from the ambient. The
difference, however, is calculated to be small (less than 0.5%). Other
properties necessary for calculation of the Rayleigh spectrum that
vary with temperature and gas composition included shear viscosity,
thermal conductivity, molecular weight, internal specific heat, and
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Fig. 6 Diagram of laser and collection optics in the SHJAR facility.

bulk viscosity. The values for each of these properties are expected to
vary by less than 2% between the moist heated air and the ambient air.
These calculations were based on a global equivalence ratio of
approximately 0.1, with hydrogen and air mass flow rates of
0.00069 kg/s and 0.23 kg/s, respectively. No special steps were
taken to account for the differences that have manifested as sources
of measurement uncertainty.

The laser and collection optics portion of the Rayleigh scattering
system are shown around the SHJAR in Fig. 6. A coflow system was
built specifically for this test (components are shown in dashed lines
in Fig. 6) to provide a low-speed particulate-free airstream around the
jet core. Room air was filtered by a blower system equipped with
submicron HEPA filters and was routed to the settling chamber via
two 200 mm flex-duct sections and exhausted around the nozzle
through a straight 250-m-long section of 305-mm-diam pipe. A
screen was positioned between the settling chamber and the straight
exhausting duct section to break up turbulence and straighten the
flow.

The top view of the facility shown in Fig. 6 illustrates the laser
beam propagation and scattered-light collection. The laser head of a
laser system identical to that used in the first experiment was located
about 1 m below the scattering plane, and an enclosed box containing
two turning mirrors, a polarizer, and the focusing lens routed the
beam upward (out of the plane of the page in Fig. 6) and through the
centerline of the jet flow. The vertically polarized laser beam was
focused with a 500-mm-focal-length lens (L1) to a 140-um 1/
diameter at the probe volume. The beam was oriented in the
horizontal plane at a45 deg angle to the primary flow direction. Light
was collected at a 90 deg scattering angle, collimated, and focused by
apair of /3 450-mm-focal-length lenses (L2 and L3), then reimaged
by another pair of lenses with focal lengths of 150 and 100 mm
(L4 and LS, respectively) onto a 0.55-mm-diam multimode
optical fiber. Because the train of lenses provided 1:1.5 imaging, the
length of the probe volume in the laser-beam-propagation direction
was 0.825 mm, providing resolution in the radial direction of
0.58 mm.

The incident and scattering wave vectors were arranged such that
the axial component of the jet velocity u was measured, as indicated
by the K vector in Fig. 6. As in the previous experiment,
beam steering due to refractive index changes between the hot
and cold airstreams was determined to have a negligible effect on
the measured-velocity component. The laser, beam-propagation
optics, and collection optics were all mounted on a large
x—y traversing system (not shown in the figure) so that the probe

volume could be positioned at various locations in the jet flow. The
75-m-long optical fiber transmitted the scattered light to an adjacent
building in which the sensitive spectral analysis equipment was
located.

For calibration purposes, temperature, density, and velocity
measurements were acquired in a steady laminar flow in the jet core.
Calibration data were acquired in the core flow over a jet exit
temperature range of 239 to 630 K and a velocity range of 167 to
300 m/s. The flow was subsonic for all calibration points; therefore,
the velocity, static temperature, and density were calculated
assuming isentropic expansion of an ideal gas. The lowering of
specific heat ratio with increasing temperature was taken into account
in these calculations by using the assumption of a simple harmonic
vibrator to account for the contribution of the vibrational heat
capacity to the specific heats, following Eq. 180 of [30] for a
thermally perfect gas.

Following the calibration, data were acquired at various radial and
axial locations for jet exit conditions of 500 K and 167 m/s. The
optical system losses in this facility reduced the signal strength by
about one-half compared with the signals observed in the electrically
heated jet experiment. The reduction in f-number provided a larger
collection solid angle in the SHJAR facility, which should have
accounted for the reduction of signal, due to a shorter probe volume
length and longer optical fiber. The lower signal strength compared
with the electrically heated jet system indicates that the transmission
efficiency of the fiber may have been reduced by damage or extreme
bending somewhere along the length of the fiber. Therefore, the data
were sampled at a rate of 10 kHz for this test to achieve signal levels
similar to the electrically heated experiment. Previous velocity data
acquired using TR-PIV [11] at 10 kHz data rate are shown for
comparison.

C. Spectral Analysis and Detection Optics

The spectral analysis and detection optics were identical for both
experiments. Upon collection of the Rayleigh scattered light by the
0.55-mm-diam multimode fiber, it was routed to a separate area,
shown schematically in Fig. 7. The light exiting the fiber was
collimated by an 80-mm-focal-length f1.6 lens (L6) and was
directed through the planar-mirror Fabry—Perot interferometer. The
FPI had 70-mm-diam mirrors with 80% reflectivity, 8.7 GHz free
spectral range, and reflective finesse of approximately 15. The
Fabry—Perot is an extremely sensitive instrument: even the smallest
vibrations or temperature changes can cause the mirrors to drift out of
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Fig. 7 Schematic of spectral analysis and detection optics.

parallel alignment, resulting in increased uncertainty. Therefore, a
stabilization system [28] was used to maintain parallelism of the
mirrors and to set the fringe diameter of the incident reference light to
13 mm for the electrically heated jet experiment and to 14.4 mm for
the SHJAR test.

The Rayleigh scattered light exiting the FPI was focused by a
fringe-forming lens (L7) with an effective focal length of
approximately 2700 mm, which provided a 18.6-mm-diam image
of the fiber face. Light from circular and annular sections of the image
was directed toward PMTs by a concentric elliptical mirror system,
which was designed and fabricated specifically for this application. A
photograph of the image dissector is shown in the upper left corner of
Fig. 7. The mirrors have 12 deg elliptical surfaces with about 90%
reflectivity. The mirror diameters, from innermost to outermost, were
5,12, 16, and 25 mm. Each mirror sent the respective portion of the
fringe image toward PMTs 1, 2, 3, and 4, as shown in Fig. 4; the
fringe regions are also illustrated near the corresponding PMT in
Fig. 7.

The PMTs consisted of Hamamatsu model R9110 detector tubes
with approximately 20% quantum efficiency (QE) at a 532 nm
wavelength, which were mounted in model PR1405SHCE housings
by Products for Research. The PMTs were operated in the photon-
counting mode to acquire fringe-intensity data. Each PMT was
supplied with 1200 V, and the varying-amplitude photoelectron
pulses from the five PMTs were amplified with a gain of 5 and were
counted by Stanford Research model SR400 photon counters, which
output negative-amplitude pulses for each incoming photoelectron
pulse with an amplitude exceeding the threshold level. Typical
threshold levels ranged from —25 to —50 mV for the five PMTs.
Canberra model 2126 constant fraction discriminators converted the
negative-amplitude pulses to positive-amplitude 2.5 V pulses that
were counted by two National Instruments model 6602 counter-
timer boards. Typical photoelectron count rates for this work were on
the order of 1 MHz.

A PC-based data acquisition system using National Instruments
data acquisition hardware and LabVIEW software was used to record
the signals from the PMTs. Each signal channel was digitized for
5.12 s ata 32 kHz sampling rate in the first experiment and for 7.98 s
at a 10 kHz sampling rate in the second experiment. The intensity
information from the Fabry—Perot fringe sampling was used to obtain
temperature and velocity measurements. The density measurement
was much simpler, requiring only an overall intensity measurement.
A beam splitter located just in front of the FPI input (Fig. 7) directed
approximately 10% of the incoming Rayleigh scattered light to a lens
(L12) that focused the light at PMT 5 for the density measurement.
The photoelectron counts recorded by PMT 5 were linearly related to
density, which provided an independent yet simultaneous measure-
ment of density, along with the velocity and temperature mea-
surements from spectroscopic analysis.

IV. Data Analysis
A. Experiment Calibration and Data Analysis Method

For calibration, the electrically heated jet was operated over a
temperature range of 298-765 K and velocity range of 14-110 m/s,
and the SHJAR was operated over a temperature range of 239-630 K
and velocity range of 167-300 m/s. At these operating points, mean
temperature, velocity, density, and pressure were calculated assum-
ing isentropic expansion of an ideal gas. The linear relationship
between photon counts measured by PMT 5 and theoretical gas
density was established. Figure 8 shows the density calibration
curves for the two experiments, along with the linear curve fit for
each set of data.

Several unknown parameters, such as system-detection
efficiencies, effective finesse of the FPI, and fringe-forming-lens
focal length, were evaluated by MLE analysis of the mean photon-
count data using the theoretical calculated flow properties as known
values for temperature, velocity, density, and pressure in the model
function. The overall efficiency ¢, including collection losses,
transmission losses through the optical fiber, and QE of the detectors,
was found to be approximately 2% for the electrically heated jet
experiment and 1% for the SHJAR experiment. Adjustment of the
exact efficiency values was necessary for each PMT in the system
due to minor differences in each detector’s QE. The finesse and
fringe-forming-lens focal length were found to be approximately 15
and 2.7 m, respectively. Once determined, these parameters were
input into the model function for use in MLE analysis of the PMT
counts for temperature and velocity measurements. Figures 9 and 10
show the mean velocity and temperature measured by the Rayleigh
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Fig. 8 Density calibration curves showing the relationship between
photoelectron counts and gas density for both experiments.
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Fig. 9 Velocity measured by Rayleigh technique compared with
theoretical isentropic velocity for both experiments.
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Fig. 10 Temperature measured by Rayleigh technique compared with
theoretical isentropic temperature for both experiments.

technique compared with the theoretically predicted values for the
calibration flow conditions in both experiments. The mean values
were within 7 m/s and 7 K of the theoretical values for velocity and
temperature, respectively.

Using the linear relation between PMT 5 photon counts and
density and MLE analysis of the photon counts from PMTs 14, time
histories of density, temperature, and velocity were evaluated.
Although a constant static pressure equivalent to the ambient
pressure was probably a valid assumption in these subsonic free-jet
experiments, the pressure was assumed to be unknown. The density
measured by PMT 5 and the temperature estimate from MLE
analysis of PMTs 1-4 photon counts were used to determine the local
pressure using the ideal-gas law to demonstrate that this technique
was applicable in flows in which the pressure was unknown and the
ideal-gas law was valid.

B. Power Spectral Calculations

The mean velocity, temperature, and density were calculated and
subtracted from their respective time-history records to provide zero-
mean records, which were used to calculate the power spectral
densities of the property fluctuations. Because of the shot noise in the
PMT signals, it was necessary to use relatively long data records and
calculate power spectra using a technique known as the Welch
method of modified periodograms [31]. In the Welch method, a data
record sampled at a rate f;, = 32 kHz (10 kHz) was subdivided into
smaller records of length L = 4096 (1024) samples, which were
overlapped by 50%. The modified periodograms of each subrecord
were calculated using a Welch data window. These individual
periodograms were then averaged to obtain the estimate of the power
spectrum and divided by the frequency resolution (f,/L) to obtain

the power spectral density (PSD). The number of individual
periodograms used to calculate the averaged PSD depended on the
length of the record used. The 5.12 s data records resulted in 78
overlapped segments, and the 7.98 s data records resulted in 154
overlapped segments. Overlapping the segments by 50% provided a
near-maximum reduction in the variance in the spectral estimate
[31]. The resulting PSDs provided fluctuation information up to half
of the sampling frequency, and the integral of the PSD was
equivalent to the mean square fluctuations. The PSDs were smoothed
using a five-point moving-average filter.

Two numerical processing methods exist that are commonly used
to eliminate noise from power-spectral-density estimates. The first
involves simply subtracting the noise floor from the spectra. Shot
noise is broadband noise that contributes equally over all
frequencies; therefore, it causes a constant offset in the spectrum.
If the spectrum flattens out at high frequencies due to the lack of
significant fluctuations, then the average value of this noise floor can
be estimated and subtracted from every point in the spectrum,
thereby eliminating the broadband shot-noise contribution. The
second method, which is only possible if you have two simultaneous
measurements of the same property, is to take the cross spectrum of
the two simultaneous measurements [32]. Any uncorrelated noise is
eliminated from the final spectrum. One way to obtain two
simultaneous measurements is to split the light into two separate
paths and individually analyze each beam path. This would require a
secondary set of all spectral analysis and detection equipment, which
is not very practical. Therefore, the noise-floor subtraction method
was chosen to eliminate measurement shot noise in the data
presented in this paper; the noise floor was estimated from the last
500 Hz of the power spectrum.

V. Results and Discussion
A. Data from the Electrically Heated Jet Experiment

The electrically heated jet was operated at conditions that provided
moderate temperature and velocity levels at which resistance probes
were applicable for measurement comparisons. The Rayleigh probe
volume and the hot-wire and cold-wire probes were scanned
horizontally across the centerline of the electrically heated jet at an
axial station of x/D = 2. Scans of the Rayleigh probe volume were
performed at jet-exit conditions of 420 K and 110 m/s (case 1) and
420 K and 38 m/s (case 2). Because of the fragility of the cold-wire
probe, it could be used to provide mean and rms temperature
measurements in the low-velocity flow only. The hot-wire probe also
had physical limitations, leading to the inability to make
measurements in heated flows. Therefore, hot-wire measurements
were performed in cold flows with maximum velocities similar to the
heated-flow cases. The radial scans provided measurements in the jet
core as well as in the turbulent mixing layer formed between hot and
cold airstreams. The mean temperature 7" and velocity u values for
the Rayleigh measurements were calculated from the time-history
data, and the rms temperature 7" and velocity ' fluctuations were
calculated from the integral of the PSD after the noise floor had been
subtracted.

Figure 11 shows a radial profile of normalized mean velocity at
x/D =2, and Fig. 12 shows a radial profile of rms velocity
fluctuations normalized by the jet-exit velocity U;. The error bars in
Fig. 11 represent the rms error due to shot noise o,,, which was
calculated using the CRLB analysis discussed in Sec. IL.B. The rms
error is greater in the hot-jet core than in the ambient air, due to a
lower signal-to-noise ratio as a result of a reduction in molecular
number density. The error bars for the rms velocity-fluctuation
measurements in Fig. 12 were determined based on the noise floor
and variance of the PSDs that were used to calculate the «’ estimates.
Error in u’ due to the shot-noise floor was estimated from the CRLB
analysis, whereas the rms error in #' due to PSD variance was
calculated from the rms fluctuations in the actual PSD estimate over
the last 500 Hz (0,_psp)- These error sources are combined in the
following expression, in which the first term is associated with the
noise floor and the second term is associated with the PSD variance:



858

1.50 -

1.25

MIELKE, ELAM, AND SUNG

1.00

® Rayleigh 32 kHz
Hotwire 32 kHz

0.75

0.50

0.25
0.00

_Jplli

-0.25

-0.50

-1.0

-0.5

0.0
r /D
J

0.5

1.0

Fig. 11 Normalized mean velocity profile calculated from Rayleigh
data in a flow with jet exit temperature and velocity of 7; = 420 K and
U; = 110 m/s, and hot-wire measurements in a room-temperature flow
with similar maximum velocity.

Previous analysis [28] quantified the amount of velocity error
induced by frequency drift of this particular laser system. The
expected laser frequency drift on the order of 10 MHz over the time
period of the Rayleigh data acquisition leads to potential velocity
bias error on the order of 4 m/s. Error due to the accuracy with which
the reference fringe radius is set by the Fabry—Perot stabilization
system results in additional bias error of up to 2 m/s. The hot-wire
measurements provide shear-layer fluctuation levels of 0.15U; to
0.18U;, which corresponds to typical shear-layer fluctuations
measured in heated jets by TR-PIV [11]; however, the Rayleigh
measurements indicate fluctuation levels that are greater than the hot-
wire databy 0.02U; to 0.035U at the peaks and as much as 0.12U; in
other regions of the profile. The discrepancies may be due to
erroneous velocity fluctuations related to instability of the Rayleigh
laser frequency or limitations due to the Poisson noise that is inherent
in this technique.

Figure 13 shows the radial profile across the jet flow at x/D = 2 of
normalized mean temperature, and Fig. 14 shows the radial profile of
rms temperature fluctuations normalized by the difference between
the jet exit temperature and the ambient temperature (7'; — Tpp,)- The
error bars indicated in both figures were determined using the same
approach as previously described for the mean and rms velocity
measurements. The rms error in the mean temperature is based on the
error due to shot noise (07) evaluated by the CRLB analysis. The
error in rms temperature was evaluated from the noise floor and
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Fig. 12 Normalized rms velocity-fluctuation profile calculated from
Rayleigh measurements in a flow with jet exit temperature and velocity of
T; =420 K and U; = 110 m/s and hot-wire measurements in a room-
temperature flow with similar maximum velocity.
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The error associated with the noise floor, which is the largest error
source, results in a potentially lower estimate of ' than the actual
value; therefore, the error associated with the noise floor is only in the
positive direction in Fig. 12. The noise-floor error source is
significantly greater than the error due to PSD variance, as evidenced
by the much larger error in the positive direction in Fig. 12.

The Rayleigh measurements presented in Figs. 11 and 12 are
compared with hot-wire velocity measurements acquired in an
unheated flow at the same maximum velocity as the heated flow of
case 1. The asymmetry of the velocity profiles is caused by flow
disturbance from the heater coils in the jet plenum. The mean
velocities from the Rayleigh measurements show some deviation
from the hot-wire measurements at a few points in the radial profile.
The Rayleigh velocity measurements in the low-velocity region of
the coflow tend to be biased toward lower values than those measured
by the hot-wire probe by as much as 5-10 m/s. The agreement
between the measurements gets better as velocity increases; the
Rayleigh measurements agree with the hot-wire measurements
within 5 m/s throughout most of the profile. The laser used for these
measurements is not frequency-stabilized; there is inherent drift in
the laser frequency over time.
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Fig. 13 Normalized mean temperature profile calculated from
Rayleigh and cold-wire data and measured by a thermocouple for a
flow with jet exit temperature and velocity of 7; =420 K and
U =38 m/s.
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Fig. 14 Normalized rms temperature fluctuation profile calculated
from Rayleigh and cold-wire measurements in a flow with jet exit
temperature and velocity of 7; = 420 K and U; = 38 m/s.
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variance of the PSDs that were used to calculate 7’ using the
following expression:

or fs
Térror = +4/5 07 (13)
\/m L T-PSD

The error due to the noise floor, which is represented by the first term
in Eq. (13), makes the greatest contribution to the error in 7".

The 1 and 32 kHz rate Rayleigh measurements are compared with
thermocouple and 1 kHz cold-wire temperature measurements in
Figs. 13 and 14. The mean temperatures from the Rayleigh technique
compare well with the thermocouple measurements that were
acquired in the flow just before the Rayleigh data acquisition and
with the cold-wire measurements that were acquired on a different
day, with the greatest deviation being less than 2%. The 1 kHz
Rayleigh rms temperature fluctuations match the 1 kHz cold-wire
measurements very well in Fig. 14. The largest deviation between the
two measurements is approximately 0.015 (7; — T,,,) and occurs in
the jet core. A much greater deviation occurs between the 1 and
32 kHz data; the reason for this is explained as follows.

Figure 15 shows the temperature PSD at r;/D = 0.7 calculated
from 1 and 32 kHz rate Rayleigh and 1 kHz rate cold-wire
measurements; the 1 kHz spectra are calculated using 128 point
segments so that the periodograms match the frequency resolution of
the 32 kHz spectrum. The cold-wire measurements provide accurate
turbulence levels for fluctuations up to 500 Hz, but significant
temperature fluctuations exist at higher frequencies, as shown in
Fig. 15. If the data are significantly undersampled in frequency and
anti-alias filtering is not employed, aliasing of the higher-frequency
content in the flow beyond the sampling rate should manifest itself
across the entire frequency range of the spectrum, often resulting in a
rise in the tail of the spectrum [11]. There may be some evidence of
aliasing in the 1 kHz spectra in Fig. 15. Because the 1 kHz cold-wire
and Rayleigh measurements do not properly account for higher-
frequency fluctuations, the resulting turbulence levels from the 1 kHz
data sets result in lower fluctuation estimates than the 32 kHz data,
hence the discrepancy in the rms temperature fluctuations in Fig. 14.

Both 1 and 32 kHz Rayleigh temperature PSDs compare quite well
with the cold-wire PSD in the frequency range from O to 500 Hz,
which indicates that the Rayleigh technique provides good estimates
of the temperature fluctuations. The peak temperature fluctuations
calculated from the 32 kHz Rayleigh temperature measurements
range from 16 t0 19% of T; — T,,,. Khavaran and Kenzakowski [33]
provide CFD predictions of total temperature fluctuations using a
Reynolds-averaged Navier—Stokes (RANS) solver. Although the
static and total temperature fluctuations are expected to vary slightly,
a comparison between the CFD prediction should indicate if the
Rayleigh measurements are at least in the right range. The numerical
calculations indicate that the total temperature fluctuations in the
shear layer for heated round jets in this temperature range should be
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Fig. 15 Temperature PSD calculated from Rayleigh and cold-wire
measurements in a flow with jet exit temperature and velocity of 7; =
420 K and U; = 38 m/s.

on the order of 15% relative to the difference between the jet exit
temperature and the ambient. Therefore, the Rayleigh measurements
in the shear layer appear to be slightly high. Greater error is expected
in the lower-amplitude fluctuation measurements, in which the
fluctuation level falls within the noise level of the technique.

B. Data from the SHJAR

The SHIAR was operated at jet exit conditions of U; = 167 m/s
and 7; =500 K (Ma =0.5 and TR = 1.765), and the Rayleigh
probe volume was scanned horizontally from the jet centerline
(r;/D = 0) outward through the shear layer at axial locations of
x/D =2,3,5, and 6. The flow is symmetric about the axis for this
round-nozzle flow. TR-PIV data were acquired at 10 kHz rate in the
same facility before this test [11] and are included here for
comparison with the Rayleigh measurements. Both the nozzle flow
and ambient air were seeded in that work to achieve velocity
measurements in the core as well as the mixing layer. The hot nozzle
flow was seeded with 0.5-um-diam alumina powder, whereas the
ambient fluid was seeded with 0.3 xvm mineral-oil droplets produced
by a commercial smoke generator.

Figure 16 shows mean velocity normalized by the jet exit velocity
as a function of normalized radial position (r;/D) for Rayleigh and
TR-PIV data acquired at a sampling rate of 10 kHz. Only one-half of
the jet profile was measured by the Rayleigh technique, because the
flow is symmetric about the axis in this case. The rms error in velocity
due to shot noise ranged from £0.14 to £0.27 relative to U;; error
bars have been omitted from Fig. 16 to avoid unnecessary clutter due
to the large error bars. Some differences in the mean velocities exist
between the two measurements. The centerline velocities are in
agreement; however, the Rayleigh data offcenterline show an
underestimation of the mean velocities compared with the TR-PIV
measurements. It is not clear whether this difference physically exists
orifitisrelated to bias error in the Rayleigh measurements; however,
the general trend in profile development as the flow progresses
downstream follows that predicted by the TR-PIV data.

Figure 17 shows radial profiles of rms velocity fluctuations
normalized by the jet exit velocity based on the two measurement
techniques. The error bars shown for the Rayleigh turbulence
fluctuation estimates were calculated using Eq. (12). Again, there are
differences between the Rayleigh and TR-PIV measurements, which
may be explained by observation and discussion of the PSDs that
were used to determine the rms values.

Velocity PSDs calculated from Rayleigh and TR-PIV data
acquired at r;/D = —0.5 and x/D =2, 3, 5, and 6 are shown in
Figs. 18-21, respectively. The broadband noise floor has been
subtracted from all Rayleigh PSDs, and the rms fluctuations
displayed in Fig. 17 were evaluated from the integral of the PSDs.
Obtaining accurate PSD and rms fluctuation estimates relies on two
assumptions:
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Fig. 16 Normalized mean velocity as a function of r;/D at jet exit
conditions of 7; =500 K and U; =167 m/s in the SHJAR facility;
10 kHz Rayleigh measurements are compared with 10 kHz TR-PIV data.
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10 kHz Rayleigh measurements are compared with 10 kHz TR-PIV data.
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Fig. 18 Velocity PSD calculated from 10 kHz Rayleigh and TR-PIV
data acquired at x/D = 2 and r;/D = —0.5 in the SHJAR with jet exit
conditions of 7; = 500 K and U; = 167 m/s.

1) The noise floor is sufficiently represented by the average
spectral value over the last 500 Hz.

2) Any energy in the spectrum that falls below the noise-floor level
does not make a significant contribution to the rms fluctuations.

If these two assumptions are not met, the noise-floor subtraction
technique may cancel out energy that is not purely noise. This tends
to be a problem in regions in which higher-frequency fluctuations are
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Fig. 19 Velocity PSD calculated from 10 kHz Rayleigh and TR-PIV
data acquired at x/D = 3 and r;/D = —0.5 in the SHJAR with jet exit
conditions of 7; = 500 K and U; = 167 m/s.
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Fig. 20 Velocity PSD calculated from 10 kHz Rayleigh and TR-PIV
data acquired at x/D =5 and r;/D = —0.5 in the SHJAR with jet exit
conditions of 7; = 500 K and U; =167 m/s.
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Fig. 21 Velocity PSD calculated from 10 kHz Rayleigh and TR-PIV
data acquired at x/D = 6 and r;/D = —0.5 in the SHJAR with jet exit
conditions of 7; = 500 K and U; = 167 m/s.

expected, because the spectrum is less likely to have reached the
noise-floor level by the last 500 Hz of the frequency range.

Higher-frequency content is usually expected as you approach the
nozzle exit plane. The Rayleigh velocity PSDs for x/D = 2 and 3
(Figs. 18 and 19) have lower energy levels over frequencies greater
than 200 Hz, compared with the TR-PIV PSDs. This results from an
overestimation of the noise floor. Further downstream [x/D = 5 and
6 (Figs. 20 and 21)], the Rayleigh and TR-PIV PSDs match up better
because the noise floor was more accurately represented by the
energy level at 4.5 kHz and beyond. Therefore, it is important to
consider the expected fluctuation range when implementing the
Rayleigh technique, because under-resolving the frequencies can
result in an artificially high noise-floor estimate and hence a low rms
fluctuation estimate for the measured flow properties. The turbulence
spectra within the first diameter of the nozzle exit are dominated by
high frequencies on the order of 100 kHz, whereas the frequencies
further downstream typically do not exceed 30—40 kHz [11].

As previously mentioned, if the data are significantly under-
sampled in frequency, aliasing of the higher-frequency content often
results in a rise in the tail of the spectrum. It is not possible to anti-
alias filter the Rayleigh or TR-PIV data when they are acquired,
which is the standard approach in other techniques such as hot-wire
anemometry. The effects of aliasing on the power spectral densities
for undersampled data have been investigated by Wernet [11]; these
effects may be evident in under-resolved situations such as the
10 kHz data acquired in the SHJAR facility close to the nozzle, in
which fluctuations up to 40 kHz are expected (Figs. 18 and 19).

Figures 22 and 23 show radial profiles of mean and rms
temperature, respectively, measured by the Rayleigh technique
normalized by the difference between the jet exit and ambient
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Fig. 22 Normalized mean temperature as a function of r;/D at jet exit
conditions of 7; =500 K and U; =167 m/s in the SHJAR facility
calculated from 10 kHz Rayleigh data.
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Fig. 23 Normalized rms temperature fluctuations as a function of r; /D
at jet exit conditions of 7; = 500 K and U; = 167 m/s in the SHJAR
facility calculated from 10 kHz Rayleigh data.

temperatures (7; — T, for the same jet conditions of 7'; = 500 K
and U; = 167 m/s. Although error bars have been omitted from
Fig. 22, it should be noted that the rms error in the mean temperature
based on the error due to shot noise ranged from 3-0.2 to 0.5 of the
difference between jet exit and ambient temperatures. The error bars
for the error in the rms temperature measurements were evaluated
using Eq. (13) and are indicated in Fig. 23.

Dynamic temperature data by another experimental technique are
not available for comparison; however, shear-layer total temperature
rms fluctuations based on RANS CFD predictions for a round-nozzle
flow with the same conditions were presented by Khavaran and
Kenzakowski [33]. Their calculations indicate that total temperature
fluctuations in the shear layer should be on the order of 16% relative
to the difference between jet exit and ambient temperatures. The
shear-layer static temperature fluctuations measured by the Rayleigh
technique are slightly higher than the predicted total temperature
fluctuations, with levels of 20-22% of T; — T yyp-

Khavaran and Kenzakowski [34] also presented the static and total
temperature fluctuations along the centerline of the jet based on
RANS CFD predictions. The CFD predictions estimated temperature
fluctuations on the centerline for x/D < 3as0.3% of T; — T,,. The
Rayleigh centerline measurement of 7" at x/D =2 and 3 are not
expected to be accurate, because the amplitude of the fluctuations
falls within the noise level of the technique. The CFD-predicted
temperature fluctuation levels at x/D = 5 and 6 are approximately
3.5and 10% of T; — T, respectively. The corresponding Rayleigh
centerline measurements of 7" are about 11 and 16% of T; — T, for
x/D = 5 and 6, respectively. Temperature fluctuation levels that are
greater than 2.5% of T; — T, are expected to be above the noise-

floor level; therefore, the high estimates of 7" compared with the
CFD predictions need to be investigated further. The shear-layer
growth and mean temperature profile development appear to follow
the same trends as the RANS CFD predictions [33,34].

VI. Conclusions

A technique for obtaining gas velocity, temperature, and density
measurements at high sampling rates using molecular Rayleigh
scattering was described. Density was determined from an overall
intensity measurement of the scattered light, whereas temperature
and velocity were determined by analyzing the scattered light with a
Fabry—Perot interferometer. The signals from five photomultiplier
tubes were simultaneously recorded using photon-counting at
sampling rates up to 32 kHz. Uncertainties in individual temperature
and velocity measurements within the time record are estimated to be
on the order of 20% and 30 m/s, respectively. Other statistical
quantities, such as root-mean-square fluctuations and power spectra,
can be obtained with higher accuracy by using the Welch method of
modified periodograms and noise-floor subtraction. The Rayleigh
technique was demonstrated in two hot-jet facilities: an electrically
heated jet with a 10-mm-diam nozzle and the small-hot-jet acoustic
rig (SHJAR) with a 50.8-mm-diam nozzle in GRC’s Aeroacoustic
Propulsion Laboratory. Rayleigh measurements were validated by
comparison with hot-wire anemometry, cold-wire thermometry, and
TR-PIV measurements. The complete set of data acquired in the
SHJAR will be analyzed and presented in a later publication to
provide an experimental database for validation of computational
codes.

This Rayleigh technique has proven useful in studying subsonic
heated jets. The technique has a limited velocity and temperature
range; the exact range of usefulness varies depending on the
experimental arrangement and equipment. Based on the free spectral
range of the FPI and imaging parameters of the lenses used in this
work, velocities up to 650 m/s can theoretically be measured.
However, the usefulness of the technique in that velocity range is
questionable, as shocks may cause extreme changes in the beam-
propagation direction that could prohibit collection of the scattered
light or significantly change the direction of the measured-velocity
component. Further investigation is planned to assess the usefulness
of this technique in the presence of shocks. The maximum tem-
perature that can be measured is limited by the signal-to-noise ratio
achievable by the system, because the scattering signal decreases as
temperature increases. Also, particulates in the gas flow are
problematic for this technique; therefore, it is important to use a very
clean gas supply and to avoid condensation of vapors in the flow. Itis
important to keep in mind the expected frequencies of the property
fluctuations in an experiment and to attempt to use a minimum data
rate not less than twice the maximum expected frequency, if possible,
to avoid aliasing and noise-floor estimation errors. The maximum
sampling rate, however, is also limited by the signal-to-noise ratio,
because a higher sampling rate results in a shorter integration time
over which signal photons are detected.
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