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TURBULENCE MEASUREMENTS IN SUPERSONIC SHOCK-FREE
JETS BY THE OPTICAL CROSSED-BEAM METHOD

SUMMARY

’

A new optical "crossed-beam' technique was used to measure the
turbulence properties of two supersonic, shock-free, cold air jets. The
method as used here is based on the absorption of ultraviolet radiation by air.
The measurements were highly successful in that reasonable and consistent
values of the turbulence properties such as convection speeds, length scales,
and spectra were obtained, and the data generally followed the trends set by
hot-wire measurements in subsonic jets. The most interesting feature of the
crossed-beam technique which was investigated in these experiments is the
possibility of a direct measurement of three-dimensional spectral density.
However, the demonstration that the crossed-beam technique can be used for
turbulence measurements in supersonic flow is considered to be the major
accomplishment of these experiments.

INTRODUCTION

This report presents the first systematic turbulence measurements in
supersonic jet shear layers ( November 1966) using the recently developed
optical crossed-beam correlation technique [1, 2]. Supersonic flow does not
present additional difficulties to the crossed-beam method, in contrast to the
hot-wire technique, since it is only necessary to penetrate the flow field with
two beams of radiation which do not disturb the flow.

The measurements were made in two supersonic, shock-free, cold air
jets (Mach 2. 46 and 3. 34) and covered the region from the nozzle exit to 8
diameters downstream. The nozzles were designed for uniform, shock-free
flow to provide the simplest possible supersonic flow field. Convection speeds,
eddy lifetimes, turbulence intensity profiles. length scales, and spectral
densities were determined from the data. Most of the measurements were
made with minimum turbulence in the jet core; however, some runs were made
with a turbulence-generating screen just upstream of the nozzle throat to deter-
mine the effect of core turbulence on the shear layer. Pitot pressure profiles
were also obtained to compare with the crossed-beam data.



This test is one in a series to develop the crossed-beam technique as a
reliable tool to study complex supersonic turbulent flow fields such as in
vehicle interstage and base regions, and interacting jets. The method of
approach has been to start with the simplest subsonic flow, in which hot wire
data is available for comparison, and proceed to successively more complex
flow fields.

The crossed-beam apparatus was developed by the IIT Research
Institute (II'TRI) under contract to the Marshall Space Flight Center (MSFC).
The first successful measurements were made during July 1965 at IITRI, in a
subsonic jet using visible light beams and adding a water droplet tracer to the
jet to modulate the intensity of the beams by scattering. The convection speeds
which were obtained compared well with previous hot wire results [1]
Exploratory measurements were then made at IITRI in a supersonic jet (Mach
1. 5) using an ultraviolet focussed-beam optical system without adding a tracer
to the jet [4]. After these tests, the ultraviolet (uv) crossed-beam apparatus
was transferred to MSFC for the measurements described in this report.

The original purpose of using ultraviolet radiation was to measure
fluctuations in the thermodynamic properties of air since ultraviolet radiation
is absorbed by oxygen and, therefore, the detected light intensity fluctuations
would be related to the thermodynamic property fluctuations caused by the
turbulence. However, the radiation was also absorbed by water vapor and
scattered by various particles, so it is now uncertain which constituent caused
the predominant fluctuations in radiation intensity, although a hypothesis is
given in the section, Processes of Radiation Intensity Modulation. Therefore,
no attempt was made to interpret these measurements in terms of thermody-
namic properties; however, much useful information was obtained with only
limited knowledge about the processes which created the measured signal.

This test was performed at the newly-constructed MSFC Thermo-
Acoustic Jet Facility (TAJF). Since no heater was available at the TAJF at
that time, the test was run using cold air. The resulting low temperatures in
the jets undoubtedly caused condensation of the entrained water vapor in the
shear layer (the air in the jet core was dried) and perhaps caused condensation
of other constituents of air at some test conditions. Therefore, unwanted
condensation droplets of unknown size and concentration contributed to the
uncertainty about the processes of radiation attenuation.

The crossed-beam data are compared with published hot wire data
from subsonic jets to determine the similarity between the turbulence properties
of subsonic and supersonic jets.
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THE CROSSED-BEAM CORRELATION TECHNIQUE

The crossed-beam technique is an optical method for measuring local
turbulence properties without disturbing the flow. The method has the potential
of measuring fluctuating scalar quantities such as temperature and pressure,
but is incapable of measuring velocity fluctuations. Therefore, the crossed-
beam technique complements, but does not substitute for, the hot-wire technique.
Other possible applications include the measurement of species concentration
fluctuations in a reacting flow or turbulent diffusion process by using suitable
optical wavelengths.

The basic concept can be understood with the aid of Figure 1. Two
mutually perpendicular beams of radiation are passed through the turbulent
flow region where it is desired to obtain a local measurement. Measurements
are made either with the beams intersecting or separated such that the line of
minimum separation (BC) is aligned with the local mean flow direction. The
case of intersecting beams is considered first. Photodetectors D and Dz

placed outside the flow field measure the radiation intensity of the horizontal

and vertical beams, respectively. Fluctuations of the detected radiation inten-
sity are caused by turbulence-induced fluctuations in optical density. Ideally,
the intensity fluctuations can be related to the fluctuations of some flow property,
e.g., pressure, temperature, and species concentrations. This point is dis-
cussed later. :



The intensity fluctuations measured at each detector, however, result
from an integral of the fluctuations along the entire length of that beam. The
essence of this technique is to retrieve the time-averaged local fluctuations
from a "correlation volume' which is common to both beams by obtaining the
covariance of the signals from the two detectors. The common correlation
volume, which includes a portion of each beam, is centered about the beam
intersection point. The size of the correlation volume is determined by the
average eddy size, or integral scale, of the turbulence and not by the beams.
It is assumed that the beam diameter is small compared to a typical dimension
of the correlation volume. The components of the two signals which are due to
fluctuations outside the correlation volume are uncorrelated and, therefore,
do not contribute to the covariance; i.e., these components are "noise. "
Therefore, we have the problem, which is familiar in communication engineer-
ing, of extracting a common signal embedded in the noise of two other signals.

Since the mathematical formulation of the crossed-beam technique has
been presented previously [1-5], only the results needed in this report are
given here. The basic result, from which all other information is obtained,
is the cross-correlation of the fluctuating signals received by the two detectors.
This quantity is called the two-beam product mean value, G(x+¢,y, z, 7).

iy(t + 7) iz(t) dt = i—;(_t + T')"i;(t)
(1)

T

1

G(x+¢,y, z,7)= lim

In Figure 1, the coordinates x, y, and z locate the point B. The
quaniity ¢ is the separation distance (minimum distance) between the beams, 7
is a time increment added to one of the signals during data reduction, and i(t)

is the fluctuating component of radiation intensity at a detector. .

Turbulence Intensity

We shall first consider the case of zero beam separation, ¢ = 0, and
zero time increment, 7 = 0.

G(x,y,z)=1i (t)i(t) (2)
y Z

The problem now is to interpret Equation (2) in terms of local fluctuations in
the flow. As mentioned before, the technique does not yield truly pointwise
information. Moreover, the spatial resolution is beyond the control of the



experimenter; it is determined by the characteristics of the turbulence, i.e.,
the size of the correlation volume at the beam intersection point. However,
an acceptable approximation to local values can be obtained. Furthermore,
for some applications it is advantageous not to obtain pointwise information,
but an integral over a correlation area [6].

An interpretation of G(x, y, z) in terms of local fluctuations is given
in Reference 1 and, in revised form, in Reference 3. We shall use the results
of Reference 3, which shows that G(x, y, z) is a spatial double integral that
is weighted by the two-point correlation coefficient to give the following ap-
proximation to the mean square of the fluctuating ""extinction coefficient, " k,
at the point of beam intersection:

G(x,y, z) =TyTz K(x,y,2z,t) Alx,y,2) , (3a)
where
A(x,y, Z)Ejr:' / Ry(x,y+n, z+L)dnds . (3b)
n

Now, ki(x,y, z, t) is the deviation from the time-averaged extinction coefficient,

K(XsY9Zat)
kix,y, z, )=K(x,y, z, t) - K(x,vy, z, t) (4)

The term "extinction coefficient,' the "constant' of the Lambert-Beer law,
is used here for any type of absorption or scattering process following the
practice of Reference 7. Since we are dealing with a turbulent, optically
inhomogeneous medium, K is not a constant, but is a function of position and
time. The connection between K and the desired flow properties is discussed
later.

The quantity A(x, y, z) is called the integral correlation area, by
analogy to the familiar integral length scale. It can be regarded as the cross-
sectional area, in the plane of the beams, of the common correlation volume
at the beam intersection point. The integrand of Equation (3b) is the correla-
tion coefficient between a point on the y beam and a point on the z beam; the
coordinates n and £ give thé distances of these points from the beam intersection
point.



k(x,y+n, z,t) k(x,y,z+8, t)
. — (5)

R (x,y+n, z+L) = — o
P [kZ(X,Y"'n, z, t) kz(x,y,z+§,t)]2

The approximation of Equation ( 3a) is "exact' for the case of locally
homogeneocus turbulence, where k? is independent of position within the common
correlation volume. Reference 3 gives arguments to show that Equation ( 3a)
is a good approximation also for the most probable types of inhomogeneous
turbulence. Therefore, we have a method to estimate pointwise turbulence
intensities from crossed-beam measurements if we can determine A(x, y, z).
If we can assume that A(x,y, z) is constant along a chosen direction, we can
obtain a relative intensity profile in that direction without knowing A(x, y, z).

If we use the approximation of Reference 1

Alx,y,2z) = Ly LZ (6)

where Ly and LZ are the integral length scales in the y and z directions, we

see that A(x, y, z) is constant across the flow field if the length scales are
constant. The assumption of constant length scales is justified even in some
cases of inhomogeneous turbulence; e.g. , Reference i1 shows that the radial
length scales in a subsonic jet are relatively constant in planes perpendicular
to the mean flow direction and vary significantly only in the streamwise direc-

tion. However, to obtain absolute values of k*(x, v, Z, t) , the length scales
must first be estimated, and this is considered later.

An alternate interpretation of G(x,y,z) as an area integral of the product
of the extinction coefficient k(x, y, z, t) at the beam intersection point with
k(x,y +n,2z+§,t) at all other points on the surrounding correlation area was
given by Krause in Reference 5 for the conditions of homogeneous turbulence
and in Reference 8 for more general conditions.

Measurement of the local mean square extinction coefficient,

k*(x,y, z, t) , using Equation (3) does not yield directly the absolute magnitude
of any particular property of the flow. One must first find a "'calibration

factor' which relates kz(x, y, Z, t) to a desired flow property, e.g. , pressure
or temperature. To obtain such information, it is desirable that only one
constituent of the flow attenuates the intensity of the beam. Secondly, the
radiation should preferably be attenuated only by the desired property, although



this is not essential in some cases. Finally, one must find the relation hetween
the desired property and the extinction coefficient. There are two different
approaches to this problem, one method using light scattering from tracer
particles placed in the flow and the other method using absorption by a gaseous
constituent.

If the flow is seeded with solid particles of uniform size and if the proper
radiation wavelength is chosen such that the light is scattered by the particles
but not attenuated by other constituents, then the local extinction coefficient is
proportional to the local concentration of the particles [7]. Therefore, fluctua-
tions in particle concentration causes fluctuations in the measured radiation
intensity. Now, if the relationship between particle concentration fluctuations
and fluctuations of a flow property can be found, we are then able to obtain the
desired local property fluctuations from crossed-beam measurements.

Alternatively, we could use a radiation wavelength which is absorbed by
a gaseous constituent of the flow. The fluctuations of the extinction coefficient
are then caused by fluctuations in thermodynamic properties or species con-
centration of the flow. By appropriate selection of wavelength, A, and wave-
length interval, AX, we can in some cases arrange that the extinction coefficient
is dependent predominantly on one thermodynamic property, e. g. , pressure.

Then by selection of another wavelength, we can choose a different thermo-
dynamic property, e.g., temperature. This selectivity makes this method
potentially very powerful. By spectroscopic analysis of crossed-beam data,
using laboratory calibration measurements and absorption band model theories,
we can obtain the desired thermodynamic property fluctuations. A possibility
exists that this can also be done if the absorption depends on more than one
thermodynamic property [9, Part II]. Reference 9 describes the initial effort
in spectroscopic crossed-beam analysis, and Refercnce 10 discusses the
possibility of measuring mean values of thermodynamic properties. Also, by
appropriate choice of wavelength, we could measure concentration fluctuations
of one species in a non-uniform mixture of gases.

It must be emphasized that complicated calibration procedures are not
necessary to determine certain inportant turbulence properties which are
frequently called the kinematic properties, e.g., convection speeds, eddy life-
times, relative intensity profiles, integral length scales, and relative power
spectra. However, at least some of the above properties can be different for
different fluctuating quantities of the turbulent field; e.g., the length scale of
temperature fluctuations can differ from the length scale of velocity fluctuations.
Therefore, it is highly advantageous, even in measuring kinematic properties,
to be able to select a wavelength, A, so that the desired thermodynamic property
causes the predominant modulation of the beams.



Two-Point Space-Time Correlation Coefficient

It was shown in Reference 1 that an acceptable estimate of the cross-
correlation coefficient between two points separated by a distance ¢ along a
streamline is given by:

. G(x+é&,y, 2,7)
r(gm) = gt (7

By using several different beam separation distances, £, we can obtain
a set of space-time correlation curves from which the convection speed and
eddy lifetime can be easily determined.

Length Scales

The integral length scale in the streamwise direction can be obtained
from Equation (7).

oQ
L = [ rs0a (8)
-00
This definition, which is convenient for crossed-beam work, is just
twice that normally used, because the integration extends in the negative as

well as positive direction..
The length scales L. and LZ in two perpendicular cross-flow directions

are needed for an estimate of A from Equation (6). The scale Ly in this

report is measured in the radial (outward from jet centerline) direction, and
LZ is measured perpendicular to Ly in the circumferential or tangential

direction. This notation was used because all measurements were made in a
horizontal plane which contained the jet centerline and, there, y and z corres-
ponded to the radial and circumferential directions, respectively. A method
for estimating LZ is given in Reference 4.

Ty G(x7, 2
L = — dy (9)
z —ofo T iZ (t)
z y



To evaluate this integral numerically, the horizontal beam is kept
fixed and the vertical beam is moved in small increments to intersect the
horizontal beam at a number of y locations so that the dependency of G(x, y, z)
and _I-z on y can be determined across the entire turbulent flow region. In the

derivation of Equation (9), it was necessary to assume that both Ly and Lz

are invariant along the y direction within the region of turbulence. This condi-
tion is, of course, met in the special case of homogeneous turbulence; further-
more, as mentioned earlier, it is also met for some cases of inhomogeneous
turbulence as was shown, at least for Ly’ in subsonic jets [11]. Ly can also

be obtained from Equation (9) by interchanging y and z, keeping the vertical
beam fixed and moving the horizontal beam, if we can reasonably assume that
the length scales are constant along the z direction.

Spectra

To obtain the spectral analysis of local fluctuations, we can Fourier-
transform the quantity G from Equation (1). However, since G results from
an integration by the beams over a correlation volume, we do not get the one-
dimensional spectrum which would be obtained from a point probe measurement.
Instead. syfunctiom which resembles mathematically the three-dimensional
spectral Bensity is obtained. This was recognized by Krause [6] quite early
in the formulation of the crossed-beam concept; however, this is the first
attempt to investigate this feature experimentally.

Equation (1) can be expressed in the following way [1]:

+ =1 1 ) o o e
G(x &y, 2, T) IyIZ j_ooj k(X,y+T], z, t+T‘)IT{(X+£,y, Z+Z.Ht)d‘nd;.

(10)
The point (x, y+n, z) is on the horizontal beam and the point (x+ ¢, y, z+¢) is

on the vertical beam. The double line integral is accomplished by optical
integration along the beams.

Now, following Hinze [12], the three-dimensional spectral density
of a scalar quantity k is given by

_i(Kx £ +xyn+xz L)

1 e - -
E(Kx, K Kz)=8—7r3- {;{j k(x,y, z,t) k(x+¢,y+n, 2+, t)e dgdndg.

H

(11)



This is identical to Hinze's function Evy, ¥ for scalar quantities and is
analogous to the three-dimensional spectrum tensor for vector quantities,

Ei i By restricting K to the streamwise, or x direction, we get
, .

(12)

The quantity in brackets is very similar to Equation (10). In fact,
if we assume local homogeneous turbulence in the region of minimum beam

separation, we have

k(x, y+777:7z, t) -k(x+g, v, z+—§,¥,‘t)=k(x, Vs Z, tfk(xié,?-;, z+'~§', t) .
(13)

Upon substitution of Equation (13) in Equation {10), the integral of
Equation (10) becomes identical to the brackets of Equation (12); this is also
true for inhomogeneous turbulence if the inhomogeneity is a linear or an odd
function of n or { {3, 8]. Therefore, we obtain the following:

G(x+gj,z 7=0) (lK g)dé ' (14)

11
y 2

E(k_,0,0)= Sﬁ j

This gives the energy per unit volume. of wave number space for wave
number of magnitude k_ in the streamwise direction.
X

To evaluate the integral of Equation (14), a large number of measure-
ments must be made with different beam separations, ¢ However, it is
more convenient to make only one measurement with intersecting beams and
use Taylor's hypothesis to substitute a time increment for the space increment
in the stream direction:

g=Uc'r . (15)

It should be kept in mind that Equation ( 15) is an approximation and
involves the assumptions of constant convection speed, homogeneity, and small
fluctuations, and is not recommended for use in shear flow [12]. Nevertheless,
for the purpose of this report, it was decided to use Equation { 15) to reduce the

number of experiments to manageable proportions. Substituting Equation (15)
into Equation (14) yields:

10




U o
_ c . -(ix_U _7)
E(KX,O’O)——8ﬂ3fyTZj G(x,y,z,T)e" x c dr . (16)

-0

Because it usually proves more convenient to compute the frequency
spectrum rather than the wave number spectrum, the following convective flow
approximation is used:

wx: KXUC (17)
and
UC o " )
e —{iw T
E(wx, 0, 0) = 3T TZ f G(x,y,z,T)e  x4dr . (18)
y -0

This equation is used later to compute power spectra.

EXPERIMENTAL APPARATUS

The apparatus used in these experiments consisted of the crossed-beam
system, Pitot pressure probes, fluctuating pressure transducers, microphones,
and schlieren and shadowgraph equipment. Only the crossed-beam and Pitot
probe systems are described because they provided the most important data.

Crossed-Beam System Mechanical Support

A photograph of the crossed-beam apparatus at the test site is shown in
Figure 2. The optical components are mounted on a modified lathe bed to
facilitate positioning the beams. The light sources and spectrometer systems
for both horizontal and vertical beams are mounted on a movable framework
so that both beams can be moved simultaneously to any desired axial location
along the jet. The horizontal beam, which does not have the capability of
vertical motion, is positioned to go through the center of the jet. The vertical
beam can be moved relative to the horizontal beam in the streamwise, x, and
crossflow, y, directions by means of an auxiliary traverse mechanism which
is mounted on the larger framework. A combination of these motions allows
us to intersect the beams anywhere in a horizontal plane which contains the
centerline of the jet, or to separate them in the streamwise direction.

11



Selection of Radiation Wavelength

Ultraviolet radiation was selected for these experiments in an effort to
measure thermodynamic property fluctuations. Of course, any wavelength
which is absorbed by some constituent of air could have been used. In fact,
it now appears that an infrared wavelength might have been preferable.

Figure 3 gives some experimental data from Reference 9 which shows
the variation of radiation transmission, 7%, with optical wavelength, A, and
pressure, P, for a path length of 34.25 cm and a constant temperature of
approximately 310°K, The transmission, 7%, is the fraction of radiative
energy which penetrates the absorbing path. The air used in this experiment
was practically free of water vapor and carbon dioxide. The absorption in
this wavelength band (1750 < A < 1900A) is primarily due to the Schumann-
Runge bands of oxygen at moderate pressures. However, water vapor also
absorbs in this band, and if a significant percentage of water vapor is present,
its contribution to the total absorption can be appreciable [9, Part I}. The
effects of water vapor on the measurements of this report are discussed in the
section, Processes of Radiation Intensity Modulation. The absorption by oxygen
is also dependent on temperature, although to a lesser degree than on pressure.
Therefore, one is faced with the problem of separating the contributions of
pressure and temperature [9, Part 11},

A wavelength of 1850A was selected for these experiments. This
wavelength was chosen because it corresponded to a relative maximum in
emissive power of the light source which was used and also gave the largest
ratio of fluctuating signal to shot noise for a given rms pressure level as
determined by measurements in a dynamic absorption calibration cell. The
mean transmission was in the range 0. 45 to 0. 60 for this wavelength at atmos-
pheric pressure for the absorbing path lengths which were used (approximately
30 and 48 cm for the vertical and horizontal beams, respectively). Although
there is an optimum transmission for any given experiment [3], any 7* in a
range of about 0. 3 to 0.7 is considered satisfactory. To obtain sufficient
radiative power, a rather broad bandpass, A\, of 50A centered about 1850A
was chosen.

The Optical System

Figure 4 shows the arrangement of the optical components. The major
components for both beams are identical, but the focusing optics are arranged
differently. The components are listed below along with a brief discussion of
each. A more complete discussion is given in Reference 13.
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Light source. McPherson Model 630 vacuum ultraviolet discharge
lamp.

The lamps were operated with research grade hydrogen at 15 mm Hg
pressure and 0. 6 amperes. They were powered by separate Forest Electric
Co. Model W-1356 dc power sources which had less than 0. 1 percent voltage
ripple. The operating voltage was approximately 2000. The lamps had
relatively large radiative power output in the ultraviolet range of interest with
a relative peak at approximately 1850A. However, the power output was still
inadequate to obtain a good signal-to-noise ratio (to be discussed later). This
is the main drawback in using ultraviolet radiation for crossed-beam applica-
tions.

Monochromator. Jarrell Ash Model 84-110, 0.5 meter vacuum Ebert
type with grating of 1180 lines per millimeter.

Theomonochromators were used to select a bandpass of 501&, centered
about 1850A, from the radiation spectrum emitted by the McPherson lamps.
Although partially shielded from jet noise by thick acoustic insulation shields,
the monochromators were not entirely covered.

Photo-detector. EMR Model 541 A-05-14 multiplier phototube.

The phototubes were bolted to the monochromators at the exit slit. They
had adequate frequency response characteristics and radiant sensitivity (about
0.018 amp/watt at 1850A). They were powered by John Fluke Model 404 M dc
power sources at about 1200 volts. (Reference 13 erroneously listed the photo-
detectors as EMR model 543F-05-14.)

Focusing Optics. Both beams were focused at the point of beam inter-
section by suprasil lenses. The purpose of focused beams is discussed later.
Although a mirror system would have been preferable, the lenses were chosen
because they were quicker and cheaper to make and install. The suprasil gives
satisfactory transmission at 1850A, e. g. 7% =0, 80 for 10 mm thickness. The
lenses of the vertical beam were fixed so that the focal point always remained
in a horizontal plane which contained the centerline of the jet. The focal point
position of the horizontal beam could be easily moved by sliding the two inner
lenses the same distance. The beam path between the lens and the light source
on one side and between the lens and the monochromator on the other was en-
closed and leak-sealed to maintain a vacuum. This left an absorbing path of
30 cm for the vertical beam and about 48 cm for the horizontal heam.
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Vacuum System. The monochromators and beam enclosures were
evacuated to a pressure of approximately 5 to 10 mm Hg by rotary vacuum
pumps to minimize radiation absorption except along the unenclosed path
through the jet.

The purpose of using focused beams rather than collimated beams was
to increase the radiative power incident on the detector and thereby increase
the signal-to-detector noise ratio. (Detector noise is discussed in Reference
14.) Originally, collimated beams of 2 mm diameter were used which resulted
in a mean signal to rms noise ratio of about 70. However, this ratio proved
insufficient to allow practical and reliable computation of the small values of
G which are obtained by the crossed-beam method, although some degree of
success was attained.

Since the mean detected signal is proportional to the mean incident
radiative power and the rms shot noise is just proportional to the square root
of this power, a considerable improvement in the ratio of signal to shot-noise
can be obtained by using a greater percentage of the source power. This was
accomplished by accepting a much greater solid angle (2 = 0.012) from the
source and focusing this light at the point where the two beams intersected.
This still gave rather small beam diameters within the local correlation volume
surrounding the beam intersection point. This change resulted in a mean signal
to rms noise ratio of about 500. This improvement (factor of 7) made com-
putation much easier and more practical. No significant difference is expected
in the value of G due to the difference in shape of the collimated and focused
beams. The focused beams have the additional advantage that they reduce the
effect of scattering particles.

Data Acquisition Chain

A block diagram of the data acquisition chain is shown in Figure.5a.
Each component is described briefly below. For more information, see
Reference 13.

Amplifier. Constructed by the IIT Research Institute from Fairchild
solid state components, the amplifiers, located adjacent to the photo-detectors
(Fig. 2), had a fixed gain of 1000. This large gain was desirable to minimize
acoustic pickup in the coaxial cables which led to the data acquisition equip-
ment and also to minimize loss of high frequency response due to the capaci-
tance of these cables which were approximately 11 meters long. The amplifiers
were ac coupled to give a low frequency cutoff of approximately 200 cps.
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Emitter Follower. Constructed by the IIT Research Institute, the
emitter followers, located near the amplifiers (Fig. 2), served to match
impedances between the photo-detector and tape recorder and other monitoring
devices for maximum power transmission.

Attenuator. Daven attenuators with small adjustments from 0.1 dB to
100 dB were used to reduce the signal voltage to the appropriate level for the
tape recorder. The attenuators, as well as all remaining equipment, were
located in the instrumentation room (Fig. 6).

Filter. Allison Model 2-BR high and low pass electronic filters were
used to limit the electronic bandpass from 400 to 20 000 cps. This bandpass
was chosen to eliminate 120 c¢ps ripple introduced by the light source power
supplies and also to eliminate detector noise at those frequencies where no
appreciable signal amplitude was expected.

A frequency response check of the data acquisition chains from the
amplifiers through the filters revealed a flat frequency response from 300 to
20 000 cps. Also, a check of the phase matching between the two data acquis-
tion chains showed satisfactory agreement.

D. C. Voltmeter. The mean voltage from each photo-detector was
measured via a secondary cable which was connected between the photo-
detector and amplifier. When fluctuating data were being recorded, the dc
cable was disconnected by means of a remotely operated two-way relay switch.

Tape Reccorder System. CEC Model VR 3600 tape machine with Data
Control Systems multiplex equipment was used to record the fluctuating signals
from each beam on magnetic tape for storage and subsequent data reduction.

A multiplex tape recorder system was used to minimize phase errors by storing
both signals on one tape track and thereby avoiding interchannel time displace-
ments. A block diagram of this system is shown in Figure 5b. The excellent
frequency response characteristics of the system are shown in Figure 7. Its
upper usable frequency limit is about 50 000 cps which was more than adequate
for this test.

Analog Time Delay Correlator. The Honeywell Model 9410, used for
on-line determination of correlation functions, was particularly useful for
exploratory testing to find those locations where significant correlations could
be obtained.
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Pitot Probe System

The Pitot pressure was measured with a pneumatically actuated travers-
ing pressure probe shown in Figure 8a. The probe moved continuously across
the jet at the rate of 0. 5 ¢ per second to obtain a complete pressure profile
in one run. The pressure was sampled at the rate of five times per second to
give ten points per cm. The position of the probe was monitored by a potenti-
ometer. This system had adequate position accuracy and time response as
shown by the excellent agreement of the data with measurements in the same
jets using accurately positioned stationary pressure rakes [15]}. A block dia-
gram of the data acquisition system is shown in Figure 8b. The maximum
error in the measured pressures is supposed to be less than 1 percent.

THE THERMO-ACOUSTIC JET FACILITY

The Thermo-Acoustic Jet Facility ( TAJF), a plan view of which is
shown in Figure 9, consists of a cold flow air jet facility, a heated jet facility
which can use any desired gas, and an acoustically insulated instrumentation
room, Since the heater had not been installed at that time, this test was con-
ducted on the cold flow jet facility. This facility consists of a pressure control
valve system and a settling chamber to which any desired nozzle can be attached.
Figure 10 is a photograph of the facility, and Figure 11 gives a cross-sectional
view of the settling chamber. The facility has the capability for a wide range
of mass flow rate and pressure up to a maximum of about 82 kg/sec ( 180 1b/
sec) at 1.72 x 107 N/m? (2500 psi). The stagnation pressure can be controlled
so that the maximum deviations from the mean are only about + 0. 3 percent.
Because of the large air supply capacity, sufficient air was usually available to
run as long and often as desired.

A honeycomb and five screens are placed in the upstream end of the

settling chamber to damp the turbulence generated in the pipes and valves.

Figure 12 gives the noise levels measured in the settling chamber. Turbu-
lence can be added to the jet core, if desired, by placing coarse screens at
two locations just upstream of the nozzle in the high fiow speed region ( Fig. 11).
The screens are held in place by retainer rings which fit into large circum-
ferential slots. Normally, when the screens are not used, the wall contour is
kept smooth by placing filler rings in the slots. Unfortunately, the filler rings
were inadvertently left out for most of the crossed-beam measurements. This
omission was discovered only when the screens were installed before the last
few runs of the test. Although a later check of the static pressures along the
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nozzle walls with and without the slots showed no measurable effect of the
slots (Fig. 14), it is not known to what extent the slots affected the crossed-
beam data.

The settling chamber and all other parts downstream of the control
valves were made of stainless steel to prevent corrosion and the consequent
roughening of the walls and contamination of the flow. The supply air is dried
to a specific humidity of 10-% to 3 x 10~%, so that no corrosion will occur in
the supply pipes. However, a thin film of powder on the settling chamber
walls after the test showed that solid particles were present in the flow. This
was attributed to the drying agent.

The air in the storage tanks was usually at about atmospheric tempera-
ture. However, because of the Joule-Thomson cooling effect in the conirol
valves, the stagnation temperature was quite low (+6°C to - 13°C). This
caused extremely low temperatures in the jets.

NOZZLES

It was desired to perform the crossed-beam measurements in the
simplest possible supersonic jets and to compare the data with published hot-
wire results for subsonic jets. Therefore, nozzles were designed to obtain
supersonic jets which would have the closest possible similarity to subsonic
jets. Each jet was to (1) have uniform velocity across the nozzle exit plane,
(2) be free of shocks, and (3) have a jet boundary which would deviate from
a circular cylinder only because of shear layer growth, i.e., no billowing or
contraction of the plume due to pressure forces. All three conditions are
synonymous as far as nozzle design is concerned.

Two nozzles with exit Mach numbers of 2. 5 and 3. 4 were chosen to
determine the influence of Mach number on the turbulence properties. Mach
3. 4 was thought to be the highest Mach number which could be attained and
still avoid air liquefaction. However, because inadequate allowance was made
for the temperature decrease across the control valves, the equilibrium
liguefaction temperature was reached for some runs.

The nozzle contours were computed using the method of characteristics.
These contours were corrected for boundary layer displacement thickness
following the method of Reference 16. The relative size of the two nozzles
was chosen so that they produced equal thrust when operated at their design
stagnation pressures. ! The nozzles are shown in Figure 13.

1. The authors are grateful to Mr. J, Sims and Mr. R. Elkin of MSFC for
computing the nozzle contours and boundary layer corrections, respectively.
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Figure 14a shows the Mach number profiles along the walls of the two
nozzles as determined by static pressure measurements. As stated in the
preceding section, the presence of the slots upstream of the nozzle throat did
not affect these® data appreciably. The cause of the upturn in indicated Mach
number near the exit of the Mach 3. 4 nozzle is not known. However, since it
was consistent throughout the calibration test at various stagnation pressures,
it might be a real effect. Figure 14b shows the Mach number distributions,
determined from the Pitot pressure rake measurements of Reference 15,
across the nozzle exit planes. Both sets of data show that the actual Mach
numbers obtained at the nozzle exits were slightly less than the design values.
The approximate Mach numbers obtained by averaging these results are 2. 46
and 3. 34. The discrepancies were perhaps partially caused by inadequate
correction for boundary layer displacement thicknesses since errors of 0. 066
cm (Mach 2. 5 nozzle) and 0. 074 ¢cm (Mach 3. 4 nozzle) at the nozzle exits
would account for the observed effects.

The ratio of stagnation pressure to ambient atmospheric pressure for
on-design (Pe= Pa) operation is 16, 05 for the Mach 2. 46 nozzle and 60. 64 for

the Mach 3. 34 nozzle. The stagnation pressure was varied with changes in
atmospheric pressure throughout the test to maintain these ratios.

Figures 15 and 16 are shadowgraph and schlieren photographs of the
jets when operated at their design pressure ratios. The photographs show that
the jets were free of shocks, or very nearly so, since the Mach lines emanating
from the lip of each nozzle were parallel to the other Mach lines in that jet.

The Mach angles correspond to the same Mach numbers, within measurement
accuracy, which were determined from the pressure measurements. The Pitot
pressure profiles measured downstream of the nozzle exits [15] also indicate
that the jets were free of shocks when operated at the design stagnation pres-
sures, because the pressure profiles were uniform across the potential flow
region.

It is interesting to note from Figure 12 that a microphone placed near a

nozzle exit measures a minimum in noise level at a pressure near the design
value.

THE EXPER IMENTS

The objective of this test was to determine the turbulence properties of
the jet shear layers at several axial locations. At each selected axial location,
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an '"intensity traverse' was first made to determine the turbulence intensity
profile. This consisted of the following steps:

1. The beams were intersected at the jet axis (y=0).

2. With the jet operating at its design stagnation pressure, the
covariance of the detector outputs and their individual mean square levels were
determined on-line, using the analog correlator. The mean signal levels were
measured with the de¢ voltmeter. No data were recorded on the tape machine,

3. The beams were then intersected at a new ''y" position by keeping
the horizontal beam fixed, except to move the focal point, and moving the
vertical beam in the "y' direction. The measurements were then repeated.

4. This process was repeated for successively larger values of "y"
until the measured covariance first increased sharply, indicating that the
beams were intersecting in the shear layer, and then dropped to zero, indicating
that the intersection point had moved outside the shear layer.

The information obtained was sufficient to determine the turbulence
intensity profile and the integral length scale Lz' From the intensity profile,

several '"y'" locations, usually five, were selected at which to make space-time
correlation measurements to obtain the remaining turbulence properties. These
five '"'y'" positions covered the range of measurable covariance. The following
procedure was used:

1.  The beams were intersected at a point (x, y, o) corresponding to
one of the five selected "y" positions at the axial location where the intensity
traverse was made. The signals were recorded on magnetic tape for approxi-
mately 15 seconds.

2. Next, the horizontal beam was left fixed, and the vertical beam
was moved a short distance in the '"x'' direction to introduce a streamwise

beam separation. The data were again recorded as above.

3. Step 2 was repeated at successively larger "x'' values for a total,
in most cases, of five beam separations.

4. Steps 1 through 3 were then repeated for the other four selected
"'y positions.
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Intensity traverses were made at x/D of one, four, and eight in the
Mach 3. 34 jet and at one, two, and four in the Mach 2. 46 jet. Space-time
measurements were made at x/D of one, four, and eight in the Mach 3. 34
jet and at two and four, with and without a turbulence-producing screen, in
the Mach 2. 46 jet. Three hundred runs were made in the crossed-beam test.

No serious problems developed during the testing. The worst difficulty
experienced was a continuous decrease in radiation intensity due to deposition
of electrode material on the lamp windows. It was necessary to clean the
lamp windows after every six or eight hours of operation. This problem could
have been alleviated if the hydrogen had been run continuously through the
lamps. However, since it was thought that this advantage might be offset by
fluctuations in radiation intensity caused by the flowing hydrogen, the lamps
were run with still hydrogen.

It had been feared that the noise and vibration might cause difficulties
with the instrumentation, particularly the monochromators. However, the
instrumentation operated in a noise environment of about 150 dB (Fig. 12)
without difficulty. In addition to the effect of the noise shields, evacuation of
the monochromators prevented direct transmission of sound to the gratings
and mirrors. Because the supporting framework was remarkably stable to
the touch during jet operation, the effect of fluctuating motions of the beams

was considered insignificant.

As noted previously, the mean signal to rms noise ratio with no flow
was roughly 500. The maximum ratio of rms fluctuating signal with jet on,

\Y% . , to rms noise with jet off, V . , was about 3.34 for both
rms( jet on) rms( jet off)

beams. The ratioof V ) toV - for the vertical beam was
rms(jet on) rms( jet off)

typically 1.5 when the beam was moved to a "y'" position for which the covariance
between beams became zero. This rather small increase in noise level due to
the jet running probably had several causes including small contributions from
jet noise, vibration, and radiation intensity fluctuations caused by particles
being entrained in the jet outside the region of beam intersection. It is not
known which of these sources was the dominant contributor to the extra jet-on
noise. However, it is important to note that this noise was not correlated
between the two beams; the covariance always dropped to zero when the vertical
beam was moved outside the jet. Therefore, the jet-on noise caused no major

problem.,
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DATA REDUCTION

The turbulence intensity profiles were obtained using the analog
correlator on-line to compute the covariance between the two signals. The
space-time correlation and power spectra were computed digitally from the
tape-recorded data. The data reduction chain is shown in Figure 17. Each
signal was digitized at the rate of 20 000 samples per second at a tape speed
of 1/8 the record speed. This gave a real-time sampling rate of 160 000
samples per second, which was more than adequate for the frequency band-
width (400-20 000 cps) of the data.

The computer program used in this work was developed especially to
analyze crossed-beam data [17]. Its principal features are (1) a '"piece-
wise'" operation in computing correlation coefficients, (2) computation of
confidence intervals for the correlation coefficients, (3) limitation of computer
time to the minimum required to obtain the statistical accuracy requested by
the experimenter, and (4) computation of power spectra. The program has
the capability of extracting small correlations from large noise, provided the
data are stationary, by extending the integration time ''indefinitely.' This
feature is very advantageous for crossed-beam applications because it is
routinely necessary to compute correlation coefficient curves with peak values
smaller than 0.1 and sometimes as small as 0. 01,

The program operates in the following way. A short data piece (three
times the maximum time lag) of each signal is first accepted from the digital
tape and the cross-correlation coefficient is calculated. Successive pieces
of the same length are similarly processed to obtain a resultant correlation
coefficient which is the average of those for all previous pieces. The standard
deviation and confidence interval of the correlation coefficients are computed.
After each data piece is processed, the program asks if the specified confidence

interval at the required degree of confidence has been attained. 1f not, more
pieces are processed until the desired statistical accuracy is reached or the data
are exhausted. For the data presented in this report, the confidence intervals
for correlation coefficients were varied between 0.010 and 0.020 with a degree of
confidence of 95 percent. After the correlation curve is computed to the required
accuracy, a Fourier transform is performed, Equation (18), to find the power
spectra, if they are desired. ‘
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Figure 18a gives the average confidence interval, at a degree of
confidence of 0. 95, as a function of integration time for a typical run. This
confidence interval is an average of the confidence intervals for all time lags,
and the integration time is the total length of data processed, in seconds, up
to the data piece in question. A total of 9. 99 seconds of data consisting of
14 800 pieces was processed. To obtain the average confidence interval of
0. 02, which was most frequently used in this work, it was necessary to process
about two seconds of data. It usually took about 10 minutes of computer time
to compute a correlation curve, consisting of about 30 time lags, to this
accuracy.

— . This shows
NE™
, which is an indication

The same data are plotted in the insert as a function of

that the confidence interval was a linear function of
I\'Tﬂ(

that the data were stationary. An extrapolation of the curve to

= 0 gives
zero confidence interval, which implies that any desired confidence interval can
be obtained if one is willing to expend the necessary computer time. Expressed
another way, very small correlation coefficients can be extracted from signals
which consist primarily of noise, provided enough computer time is available.
Of course, several practical limits exist which place a lower boundary on the
size of correlation coefficients which can be reliably computed [3].

Figure 18b shows the correlation coefficient curve for several integra-
tion times up to a maximum of 9. 99 seconds. Applying the appropriate con-
fidence interval from Figure 18a to any one of these curves, we observe that
the correlation coefficients which were computed using larger integration
times fall well within the confidence interval, except in the case of the T* =
0. 0675 second curve.

PROCESSES OF RADIATION INTENSITY MODULATION

Before presenting the experimental results, it is worthwhile to examine
the processes by which the fluctuations in radiation intensity of the beams
were produced. But to do so, we must use some of the results of the next

section.
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As stated previously, the original purpose of this test was to determine
thermodynamic property fluctuations in the jet shear layer by first measuring
the fluctuations of the absorption coefficient of oxygen and then applying ap-
propriate calibration techniques. However, since it became apparent that
other extinction processes were significant and probably dominant, this goal
had to be abandoned.

The principal sources of difficulty were (1) the moisture entrained by
the jets from the ambient air and (2) the low stagnation temperature. The
air from the nozzles was very dry (specific humidity ~ 10~ to 3 x 10~%) , but
the entrained water vapor provided an additional absorbing constituent in the
shear layers. Also, since the jets were very cold (T = - 150°C for Mach 2. 46
jet, T ~ - 190°C for Mach 3. 34 jet) some of the water vapor undoubtedly con-
densed to form droplets and ice crystals which could cause radiation extinction
by scattering and absorption. Likewise, appreciable amounts of carbon dioxide
probably condensed in the cores of both jets. The equilibrium liquefaction:
points of oxygen and nitrogen were also reached, for some runs, in the core
of the Mach 3. 34 jet. Therefore, traces of liquid air might have occurred.
In addition, small quantities of solid particles, such as dust and dryer agent,
were present.

Since there were several absorbing and scattering species which could
have contributed to the radiation extinction, the resultant instantaneous extinc-
tion coefficient at a point was the sum of the contributions of all species.

K(x,y,2, 64, 43,0, P, T,d, =K, +K, +K, +K{
0, H,0  "H,0 CO,
(19)
+ K

SOther particles

The subscript A indicates absorption by a gaseous constituent, and S indicates
scattering by liquid droplets or solid particles. It is recognized that liquid

and solid particles can absorb as well as scatter radiation, but for the sake

of compactness the term '"scattering' is used loosely in this section to denote
both scattering and absorption by liquid or solid particles. The extinction .
coefficient for a gaseous absorption process is dependent on the partial pres-
sure, p, of the absorbing gas, the "total" pressure (sum of partial pressures) ,
P, and temperature, T [9, Part II]. The extinction coefficient for a scatter-~
ing process is primarily dependent on the diameter, d, concentration, N, and
index of refraction of the scattering particles. Oxygen and water vapor are
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the only constituents of air which absorb significantly at the wavelength used
here, A = 1850A [9, Part I]. The fluctuating component of the extinction
coefficient is given by:

k(x,y,z,t,A,AA,p,P,T,d,N)=K-f=kA +k, + kg + kg
0, H,0 H,0 co,

+ kg (20)
Other particles

Because the concentrations of most species and the sizes of all scatter-
ing particles were unknown, it is difficult to determine which constituent
dominated the resultant fluctuating extinction coefficient, k. To attempt this,
we examine the measured turbulence intensity profiles. Figure 19 shows a
relative intensity profile (from Fig. 23) of the Mach 3. 34 jet at four nozzle
diameters downstream of the nozzle. Also shown for comparison is a relative
intensity profile at the same location obtained recently1 with a laser crossed-
beam system. The helium-neon lasers which were used had an optical wave-
length, A, of 6328A (red) which is more than 3. 4 times longer than the ultra-
violet radiation used. It is emphasized that these intensity profiles give the
intensities of the fluctuating extinction coefficient and are not necessarily the
same as the fluctuating velocity intensity profile.

The laser beams were modulated entirely by '"nmatural" scattering
particles, since all gaseous constituents of the flow were transparent to this
wavelength and no tracer particles were added. Because the ultraviolet beams
could be modulated by either scattering or absorption but the laser beams only
by scattering, it was hoped that a comparison of the two intensity profiles
might reveal the extinction process which was most effective in modulating the

ultraviolet beams. It was thought that the uncontrolled parameters Tt and

atmospheric humidity, which determine condensation droplet and water vapor
concentrations, were close enough (Fig. 19) for the two tests to permit at

least qualitative comparison of the results. The mean velocity profile obtained
from Pitot pressure measurements (from Fig. 38) is also shown for comparison.

The two intensity profiles are quite different, the peaks being approxi-
mately 1.3 em apart and the uv profile being much broader than the laser pro-
file. This difference is quite disconcerting, since it demonstrates that at least
one of the crossed-beam systems did not yield a peak value at the point in the
shear layer where the turbulent activity was most intense. In fact, it is the

1. The authors are grateful to Mr. B. H. Funk of MSFC for providing these
previously unpublished data.

24



laser system which yielded a peak intensity near y/D = 0. 5 ( = 0) where,
from subsonic jet'data, we expect the most intense turbulence [11, 18, 19].
The indicated peak intensity from the ultraviolet system, on the other hand,
occurred in the lower velocity, outer portion of the shear layer. This is also
evident from the shadowgraph in Figure 16, where the intensity profiles are
plotted. Clearly, therefore, the two systems responded to different radiation
extinction processes.

To explain the differences between the two intensity profiles, it is
necessary to determine the fluctuating extinction processes which modulated the
beams. Of course, to conduct more meaningful experiments in the future, we
must be able to control the extinction process and to know which property of the
turbulence field we are measuring. We first state the obvious fact that, if
there is no absorbing or scattering constituent in the flow, then no signal is
produced and, therefore, no turbulence is indicated no matter how intense the
turbulence may actually be. Similarly, if the concentration of the absorbing or
scattering species is non-uniform such that the species is sparse in the region
of most intense turbulence and dense in regions of less intensity, then the peak
indicated intensity will likely not occur at the point of true maximum turbulence
intensity. Rather, it will occur at the point of maximum intensity of the extinc-
tion coefficient fluctuations. Therefore, it appears that non-uniformities in
mean "tracer'" concentrations are an important factor in the interpretation of
crossed-beam measurements.

Three possible mechanisms of radiation intensity modulation in turbulent
jet shear layers are discussed below:

1. Mean Gradient in Mole Fraction of the Absorbing or Scattering
Species.

If the jet contains an absorbing or scattering species and the surrounding
air is relatively free of that species, or vice versa, a mean gradient in mole
fraction of the species is established across the turbulent shear layer. Trans-
verse turbulent motions will then cause the displacement of relatively trans-
parent '"blobs' of fluid by relatively opaque ones and vice versa. This results
in large time-varying spatial inhomogeneities in optical density which, in turn,
cause large fluctuations in detected radiation intensity. Therefore, if the
gradient is large, this mechanism is likely to dominate the detected signal
fluctuations and produce an indicated peak in turbulence intensity in the region
of maximum gradient even if the true peak in turbulence intensity occurs
elsewhere. This process is illustrated in Figure 20 for a mean concentration
gradient of scattering particles; however, the gradient could just as well be
in an absorbing species.
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2. Mean Gradients in Thermodynamic Properties.

Mean gradients in thermodynamic properties of the gas mixture can
exist across the shear layer with or without gradients in mole fractions. Al-
though the pressure is relatively uniform (P = 1 atmosphere) in jet shear
layers, large gradients in temperature and density can exist. If the radiation
extinction is dependent on one of these properties, fluctuations in the detected
signal are created in the same manner as in case 1 above.

In the case of scattering particles, if the ratio of particle concentration
to gas density is uniform and if no other extinction mechanism is present, the
fluctuations in particle concentration, which produce fluctuations in the detected
signal, can be related to density fluctuations of the gas. However, it would be
very difficult to achieve such a uniform concentration ratio in practice, since
it would be necessary to uniformly seed the surrounding atmosphere, as well
as the jet.

In the case of absorption, calculations® using the Elsasser band model
indicate that temperature fluctuations , for the experimental conditions of this
report, dominate the fluctuating signal, although density fluctuations also con-
tribute [20] , Some recent experimental data on the temperature dependence

of ultraviolet radiation absorption are given in Reference 21,
3. Velocity Fluctuations

Turbulent velocity fluctuations cause thermodynamic property fluctua-
tions whether mean gradients of those properties exist or not. Also, velocity
fluctuations and vorticity cause concentration fluctuations of tracer particles.
An order of magnitude estimate of pressure fluctuations can be obtained from
wall pressure fluctuation measurements beneath a turbulent boundary layer
where there is no mean pressure gradient. Typical rms pressures for attached
boundary layers are of the order 0. 005 of the stream dynamic pressure which
gives rms pressures of 2 and 4 percent of atmospheric pressure for the Mach
2. 46 and 3. 34 jets, respectively. Corresponding fluctuations in temperature
and density also occur. Figure 3b indicates that pressure fluctuations of this
magnitude would produce rather small fluctuating signals for A = 1850A.

The relative contributions of the three processes discussed above to the
detected signal depend on the conditions of the experiment. However, it is
probable that if a significant gradient in mole fraction of an absorbing species
exists, then type 1 predominates over types 2 and 3. In this case, it would

1. The authors are grateful to M. W. P. Cann of IITRI for performing these
calculations.
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not be possible to relate the signal fluctuations to the thermodynamic property
fluctuations of the gas mixture since the signal would then be produced primar-
ily by fluctuations in mole fraction, or partial pressure, of the absorbing gas.
However, this type of modulation could be used to advantage in studies of

turbulent diffusion of an absorbing gas through a transparent gas.

If mean

mole fraction gradients did not exist, then it would be possible to measure
thermodynamic property fluctuations which result from types 2 and 3.

Unfortunately, in the experiments of this report, gradients of type 1

did exist.

Since the jet core was dry and the surrounding air was moist, a

mean water vapor gradient across the shear layer resulted from the mixing of

dry and moist air.

In addition, gradients of scattering particles were probably

formed by non-uniform condensation of water vapor and carbon dioxide due to
temperature and water gradients.

The probable contributors to the fluctuating signals are compared for
the ultraviolet and laser beams in Table I.

TABLE 1.

Absorbing or
Scattering
Species

water vapor
water droplet

or ice
crystal

oxygen

carbon dioxide
particles

dryer agent
and dust
particles

COMPARISON OF PROBABLE RADIATION INTENSITY
MODULATION PROCESSES FOR ULTRAVIOLET AND LASER BEAMS

Probable Gradients
Across Shear Layer
Which Influence
Extinction

mole fraction
temperature

concentration

temperature
density

concentration

concentration

" Cdan Th1;1 S_pe;ies , Possible
odulate This Beam? Types of
UV System |Laser System | Modulation
yes no 1,2,3 (ab-
sorption)
yes yes 1,3 (scat-
tering and
absorption)
yes no 2,3 (ab-
sorption)
yes yes 1,3 (scat-
tering)
yes yes 1,3 (scat-
tering)
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We shall now try to infer from Table I and Figure 19 the probable
dominant process which modulated the ultraviolet beams. In interpreting
Figure 19, we shall assume that the positions of the maxima in water vapor
and scattering particle gradients were approximately the same for the laser
and ultraviolet crossed-beam tests, although the magnitudes were probably
different.

1. Since the peak in the turbulence intensity profile indicated by the
uv system occurred in the outer part of the shear layer rather than near
y/D = 0.5 (= 0) where the maximum velocity fluctuations were expected,
we conclude that the dominant modulation process probably was due to a
gradient (type 1 or 2) whose maximum occurred in the outer shear layer. A
type 3 modulation process would have produced a peak in the region of maximum
velocity fluctuations.

2. Since the two peaks did not occur at the same location and since the
laser beams were modulated only by natural tracer particles, it is probable
that the uv beams were dominantly modulated by a gaseous absorption process.
We might, at first, suppose that both peaks could have been caused by tracer
particles, the difference in positions of the peaks being due to a distribution
in particle sizes with the maximum scattering efficiencies for the laser and
uv wavelength occurring at the locations of the turbulence peaks indicated by
the laser and uv systems, respectively. However, further consideration shows
that this is improbable.

There are indications that the particles were so small that the scattering
was in the relatively weak Rayleigh range (d << A) for both wavelengths rather
than the more effective Mie range (d = A). This premise is based on the facts
that (1) the jets were very transparent to the eye from x/D = 0 to 10 or 15, and
(2) the typical mean transmissions of the laser beams (7% =~ 0. 8) and uv beams
were considerably higher than rough calculations, assuming predominant water
droplet formation in the Mie range, indicated they should be. Therefore, since
the scattering efficiency is proportional to (d/A) % in the Rayleigh range, the
maximum efficiency of individual drops for both wavelengths should have
occurred at the position where the particles were largest. However, the
maximum mean extinction coefficient due to scattering occurs where the sum
of the individual droplet scattering cross sections per unit volume is a maxi-
mum. It is emphasized that the maximum rms fluctuating extinction coef-
ficient does not necessarily occur where the mean extinction is largest, but
probably occurs where the gradient in mean extinction coefficient is largest.
The important observation here, however, is that in the case of Rayleigh
scattering the location of the maximum rms fluctuating extinction coefficient
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is independent of wavelength, although the magnitude is very much a function
of wavelength. Therefore, if both ultraviolet and laser beams had been
dominantly modulated by Rayleigh scattering, the peaks of the two intensity
profiles should have occurred at the same place.

Even if the particles were in the Mie range for both beams, the ultra-
violet peak would probably have occurred where the laser peak did (y/D =
0.5), if the uv beams had been dominantly modulated by scattering. For
example, if the Mie scattering coefficient had been at its maximum (3. 98 for
water droplets) for the laser beams at y/D = 0. 5 where the maximum rms
fluctuating extinction coefficient occurred, the same particles would produce
a coefficient of 2. 02 for the uv beams [22]. Now, since the peak rms velocity
fluctuations are assumed to occur at y/D = 0. 5, the maximum rms fluctuating
extinction coefficient for the ultraviolet wavelength should also have occurred
near y/D = 0. 5 because the maximum difference between the Mie scattering
coefficients for the laser and ultraviolet wavelengths is not very large.

Figure 19 shows that the magnitude of the uv fluctuating extinction
coefficient was less than that of the laser beams for y/D < 0. 55. Assuming
that the laser and uv beams were primarily modulated by Rayleigh scattering
in that region, this effect could not have occurred if all conditions had been
identical, except for wavelength. This effect was probably due to two factors:
(1) the atmospheric humidity was greater in the laser test than in the uv test,
and (2) light scattered within the cone angle (approximately 16 degrees) of the
uv beams did not cause intensity fluctuations at the detector. Since forward
scattering is quite large, the use of focused beams has the additional advantage
of minimizing the effect of scattering particles.

3. Thus far, we have concluded that the probable dominant modulation
process affecting the uv beams was due to a gradient in some property of an
absorbing gas. From Table I, this gas could have been either oxygen
or water vapor. In the case of oxygen, the mean temperature gradient would
probably have had the dominant effect as discussed under type 2 modulation.
However, the static temperature profile very nearly coincided with the mean
velocity profile in Figure 19. Therefore, this effect would have produced an
indicated turbulence intensity peak nearer the center of the shear layer where
the maximum in the gradient of temperature occurred. Therefore, the remain-
ing modulation process, i.e., modulation due to a mean mole fraction gradient
of water vapor, appears to have been dominant. The maximum in the water vapor
gradient evidently occurred in the outer shear layer rather than in the center of
the shear layer where one might expect it if no condensation had occurred. The
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effect of the condensation process would be to remove the water vapor which
reached the inner shear layer and thus shift the water vapor profile outward.

, Figure 21 shows that the mean absorption of ultraviolet radiation, at
1850A, by the water vapor in air can be comparable to the absorption due to
oxygen. Furthermore, since there was a large mole fraction gradient in water
vapor across the shear layer and no gradient in oxygen, it is not at all sur-
prising that water vapor could produce the dominant fluctuating signal. This
demonstrates the effectiveness of a mean mole fraction gradient in modulating
the beams.

Since the peak in the intensity profile occurred near the outer shear
layer, the intermittency phenomenon undoubtedly contributed significantly to
the beam modulation process. A spot at the edge of the shear layer which
is momentarily filled by '"fresh' ambient air with a high water vapor content
is replaced a moment later by an eruption from the inner shear layer which is
relatively dry, and thus the beam picks up a large '"'signal. "

4. The relative importance of water droplets and carbon dioxide
particles in modulating the laser beams could not be inferred from the data
because there was no way to determine the respective sizes and concentrations

of the particles.

The inferences drawn above are by no means conclusive since they are
based on several assumptions, the most important being that ( 1) the maximum
velocity fluctuations occurred at n = 0 (y/D = 0. 5) in analogy to subsonic jets
and (2) the gradients which influenced the fluctuating extinction coefficients
occurred at the same locations in both the laser and uv crossed-beam tests.
The later assumption is supported by the fact that two repetitions of the laser
test under different humidity conditions produced turbulence intensity peaks
in the same location as shown in Figure 19, although the magnitudes of the
peaks varied.

Considering the tentative conclusions reached above, it was thought
useless to try to interpret the data in terms of thermodynamic properties.
However, it is emphasized that the uncertainties about what processes caused
the beam intensity fluctuations do not prevent us from obtaining useful turbu-
lence flow properties, as demonstrated in the next section. We merely treat
all absorbing or scattering species as passive tracers which are carried about
by the turbulent motion of the flow. The worst complication arises in the case
of separated beams because of the possibility of change of phase from water
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vapor to water droplets in any given fluid volume from the time it passes
through the upstream beam until it passes through the downstream beam.

From the discussion in this section, it is clear that to measure thermo-
dynamic property fluctuations in jets using gaseous absorption, we should (1)
choose a wavelength which is absorbed by only one gas in the flow, this gas
having uniform mole fraction in the jet and surrounding air, and (2) eliminate
scattering particles. The first condition precludes any wavelength at which
water vapor absorbs. The second condition can probably be satisfactorily met
by raising the stagnation temperature to prevent condensation. However, even
for ideal flow conditions, indications are that measurement of thermodynamic
property fluctuations in the absence of a mean gradient in thermodynamic
properties will be a formidable task because of the small fluctuating signal-

to-noise ratio. Prospects are considerably brighter for flows in which large
gradients in thermodynamic properties exist. .

PRESENTATION OF RESULTS

The experimental data are presented and analyzed in this section. The
results demonstrate the utility of the crossed-beam technique in turbulence
investigations.

Intensity Profiles

Equations (3a) and (6) were used to obtain relative rms intensity
profiles of the fluctuating extinction coefficient assuming constant length
scales Ly and Lz at any particular axial location.

I1
y 2z

J By, 20 LT, = \/i(_x—_y——"él (21)
Figure 22 shows relative intensity profiles at x/D of 1, 2, and 4 for

the Mach 2. 46 jet. However, from the discussion in the pre\}ious section, these
profiles are not assumed to be indicative of the intensity profiles of any of the
thermodynamic properties T,P, or p as originally intended, but are believed
to be the intensity profiles of water vapor concentration fluctuations. Neverthe—
less, it was thought worthwhile to present the data because the profiles do
exhibit reasonable and consistent trends, e.g., the width of the profiles increase
with increasing distance from the nozzle. The reason for the increase in
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NI2L LZ with increasing x/D was the increase in length scales Ly and LZ
y

(Fig. 28). The average stagnation temperature and average atmospheric
temperature, pressure and relative humidity for each profile are listed on the
figure since these quantities are expected to influence the results. Also, the
sonic points which were determined from Pitot pressure data (Fig. 37) are

marked on the figure.

Figure 23 shows similar intensity profiles at x/D of 4 and 8 for the
~Mach 3. 34 jet. Although an intensity profile was also obtained at x/D=1, the
data were regarded as too erratic to present. Furthermore, most other
testing near the nozzle exit produced erratic results. This was attributed to
(1) the difficulty of accurately positioning the beam intersection point in the

thin shear layer and (2) the rather weak modulation of the beams because
of the small correlation volumes (or integral scales) in the thin shear layer.

Comparison of Figures 22 and 23 shows that the peak values of

Nk Ly LZ obtained at x/D = 4, the only x/D location common to the two

figures, were quite close. Also, the location of these peaks (y/D = 0.7)
agreed fairly well, although the tails of the profiles showed poorer agreement,

The non-dimensional widths of the two curves at N k2 Ly LZ = 0 also agreed

reasonably well. The peaks in all curves shifted outward from the jet center-
line with increasing distance from the nozzle. These peaks occurred in the
outer shear layer in the region of intermittent turbulent flow as can be deter-
mined from the shadowgraphs of Figures 15 and 16.

Figure 24 gives relative intensity profiles at x/D of two and four in
the Mach 2.46 jet with a coarse turbulence-producing screen (mesh = 1,6 wires/
cm, wire dia = 0. 16 cm) placed upstream of the nozzle throat (Fig. 11).

The magnitudes of N K2 Ly LZ in the shear layer were much larger for a

turbulent jet core than for a non-turbulent core flow ( Fig. 22). However, the
increase is largely due to increased length scales, Ly and Lz’ although the

magnitudes of N K2 also increased (Figs. 28 and 30). There was much more
scatter in the data with the screen than without it. The turbulence in the jet
core was not measurable at x/D = 2, but small values were measured at

x/D = 4. However, the relative magnitudes of N K2 Ly LZ in the jet core and
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in the shear layer are probably not indicative of the true relative magnitudes
of turbulence intensity, because of the gradient in mean water vapor concentra-
tion in the shear layer as discussed in the previous section.

The data in Figures 22 through 24 were used together with the length
scales, Lz.’ obtained in Figures 28 through 30 to calculate N k%(x, y, z),

assuming that the radial length scale was equal to the circumferential length
scale at any point (Ly =] Lz) . The data for each x/D location were normalized

by the maximum value observed at that x/D and plotted as a function of the
non-dimensional variable n in Figures 25 through 27.

n=l:ﬂ_2_ (22)

X

Lines of constant 5 are straight lines drawn from the nozzle lip at various
angles to the jet axis; n = 0 corresponds to a line parallel to the jet axis.

These figures show that this method of presentation practically collapses
the data from the different x/D locations to one curve as it does in the case of
hot-wire data from subsonic jets [19]. One should not, however, expect data
from supersonic jets run at off-design pressures to collapse in a similar
fashion when plotted against . In off-design operation the jet either billows
out or contracts depending on whether the stagnation pressure is greater or
less than the design pressure, and a series of expanding and contracting cells
are formed in the jet [23]. The data from x/D = 1 were not included on
Figure 25 because they differed markedly from the other data. This lack of
agreement was probably caused, at least partially, by small inaccuracies in
positioning the beams which could cause large errors in 1 at x/D = 1. The
beams were rather difficult to position with respect to the nozzle, especially
since the radiation was invisible to the eye.

Figures 25 and 26 give a non-dimensional width of the intensity profiles
which is only about half that of hot-wire data from subsonic jets [19]. How-
ever, the width of the profile in Figure 27 in which the turbulence-generating
screen was used is comparable to subsonic jet values. The screen also caused
severe scatter in the data.

The peaks in intensity profiles occurred at large positive values of

7 instead of near n = 0 as they do in subsonic jets. The probable reason for
this was discussed in the previous section.
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Circumferential Integral Length Scales, L,

The integral length scales, Lz, can be estimated from the data obtained

in the intensity traverses by using Equation (9). The integrand of Equation (9)
is plotted in Figure 28 for three axial locations (x/D = 1, 2, and 4) of the Mach
2. 46 jet. The area under these curves was found numerically to obtain the
length scales listed on the figure. Each length scale is equal to twice the area
under the displayed curve to account for thé symmetric area on the opposite
side of the jet axis. Similar results for the Mach 3. 34 jet are shown in

Figure 29.

The primary source of error in this method is probably the light source

and detector noise included in i; . However, since the noise was not excessively

large in these experiments, no correction for noise was attempted.

It should be emphasized that,as a result of the tentative conclusions
reached in the Section on Process of Radiation Intensity Modulation, the length
scales obtained here are thought to be primarily a measure of the distance over
which water vapor concentration fluctuations were correlated. These length
scales need not be the same as those which would have been obtained from
velocity fluctuation measurements. For example, the existence of different
length scales for different fluctuating quantities (temperature and velocity) of
a turbulent field was demonstrated theoretically for isotropic turbulence in
reference 25 and experimentally for shear flow turbulence in reference 26. The
change of phase from water vapor to water droplets probably influenced the
length scales measured in the crossed-beam experiments in a way somewhat
analogous to the influence of heat conduction on temperature length scales.

The length scales for the Mach 2. 46 jet with turbulence-producing
screen were obtained in Figure 30. According to these results, the presence
of the screen approximately doubled the length scale.

Figure 31a shows the circumferential length scales, Lz’ obtained in

Figures 28 through 30 plotted as a function of distance from the nozzle exit.
This figure shows that the length scales increase at about the same linear rate
with distance, except when the screen is installed, irrespective of nozzle
diameter or Mach number. Also shown for comparison is the radial, or
lateral, length scale, Ly’ obtained by Laurence [11] from hot-wire measure-

ment in subsonic jets. Laurence's length scales were doubled before plotting
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on Figure 31a to conform to the definition used in this report ( see Section on
Crossed-Beam Correlation Technique). The circumferential scales, Lz,

measured with the screen installed are fairly close to the radial subsonic
scales, Ly. However, the scales measured without the screen are considerably

smaller than the subsonic shear layer values. Although the length scales
obtained by the crossed-beams and hot-wires were measures of the correlation
distances of two different quantities, it seems probable that the main reason
for the differences in length scales was the differences in the two flow fields,
primarily in shear layer thickness. The supersonic jet shear layers were
much thinner than the subsonic shear layers as shown below.

The shear layer widths, W, determined by two different methods are
plotted in Figure 31b as a function of distance from the nozzle exit. The open
symbols were obtained from the mean velocity profiles and the filled symbols.
from the crossed-beam intensity profiles ( Figures 22 through 24). The shear
layer width from a mean velocity profile was defined as the distance between
the two points where U/Ue =0.99 and U/Ue = 0.01. The shear layer width

from a turbulence intensity profile was defined as the distance between the two
points where N FLy Lz = 0, as determined by a projection of the "best fit"

curve. The mean velocity data gave two distinct straight lines for the two
different Mach numbers. However, the crossed-beam data, without screen,
nearly gave a single straight line. The uv crossed-beam intensity profiles
indicated somewhat wider shear layers than the mean velocity profiles indicated.
Furthermore, as illustrated in Figure 19, the shear layer indicated by the
ultraviolet crossed-beam profiles was displaced outward from the jet center-
line relative to the shear layer indicated by the velocity profiles. The two
points obtained from crossed-beam data with the screen installed show a
marked increase in shear layer width due to the presence of the screen. Un-
fortunately, no Pitot pressure data were obtained with the screen installed.

The dashed line shows the shear layer thickness of a subsonic jet obtained from
the velocity profiles of Reference 11.

Figure 32 shows the length scales of Figure 31a plotted against shear
layer thicknesses obtained from Figure 3ib. Two shear layer widths were
used for each length scale, except for the two points obtained with the screen
installed. The shear layer widths obtained from mean velocity profiles for
the appropriate jet were used to obtain the open symbols. The closed symbols
resulted from using the straight line fit of all the points from the crossed-beam
intensity profiles. The two points from the jet with screen were plotted against
the shear layer thicknesses indicated by the crossed-beam intensity profiles
for that jet. The dashed line is the radial length scales, L , obtained by
Laurence for subsonic jets. y
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Figure 32 suggests that the integral scales, Ly and Lz, from subsonic

and supersonic jets, with or without turbulent core flow, can almost be made
to coincide, at least for a considerable distance downstream of the nozzle,
when they are plotted against shear layer thickness. The ratio of shear layer
thickness to integral scale is about 3.

Space-Time Correlations

The space-time correlation curves are presented in Figures 33 through
36. Equation (7) could have been used to plot the estimated two-point correla-
tion coefficients., However, all the required information can be obtained from
two-beam correlation coefficients which are somewhat more informative since
they reveal the magnitudes of the correlation coefficients obtained by the
crossed-beam method. The two-beam correlation coefficient is defined below:

i(t+7) iz(t) Glx+ |
Ry(67) = = XLy 2. T (23)

J12n i2(0) JI20 120
y z y z

Figure 33 gives the two-beam correlation coefficient curves for the
Mach 2. 46 jet at x/D = 2. Parts (a) through (e) of this figure correspond to
different y/D locations. Each different curve corresponds to a different beam
separation, ¢, which is noted on the figure. Similar curves are presented in
Figure 34 at x/D = 4 for the Mach 2. 46 jet. Figures 35 and 36 present the
curves obtained at x/D of 4 and 8, respectively, for the Mach 3. 34 jet. The
maxima of these curves, which occur at successively larger time-delay values
as the beam separation increases, clearly indicate the presence of convected
turbulence (to be discussed later). The average confidence interval (degree of
confidence = 0. 95) is shown on each curve.

The peaks in the RB( ¢, T) curves for zero beam separation, ¢ =0,

were usually displaced from the 7 = 0 axis, contrary to expectations. This
effect could have been caused either by errors in intersecting the beams or by
a static phase displacement between data acquisition channels. However, it is
believed that neither of these possible errors was large enough to account for
the observed effect since it would require errors in beam displacement up to
0.6 cm or errors in time displacement up to 50 microseconds (180 degree
phase shift at 10 KC). Although the beams were rather difficult to aligh be-
cause the radiation was invisible, it is believed that the errors were always
less than 0.2 em. Therefore, the peak displacement appears to be primarily
an unexplained effect of the crossed-beam technique.
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Since the correlations for the turbulence intensity profiles ( Figs. 22
through 24) were measured only for 7 = 0 using the analog correlator online,
the maximum values of the correlations were not obtained in those cases for
which the peaks were displaced from T = 0. The solid symbols on Figure 23 for
x/D = 4 were obtained using the maximum correlations, rather than the values at
T = 0, from the digitally computed space-time correlations for zero beam sepa-
ration ( Fig. 35). The curve formed by these points has basically the same shape,
but is displaced upward from the one obtained from the analog correlator data.

Because the curves of RB( £, T) which were obtained at x/D of 2 and 4

for the Mach 2. 46 jet with the turbulence-generating screen in place were more
difficult to interpret than the above data, they were not presented. The
presence of the screen had a rather marked effect on the RB( £,T) curves,

particularly in producing large narrow-band components. However, it was
thought that a more thorough study of the effect of the screen should be made
before presenting any data.

Convection Speeds and Mean Velocity Profiles

The convection speed of the turbulence can be found by determining
the time it takes coherent turbulence patterns, or eddies, to travel from the
upstream beam to the downstream beam when the beams are separated a known

distance along the stream direction. This time, TP, is determined from the

space-time correlation curves as the time lag at which the peak correlation
occurs.

U = & (24)

To obtain acceptable accuracy, several beam separations were used
and the results averaged. This is done in the insets on Figures 33 through 36
by plotting ¢ versus Tp and taking the slope of the best straight-line fit through

these points. By taking the convection speed as the slope of this line rather
than an average UC obtained from Equation (24), the shifts in the peaks are

accounted for. The peak shift appears to have occurred rather systematically
for all beam separations because the best straight-line fit of all the other
points usually went through the ¢ = 0 point. The convection speed thus obtained
and the ratio of this speed to the nozzle exit velocity are listed on each figure.
The convection speed decreased with increasing distance from the jet axis

as expected.
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An alternate definition of convection speed, which is sometimes used
[24], is based on the time delay, TT’ for which the envelope of all space-time

correlation curves is tangent to the curve for a particular beam separation.

v =L - (25)

The two convection speeds are distinguished by the subscripts P and T for the
"peak' and "'tangency,' or "envelope,' methods, respectively. The envelope
method is thought to yield the more significant convection speed. However,
because only a small number of curves was obtained for each y/D location
and, also, the peaks did not consistently decay with increasing beam separation,
it was difficult to draw an envelope and find the tangency points. For those
cases in which this could reasonably be done, Uc was determined and listed

T

on Figures 33 through 36. The value of UC was always slightly less than UC
T P

The reason for the irregular decay in the peaks of the space-time curves
is not known. The confidence intervals computed for these curves indicate that
the ""scatter’' does not fall within the computation error. This effect might be
related to the possible phase change of water vapor discussed in the Section on
Processes of Radiation Intensity Modulation.

Figure 35a is interesting because it shows a double peak in three of the
space-time correlation curves. The first of these peaks for each curve,
denoted by Py, falls on the same straight line in the inset with the three single
peaks. The second peak, P,, for the three curves gives a slightly smaller

convection speed, Uc . The reason for the double peak and why the double peak
2
did not occur in all curves is unknown. It should be noted, however, that the

correlation coefficients in this figure are very small. :

The ratio of convection speed to nozzle exit velocity is plotted as a
function of distance from the nozzle centerline in Figure 37 for the Mach 2. 46
jet and in Figure 38 for the Mach 3. 34 jet. The mean velocity profiles were
also plotted in these figures. These curves exhibit the same trends which have
been observed in subsonic jets; i. e., Uc is less than U at the inner shear layer

and greater than U in the outer shear layer [19]. The sonic points are shown
on each velocity profile.
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The mean velocity profiles were obtained from the Pitot pressure data
by finding the local Mach number and speed of sound. The Mach number was
determined in the supersonic part of the shear layer by using the Rayleigh
Pitot formula and assuming that static pressure was equal to atmospheric
pressure, In the subsonic part of the shear layer, the isentropic relation

X
P _ [1+—1’—2“1 M2y Y1 (26)

was used to find Mach number. The local speed of sound was determined
assuming a linear variation in mean stagnation temperature across the shear

layer from atmospheric, Ta’ at the outer edge to Tt of the jet core at the inner

edge. Any deviation from a linear variation of Tt produced only small errors
because there was at most 30° C difference between Ta and Tt of the jet core.

Much larger errors were probably introduced by the effect of turbulence on the
measured Pitot pressures [12], especially in the outer layer where the flow
was intermittent, and by using isentropic relations for viscous, turbulent flow.

The convection speeds from Figures 37 and 38 are plotted as a function of
n in Figure 39. Again, the open symbols denote the convection speeds deter-
mined by the peak method, and the filled symbols were obtained by the envelope
method. The data collapsed to a single curve, within experimental scatter,
indicating convection speed profiles similar to those found for subsonic jets [19].

Also shown for comparison in Figure 39 is the convection speed profile
for a subsonic jet [19] and the mean velocity data from Figure 37 and 38. Since
the mean velocity data formed a fairly smooth curve when plotted against 7,
only the '"best-fit' curve was plotted. The variation of UC/Ue with 7 in the

supersonic jets was much greater than in the subsonic jet, at least in the central
part of the shear layer, following the same trend as the mean velocity profiles.
All fluctuating quantities, which produce the measured signals, in a given tur-
bulent field are expected to be convected downstream at approximately the

same speed; therefore, the differences in Uc/Ue between the subsonic and

supersonic jets are believed to be caused primarily by the differences in flow
fields rather than differences in measuring techniques. If a new definition of

- 2
n based on the shear layer thickness pn'= —y%— is used, the convection
speed curves from subsonic and supersonic jets are brought much closer

together; thus, it appears that 7' would be a more suitable nondimensional
variable to unify the results from subsonic and supersonic jets.
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Moving — Axes Time Scales

The majority of the space-time correlation curves presented in Figures
33 through 36 show a decrease in the peak values of successive curves as the
beam separation increases.

distorted during passage between the two beams.

This demonstrates that turbulence patterns are
It has become common to

measure the. rate of distortion by defining a moving-axes time scale, LT, as

the time delay for which the envelope of a series of space-time correlation
curves falls to 1/e of its initial value (7 = ¢ = 0). Values of LT determined

from Figures 33 through 36 are presented in Table II.

TABLE II. ESTIMATES OF MOVING-AXIS TIME SCALES, LT

L
Mach No. x/D y/D n LT UC . UCLT/x
(u secs) (cm)

2. 46 2 0.514 0. 007 147 5.10 0. 344

0. 548 0. 024 165 3. 96 0. 267

0. 582 0.041 157 3.14 0.212

0. 652 0. 076 185 3.18 0.214

4 0.514 0. 003 207 7.51 0. 262

0.616 0.029 245 6.49 0. 226

0.754 0. 063 277 5. 07 0. 177

3.34 4 0.605 0. 026 173 4.00 0.183

0. 698 0. 049 225 4. 50 0. 206

0.790 0.072 247 4. 62 0.2114

8 0.650 0.019 270 7.37 0.172

0.744 0. 031 445 12,06 0.282

0. 837 0. 042 360 8.35 0.195

0.930 0. 054 335 6.23 0. 146

1,115 0.077 480 T.77 0. 182

Table II contains fifteen estimates of LT from the twenty graphs in

Figure 33 through 36.
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Since it was difficult to draw envelopes to some of these
curves, the worst cases were eliminated. Figures 34a and 34e were eliminated
because they showed virtually no decrease in the peak values.

Figures 33a,




35a and 35e were eliminated because the peaks were too scattered. The table
indicates a trend for LT to increase with increasing distance from the jet axis,

although this trend is violated several times.
The distance traveled by the turbulence pattern during its decay period

is also of interest. This distance, also shown in Table II, is given by the
product of the moving-axes time scale with the local convection speed.

To compare all the results from the two nozzles at the different axial
locations, the dimensionless variable UCLT/X was used. It was thought that
this variable might reduce all of the data to a single curve when plotted against
11 because of two facts known from hot-wire measurements in subsonic jets.

1. LT is inversely proportional to the nozzle exit velocity so that for

a given location the product UcLT is practically independent of Ue'
2. LT increases linearly with distance from the nozzle.

Figure 40 shows UCLT/X plotted as a function 1. Although the data are scattered

considerably, one feature is apparent; i. e., there is a minimum in the curve
near n = 0. 05 which is the location of the peaks in the intensity profiles ( Figs.
25 and 26). The values of UCLT/x are somewhat less than those obtained by

hot-wire measurements in subsonic jets [19]. This fact indicates that the rate
of distortion of turbulence patterns in supersonic jet shear layers is greater
than in subsonic jets. Since the velocity gradient, dU/dy, is much greater in
these jets than in subsonic jets, the above result does appear to be in qualitative
agreement with the results of Reference 19; i. e., the moving-axes time scale
is inversely proportional to 8U/dy.

Spectra

The spectra of the individual signals, iy( t) and iz( t), from the two

beams and also the local spectra obtained from the two-beam correlations,

fy(t +7) iz(t) , are presented in this section. A typical example of the

spectral energy distributions of the two signals from the individual beams is
shown in Figure 41 for the beams intersected at x/D = 4, y/D = 0. 698 in the
Mach 3. 34 jet. A one-third-octave spectrum analyzer was used to obtain these
results. It is emphasized that the signals from which these data were obtained
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result from an integral of the fluctuations all along the beams. The two beams
yielded very similar spectral density curves, although they traversed different

- A 5
paths. The magnitudes of these spectra decay with the -5 bower of frequency

at high frequencies, a behavior which is characteristic of hot wire measurements
in subsonic flows, e.g., reference 11.

The crossed-beam power spectra were obtained by computing the
integral of Equation (18) using the digital data analysis program described
in the Section on Data Reduction. Two precautions were taken to assure reason-
able accuracy in the power spectra computation: (1) A long integration time
(T* ~ 1~ sec) was used to obtain small confidence intervals (about 0. 010 to
0. 016) in the cross-correlation coefficients, and (2) only those zero beam
separation runs were used for which RB(g =0, T=0)>0.12,

Figure 42a shows a typical two-beam correlation coefficient curve for
zero beam separation (§=O) . The peak of this curve is displaced from 7 = 0,
and the curve is not symmetric either about 7 = 0 or about the T corresponding
to the peak, as would be the case for a true auto-correlation of a point probe
measurement. If is believed that this asymmetry is a characteristic of the
crossed-beam technique and might be a measure for the asymmetry of the

correlation volume s - passing through the beam intersection point.

Figure 42b is the normalized co-spectrum obtained by Fourier-trans-
forming the curve in Figure 42a. The absolute values of the spectral density
have no physical significance since we were unable to relate our signals to
physical quantities. The peak in RB( 0, 7) was shifted to T = 0 before perform-

ing the calculation. It was found that the shape of the spectral density curve

was very sensitive to the magnitude of the confidence interval. For example,

by increasing the confidence intervdl from 0. 012 to 0. 020, the co-spectrum
went from a smooth curve such as shown in Figure 42b to a very irregular
curve with relatively large negative values at some frequencies. Because of the
asymmetry of the RB( 0,7) curve, relatively large values of quad-spectra were

also obtained. To determine the effect of this asymmetry on the co-spectrum
curve, RB( 0, 7) was Fourier-transformed, after shifting the peak to 7 = 0,

using only positive values of 7, assuming symmetry about the 7 = 0 axis, and
truncating at 7 = 0. 001 second. Figure 42b shows that these results agreed
very well, for frequencies lower than 4000 cps, with the curve obtained by the
previous method.
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The frequency corresponding to the peak in the crossed-beam spectra,
fp, is shown on Figure 41. The crossed~beam and single beam spectra were

obtained from the same run. The peaks in the two types of spectra occur at
approximately the same frequency.

Figure 43 shows all the co-spectra data plotted as a function of the
Strouhal number defined below.

=h

X
S =7 - (27)

C

The curves for all beam intersection positions are similar; however, there is
considerable scatter in the data. It is not known, at this time, whether this
scatter is due entirely to errors in determination of the spectral density and
UC, or to the fact that the Strouhal number defined above is an insufficient

similarity parameter to collapse all the data.

Comparison of Figures 41 and 43 indicates that at high frequencies the
magnitude of the crossed-beam spectra falls off with increasing frequency at
a considerably greater rate than do the single-beam spectra. The average
slope of the spectral density curves in Figure 43 is about -3. 0, although there
is considerable variation about this slope. This greater slope at high frequencies
is expected for three-dimensional spectra [12, p. 226] in the special case of
isotropic turbulence. The relation obtained from Hinze is given below:

1 dE,(k)
_ 1 dE\K
E(x) 47K dx (28)

The function E (k) is equivalent to Hinze's function, E
Y sV

and E;(k) is the one-dimensional spectrum function called Ey 1 by Hinze. See
’

Equation (11) for definition of E(x). The function E (x) should not be confused
with Hinze's three-dimensional spectrum function Ey (k) which is an integral of

E around a sphere in wave number space.
H
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If E4 has a slope of -5/3 at high frequencies, Equation (28) gives a
slope of -11/3 for E(k), which is not too much different from the slope of -3
obtained in Figure 43. However, equation ( 28) holds only for isotropic turbu-
lence, so we do not know what the slope should be for the anisotropic shear
layer flow of this experiment. Nevertheless, it seems probable from the deri-
vation of equation ( 28) that in the case of anisotropic turbulence E(k) should
still have a larger negative slope, at large « , than E;(x). Therefore, the

fact that the slope in Figure 43 is considerably greater than - —g— is an indi-

cation that the crossed-beam technique might yield three-dimensional spectra
as suggested by the analysis in the Section on The Crossed-Beam Correlation
Technique. However, since the capability of the crossed-beam technique to
measure three-dimensional spectra has not been conclusively demonstrated
at this time, further interpretation of the spectral data presented here is
unwarranted, Until further confirmation is obtained, it appears advisable to
regard these data as just 'crossed-beam spectra.' To determine whether or
not the crossed-beam technique does, in fact, measure three-dimensional
spectra, one should measure crossed-beam spectra and one-dimensional
spectra in an isotropic flow field to see if equation ( 28) is obeyed. The pos-
sibility of measuring three-dimensional spectra directly is one of the most
attractive features of the crossed-beam technique.

Streamwise Length Scale

The streamwise, or longitudinal, length scale, Lx’ can be found from

Equation (8). However, since it takes a large number of measurements to
obtain a length scale by this method, this approach was not used. Alternatively,
one could use the convective flow approximation of Equation (15) to obtain the
following relation:

U =)
C j—
L = R_(0,0 [oo RB(g—o,T) dr . (29)

However, since the two-beam correlation curves in Figures 33 through
36 had a relatively large negative area which, in most cases, was nearly as
large as the positive area, it was decided not to use the above relation but to
use the following alternative length scale definition based on the spectral density
curve presented previously:
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L =-—-% (30)

The quantity fP is the frequency corresponding to the peak in the spectral

density curve. The length scales for both jets are plotted as a function of shear

layer thickness in Figure 44. Each point on this figure is an average of several

L 's across the shear layer (in the y direction) for that particular x/D location.
X

The variations in LX across the shear layer were fairly small and were without

consistent trends, so this approach was thought to be reasonable. These data
give a nearly linear variation with shear layer thickness, the ratio of length scale
to shear layer thickness being about 1. 2.

Also shown for comparison in Figure 44 are the streamwise integral
length scales of a subsonic jet determined from the hot-wire measurements of
Reference 19 and using the subsonic shear layer thickness data from Figure 31.
An integral definition analogous to Equation (8), but not including the negative
area under the space correlation curve, was used to compute LX. The values

from Reference 19 were doubled to conform to the length scale definitions used
in this report; i. e., the correlation lengths are chosen to extend in the negative
as well as positive direction. The subsonic and supersonic length scales agree
quite well; however, the equivalence of the length scale definitions used in the
two cases has not been shown., Also, the subsonic and supersonic length
scales are measures of the correlation distances of different quantities as
discussed in the section on LZ .

CONCLUSIONS

The major results from the first crossed-beam investigation of the
turbulence characteristics of shock-free, supersonic jet shear layers are
summarized below:

1. The success of these measurements demonstrated the usefulness of
the crossed-beam technique for turbulence investigations in supersonic flow.

2. The crossed-beam technigue shows promise of yielding three-
dimensional spectra from a single measurement.
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3. It was tentatively concluded that the radiation intensity of the beams
in this experiment was predominantly modulated by water vapor concentration
fluctuations which resulted from a large time-average gradient, across the
shear layer, in the mole fraction of water vapor. This effect prevented the
measurement of fluctuations in the thermodynamic properties P,T, and p by
means of the absorption characteristics of oxygen.

4. A considerable degree of similarity exists between the turbulence
properties of subsonic and supersonic jet shear layers when the supersonic
jet is free of shocks, i.e., operated at its design pressure. This similarity
was found although the crossed-beam measurements in supersonic jets were
believed to be primarily sensitive to water vapor concentration fluctuations
and the hot-wire measurements in subsonic jets were sensitive to velocity
fluctuations. The crossed-beam results for supersonic jets and published
hot-wire data for subsonic jets are compared below:

a. The convection speed and intensity profiles of both subsonic and
supersonic jets show self-similarity, at each Mach number, when
plotted against the nondimensional variable 7 . Furthermore,

a new nondimensional variable,

y oy -D/2
n = W
which is based on the shear layer thickness instead of distance

from the nozzle, can be used to bring the data from different
Mach number jets much closer together.

b. The lateral and streamwise length scales and the shear layer
thickness, for each Mach number, increase linearly with dis-
tance from the nozzle exit. The streamwise length scales,
LX , are roughly equal to the shear layer thickness, and the

length scales Ly and Lz are roughly one-third of the shear

Jayer thickness in both subsonic and supersonic jets. However,
the shear layer thickness decreases with increasing Mach
number.

5. The presence of a coarse, turbulence-generating screen just

upstream of the nozzle throat produced remarkable effects on the shear layer
characteristics including:
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a. doubling the circumferential length scale, L

b

b. approximately doubling the width of the intensity profiles, and

c. introducing narrow band components in the correlation coef-
ficient curves (not shown in this report).

George C. Marshall Space Flight Center
National Aeronautics and Space Administration
Marshall Space Flight Center, Alabama 35812
933-50-07-01-62 July 1¢3¢
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FIGURE 43. SUMMARY OF SPECTRAL DENSITY DATA
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