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Turbulence Measurements in Subsonic and Supersonic
Axisymmetric Jets in a Parallel Stream

Philip J. Morris*
Lockheed-Georgia Company, Marietta, Ga.

Measurements of mean and fluctuating velocity components have been made in an unheated axisymmetric jet
mounted in a low-speed wind tunnel. The measurements were made with a backscatter laser velocimeter.
Velocity measurements are presented for jet exit Mach number from 0.47 to 1.67 and tunnel velocity to jet exit
velocity ratios from 0.1 to 0.5. The rate of growth of the annular mixing region agreed closely with that of the
two-dimensional mixing layer. The potential core length was found to be nearly inversely proportional to the jet
exit, freestream velocity difference. Peak axial turbulence intensities varied as the seven-tenths power of the
velocity difference. The mean velocity, turbulence intensity and axial velocity skewness, and kurtosis
distributions were found to agree with measurements of jets into still air using an appropriate local radial coor-
dinate based on vorticity thickness.

I. Introduction

THE effect of a moving freestream on the development of
an axisymmetric jet is currently of considerable im-

portance, particularly in the field of aeroacoustics. This in-
terest has been stimulated by discrepancies between noise
measurements in simulated flight conditions, such as anechoic
free jets, and wind tunnels, and flight test noise data. To
properly predict the flyover noise from either simulated flight
tests or static tests, it is essential to know how the jet noise
sources alter in flight. These changes are reflected in
alterations in the turbulent structure of the jet. Although a
detailed description of the statistical properties of the tur-
bulence is required to exactly describe the aerodynamic noise
sources, scaling laws for overall radiation may be obtained
from measurements of a few simple properties of the flow. In
spite of this, there have been very few investigations of the
mixing of two streams of finite velocity. Previous
measurements of turbulence in jets in moving streams have
rarely been at high speeds and have tended to ignore the initial
mixing region of the jet, which is of particular importance in
aeroacoustics. The turbulence measurements detailed in this
paper provide much of this essential, missing information.

The measurement of the mean properties of a turbulent
flow has a practical importance, but it is only by measuring
the fluctuating components of the flow that it is possible to
obtain a better understanding of the structure of the turbulent
flow and provide justification for any mathematical
hypotheses used in representing the motion. Measurements of
the time-averaged properties of the flow may be achieved by
total and static pressure surveys in high velocity and tem-
perature flows. However, measurements of turbulent fluc-
tuations have normally been limited to fairly low-speed flows,
since in these velocity regions the conventional measuring
devices, the hot-wire or hot-film anemometer, give un-
contaminated velocity measurements and are structurally
sound. It is only with the development of optical
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measurement techniques that accurate measurements have
been viable in hot or high-speed turbulent flows. There are
two main advantages in using optical techniques. Firstly,
there is no need to insert a probe in the flow, which might
disturb the flow regime or be physically incapable of with-
standing stresses exerted by the flow. Secondly, an unam-
biguous measurement of velocity is obtained and
measurements can be carried out in regions where the density
and temperature may fluctuate.

There have been few experimental investigations of the
mixing of two streams of finite velocity. The two-dimensional
mixing layer is perhaps the simplest two-stream flow. Con-
venient similarity solutions for the mean velocity have been
obtained using an eddy viscosity assumption, and this has led
to several experimental investigations. Yule1 made
measurements of three components of mean and fluctuating
velocity, shear stress, and longitudinal and lateral space
correlations. The spreading parameter, a, defined by Gortler2

was found to vary with velocity ratio, A, in the same manner
as that found by Miles and Shih3 and was given by

a/o0 = (1 — A ) / (7 -I-A) l/2 (1)

where a0 is the value of a for A = 0. A is given by A = w r /w f l ,
where UT is the tunnel velocity and ua is the jet centerline
velocity. It should be noted that Sabin4 and Brown and
Roshko5 suggested a relationship of the form

a / a 0 = ( 7 - X ) / ( / + X ) (2)

Brown and Roshko5 made velocity and density measurements
in mixing layers using gases of different densities, which per-
mitted the effects of velocity ratio and density ratio to be
examined separately.

Studies of round jets in moving streams have been made by
Antonia and Bilger6 and Forstall and Shapiro7 among others.
The former study examined the flow far downstream of the
jet exit to determine whether assumptions of turbulence
similarity could be made. The latter study considered low-
speed jets with velocity ratios from 0.2 to 0.75. Mean velocity
profiles were found to be similar in terms of a local radial
coordinate based on the half-velocity radius, and the potential
core length, xc, varied with velocity ratio as

(3)

where r, is the jet exit radius.
Several points emerge from these and other previous ex-

perimental studies. Because of the relative ease of
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measurement, the mean axial velocity is the most often
measured quantity. Measurements of turbulence intensity
have been made in relatively few experiments, and these have
been limited by available instrumentation to low velocities.
The main interest in round jets in moving streams appears to
have been concentrated in two distinct areas. First, the rate of
the decay of the jet centerline axial mean velocity has been
studied. Second, the assumptions of similarity and self-
preservation have been examined. This has, for the most part,
involved measurements downstream of the end of the poten-
tial core. Clearly, the following areas are in need of at-
tention: a) the effects of the secondary stream on the initial
development of a round jet, b) the variation of turbulence in-
tensity with velocity ratio, and c) the variation of turbulence
intensity with jet Mach number.

The progress made toward understanding in these areas is
described in the subsequent section. In Sec. II, the ex-
perimental facilities are described.

II. Experimental Facilities
A closed-circuit, single return, low-speed wind tunnel was

used in the experiments. The test section was approximately
30 x 43 in. with a length of 48 in. The tunnel provided an emp-
ty flow velocity capability 0 to 310 fps. An 8-in. diam air duct
was installed to supply air to the 2-in.-diam nozzles that
exhausted axially down the center of the wind tunnel working
section. The plenum pylon mount was faired with a 21 % thick
zero lift airfoil section. The 8-in. plenum was faired with a
wooden bullet. An 8-in. to 4-in. reduction was attached to this
plenum and smoothly faired to the end of a short length of 4-
in. pipe, to which the nozzles were attached. A 9-in. spacer
could be inserted upstream of the nozzle so that 17 diam of the
jet flow could be viewed by the laser velocimeter through
a glass working-section wall. The laser velocimeter was
mounted on lead-screw and way systems on a hydraulic table
outside the wind tunnel, which allowed three-dimensional
traversing of the system. Slots in the wind tunnel wall just
downstream of the working section were provided to vent the
working section to ambient. A remotely operated door in the
return section of the wind tunnel, which prevented pressure
buildip in the tunnel, could be adjusted to obtain ambient
static pressure in the working section. A sketch of the working
section geometry is shown in Fig. 1.

There are a number of optical techniques for remotely
detecting the velocity of particles in a flow. The approach
described here is based on an interference pattern of light
formed in the measurement volume by the intersection of two
coherent monochromatic light beams. As a microscopic par-
ticle passes through this fringe pattern, light is scattered and
detected by a photosensor. The detector output burst has a
frequency dependent of the spacing of the interference pattern
and the velocity component of the particle normal to the
fringes. Since the fringe spacing is set by the geometry of the
optics, the normal particle velocity is readily derived from the
detector signal frequency. A system using this operating prin-
ciple is called a ' 'burst counter" laser velocimeter. A detailed
account of much of the optics, electronics, and data
processing used in the current laser velocimeter system is given
in Refs. 8 and 9. However, a brief description of the con-
figuration used in these experiments and some modifications
that have been made are described here.

The laser velocimeter optical configuration is shown in Fig.
2. A 4-W Argon laser and a beam splitter/color separator
assembly generated two pairs of blue, 4880 A, and green,
5145 A, beams. These beams were simultaneously focused
and caused to cross by the transmitting lens. This created two
coincident ellipsoidal measurement volumes of orthogonal
green and blue fringe patterns. The dimensions of the \/e2

measurement volume were nominally 0.3 mm by 2.0 mm with
a total of 33 fringes. Light scattered by particles passing
through the measurement volume was collected by receiving
optics, mounted beside the transmission optics, and fed to a

Fig. 1 Tunnel working section geometry.

PHOTOMULTIPLIER
FRINGE PATTERN IN
MEASUREMENT VOLUME

LASER BEAM DOVE
SPLITTER PRISM

Fig. 2 Laser velocimeter optical system.

photomultiplier assembly. This assembly filtered the collected
backscatter light into blue and green components, which were
sensed by two photomultiplier tubes. The resulting electronic
signal was fed to the digital processing unit and a computer to
obtain the particle velocity. The jet air was seeded by in-
troducing 1/x aluminum oxide particles, coated with CAB-O-
SIL to reduce agglomeration, into the jet plenum. The wind
tunnel flow was seeded using an aerosol of 1010 hydraulic oil
generated Laskin nozzle. This generator, which was based on
the design of Yanta10 produced a particle size distribution
that peaked at 1/z.

In the original optical configuration, with a pair of or-
thogonal fringe patterns at ±45° to the jet axis, the laser
velocimeter was able to provide measurements of two or-
thogonal components of velocity as long as the deviation of
the instantaneous velocity vector from the axial direction was
sufficiently small. This restriction is imposed since, in order
to resolve the measured velocities into their axial and radial
components, coincidence (simultaneous detection from both
fringe patterns) is required. This results in a very small
"angular window." The "angular window" may be defined
as the maximum angle to the jet axis beyond which the par-
ticle has less than a certain high probability of simultaneous
detection by light scattered from both color fringe patterns.
For stationary fringes, this window is a function of
measurement volume, size and fringe spacing. Since this
angular criterion is unlikely to be met in a turbulent jet flow,
where the instantaneous velocity vector deviates significantly
from the axial direction, these fringes were rotated 45° for the
current measurements, and only the set of fringes normal to
the jet axis were used. This meant that measurements of axial
velocity only were made. This angular restriction can be
alleviated by movement of the fringes within the measurement
volume. This may be achieved by use of Bragg cell in the beam
splitter optics, which frequency shifts one of a pair of one
color light beams with respect to the other.

A most important aspect of the electronic processor is the
data validation circuitry. The original design, described in
Ref. 8, was based on a digital comparison of the time for the
first four fringe crossings with the time for the second four, as
well as an odd ratio, three to five. This comparison eliminated
most erroneous data due to multiple particles in the
measurement volume or an incorrect fringe crossing count.
Because of the digital nature of the comparison, the ac-
ceptable time difference varied up to 3% of the period, and at
higher frequencies (velocities), where the fringe crossing
period was very small, the accepted error was an increasing
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percentage of the period. This error window was found to be
unacceptable for turbulence measurements at high speeds. A
new circuit was constructed that still compared the same
fringe crossing ratios but used an analog integrator. The error
window was then constant at ± 1 % over a variable velocity
range of 30 to 1. This system was used in the measurement
program.

At the time that a measurement was taken, a magnetic tape
was written that recorded each individual velocity and its time
of occurrence. Before analyzing the data, it was necessary to
process this recorded data to correct for the natural biasing of
the velocity data. The amount of fluid passing through the
measurement volume is proportional to the local fluid
velocity, so that even if particles are uniformly distributed in
the fluid, a bias toward higher velocities will occur, since in a
finite number of velocity measurements, a higher proportion
occur at the higher velocities. It can be shown11 in a one-
dimensional, unsteady flow that, if there is no dependence
between the particle velocity and the particle density (uniform
seeding), then the true mean velocity can be found by taking
the reciprocal of the arithmetic mean of the particle periods
(time for a particle to cross eight fringes) multiplied by a con-
stant of proportionality. It can also be shown that this biasing
effect leads to a weighting of the velocity probability
distribution function that is proportional to the velocity.
Since only one component of velocity was measured in these
experiments, an instantaneous measurement ofx the vector
velocity, which would be required for a complete unbiasing of
the data in a three-dimensional flow, was not possible. Thus,
a first-order correction of the data was obtained by using the
instantaneous axial velocity for the vector velocity. The
velocity probability distribution could then be corrected by
multiplying the inverse of the velocity. The moments of the
corrected distribution function were calculated giving the
mean, standard deviation, skewness, and kurtosis. This bias
correction is equivalent to that proposed by McLaughlin and
Tiederman.12

A "burst counter" laser velocimeter system requires a high
rate of seeding to obtain good spectral information. The data
analysis procedure is described in Ref. 9. No frequency spec-
tra were obtained in the present measurements, although the
validated particle rate varied from 1,000 to 10,000 particles
per second which, because of the use of random-time sam-
pling and single particle detection, can provide frequency in-
formation up to 20 kHz.9 In order to obtain satisfactory par-
ticle rate and distribution, the flow must be seeded artifically.
The amplitude and phase response of the \(JL particles used in
these experiments have been calculated in Ref. 8. At 10 kHz
the particle velocity amplitude is 75% of the flow velocity and
the pase lag is 40°. However, the frequency measured by the
LV is higher than that seen by the particle traveling with the
flow due to the upward Doppler shift for the stationary
reference frame. This phenomenon reduces the particle
response requirements by significant factors.

III. Experimental Program and
Preliminary Measurements

The test conditions were designed to provide the maximum
amount of useful data within the limits of the facility and in-
strumentation. The effects of two major changes were of in-
terest. First, how does the secondary stream velocity affect the
jet development at fixed jet exit velocity, and second, how
does the jet exit Mach number affect the jet development?
Thus, the experiments were divided into two sections. In the
first, the. jet exit velocity was held constant and the wind tun-
nel velocity varied. In the second, the jet exit Mach number
was changed and the velocity ratio was kept constant. The
first series of measurements were carried out at Mj = 0.47 and
nominal velocity ratios of 0.1, 0.2, 0.3, 0.4, and 0.5. The
second series of measurements were performed at a fixed
velocity ratio of 0.1 and jet exit Mach numbers of 0.47, 0.9,

I.37, and 1.67. The jet air was unheated in all the ex-
periments.

It was anticipated that the general effect of increasing both
velocity ratio and Mach number would be to stretch the jet
flow in the axial direction. In order to obtain a representative
set of turbulence measurements in the first series (My=0.47
for various velocity ratios), the following procedure was
adopted. First, a jet centerline traverse was carried out to give
an indication of the potential core length, xc. Radial traverses
were then performed at axial locations close to xc, xc/2 and
xc/4. Radial traverses were also made at x = 32 and jc = 0.2 jet
radii. These two locations were close to the limits of the
measurement range set by the size of the LV optics and the
dimensions of the working section window described in Sec.
II.

Convergent and convergent-divergent nozzles were used in
the subsonic and supersonic experiments, respectively. The
correct operating conditions for ideal expansion for the con-
vergent-divergent nozzles was determined using a
shadowgraph technique.

Static pressure tappings were made in the working section
wall to determine the wall static pressure gradient. It was
found that the axial pressure gradient increased as the tunnel
velocity increased. However, the gradient was very small and
was equivalent to a variation of 2% in tunnel velocity in the
working section at the highest tunnel velocity and 1 % at the
lowest tunnel velocity.

IV. Velocity Measurements
Centerline Traverses

The axial mean velocity on the jet centerline ua/tij, where
Uj is the jet exit velocity for several velocity ratios and a jet
exit Mach number of 0.47 is shown in Fig. 3. As the velocity
ratio, X, increases so the rate of decay of the jet centerline
velocity decreases. The potential core length may also be seen
to increase. Kleinstein13 showed that an exact solution, for
small radius, of the boundary-layer equations, based on an
eddy viscosity that was a function of axial distance only, gave
the centerline velocity, w a , in the form,

( i * f l /w,-X)/ ( / -X)=7-exp{-7/2?J (4)

£ y , which is a function of axial distance, was defined through
the assumed eddy viscosity, and its numerical value was ob-
tained from experimental centerline velocity measurements.
For Mj = 0.47 the present measurements lead to a variation of
£„ with X and axial distance, x, of the form

£ y / r y = 0.04(1 -0.92\)x/rj -0.35 (5)
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Fig. 5 Variation of potential core length with Mach number, A = 0.1.

This method of collapsing the centerline velocity data leads
to a convenient nonarbitrary method of defining the potential
core length. From Eqs. (4) and (5), the potential core length,
xc, is seen to be given by

xc/rj=8.77/(l-0.92\) (6)

Forstall and Shapiro7 predicted a linear increase of poten-
tial core length with velocity ratio (see Eq. (3) of this paper).
However, Eq. (3) was obtained by fitting an expression of the
form (ua /My — X)/(l - A) = xc Ix to the data, which does not fit
the observation close to the end of the potential core, and
leads to a slight overestimate of the potential core length.

It can be seen from Eq. (6) that the potential core length is
finite even if the jet exit velocity and freestream velocity are
equal. This represents the effects of boundary layers on the in-
ner and outer walls of the nozzle and the finite lip thickness.
In the absence of upstream boundary layers and for
vanishingly small nozzle lip, Eq. (6) suggests a variation of
potential core length with velocity ratio of the form,

The variation of the centerline velocity with Mach number for
a fixed velocity ratio, A = 0.1, is shown in Fig. 4. As the Mach
number, A/,, increases so the rate of decay of the centerline
velocity decreases. The potential core length increases with in-
creasing Mach number. It should also be noted that the
behavior of the mean velocity on the centerline is quite dif-
ferent for the subsonic and supersonic cases. This individual
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behavior of locally subsonic and supersonic flows also is ap-
parent in the fluctuating velocity measurements and is
discussed below.

The variation of potential core length with Mach number
was calculated by fitting Eq. (4) to the measurements. The
calculations are shown in Fig. 5. The measurements have been
compared with the empirical correlation of Witze14 for a
velocity ratio of zero. The slight increase in core length with
velocity ratio is more evident at the supersonic jet Mach num-
ber. However, the variation with jet Mach number is similar
for both X = 0 and X = 0. 1 .

The variations of axial turbulence intensity on the jet axis,
u'a/Uj, with velocity ratio and Mach number are shown in
Figs. 6 and 7, respectively. The secondary peak, close to the
jet exit, which is evident in all the A/, =0.47 data, but is not
seen at the higher Mach numbers, is caused by flow separation
at an upstream valve leading to vortex-shedding from the jet
lip. From Fig. 6, it can be seen that the peak axial turbulence
intensity decreases with increase in velocity ratio, X, and the
location of the peak moves farther downstream. The dif-
ference between the centerline distributions of subsonic and
supersonic jets which was evident in the axial mean velocity
variation (Fig. 4) is also seen in the turbulence intensity
distribution (Fig. 7). The empirical correlation of centerline
velocity decay proposed by Witze14 was based on a two-
region model of the turbulent mixing process. This division of
the flow into locally subsonic and supersonic regions appears
sensible in the light of the present centerline traverses,
although the transition is expected to be less abrupt than Wit-
ze's model. The peak turbulence intensity for the supersonic
jets is lower than the subsonic peak value, and the location of
the peak in the supersonic cases is further downstream.
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Fig. 8 Axial mean velocity profiles, Mj = 0.47, A = 0.4.

Radial Traverses-Mean Velocity
A typical set of radial traverses of axial mean velocity for

My =0.47 and A = 0.4 is shown in Fig. 8. The radial extent of
the mixing region can be seen to increase with axial distance,
and the centerline velocity has decreased at x/ry = 18. The
velocity profiles close to the jet exit exhibit a velocity defect
close to the jet lip line showing that the effect of the initial
boundary layers on the inner and outer surfaces of the jet noz-
zle still remains.

The mean velocity profiles are used to determine the
variation of spreading rate of the jet with velocity ratio and
Mach number. In the present investigation, the width of the
jet is defined as the vorticity thickness, 5^, which is given by

(8)

Brown and Roshko5 point out that this definition of thickness
is appropriate, since the growth of the turbulent jet flow is
primarily governed by the unstable motion induced by the
vorticity. It has been found to be convenient to consider the
jet in two separate regions: the annular mixing region up to
the end of the potential core and the flow region downstream
of the potential core. The results presented below concentrate
on the annular mixing region. Measurements downstream of
the potential core are discussed in Ref. 15.

It is to be expected that for sufficiently small ratios of vor-
ticity thickness to potential core radius the initial mixing
region will grow in the same manner as the two-dimensional
mixing region. In fact, the spread rate of the axisymmetric jet
is found to agree closely with that of the two-dimensional
mixing region up to the end of the potential core. The
variation of b ^ / ( x —x0) for present measurements in the
annular mixing region and the variation for two-dimensional
mixing layers, compiled by Birch and Eggers, 16 are compared
in Fig. 9. x0 is the virtual origin of mixing found by assuming
a linear variation of vorticity thickness with axial distance and
finding the intercept on the jet axis. It can be seen that the
variation of mixing region thickness with axial distance is
similar for the two-dimensional and axisymmetric flows,
although there is a tendency for the present results for a round
jet to fall away from the two-dimensional mixing region
results for small values of X. A linear variation of vorticity
thickness with (1 - A)/(l + A) is also shown in Fig. 9. The con-
stant of proportionality used is 0.181; the value suggested by
Brown and Roshko,5 although a slightly lower value is in-
dicated by the present measurements. The variation of b^ with
A may be shown to depend on the choice of a typical con-

x
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.(PRESENT MEASUREMENTS,

.2

Fig. 9

.6
( 1 - A ) / ( 1 + X )

Variation of spread rate with velocity ratio, Mj = 0.47.

vection velocity for the turbulence.5 A relationship of the
form of Eq. (2) is based on a convection velocity of
(w ; +w 2 ) /2 , whereas, Eq. (1) uses a convection velocity of
(«/ + w 2 ) /2/2. However, the scatter in the data, particularly
at A = 0, does not enable a definitive conclusion to be made as
to the variation of spreading rate with velocity ratio.

When the vorticity thickness is used to normalize the radial
distance, the mean velocity profiles in the annular mixing
region may be collapsed. The mean velocity in the annular
mixing region in the form (u — uT)/(ua — uT) is shown in
Fig. 10 as a function of (r-r?>5)/6w. r05 is the half -velocity
radius defined as the radial distance where u- (ua + uT)/2.
The variation of r05 with axial distance in the mixing region is
very slight, having a tendency to increase with axial distance
at a rate that decreases with increasing velocity ratio.
Although ua lUj is equal to unity in most cases, some data just
downstream of the end of the potential core have been in-
cluded. Mean velocity profiles that occur in the region of the
flow establishment, where the wake velocity defect down-
stream of the jet lip still exists, have not been included. The
collapse is seen to be very good. A reasonable fit to the data is
given by the expression

(u-uT)/(ua-uT)=0.5(l-sm2ri) - (9)

where T/ = (r-r05)/6w. The simple expression (9) has a
derivative of - 1 at rj = 0. This is consistent with the choice of
6W as the characteristic length as the collapsed profiles then
have a slope of - 1 at the point of maximum shear, which oc-
curs close to the half-velocity radius in the annular mixing
region.

The effect of change in jet Mach number for a fixed
velocity ratio is now examined. Brown and Roshko5 used an
order of magnitude analysis to suggest a dependence of the
spreading rate, db^/dx, on Mach number. For sufficiently
high Mach numbers, the spread rate was found to be inversely
proportional to the Mach number. In Fig. 11 the present
measurements of db^ /dx for several jet Mach numbers and a
velocity ratio A = 0.1 are compared with the data compiled by
Birch and Eggers. 16 Both sets of data suggest an inverse Mach
number dependence for the supersonic cases. For A = 0 the
subsonic data suggests little variation of spreading rate with
Mach number. Until further data is available, it may be con-
cluded that the dependence of jet width on velocity and Mach
number is well represented by

d6u / f l&coc(7-X)((7+X)

(10)
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Radial Traverses-Turbulence Intensity
Since the peak axial turbulence intensity is shown to be a

function of velocity ratio and was also found to decrease
slightly with axial distance in the annular mixing region, the
radial distributions of turbulence intensity will be normalized
with respect to their maximum value. The normalized tur-
bulence intensity distributions, w ' / w ' m a x , for a fixed jet exit
Mach number, Mj =0.47, and several velocity ratios is shown
in Fig. 12. The data collapse weli for all the velocity ratios,
and the location of the peak turbulence intensity occurs close
to the half-velocity radius. The data of Davies17 for the
mixing region of a free jet, A = 0, are shown for comparison,
and the agreement is good.

The normalized turbulence intensity distributions, in the
annular mixing region for X = 0.1 for several jet exit Mach
numbers are shown in Fig. 13. The data for subsonic and
supersonic jet exit velocities have similar distributions near
the center of the mixing layer, (r—r0^)/du=09 although
there is a tendency for the turbulence intensity to fall less
rapidly with radial distance in the outer region of the jet for
the supersonic jet exit velocities. This slight change in tur-
bulent structure from subsonic to supersonic conditions was
observed in the axial distributions of mean velocity and tur-

FOR LEGEND SEE FIG. 10
I

Fig. 12 Radial distribution of axial turbulence intensity in the an-
nular mixing region for various velocity ratios, Mj = 0.47.

05 1 •
- E
D
\

^ 3 . 8

x >-
<- 6Q CO ' U

uj z
MUJ

5s- .4<. —
gu.
o o

— 1
ID i
CO
°̂  n

——— ' ———— ' — ̂ jBg
J ? «
<%

°*3f
o. ^ .
0«

A

t B

' A*^ 5^ *

k ^
S^ o Mj = .47
"V&D . Mj = .90 -

*S5 A M , = 1 - 3 7
'•«&. - H j - 1 . 6 7 ' .

***;4
5 • «A

" Qr̂  O
. _ •a * A

Vo A

° 0* *
% • Jf •

|M _ A <^A A • ^^*^ CF^BB ^ m •

-1 .0 1 .0 2.0

Fig. 13 Radial distribution of axial turbulence intensity in the an-
nular mixing region for various Mach numbers, A = 0.1.
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Fig. 14 Variation of peak axial turbulence intensity with velocity dif-
ference, (ua Itij — X), for various velocity ratios and Mach numbers.

bulence intensity shown in Fig. 4 and 7, respectively. Since the
jets were carefully run at the ideally expanded operating con-
ditions, it is unlikely that these differences may be explained
by the influence of any weak shock structure.

The variation of the peak axial turbulence intensity, u' max
/Uj, with normalized velocity difference, (ua/Uj — \), is
shown in Fig. 14 for both subsonic and supersonic jet exit
velocities. Although, there is a tendency for the peak axial tur-
bulence intensity to increase with Mach number, the change is
very small and is within experimental error at these higher
velocities. The apparent linear increase of u' max/Uj with nor-
malized velocity difference suggests an expression of the form
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The value of A, found by a linear least squares fit, of 0.051,
would appear to properly account for the initial boundary
layers since ua /Uj equal to X gives an axisymmetric wake flow
close to the jet exit. However, the expression is not reasonable
further downstream, when iia /Uj tends to X, since it leads to a
maximum turbulence intensity that scales with jet exit
velocity. It is more reasonable to assume that close to the jet
exit the turbulence intensity scales with difference between the
centerline velocity and the minimum axial velocity which
would occur close to the lip line in the region of flow
establishment. No measurements were made in the present ex-
periments for small velocity differences. However, for the
case of an axisymmetric jet, the variation of w ' m a x /Wy with
normalized velocity difference for small velocity differences
can be inferred from measurements of axisymmetric jets into
still air far downstream of the jet exit where the jet centerline
velocity is very small. The measurements by Wyganski and
Fiedler18 show that by 40 diam downstream of the jet exit the
value of u' max is a constant fraction of the centerline velocity,
namely

Uj-\) (ua/Uj-\)<0.163 (12)

In Fig. 15, Wyganski and Fiedler's and the present
measurements of u' max/w/ have been plotted as a function
of (ua lUj — X ) . The variation can be divided into two regions.
The first is given by Eq. (12) and the second is given by

u'max/aJ=0.175(ua/uJ-\)°-7 (ua/uj-\)>0.163 (13)

The slope of the linear portion of the curve, Eq. (12) and
hence the crossover between the two curves will be a function
of the wake-generating body. Various asymptotic values of
w ' m a x / ( w f l -UT) have been noted by Antonia and Bilger.6

The nonlinear dependence of w'm a x on velocity difference
given by Eq. (13), shows how the influence of the jet exit
velocity, which governs the mixing in the inner region of the
jet especially the initial mixing layer, persists far downstream
of the jet exit. If it were not for this persistent influence of up-
stream conditions on the local flow structure, the turbulence
would be expected to always scale linearly with velocity dif-
ference. The exponent 6.7 in Eq. (13) is thus seen as being
dependent on the initial conditions in the present experiments.
However, unless the initial boundary layers are removed and
the jet lip is made vanishingly small, this empirical exponent
should be typical of most realistic experimental con-
figurations.
Radial Traverses-Skewness and Kurtosis

The Aith central moment, /*„, of the velocity probability
distribution function, f ( u ) , is defined by

FOR LEGEND SEE FIG. 10
-1 .
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Fig. 16 Radial distribution of skew ness of the axial velocity in the
annular mixing region for various velocity ratios, M3 = 0.47.
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Fig. 17 Radial distribution of kurtosis of the axial velocity in the an-
nular mixing region for various velocity ratios, Mj = 0.47.

/*„= \ (u-u)f(u)du
J — co

(14)

where u is the mean velocity. The normalized third and fourth
probability moments are called the skewness, S, and the kur-
tosis or flatness factor, K, respectively. The normalization is
such that,

and # = (15)

noting that /x2, the second central moment, is the mean square
velocity. The radial distributions of skewness and kurtosis in
the annular mixing region for fixed jet exit Mach number
My =0.47, and several velocity ratios X are plotted as func-
tions of (r-r05)/bw in Figs. 16 and 17, respectively. The data
collapse well and agree with the best fit of Davies17 for a free
axisymmetric jet, X = 0. At the inner edge of the mixing
region, the velocity probability distribution is Gaussian being
unskewed and having kurtosis of 3. Close to half-velocity
point, the probability distribution is again unskewed but is no
longer Gaussian. The probability distribution is negatively
skewed on the inner side of the mixing layer and positively
skewed on the outer side. Associated with the skewed signals
are peaks in the kurtosis, the peak value being greater in the
outer region. A feature of the velocity probability
distribution, not evident from the free jet, X = 0, data is its
return to a Gaussian form at the outer boundary of the jet.
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The positive and negative skewness and the kurtosis peaks are
associated with the occurence of spikes in the velocity time
history. Lau and Fisher19 associated these spikes with bursts
of high- and low-velocity fluid induced, from the inner and
outer regions of the flow, respectively, by the passage of a
well-ordered vortex structure.

V. Summary and Conclusions
Velocity measurements of a turbulent jet in a moving

stream have been made for both subsonic and supersonic jet
exit velocities using a single-channel backscatter laser
velocimeter. Increasing the velocity ratio for fixed jet Mach
number or increasing the jet exit Mach number for a fixed
velocity ratio has been shown to decrease the axial rate of
development of the jet flow. This results in a lowering of the
spread rate and an increase in the potential core length with
the associated axial displacement of the peak in the centerline
axial turbulence intensity. Increasing the velocity ratio also
results in a decrease in the peak axial turbulence intensity.
However, this peak intensity does not scale with the velocity
difference across the shear layer in the annular mixing region.
This is the result of the domination of the flow structure by
the shear layer shed from the inside of the jet lip, which has an
initial velocity difference given by the exit velocity.

Although the secondary stream has been shown to have a
considerable effect on the absolute scales of the jet, little ef-
fect is seen on the turbulent mixing structure. This has been
shown from the skewness and kurtosis distributions. These
factors are obtained by normalizing the higher order
probability moments with respect to appropriate powers of
the second order moment or mean square velocity fluctuation.
It has been noted that the characteristics of the velocity
probability distribution may be related to a particular tur-
bulent structure. Since the radial distributions of skewness
and kurtosis are not affected by variation in velocity ratio, it
may be concluded that the turbulent structure or the mixing
process is independent of the velocity ratio.
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