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Velocity measurementsin a 51 mm diameter turbulent jet are presented. The measure-
ment programme is conducted in two parts. The first part is devoted to the validation
of laser velocimeter (LV) data. This consists of comparative measurements with the
LV and a hot-wire anemometer. The second part consists of a survey of the jet flow
field at Mach 0-28, 0-90, and 1-37 under ambient temperature conditions. Radial and
centre-line distributions of the axial and radial, mean and fluctuating velocities are
obtained. The distributions indicate a decrease in the spreading rate of the mixing
layer with increasing Mach number and a corresponding lengthening of the potential
core. The results further indicate that these two parameters vary with the square of
the jet Mach number. Radial distributions collapse when plotted in terms of op*,
where o = 10-7/(1—0-273 M%) and 5* = (r—ry;)/x. This is true for distributions in
planes located as far downstream as two potential core lengths. The collapsed data of
mean velocity can be approximated by a Gortler error function profile:

U/U; = 0:5[1—erf(on*)].

Centre-line distributions at various Mach numbers also collapse if plotted in terms of
z/x,, , being the potential core length. A general equation for the collapsed data of
mean velocity is given by: U/U; = 1 —exp{1-35/(1 —x/x,)}, for the range of Mach
numbers 0-3-1-4, where z, = 4-2+ 1-1 M%.

1. Introduction

In an attempt to understand more fully the noise generating mechanism in round
jets, considerable effort has been expended in the measurement of various flow par-
ameters and the study of how these quantities vary with jet flow conditions. As a
result of this effort, the knowledge of the jet structure has substantially improved over
recent years (e.g. Mollo-Christensen, Kolpin & Martucelli 1964; Bradshaw, Ferris &
Johnson 1964; Davis 1966; Laufer 1974; Lau & Fisher 1975).

In these studies, the hot-wire anemometer has featured very prominently, primarily
because it is able to measure not only the mean but also the fluctuating velocities.
However, due to its fragile nature, its use is generally restricted to regions where the
flow conditions are not very severe. Thus, most of the work has been performed in
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low Mach number and low temperature jets. In the context of jet noise, however, the
problem has been more pressing at the very high Mach numbers where present methods
of noise reduction (such as with the high bypass engine) are not applicable. This has
called for an experimental effort along lines and on a scale similar to that conducted
previously on low Mach number jets using hot-wires, and necessitated the develop-
ment of a high Mach number instrument with the same versatility as a hot-wire.
It was partly due to this that a number of remote-sensing optical instruments has been
developed since the mid 1960s and the laser velocimeter is one of them.

Most of the previous measurements in high-speed jets have concentrated on the
distributions of the axial mean velocity obtained with total pressure tubes. These
measurements have furnished information on such parameters as the spreading rates
of the high shear regions of the jet and have given useful insights on these regions.
The results of these earlier studies have been brought together by Birch & Eggers
(1972) and the salient features of the data are summarized in their review paper.
They noted a significant scatter in the observed spreading rate of the jet shear layer
from the different studies. However, the data all possess one trend, and that is, the
jet spreads less rapidly as the Mach number is increased.

Other studies have been concerned with the decay of the jet centre-line velocity.
Witze (1974) made use of Kleinstein’s (1964) theoretical formulation to derive from
the experimental results of thirteen studies, an empirical relationship for the decay
in the centre-line velocity for varying Mach numbers, and showed that the length of
the potential core of the jet increased with increasing Mach number.

Some turbulence intensity data have become available more recently as a result
of measurements with laser velocimeters. Knott & Mossey (1975) studied a free jet
at Mach 0-5 and 1-55, and Morris (1976) studied jets at Mach 0-47 to 1-67 issuing into
a parallel stream. In both cases, the measurements were restricted to only the axial
component of velocity, and were carried out without the full advantage of a Bragg
cell in the laser system. Barnett & Giel (1976) had the use of a Bragg cell and measured
the axial and radial velocity components, but their work was limited to a jet speed of
121 m/s.

In the present study, the aim is to build upon the knowledge which has so far been
acquired on high speed jets as a result of the earlier mean flow measurements and to
extend the scope of the available data to include the mean radial velocity and the
fluctuating axial and radial velocities. For this purpose, a two-vector laser velocimeter
is used. This permits measurements of the velocity in two orthogonal directions.

The measurements are conducted at jet Mach numbers of 0-28, 0-9 and 1-37. In
each case, the jet is maintained at the temperature of the ambient air. Since the laser
velocimeter is still in its infancy, a special effort is made at Mach 0-28 to assess the
validity of the measurements by comparison with corresponding hot-wire measure-
ments. This forms the first phase of the study. The measurements include (a) mean
velocity, (b) turbulence intensities, (¢) probability density distributions of the flue-
tuating signals, and (d) spectra.

In this report radial distributions of the flow characteristics are presented to
illustrate in general how they change over the jet flow field. An attempt is made to
achieve some degree of collapse of these results so that the effects of Mach number
may be more clearly displayed. Results of the variation of the flow quantities on the
jet centre-line are also presented to reinforce some of the insights gained from the
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radial distributions. Finally, conclusions regarding Mach number effects are re-
viewed, and an attempt is made to obtain empirical formulations for Mach number
effects.

2. Experimental set-up

2.1. Air supply
Dry air is supplied from a plant compressor facility at 2 MN /m2. Upstream of the jet
facility, the air line divides into two branches, one going to a sudden expansion
burner, and the other leading directly to the mixing chamber, which is also connected
to the outlet from the burner. The desired plenum temperature is achieved by an
appropriate mixture of the hot and cold air streams. The plenum is 0-28 m in internal
diameter and about 3 m long. A circular baffle, the size of the inlet pipe (0-10 m), is
located in the plenum, at about 0-20 m from the inlet. It is mounted concentric with
the plenum and serves to decelerate the flow entering the plenum and to disperse
the fluid to the outer radius. No acoustic treatment is provided inside the plenum,
and no further screens or baffles are incorporated.

For the subsonic experiments, a converging nozzle is attached to the exit of the
plenum chamber. The converging-diverging nozzle used for the supersonic experi-
ment is designed by the method of characteristics and the test condition is chosen
on the basis of Schlieren pictures taken of the jet under varying plenum pressures
and the pressure which results in an essentially shock-free jet. The nozzles have an
exit diameter of 51 mm, and are contoured so that the jet emerges parallel to its own
axis in each case.

2.2. The hot-wire anemometer and ancillary equipment

A DISA 55D01 constant-temperature anemometer is used in conjunction with a
DISA 55D10 linearizer. The probe is a single-wire type and is made from 5 pgm
tungsten wire. The d.c. level of the anemometer output is measured with a Hewlett—
Packard Digital Voltmeter and the r.m.s. level with a B & K 2416 Electronic Volt-
meter. The probability density of the hot-wire signals is obtained by feeding the
anemometer signal into the Hewlett—Packard 3721A Correlator, which performs the
probability density analysis. The correlator is also used for autocorrelating the hot-
wire signals, and spectral densities are obtained by coupling with a Hewlett—Packard
3720A Spectra Display.

2.3. The laser velocimeter and ancillary equipment

The laser velocimeter system is shown schematically in figure 1. A 4 W Argon laser
is used with a beam splitter /colour separator to generate two pairs of blue, 4880 A,
and green, 5145 A, beams. These beams are caused to intersect by the optical trans-
mitter system generating a region of orthogonal blue and green fringes. One set of
fringes is arranged normal to and the other set parallel to the jet axis. An optical
receiver system is focussed onto this small ellipsoidal region, of nominal dimensions
0-3 by 2 mm, which constitutes the measurement volume. The flow passing through
the measurement volume is seeded and the green and blue light of alternating inten-
sity, scattered by the particles is detected by the receiving optics, filtered to separate
green and blue light, and converted to electronic signals by photo-multiplier tubes.

I-2
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FI1cURE 1. Schematic view of the laser velocimeter arrangement.

The high frequency bursts are then processed to provide simultaneous velocity
measurements in two orthogonal directions. The optical and electronic processing
equipment have been described in detail by Whiffen & Meadows (1974).

In the present set-up, a Bragg cell is incorporated in the transmitting optical
system. It is basically an acousto-optical modulator, and when light from one of the
two transmitted beams of a given colour passes through it, the light frequency is
shifted. The amount of shift is determined by the excitation frequency of the Bragg
cell. The effect of this shift in frequency of one of the light beams is to cause the fringe
pattern in the measurement volume to move at a constant velocity. Thus a unique
frequency burst of scattered light is obtained for particles in the measurement volume
having instantaneously positive, zero, or negative velocity.

With the incorporation of the Bragg cell, the signals from each PMT have fre-
quencies ranging from about 40 MHz to over 70 MHz depending on the flow velocity
encountered. Since the accuracy of the velocity measurement depends on how accu-
rately the periods of the signals can be determined, the PMT signals are passed
through a mixer where they are beaten down to lower frequencies with signals from
a local oscillator. The local oscillator frequency is varied during the operation of the
LV to ensure that the signals being processed have a range of frequency from 5 to
30 MHz.

The response of the laser velocimeter varies depending on the angle of incidence of
the particle with respect to the fringe pattern in the measurement volume. For a
system without frequency shifting, the response falls with increasing angle of inci-
dence until an angle where, depending on the number of fringes in the measurement
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F1GURE 2. Polar response of & moving fringe pattern laser velocimeter.

volume and the nimber of fringe crossings required for a measurement, no response
can be registered by the velocimeter. The angular response of the velocimeter, how-
ever, improves with frequency shifting, and the probability of detection of a particle
for such a system, P(0), may be shown to be

v (-Gt - ) @

where ¢ is the angle of incidence onto the fringe pattern, N, is the total number of
fringes in the measurement volume, N is the number of fringe crossings required for
a measurement, V; is the effective fringe velocity and V,, is the particle velocity. This
probability is shown in figure 2 (Whiffen 1975) for N/N, = 0-5 and a number of
ratios of fringe to particle velocity. The dashed lines represent ambiguous response
characteristics for low fringe to particle velocity ratios. The angle of acceptance
has been defined to be the full angle in which particles entering the measurement
volume have a 90 9, probability of acceptance. For the case shown, therefore, the
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acceptance angles for V;/V, = 0 and > 2-0 are 80 and 360°, respectively. Care is taken
during measurements of a given flow to ensure that the acceptance angle is suf-
ficiently large to encompass the possible angles of incidence of all particles entering
the measurement volume.

The flow velocity is determined from the time taken for the particle to intersect
eight fringes, or eight cycles of the high frequency bursts. In order to confirm that the
signals are valid results from the passing of a single seeding particle through the
measurement volume at a given time, the signals are assessed by validation circuits.
Tests require that the period, 7y, of N cycles of the signals be related to the period

of eight cycles, T}, by Ty(1-0) < 8Ty/N < Ty(1+w), @)

where o is the window of tolerance of the electronic circuit which may be adjusted.
In the present system, the signals are passed through two validation circuits in which
N is 4 and 5, respectively.

During the measurement period, the instantaneous particle velocities in the ortho-
gonal directions and their time of occurrence are stored on a magnetic tape. This
allows the determination of the flow velocity, its statistical characteristics, and auto-
and cross-correlation functions from which spectra may be obtained. In order to
obtain statistical information about the flow velocity, it is necessary to process the
data to remove various biases. For the present type of laser velocimeter, but without
frequency-shifting, McLaughlin & Tiederman (1973) have shown that the particle
velocity information is weighted by the instantaneous vector velocity magnitude.
For one-dimensional unsteady flow it is possible to correct for this biasing by weighting
the measured velocity probability distribution by the inverse of the velocity. In this
manner the true mean velocity of the flow may be shown to be the harmonic mean of
the particle velocity data. If the mean flow direction is normal to a set of fringes
and the local transverse turbulence intensity is low, this one-dimensional correction
of the measured data has been shown to provide an accurate correction (McLaughlin
& Tiederman 1973). If a frequency-shifted laser velocimeter is used, the situation is
further complicated and the particle density affects the measurements. Consider an
unsteady one-dimensional flow. If the seeding is dilute, the number of realizations
will still depend on the instantaneous vector velocity of the particle and the biasing
will be essentially unaffected by the introduction of the frequency-shifting. However,
if the seeding is heavy, but not so heavy that multiple particles occur in the measure-
ment volume, then the data will be biased depending on the sum of the particle vector
velocity and the equivalent velocity of the moving fringes in the measurement volume.
The data presented in this work are analysed on the basis of the assumption of heavy
seeding. In order to determine the actual biasing involved, an assumption about the
relationship between the measured particle velocity and the rate of realizations is
necessary since the true time average properties of the fluid are approximated by the
sum of the measured velocity and the time between measurements. For example, the
expected value of the mean velocity, V', is given by

7 - Llsya
i PR ®)

where V, is the measured velocity sample and At; is the time between the ¢th and
(¢ — 1)th samples. In the laser velocimeter system used in the present study, as noted
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above, the time since the last realization is stored. Thus, an unbiased velocity histo-
gram can be obtained by summing the time since the last realization in a particular
velocity block, and then normalizing the resulting histogram by the total measure-
ment time. Sample comparisons have been made between results obtained using this
processing technique and that employed in the present study and no significant
difference was detected. The moments of the flow velocity are readily obtained from
the velocity histogram. The processing techniques used to obtain the spectral infor-
mation are described by Smith & Meadows (1974).

The seeds introduced into the flow are prepared from crushed aluminium oxide
mixed with flame-phased silica (CAB-O-SIL). The CAB-O-SIL forms a coating
over the particles and samples collected on adhesive surfaces exposed to the flow
clearly show an absence of agglomeration (Whiffen & Meadows 1974). The distri-
bution of the particle size has a median of 0-5 gm with an upper two standard deviation
size of 1-0 um. Melling (1971) and Berman (1972) have analysed the response of
particles embedded in a turbulent flow based on the particles’ motion relative to the
flow. From Melling’s derivation, it is established by Whiffen & Meadows (1974) that
the response of 0-5 yum aluminium oxide particles to a 10 kHz fluctuation in the
flow is about 98 %, in amplitude with a 12° phase lag.

The seeds are introduced into the plenum by means of a 5§ mm tube inserted into
the plenum at about 0-3 m from the entrance. To ensure rapid dispersion of the
particles over the whole plenum, a row of holes is drilled on the upstream face of the
tube. Seeds are also introduced above the jet and allowed to settle into the jet stream.
The average rate of validated samples detected near the jet axis is about 2000 particles
per second.

The transmitting and receiving optical systems are mounted on a frame which is
set on a lathe bed. The frame may be moved in three orthogonal directions, and the
positioning of the frame has an accuracy which is better than 0-5 mm.

3. Comparison of L'V and hot-wire data

One of the main interests of the present study is the range of capabilities of the
laser velocimeter system. As an instrument designed for turbulence research, it would
need to have the same versatility as the hot-wire. This suggests that it must not only
be capable of measuring the mean and turbulence intensity but also the various
characteristics which help to describe the turbulence, as for example the skewness of
the signals and the spectral distribution of the turbulence.

In this section, the laser velocimeter is used to carry out a series of different types
of measurements for the purpose of assessing its capabilities, and the results are
compared with corresponding hot-wire measurements made in the same jet. Since
hot-wires essentially measure the mass flux of fluid and the laser velocimeter the
velocity, the two sets of results are expected to be comparable only when the density
remains unchanged. The comparative measurements are therefore carried out at a
low Mach number of 0-28. This brings with it the added advantage that the hot-wire
would have a longer operational line.
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F1GURE 3. Comparison between LV and hot-wire results: U/Uj.
O, LV; [, hot-wire (/D = 2).

3.1. Mean velocity

Figure 3 shows radial distributions of the mean axial velocity obtained with the
LV and hot wire at an axial station (z) two nozzle diameters downstream of the nozzle.
The velocity is normalized by the jet efflux velocity (U;) and the radial distance by
the nozzle radius (r,). A curve drawn through the LV data may be seen to pass through
the hot-wire data also. It is found that for full agreement to be achieved between
LV and hot-wire data, it is necessary to ensure that there is some seeding from outside
the jet. This is particularly true of results on the outer part of the jet. However,
experience has shown that the discrepancy in the middle of the mixing region is not
large enough to cause a significant error in such quantities as the maximum velocity
gradient or the spreading parameter (o} which is derived from it.

3.2. Turbulence intensity

Figure 4 shows the radial distributions of the axial turbulence intensity. The LV
and hot-wire data exhibit the same trends. However, the LV results appear higher in
general than those of the hot-wire. The discrepancy in the intensity varies from about
2% 9%, (representing an error of about 609, relatively to the hot-wire results) on the
jet centre-line to about 3 9, (an error of about 20 %) on the lip line. Outside of the lip
line there appears to be fairly good agreement. A similar discrepancy exists at other
axial stations, and it appears not to depend on the proportion of seeding from the two
sides of the jet.

Barnett & Giel (1976) found a discrepancy of the same order in their comparisons
between LV and hot-wire data on the inner side of the jet. They attributed this to the
arrival in the measurement volume of particles which had velocities which were very
different from the local velocity. This had the effect of broadening the velocity prob-
ability distribution. However, this does not appear to be the case in the present
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Fi1cure 4. Comparison between LV and hot-wire results: &/U;.
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study, as for example on the inner side of the jet, seeding comes almost wholly from
the inside so that the influence of stray particles from the outer side is negligible and
yet the discrepancy is still present. It suggests other possible reasons.

The hot-wire data in figure 4 have been corrected to allow for tangential sensitivity
of the hot-wire and the rectification of the signal in accordance with the results given
by Champagne & Sleicher (1967) and Tutu & Chevray (1975). On the other hand, the
LV data have not been corrected. A review of the obvious sources of error suggests
that the LV data are probably a little higher than the correct values. This arises
from errors in the resolution of the time information which is used to compute the
instantaneous velocities. It is estimated that in the worst situation, the error is
about 0-6 9, in turbulence intensity. This leaves a discrepancy of about 2-23 9 in
turbulence intensity between LV and hot-wire results which cannot be accounted for.

Work is in progress to try to identify the source of the discrepancy. Preliminary
results suggest that a substantial portion of the discrepancy may be due to an error
in the LV data, and a method has been indicated as to how they may be corrected
(Whiffen, Lau & Smith, 1978). The method has also been applied to the data from
higher Mach number jets, and it appears that the discrepancy does not deviate
significantly when compared with the observed changes due to Mach number vari-
ations.

It appears that further corrections may need to be made to the hot-wire data also.
Recently, Perry and his colleagues (Perry & Morrison 1971; Samuel & Perry 1974)
have found in wind tunnel studies that their measurements of fluctuating velocities
were too low when static calibrations were in use. They estimated errors, in some
cases, as high as 209,. Moreover Jerome, Guitton & Patel (1971) have found Disa
equipment gives some errors.t It would seem therefore that the correct values for the

t The authors are grateful to a reviewer for pointing this out.
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(a) LY, M; = 0-28; (b) Hot-wire, My = 0-17.

turbulence intensity may lie between the LV and hot-wire data, lying closer to the
hot-wire data than those from the LV.

In view of these uncertainties about the corrections, it is decided not to incorporate
any corrections to the LV results for the present and wait until more definitive ideas
become available.

In the present LV set-up, the radial velocity of the jet is simultaneously measured
with the axial velocity. Since the principle used in the LV is the same for the measure-
ment of the two components of velocity, it is expected that the accuracy of the LV
measurements of the radial component of velocity would be the same as that in the
measurements of the axial component. The radial component of velocity is not
measured with hot-wires. An indirect approach is therefore used to assess the data.
Figure 5 (a) shows a comparison of the turbulence levels of the axial and radial velocity
components obtained with the LV. Corresponding data obtained in another two-
inch diameter jet using hot-wires (Lau 1971) are shown in figure 5(b). In each case,
the radial component of velocity is lower than the axial. In particular, the peaks in the
radial velocity turbulence intensity are about three-fourths as high as those of the
axial velocity turbulence intensity, suggesting that the discrepancy between LV and
hot-wire measurements is probably the same for the radial component as for the axial.

The distributions of the covariance, expressed in terms of («'v')/U, are shown in
figure 6. Also shown are results obtained by Bradshaw ef al. (1964) using hot-wires.
The curves show the same trends, but as before, the hot-wire data tend to be lower.
Part of the difference in magnitude between the two sets of results may be attributed



LV measurements in subsonic and supersonic free jets 11

14 T - T T T T

U (%)

o] rirg

FIGURE 6. (W)i/UJ v8. r/ry. LV results, My = 0:28: O, /D = 2; (3, /D = 4.
Hot-wire results (Bradshaw et al., My = 0-3): A, /D = 3.

to differences in the two jets, but this is expected to be small. The discrepancy is of
the same order as that found in the axial turbulence. Thus, it appears that the same
uncertainty between LV and hot-wire measurement of turbulence intensity exists in
the measurements of the Reynolds stress covariance.

3.3. Probability distributions of axial velocity

Figure 7 shows the probability distributions of the axial velocity in a plane two di-
ameters from the nozzle. For clarity the corresponding LV and hot-wire results are
displaced vertically. The successive figures show the distribution at increasing radii
from the centre-line. The LV and hot-wire results at each radial position show similar
trends. At r = 0, both distributions have a symmetrical form. Moving from the
centre-line, the distributions assume a shape with a negative skewness. Still further
outward, the distributions become positively skewed. Closer scrutiny of the LV
distribution in the outer part of the jet shows that a large portion of the instantaneous
velocities is in the negative direction. However, the hot-wire is insensitive to the
velocity vector direction and records the negative values as positive. This accounts
for the rather steep rise in the probability density near the zero velocity, and demon-
strates the need for more careful assessment of previous hot-wire data in this part of
the jet.

Figure 8 shows plots of the skewness and kurtosis of fluctuating velocity signals as
a function of the normalized radial position. Results by Davies (1966) obtained with
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a hot-wire anemometer are also shown. The present results exhibit the same trends
as those of Davies. A difference however exists in the actual magnitudes at the corre-
sponding 7* locations.

3.4. Spectra

Figure 9 shows families of curves of spectra of the axial fluctuations at a number of
radial positions obtained with the LV and hot-wire. The power spectral density
ordinate is expressed in dB, with an arbitrary reference level. The relative positions
of the different curves are however faithfully reproduced. It may be seen that the LV
data exhibit more jaggedness. This is believed to be due to a low sampling rate and
may be improved with increased seeding rate.
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Ficure 8. Kurtosis and skewness of axial veloctty fluctuations:
O,z/D =2; 1,®/D = 4; A\, z/D = 8; , Davies (25 mm diameter jet).

The two sets of curves exhibit very similar trends. On the jet axis there is a peak
in the spectrum. As the radial position is increased, the peak becomes shallower, and
by the middle of the mixing region, it disappears. This is consistent with the results
given by Bradshaw et al. (1964) and Davies (1966) for hot-wire spectra in the jet.

The spectral peak frequency (f) has previously been found to scale with jet speed
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(U;) and diameter (D), and the present results yield a Strouhal number (fD/U;) of
0-5. This agrees with previous hot-wire results also. L'V spectra at Mach 0-9 give the
same value for the Strouhal number.

3.5. Summary

This preliminary study has shown that the LV may be used effectively for the measure-
ment of the flow quantities in a turbulent or non-turbulent environment. The distri-
butions of the axial mean velocity measured in the jet agree with those obtained
with a hot-wire. The turbulence intensities differ however from corresponding hot-
wire measurements by about 2 9, in intensity across the jet. A similar difference in
magnitude is also observed in the velocity covariance. It is still not clear what has
caused the discrepancy, and the initial suspicions are on the LV. However, recent
work on the hot-wire suggests a possible contribution from the hot-wire also. Since
the LV results exhibit basically identical trends as those from the hot-wire, it suggests
that in the meantime, the LV may still be used to great advantage for studying
turbulent flows especially in regions where the hot-wire cannot be used.
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4. Measurements in the jet flow field

The encouraging results outlined above prompted the next phase of the study which
is to observe the trends in the distribution of the various flow quantities as the Mach
number is changed in steps from a low subsonic speed to a supersonic speed. The results
are presented in the form of radial and axial distributions.

4.1. Radial distributions

Mean velocities. Figure 10 shows the mean velocity distributions at three axial
stations, at Mach 0-28, plotted in terms of U/U; and 5*, where U, is the jet efflux
velocity and 9* = (r —ry.5)/2, 745 being the radial position where the mean velocity
is 0-5 U; and z the distance from the nozzle exit. Two of the axial stations lie within
the region where the potential core is known to exist, and one of them lies downstream
of the potential core. Also shown are the results of a mean-fit curve computed by
Halleen (1964) from the data of nine studies of two-dimensional shear layers, and
Gortler’s ‘exact’ solution for the two-dimensional shear layer (1942). The present
results collapse very well on these two-dimensional shear layer data.

The collapse of the data at the two upstream stations of the jet may well be expected
as the jet has a semblance of a two-dimensional shear layer in the annular region.
However, it is interesting that the results eight diameters downstream of the nozzle,
which is nearly twice the potential core length, also fall on the same curve. A collapse
of circular jet data on two-dimensional shear layer data was also previously achieved
by Lau (1971) using hot-wires. These results suggest that the present approach of
normalizing the mean velocity (by U; instead of U on the centre-line) and the radial
distance in terms of 7* may be adopted to good advantage in the display of subsequent
data. From an experimental point of view, it allows the region of similar mean velocity
distributions to be extended beyond the end of the potential core. Moreover, it
demonstrates that the simpler theoretical formulations developed for two-dimensional
shear layers may be applied to the more complicated three-dimensional situation of
a round jet as far as two potential core lengths downstream.

Figure 11 shows the radial distributions of the mean axial velocity at Mach 0-9.
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Figure 12. U/U; vs. 5*, M; = 1-37. z/D: O, 2:0; O, 4'0; A, 8:0;, 16-0.

The results extend over larger axial distances downstream than for the previous case.
In general, there is good collapse of the data on the inner part of the jet (i.e. 7* nega-
tive), but significant deviations appear in the outer part. Closer scrutiny reveals,
however, that the very large deviations are associated with results at /D = 16. The
rest of the results collapse reasonably well so that a faired curve may be drawn through
the points. Kolpin’s (1964) results from a cold jet are also shown and they produce a
similar distribution.

Figure 12 shows the radial distributions at M; = 1-37. Good collapse of the data is
achieved for even z/D = 16. It would seem that the similarity of the mean velocity
curves is preserved for a longer distance as the Mach number is increased. This ap-
parently is associated with the increase in potential core length with Mach number as
reported by Witze (1974). An estimate based on present results places the maximum
distance for similarity a little over twice the length of the potential core. This distance
apparently has some significance and may be related to other measurements along
the centre-line which will be presented later.

The radial extent of the three faired curves in figures 10-12 is an expression of the
relative spreading rate of the shear layer, and the results show a systematic variation
as Mach number is increased. At M, = 0-28 the shear layer extends from #* = —0-14



/Uy (%)

afUy (%)

LV measurements in subsonic and supersonic free jets

Fireure 13. 4/U; vs. 7*. (@) My = 0-90. by My = 1-37.
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to around 0-18 (taking U/U; = 0-05 as the lower cut-off point). At M; = 1-37 the
shear layer extends from * = —0-08 to 0-12. Between these two extreme positions,
is the curve for Mach 0-9. It is evident that the spreading rate of the shear layer
decreases with increasing Mach number. This would agree with trends suggested by
earlier investigators.

Turbulence intensities. Figure 13 shows two sets of typical distributions of the axial
turbulence intensity. Except for the curve associated with the axial position where the
mean velocity distribution does not exhibit similarity characteristics, all the curves
show a peak at #* = 0. It suggests that within the first two potential core lengths at
least, the position for the peak turbulence intensity coincides with the half-velocity
point. The decreasing spread of the shear layer with increasing Mach number may
readily be observed. The peak values of turbulence intensity do not exhibit any con-
sistent trends, but in general tend to fall with increasing Mach number and down-
stream distance.

The distributions of the radial turbulence intensity exhibit the same trend, but their
magnitudes are generally lower than those of the axial turbulence at corresponding
positions.

The peaks of the covariance u'v’/U% also lie close to #* = 0, and the appearance of
the distributions is similar. However, in the inner part of the jet where the potential
core is located the values are consistently zero, and in the outer part, the curves tend
to intersect the zero axis and assume negative values. The peak values decrease with
increasing Mach number and downstream distance.

The variation of the peak values of @/U,, #/U,, and «'v'/U% is summarized in
figure 14. ’

4.2. Flow characteristics along the jet centre-line
Figure 15 shows the axial distribution of the mean velocity on the jet axis for different
Mach numbers. The results exhibit a consistent trend in which the curves move down-
stream as the Mach number is increased. This shift in the curves agrees with the
suggestion of a lengthening potential core.

The results of Knott & Mossey (1975) are also shown. They generally fit into the
pattern which is suggested in the present set of results. For instance, their results
for a cold jet at M; = 0-5 lie between the curves for the isothermal jets of 3, = 0-28
and M, = 0-9. Their results for the heated jet at M; = 1-55 lie downstream of all the
results presented so far, which is reasonable.

Witze (1974) has proposed an equation for the mean velocity distribution on the jet
centre-line of the form:

U/U; =1—exp{l/x}—1—exp{a/(1-2/x,)} for x>z, (4)

where a = D/(axz,), and ‘a’ and x, are dependent on the Mach number and the density
ratio between the jet and the ambient conditions. The parameters ‘a’ and z, may be
determined from experimental results by plotting y, expressed as 1/{ln(1—U/U,)},
against z/D and measuring the slope and abscissa intercept of each of the resulting
straight lines. The equations derived for the three isothermal jets are thus:

U/U; = 1—exp{6-5D/(4-1D—X)} for M; = 0-28; (5)
U/U; = 1—exp{1-2D/(5-2D—X)} for M; = 0-9; (6)
U/U; = 1—exp{8-56D/(6-4D—X)} for M,=1-37. (7)
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Curves of these equations are also drawn in figure 15. The curves follow the data points
very closely. It appears therefore that the form of equation (4) gives a good represen-
tation of how the mean velocity may be expected to vary along the jet centre-line.
The parameter z, gives a direct measure of the potential core length, and the results
suggest that isothermal jets at Mach 0-28, 0-9, and 1-37 have potential core lengths
of 41D, 5-2D, and 6-4D, respectively.

It is found that by normalizing the axial distance by x,, good collapse of the data
is achieved. This is shown in figure 16 which displays the variation of axial mean
velocity as a function of z/z,. Referring to equation (4), the result in effect implies
that the term ax,/D is independent of Mach number. There has been a suggestion by
Kleinstein (1964) that this term has a universal value of 0-70 for jets of varying Mach
numbers and density ratios. The values obtained in the present study are 0-63, 0-72,
and 0-75 for the Mach 0-28, 0-9, and 1-37 jets, respectively.

Figure 17 shows the variation of the axial turbulence intensity on the jet centre-
line for varying Mach numbers, plotted in terms of the normalized axial distance
x/x,. The turbulence rises with axial distance, reaches a peak value at about two
potential core lengths from the nozzle and subsequently falls. The fall is more gradual
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Figure 16. U/Uy vs. x/x.. My: O, 0-28; ], 0-90; A, 1:37;

than the rise upstream of the peak. The distributions do not fully collapse as in the
case of the mean velocity distributions but the fact that they all show a peak at about
the same x/x, suggests that if the intensity levels could be appropriately normalized,
a good collapse would be achieved. It was seen earlier that a similar trend prevailed
in the radial distributions, and as in those cases, the peak turbulence intensity falls

Uy,
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Figure 15. Centre-line distribution of U/U;. My: O, 0-28; [, 0-90; A, 1-37;
A, 0'5; M, 1-55 heated (Knott & Mossey 1975); ===, equations (5), (6), (7).
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with increasing Mach number.

, equation (4) with « = 1-35.

Figure 18 shows the centre-line distributions of the radial turbulence intensity at
different Mach numbers. As in the axial turbulence intensity, the levels rise with axial
distance, reaching a peak at about 2z, and subsequently fall. Similar observations
may also be made concerning the changing levels with Mach number and the possi-
bility of achieving good collapse of the data if the levels were suitably normalized.
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The centre-line distributions of both the mean and fluctuating velocities bring out
an interesting aspect about the effect of Mach number on the general flow field. It
would seem that when the Mach number is increased, the whole flow field stretches
proportionately, and the increase observed in the potential core length is only one of
the more apparent manifestation of this general trend. It has been shown by Lau
(1971, 1979) that the potential core comes to an end largely because the large-scale
vortex pattern within the mixing region converges on the jet centre-line during its
travel downstream. An increase in the jet exit Mach number (or more appropriately,
jet velocity) would cause an increase in the vortex convection velocity, and if the rate
of transverse movement of the vortices does not change substantially as the present
results seem to suggest, this would result in the events observed along the jet centre-
line being displaced to greater distances downstream. This concept of a proportionate
stretching of flow field is also supported by the good collapse evident in the centre-
line distributions of the skewness of axial velocity fluctuations shown in figure 19.

4.3. Mach number effects

In the previous discussions of the radial and axial distributions of the mean velocity
and the turbulence intensities reference was made to some of the more noticeable
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effects of Mach number changes. It was pointed out that the spreading rate of the
turbulent shear layer decreased when the Mach number was increased, and that in
turn this caused a lengthening of the potential core. It was also brought out that,
although no systematic change could be observed, the general tendency was for the
maximum axial and radial turbulence intensity in the radial or the axial distribution
to fall with increasing Mach number.
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An attempt is made in this section to quantify some of these observable effects, and
possibly to build up with the available data, a set of formulae which may be used to
extrapolate results to other Mach numbers.

%,/D vs. M,. The variation of the potential core length, z,, with Mach number,
M,, is shown in figure 20. The potential core length increases monotonically with Mach
number over the range measured. The change appears continuous and other results
support this observation. The experimental results from eight studies of heated and
unheated subsonic round jets and five studies of unheated supersonic jets compiled
by Witze (1974) are shown by the dashed line, and they generally pass through the
present results for isothermal jets.

Witze used the  xperimental results of these 13 studies and derived empirical
formulae which give the variation of the potential core length with Mach number.
Provision is made in the formulae for density differences between the jet and the
ambient medium. The prediction for the subsonic range passes through the data
points. However, in the supersonic range, the prediction curve for isothermal jets
falls below the experimental results. It is not clear yet what the reason is. However,
since Witze’s formulation was based on experimental data for cooled supersonic jets,
it would appear that an inappropriate account was taken of density effects due to
cooling. This matter is being studied at present.

From the available results of isothermal jets from the present study and those of
heated and cooled jets from the other studies, it appears that a continuous curve
extending from the subsonic to the supersonic range would be a more appropriate
representation of changes in potential core length with Mach number. A curve passing
through the data points for isothermal jets is drawn based on the equation:

z,/D = 42+ 1-1 M3, (8)
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The curve passes through results of other experimental studies including those of
Potter & Jones, Warren & Eggers (see Nagamatsu, Sheer & Horvay 1969) for super-
sonic free jets. The results of Morris (1976) for jets in a moving stream of velocity
ratio 0-1 are also shown. The data lie above the curve which is reasonable since the
presence of a secondary stream has been shown to increase the potential core length.
The equation appears valid up to Mach 2-5 at least. It suggests that there is a lower
limiting value of the potential core length of 4-2 nozzle diameters for M; = 0, and
that the value varies little within the lower range of Mach numbers. This is borne out
by the many studies of round jets at low speeds.

Spreading rate 6, vs. M;. When the radial distribution of the mean velocity is
plotted in terms of the normalized parameter #*, its radial extent gives some measure
of the spreading rate of the jet. However, the real extent of the distribution cannot be
defined accurately because of the difficulty in determining the cut-off points in the
distribution. An approach which has found common usage (e.g. Brown & Roshko
1974) in the definition of the shear layer thickness is to determine the reciprocal of
the maximum velocity gradient and to define this quantity as the thickness of the
shear layer. In a normalized mean velocity distribution such as that shown in
figure 10, the reciprocal of the maximum gradient would give 4,, which is some
measure of the spreading rate.

Figure 21 shows the variation of §, with Mach number. Also shown are results of
Carey (1954) and other researchers referenced by Birch & Eggers (1972). In all cases,
s, falls with increasing Mach number. The agreement, however, is best between the
present results and those of Carey. These tend generally to be lower than those ob-
tained by the other researchers. It is noted that an interferometer was used by Carey.
The discrepancy between the results obtained by optical methods, and those of other
researchers using probes suggests the result of a difference in technique, and the
possibility of flow restructuring around the instrument when it is introduced into the
flow region.

To confirm that a difference really exists between the results from the two tech-
niques, the measurements are repeated in the Mach 1-37 jet using a pitot probe. The
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local Mach number is computed from the ratio of the local static pressure to the local
total pressure. (A bow-wave correction is applied to the pitot readings in the super-
sonic regime.) The resulting spreading rate may be seen in figure 21 to be significantly
higher than that obtained with the LV.
The curve drawn through the LV data points for isothermal jets has an equation
given by:
8, = 0:165—0-045 M3. (9)

This curve implies an upper limiting spreading rate of 0-165 which is close to the
value of 0-162 indicated by Liepmann & Laufer (1947) for a two-dimensional shear
layer at subsonic speed. The equation would probably be applicable only within
the range of Mach numbers investigated here, and at higher Mach numbers, the
relationship, 8, oc 1/M, derived by Brown & Roshko (1974) may be more appropriate.
Korst & Chow (1962) have noted that d, is related to the better known spread par-
ameter of Gortler by o = 7t /8,- On this basis, & may be expressed as a function of

the jet Mach number by:
o= 10-7/(1—0-273 M%). (10)

Thus, Goértler’s solutions for the shear layer become universal solutions for isothermal
jets of varying Mach numbers also. The data of figures 10 and 12 are plotted in figure
22 using the radial parameter oy*, o being given by equation (10). It may be seen
that Gortler’s error function profile [i.e. U /U, = 0-5(1 —erf on*)] very closely approxi-
mates the collapsed curve, and it is expected that his exact solution would pass
through the data as was seen in figure 10.

5. Conclusions

The work has shown that the laser velocimeter is a viable instrument for turbulence
research in the high and low-speed range. In its present form, it is not capable of use
for conditionally sampled measurements, but otherwise, it has all the capabilities of
hot-wire anemometers. I't is seen that by using frequency shifting of the optical beams,
reversed flows can be detected without ambiguity, and the velocity component in
any direction can be measured with the same degree of accuracy as for the main stream.
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An unaccountable discrepancy exists between the turbulence intensity measured
with the LV and with a hot-wire, but it is still not clear which approach gives a more
accurate reading, since the validity of turbulence measurements with hot-wires have
recently come into question. This problem remains to be resolved.

Measurements carried out in jets at the same static temperature as the ambient
have indicated that the spreading rate of the mixing layer decreases with increasing
Mach number. The relationship between the spreading rate §, and Mach number is
given by:

8, = 0-165— 0-045 M%

or o = 10-7/(1—0-273) M?,

Radial distributions of the mean velocity for varying jet Mach numbers collapse
when plotted in terms of the radial parameter op*. This is true for data obtained as
far downstream as two potential core lengths from the nozzle. The data may be
approximated by the Gortler error function profile U/U; = 0-5[1—erf oy*].

A similar collapse of the centre-line distributions of the mean axial velocity is
made possible by normalizing the axial distance by z,, the potential core length,
where x, is given by x, = 4-2+ 1-1 M%. The curve passing through the collapsed data
is given by U /U, = 1 —exp[1-35/(1 —x/x,)].

Radial distributions of the axial and radial turbulence intensity and «'s’/U#% show
characteristic peaks in the middle of the mixing layer. The magnitudes of the peaks
fall with distance from the nozzle and increasing Mach number. Centre-line distri-
butions of the turbulence intensities also show peaks. The peaks are located about
two potential core lengths downstream, irrespective of the jet Mach number. The
magnitudes of the peaks fall with increasing Mach number.
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