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(fig. 13)
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the jet

half of the total jet-spreading angle

half width of the jet

iii



1

EXPERIMENTS ON THE LARGE-SCALE STRUCTURE OF TURBULENCE
IN THE NEAR-JET REGION
M. A. Badri Narayanan and Donald M. Kuehn

Ames Research Center
SUMMARY

The near region of an axisywumetric, turbulent jet was investigated. Tur-
bulence quantities, as well as mean velocities, were measured between 3 and
23 diam away from the nozzle. The mean velocity profiles were similar over
most of this distance, whereas the turbulence quantities were far from equi-
librium conditions. Across the jet, the rate of large-scale turbulence varied
considerably; however, a Strouhal number based on local velocity, the diameter
of the jet, and the frequency of the large-scale turbulent oscillation
remained relatively constant. The formation of the initial instability waves
and the pairing of the vortices were examined. Turbulent fluctuations were
observed only downstream of the pairing process.

INTRODUCTION

A study of the structure of turbulence in the near-jet region has gained
importance in recent years because of speculation about the relationship
between large-scale velocity fluctuations and the noise production. Experi-
ments with laboratory jets have indicated that the noise produced by the jet
has a spectral peak at a Strouhal number (fD/U_) of about 0.3 (refs. 1 and 2),
where D is the diamcter of the nozzle, f 1is the peak frequency, and Ue is
the velocity at the nozzle exit. Investigations on the noise radiated by the
jet engine exhausts (refs. 3 and 4) have also shown that maximum intensity
occurs at the same Strouhal number (about 0.3) in the near field as well as in
the far field. Fuchs has attributed this result to the turbulent fluctuations
traveling downstream in a deterministic wave-like manner.

Another interesting feature of the axisymmetric jet is the formation of
vortex rings. The core flow ejected through the nozzle, together with the
outer flow entrained by the jet, produce vortex rings. These rings travel
dovnstream at different speeds and merge at some distance from the nozzle exit
where considerable interaction between the two flow fields occurs. It is
speculated (ref. 5) that this interaction, more generally known as the pairing
process, produces large local pressure fluctuations. A portion of this fluc-
tuation is radiated as noise into the ambient air surrounding the flow. The
pairing process is associated with tramsition in the jet from laminar to tur-
bulent, and seems to influence the formation of the large-scale structure of
turbulence for many diameters downstream.



The purpose of the present investigation was to describe some of the
basic features of the near-field jet flow as they relate to the formation of
the large-scale turbulent structure. Time-averaged velocities and some tur-
bulence quantities were measured. In addition, observations were made of the
formation of unstable waves and vortex pairing. Although the latter measure-
ments were not greatly detailed, certain characteristics of the flow structure
were revealed.

EXPERIMENTS

The experiments were conducted in an axisymmetric air jet. A short nozzle
(D = 12,7 mm) with a large contraction ratio was employed to have laminar flow
at the exit. The jet was operated from a dust-free, dry-air reservoir. A
large settling chamber containing flow straighteners and sound absorption
material was incorporated between the pressure source and the nozzle, with a
control valve in series. The maximum exit velocity on the centerline was
54.6 m/sec with the valve fully open. A sketch of the experimental setup is
shown in figure 1.

Measurements within the jet were made with a pitot tube and with hot wire
probes. The mean velocity profiles were determined from pressure measurements
using a small pitot tube (0.5 mm diam) and a sensitive pressure transducer.
Ambient pressure surrounding the jet was used as the static pressure for the
evaluation of the mean velocity. A single, normal hot wire was also used to
measure mean velocity. Fluctuating velocities were measured with the single-
wire probe and with a cross-wire probe. The wires (Pt - Rp) were 5 yp in
diameter and 1 mm long. They were operated by a constant temperature DISA
anemometer. Instantaneous u', v', and u'v' signals were obtained simulta-
neously with adding, subtracting, and multiplyipe circuits. Duplicate mea-
surements of mean velocity (pitot tube and norma’. wire), and fluctuating
velocity in the x-direction (normal wire and cross wire) were made to evalu-
ate the accuracy of instrumentation and technique. Measurements by different
techniques agreed within the scatter of the measurements by a single instru-
ment. The electronic system had a cut-off frequency of 1 Hz at the low end
and 10 kHz at the high end. A schematic diagram of the circuit arrangement is
shown in figure 2. The output signals (u',v',u'v') from the electronic proces-
sors were recorded on an FM tape recorder at a tape speed of nearly 3 m/sec.
Some of these data were later retraced on a Beckman strip-chart pen recorder.
The play-back speed was 1/64 of the original speed. Because the frequency
response of the recorder was flat up to 100 Hz, velocity fluctuations up to
6400 Hz could easily be traced. These traces were used for examining certain
features of the instantaneous fluctuations.

RESULTS AND DISCUSSION

The investigation was divided into two parts. For the first set of exper-
iments, we measured the mean velocity profiles and the intensity of the veloc-
ity fluctuations at four stations downstream of the nozzle, namely x/D of 3.3,
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6.7, 11.9, and 22.8. The first station was near the end of the potential corer

region where the mean velocity along the centerline of the jet remained con-
stant. These results were confined to a single exit velocity (Up) of

54.6 m/sec; the corresponding Reynolds number (U.,D/v) was approximately 45000.
The second set of experiments focused on the formation of the periodic distur-
bances in the vicinity of the nozzle exit and on the large-scale turbulent
fluctuations. A qualitative study of the pairing process was made.

Mean-flow Measurements

‘The mean-flow velocity data are shown in figures 3-7. The measured veloc-
ity profiles are shown in figure 3. In this plot, velocity has been nondimen-
sionalized by U, to separate the curves for clarity. The value of U, was
easily and accurately determined. However, the distance normal to the jet
centerline has not yet been normalized because the value of 3§ is arbitrary
and more difficult to determine than U,. In addition, it will be shown that
the choice of § 1is important because the resulting data correlations a»e
altered appreciably by the choice of a value for 6.

Boundary-layer thickness (or jet thickness) is defined as the distance
from the centerline to the point where the mean velocity is a chosen percent-
age of U,. Initially, § was chosen at 0.05U,. This variation of § with
x/D is shown in figure 4, and the nondimensional mean-flow velocity profiles
are shown in figure 5. The value of § at 0.05U, shows considerable
scatter primarily a result of the fact that (1) the velocities at the edge of
the jet approach zero so gradually and (2) these very small velocities are
difficult to measure accurately. For the data in figure 5, we used § deter-
mined at 0.05U,; these velocity profiles are not similar.

To avoid the problem of choosing a value of ¢ where the velocity gradi-
ent is so small, values of & were also determined at 0.1U; and 0.2U,. Only
the data at 0.05U, and 0.1U, are shown because no significant change
occurred by going from 0.1lU, to 0.2U . Figure 4 shows that the scatter of §
has been considerably reduced by taking & at 0.1U;. 1In either case, the
total spreading angle of the jet is approximately 30°. The improved accuracy
of § however, becomes most apparent where & is used to nondimensionalize
distance (e.g., compare figs. 5 and 6). The character of the data changed
remarkably. As expected, similarity would not be achieved close to the nozzle
exit (e.g., at x/D = 3.3), but the velocity profiles now show similarity
beginning about 6D downstream.

Data for low-speed jets generally exist only for the far-jet region. No
velocity-profile data in the near-jet region could be found with which to com-
pare the data of figure 6. The only information found on mean velocity in the
near-jet region was the variation of U, with distance by Crow and Champagne
(ref. 2). The present measurements agree with those of reference 2 (fig. 7).
The extent of the potential flow core is shown by the region for which U, 1is
constant (x/D 2 4). For x/D = 4, the velocity drops rapidly, and appears to
approach an exponential variation far downstream.



Fluctuating Flow Measurements

The velocity fluctuations across the jet are plotted in the nondimensional
form in figures 8-10. As was explained with respect to the mean-flow veloc-
ities, various values of & were also used to normalize the distance in the
analysis of fluctuating velocities. The results were consistent with those
described for the mean velocities, thus the only data presented are those
where § was taken at 0.1U,.

The fluctuating velocities do not exhibit similarity as was observed in
the case of the mean velocities. This is most notable in the central core of
the jet (i.e., for y/& % 0.5). In contrast to the central core, the outer
half of the jet appears to be approaching similarity more rapidly. The gen-
eral shape of the crossflow distribution of @ is much like that of ¥. The
primary difference is that @ 1s always larger than ¥ at a given point in
the flow. For both quantities, the crossflow distributions change most rapidly
near the jet (from x/D of 3.3 to 6.7); thereafter, changes occur more slowly
with distance aw§¥_$rom the nozzle. Proceeding downstream, the quantities
a/u,, ¥/U,, and u'v /Uo2 generally increase. The peak values of these quan-
tities (fig. 11) exhibit a near-linear variation with distance. The values
of (ﬁ/Uo)max are about 50% greater than (¥/U,) .. The nonsimilar fluctuat-

ing velocities suggest that turbulence has not yet reached the equilibrium or
fully developed condition. This result is consistent with the results of
Wygnanski and Fiedler (ref. 6), which show that fully developed turbulence is
not achieved until x/D > 50.

Four Quadrants of Reynolds Stress

Measurements of the four quadrants of Reynolds stress have previously
been restricted to wall shear flows (refs. 7 and 8). 1In these flows, the
GI;I and the GI;T components provide the main contribution to the shear
stress (u! downstream, v] away from the wall). Turbulence was found to be
most active during certain phases of the flow; this was true especially near
the wall. The main events in the stress-producing process are termed ejection
and sweep. During ejection, fluid elements are pushed away from the wall
towards the outer flow (GI;I) in an impulsive manner and the void thus cre-
ated by the removal of fluid is filled by the outer flow sweeping towards
the wall (GIVI). These two events occur in a sequential manner with a time
lag and they form a part of the recycling process that joins the inner and
outer flows in a boundary layer.

In the present experiments, the four quadrants of the Reynolds stress
(uiv;, u'v', u'v}, ulv') were determined across the jet at x/D of 6.7 and
11.9 (fig. 12). The measured values of u' and v' were put into a half-wave
rectifier to separate the positive aund negative components of the wave. These
components were combined in a multiplier circuit (see fig. 2). For this jet
flow, the contribution to the total u'v' is mainly from GI;T, but the con-
tribution from u'v' is significant. At x/D of 6.7, the Satue of ulvy
is about 100% greater than u'v' over the entire jet thickness. At x/D of

11.9, ulvl and u'v' are nearly the same on the jet centerline, but ulvl




_remains the dominant quantity at the outer edge of the jet while ulv’ goes

nearly to zero. The ujvi component in the jet is produced by the flow
moving away from the centerline at a positive angle in the direction of the
spread, whereas GIVI is a result of the inward flow towards the nozzle. Pro-
duction of shear is thus stronger in the outward rather than the inward flow.

In some respects, one half of the jet can be considered as a boundary
layer with the wall removed (1.e., the free-stream velocity on the centerline
and the wall at the outer edge of the jet). Because the sign convention for
the jet has been v+ toward the outer edge of the jet (which is opposite to
the boundary layer conventiog%thhe sign of v' must be changed for this con-
sideration. The values of wuyvj and u’v., which were found to ET_Tide the
major contribution to u'v' in the jet, wfll now be u'v' and u + These
are the same quantities found most important in the boundary-layer flows.
These main activities in the jet flow suggest the possibility of a large tur-
bulernt recirculating flow somewhat similar to the pattern observed by others
in a boundary layer.

Large-Scale Velocity Fluctuations

Large-scale velocity fluctuations are important to understanding the
structure of turbulence because they contain most of the total kinetic energy.
In general, the structure of a turbulent flow consists of a variety of scales
from small to large. An examination of the u' or v' signal_ (samples shown
in fig. 13) suggests that the large-scale (low-frequency) fluctuations are the
carrier waves with the small-scale (higher-frequency) fluctuations superimposed
on them, Filtering can be used to separate the high-frequency signals from
the low-frequency signals, but there is uncertainty in the selection of the
cutoff frequency. In our investigation, the large-scale fluctuations were
identified directly from the u' and v' traces by fairing a curve through the
trace to eliminate the small-scale, high-frequency fluctuations and to empha-
size the large-scale excursions (fig. 13). The number of large-scale fluctua-
tions in a given trace were estimated by counting the zero crossings of these
large-scale signals. As with filtering, this method also involves uncertainty;
for some portions of the trace, judgment becomes significant. There seems to
be no exact way to make this analysis.

The large-scale fluctuations (zero crossings) were estimated across the
jet at x/D of 6.7 and 11.9 for the u' traces. The rate of zero crossings
(N.) over the width of the jet varied appreciably (fig. 14). However, a
Strouhal number based on the local mean velocity (U), the nozzle diameter (D),
and the frequency of zero crossings (f), was found to have a relatively con-
stant value with the exception of a few widely scattered points at the outer
edge of the jet (fig. 15). The Strouhal number was about 0.22 + 0.05.

The variation in the rate of occurrence of the large-scale structures
across the jet (as indicated by N_.) suggests that the total jet involves more
than one turbulence scale, in contrast to the boundary layer, where a single
eddy structure predominates (ref. 9). The near-jet region probably contains
several turbulence scales; one scale might originate in the core flow of the



jet and the other from the induced outer flow. As the flow moves downstream,
the distinction between the two scales would probably vanish and a single,
large scale wouvld recult. Such a trend might be deduced from the zero cross=-
ings of the u' fluctuations (fig. 14).

It has not been clear from existing research whether Reynolds stress is
the result of small-scale motions or large-scale motions. The u'v' trace
(fig. 13) shows large, conspicuous, positive amplitude signals that appear at
a randor time interval of T,,y.. Several of the positive spikes have been
crosshatched for reference. These signals persist for a time t that is
small relative to T,:,r. These signals impart an appearance of intermittency
to the trace. In contrast to the large, positive disturbances, the smaller
disturbances are more symmetrically distributed around the mean. The contri-
bution of these smaller disturbances to the total u'v' might, therefore, be
considered negligible. Thus the large, positive fluctuations that persist for
time t appear to form the shear stress; this result is consistent with the
measurements of the fo_1_$uadrants of GT;T (i.e., the positive u'v' peaks
are produced by both v, and u’v ) Because the time scale for this Rey-
nolds stress production (t) is small relative to that for the large-scale
structure determined from the zero crossings of u' (T 1), it appears that
Reynolds stress could be considered a small-scale rather than a large-scale
motion.

Periodic Disturbances

The low-speed flow from a jet passes through several defined stages during
transition to a fully developed turbulent flow. Initially, instability devel-
ops in the shear layer at the nozzle exit. This initial, small-scale insta-
bility increases to a large-amplitude oscillation that is associated with
vortex formation. As the vortices develop, adjacent ones interact and pair
with each other. The jet becomes turbulent following the pairing process.
Further detailed discussion of this transition in a jet can be found in
reference 5.

Experiments of the transitory iPiow near the nozzle exit were run at three
velocities (Uy of 9, 29 and 54.6 m/sec). To observe the development of the
flow instability, a single, normal hot wire was used at various x stations
along the jet centerline. The resulting hot-wire traces are a measure of u'
as a function of time. A set of such u' traces are shown in figure 16 for
the value of U, = 29 m/sec (the transition region is compressed at higher
velocity and stretched out at lower velocity).

The formation c¢f the instability patterns at the onset of transition, as
well as the vortex pairing, could be identified from the hot-wire traces (e.g.,
refer to fig. 16). The fluctuations were small for x/D % 0.5, but were
rapidly amplified and exhibited a well-defined periodicity. During this
amplification process, the fluctuations appear tn be amplitude modulated. At
x/D of about 2, the frequency became half of the original value; this repre-
sented the pairing process. No further pairing was observed. The formation
of random turbulent fluctuations was always observed downstream of pairing



(x/D % 2 for Uy = 29 m/sec, fig. 16). This apparently represents the develop-
ment of a fully turbulent jet. The frequency of the oscillations were counted
from the traces. During the amplification of the initial instability (prior
to pairing), the Strouhal number was about O. 7%0.1 (e, g., at Uy of 29 m/sec,
this frequency would be determined in the region of 0.5 € x/D < 1.0). +
pairing (x/D ~ 2 for Uy = 29 m/sec), the Strouhal number was about 0.35%0: °5
a value close to 0.3, a value that some investigators have found to be signif-
icant in the far-field studies of jets (e.g., ref. 2).

In the present experiments, vortex pairing appears to be the completion
of the instability process that precedes the fully developed turbulent jet.
Because the measurements described in the previous paragraph showed that the
length of this region varied with U,, measurements were made to define this
variation. A single, normal hot wire was fixed on the jet centerline at arbi-
trarily selected x stations. To indicate that pairing was completed, U, was
varied until the desired trace was observed (e.g., like that at x/D = 1,97
in contrast to those at x/D = 1.57 and 2.36, fig. 16). The resulting data
are shown in figure 17. Pairing was not observed below U, of 9 m/sec
(Rp ~ 7500). At the high velocity end of the curve, it appears that pairing
approaches the nozzle exit asymptotically.

CONCLUSIONS

The near region of an axisymmetric jet was investigated for the large-
scale turbulent fluctuations. The mean-velocity profiles ond the turbulent-~
velocity fluctuations (u', v', andu'v') were measured. Similarity was observed
in the mean-velocity profiles for x/D 5 6, whereas the nondimensionalized
turbulence velocities varied over the entire region investigated., Although
the large-scale structure (represented by zero crossings) varied acros:; tue
jet, a Strouhal number based on frequency of occurrence of these large-scale
fluctuations was relatively constant.

An analysis of the four quadrants of Reynolds stress and an analysis of
the u'v' trace indicated that the same quadrants that are significant to the
total Reynolds stress in boundary-layer flow are also most important in the
jet flow. Further, it appears that Reynolds stress might result from small-
scale rather than large-scale motion.

Initial instability waves and vortex pairing occurred a: a Strouhal
number of 0.7 and 0.35, respectively. The jet became turbulent only down-
stream of the vortex pairing.
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Figure 8.- Distribution of u' across the jet.
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Figure 9.- Distribution of v' across the jet.
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