Structural features of the plane turbulent jet
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An experimental investigation of a two-dimensional turbulent jet in a quiescent environment has been
carried out to determine the structural characteristics of the outer, intermittent turbulent motion. An
overall picture of this motion was deduced from the results which indicate that, on the average, the
turbulent bulges are of the same order of magnitude in the three coordinate directions and are tilted
backward at an angle of approximately 26° with respect to the lateral axis but have no spanwise yaw.

Furthermore, it was found that there is no periodicity associated with the motion and that no correlation

exists between bulges on opposite sides of the jet center line.

. INTRODUCTION

Although the plane turbulent jet has been the subject
of considerable investigation over the past several
years,!™ few data have been presented from which one
can develop an overall understanding of the three-di-
mensional nature of the turbulence structure. This
present work was undertaken in an attempt to fill this
gap. The approach has been restricted to an examina-
tion of the most obvious features of the jet, viz., the
outer, intermittent turbulent bulges or bursts, which
are thought to be the primary agents in controlling the
spread and growth of the flow. To this end, an analysis
of various statistical quantities based on the turbulence
indicator or intermittency function has been made.

In a previous investigation, Barsoum ef al.® examined
the spanwise features of a two~dimensional wake using
auto and space-time correlations of intermittency sig-
nals. From this, it was possible to deduce some of the
gross characteristics of the turbulent bulges. The re-
sults showed that they were strongly three dimensional
in nature and, on the average, had no spanwise yaw.
Here, we use a similar statistical technique but extend
the analysis so as to enable us to infer the overall
three-dimensional configuration of the bulges, providing
a first-order picture of the outer motion of the jet.

Il. EXPERIMENTAL DETAILS

A definition sketch of the flow is shown in Fig. 1,
where x is the streamwise coordinate, y is the lateral
coordinate, and z is the spanwise coordinate. The jet
was generated by a blower-type wind tunnel having ap-
propriate flow-straightening elements, screens, and
settling length, and a 12-1 contraction leading to a 305
x53 mm nozzle. The exit velocity was 17.1 msec,™
which resulted in a Reynolds number based on nozzie
width of 5.9 x10%, All measurements presented in this
work were taken at x/B =10, about 4B beyond the end
of the potential core. Since the aspect ratio of the noz-
zle was rather small (approximately 6), side walls
were used to insure that the central region of the flow
was two dimensional at the above station.

Mean velocity, turbulence intensity, and shear stress
data, obtained at x/B =10, proved to be independent of
z, for z within about +2.0B, implying that the flow was
reasonably two-dimensional over an adequately large
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span. We note that Davies ef al.,? who used the same
experimental facilities under similar test conditions,
found the lateral distributions of the conventional mean
and root-mean-square velocities, the intermittency
factors, and the turbulent-zone-averaged mean veloc-
ities to be roughly self-preserving at x/B =10,

Two conventional, normal hot-wire probes, designated
as probes A and B, were used in conjunction with
DISA 55 M01/55 M10 constant temperature anemometers
to simultaneously measure streamwise velocity signals.
These latter were used to determine the turbulence
indicator functions. A traversing mechanism allowed
each probe to be positioned to within +0.5 mm of any
desired location. For spanwise space-time correla-
tions, probe A was fixed in the half-intermittency re-
gionaty,=1.81B, z, =~0.5958, y =1.81B being the line
along which the intermittency factor was approximately
0.5, and probe B was placed at y,=1.81B, z,, where
Zp=2,+8, For lateral correlations, probe A was fixed
aty,=1.81B, z, =0 and probe B was located at v, 2z,
=0, where y =v,+s,; or, the probes were positioned
on opposite sides of the jet center line, in such a way
that z, =z =0 and y,=~y,. Figure 2 illustrates the
placement of the probes in the jet.

The anemometer signals were low-pass filtered at 5
kHz, recorded on magnetic tape by means of an Ampex
PR 2200 tape recorder and digitized with a PDP 11

FIG. 1. Definition sketch. B =nozzle width, U, =exit velocity,
U =1ocal mean jet velocity, U, =maximum mean jet velocity.
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FIG. 4. Burst rate distribution. The symbols have the same
meaning as in Fig. 3. —-, Gaussian function.
FIG. 2. Probe placement. (i) The intermittency factor y which is the average
value of the indicator function, i.e.,
computer. The digital data were subsequently processed
on an IBM 370-165 computer.

1 N
y=I= ng I(ti)9

where N is the number of discrete values of I(f;) in a
time period 7, and ¢;=i(T/N)=iat, i=0,1,2, ....
identify the turbulent/nonturbulent interface (or equiv-

alently, the turbulent bulges) of an intermittently tur-
bulent flow is defined as

Ill. PROPERTIES OF THE FLOW

The turbulence indicator function, which is used to

(ii) The burst rate, which is given by
f=M/T,
1) _{ 1 if turbulent fluid occurs at time ¢,

where M is the number of turbulent (or potential) zones
0 otherwise.

occurring at a given point during T.

(iii) The autocorrelation of the indicator function,
In the present case, this function was generated by

p (M =al®alt+7) (@®)"
means of a digital technique, similar to the one de-
scribed by Kawall and Keffer.”

T —_—
=(lim — alt)alt +'r)dt>(c12)'1 ,
e T Jo
The statistical properties which were examined are

where a(t)=I(t) ~1,7 is a time lag, and a2 is the vari-
ance of a(t).
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FIG 3. Intermittency factor distribution. y >0:m, z/B=—0.595;
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tion function.
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FIG. 5. Autocorrelation of the indicator function. ®, z/B

=-0.595; @, —~0.314; &, —0.119; 0, +0.143; O, +0.415; A,
+0.691.
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(iv) The one-dimensional spectrum or autospectrum
of the indicator function E,,(n), which is the Fourier
transform of a®p,,(1), i.e,

E, )= 255]‘ p;/(7) exp(-i2mnr)dT,
0

where n is a frequency such that n= 0.

(v) The space-time correlation of the indicator func-
tions at two points, A and B, separated by a distance s,

Prarp (T3 8) = @ (Dag(t+ 1)/ (@d o),

With respect to (v), if A and B refer to the half-inter-
mittency points on opposite sides of the jet center line,
with coordinates (x,Y,z) and (x, - ¥, 2), respectively,
then the resulting space-time correlation (which we
shall refer to as the interface correlation function) will
tell us whether or not the interface motions on opposite
sides of the jet center line are correlated. It is noted
that Wygnanski and Gutmark® examined this problem,
using an interface correlation coefficient, p;*(sy), based
on an intermittency function given by

+C if turbulent fluid occurs at time ¢,

o

- C otherwise,
where C is an arbitrary constant. It can be shown that
pr(s,)=41(NI(-y) - 41(3) +1,

where s,=2y and I{y) =I{-y). Clearly, for either fully

turbulent regions or fully potential regions, p}=1.

Moreover, if the interface correlation function is zero
—_——————  —

for 7=0, so that I(Y)I(-Y)=1(Y)? then p¥=0.

tV. RESULTS AND DISCUSSION

Normalized intermittency factor distributions for
various spanwise locations are presented in Fig. 3.
As expected, the data follow the Gaussian distribution,
i.e.,

1 b . .

where Y can be considered to be the mean lateral po-
sition of the interface and ¢ is the standard deviation
of the interface displacement about Y.

Figure 4 shows the normalized burst rate profiles
for the same spanwise locations. It is clear that there
is no agreement between these profiles and the Gaus-
sian model

f(y)=foexp[- (v - Y)*/207],

where fAO is the maximum burst rate. We note that much
the same thing has been found by Gutmark and Wygnanski®
for the plane turbulent jet and by Hedley and Keffer® and
by Kovasznay et al.'® for the turbulent boundary layer.
On the other hand, the Gaussian burst rate model has
been found by several workers (e.g., Refs. 11 and 12)

to be quite suitable in the case of the two-dimensional
turbulent wake. Kawall and Keffer” have demonstrated
that agreement between burst rate data for the wake and
the model depends essentially on the technique used to
generate the intermittency function. Thus, the lack of
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FIG. 6. Autospectrum of the indicator function. The symbols
have the same meaning as in Fig. 5.

agreement in the present case may be a result of the
insensitivity of our turbulent/nonturbulent discrimina-
tion procedure to turbulent and potential zone durations
smaller than the Taylor microscale. This, however,
is of little consequence as far as determination of the
structure of the large-scale eddies is concerned.

_ It should be mentioned that the values of ¥, o, and
f, were found to be independent of z, so that the collapse
of the intermittency factor profiles and of the burst rate
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FIG. 8. Spanwise space-time correlation of indicator functions.

profiles substantiates that the flow was two dimensional.

Figures 5 and 6 show the autocorrelations and auto-
spectra for various spanwise positions where y ~0.5.
These results are clearly independent of z, as expected.
The absence of oscillations in the autocorrelations and
of peaks in the spectra establishes that the interface
motion is random in nature. The negative values of the
autocorrelations at large time lags can be ascribed to
the statistical instability which arises when signals of
finite duration are Fourier transformed. (In the present
case, the signal duration was 40 sec.) We note that the
- 2 slope displayed by the spectra is consistent with the
view that the turbulence indicator function stems from
a type of Poisson counting process.!?

The distributions of the interface correlation coef-
ficient, p,*(sy), obtained in the present study and by
Wygnanski and Gutmark® {(for x/B =10) are presented
in Fig. 7. It is clear that the two distributions have the
same general shape, being symmetrical about the line
$,=Sp. The discrepancies between the two sets of data
are probably a consequence of differences in the turbu-
lent/nonturbulent discrimination procedures used to
generate the intermittency functions. Our digital tech-
nique, unlike the analog technique employed by Wygnanski
and Gutmark,® incorporated both past and future turbu-
lent/nonturbulent events. As well, the smoothing (or
hold) times associated with the discrimination procedures
may have been quite different. Neither of these factors
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FIG. 9. Lateral space-time correlation of indicator functions.
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FIG. 10. Streamwise and spanwise autocorrelations of the
indicator functions. ~—, p;; (5,); @, Prr(sz).

is likely to have significantly affected I{y), but either
could have had a relatively large effect on I{y)I(-v)
and, hence, on p3(s,).

Since p} is essentially zero for y =Y, one might con-
clude, as Wygnanski and Gutmark® did, that the inter-
face motions on opposite sides of the jet center line are
statistically independent. We felt that such a conclusion
required further justification, inasmuch as the interface
motions could be significantly correlated for nonzero
lag times. Accordingly, we determined the interface
correlation function, p,,,, (7;84). This was found to
be zero for all 7, thus establishing the validity of the
conclusion given here. It is interesting to note that
the interface model proposed by Townsend!? is consistent
with this conclusion, although it predicts that the bulges
would occur in a periodic fashion on each side of the
jet center line.

The spanwise space-time correlation of the indicator
functions, p,A,B(T;s,), is plotted for several values of
S, in Fig. 8. It can be seen that the various curves are
essentially symmetrical and peak at 7=0 with the max-
imum correlation values decreasing monotonically as s,
increases. Evidently, the turbulent bulges (because
they are of limited lateral extent) are three dimensional
in nature, and, on the average, have no spanwise yaw,
i.e., their contour lines form symmetrical figures (in
the x — z plane).

Figure 9 shows the lateral space-time correlations,
Pra1p(Ts —=5,) and p, , (7; +5,). Except for the fact that
the maximum correlation values decrease as s, in-
creases, these curves are clearly different from those
shown in Fig. 8, for nonzero separations, being notice-
ably asymmetrical and peaking at time lags which be-
come progressively more negative as s, increases. It
should be noted that for s, less than about 0.25, p,A,B(T;
-8, ~p;,,(T; +5,). The interpretation here is that the
bulges are, on the average, tilted backward with res-~
pect to the y axis.

Following LaRue and Libby,'® we invoke Taylor’s hy-
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pothesis, viz., s,=U_.7, where U, is an appropriate
convection velocity, and define the tilt angle as
tan™'|d(U,7,)/ds,|, where 7, is the time lag at which
P1,15(T3 S,) peaks. In the first of two calculations based
on this definition, U, was assumed constant and equal
to the mean jet velocity at the half-intermittency point.
This yielded a tilt angle of 25°. In the second compu-
tation, U, was allowed to vary with s, and this produced
an average angle of 26°.

A first-order estimate of the ratio of the character-
istic spanwise extent of the bulges, L,, to their char-
acteristic streamwise extent, L,, can be obtained from
a comparison between p,,(s,) and p,,(s,) (Ref. 6). Figure
10 shows the variation of the peaks of the spanwise
space-time correlation curves (Fig. 8) with s,, which
represents p,,(s,), together with a plot of p,(s,), which
was determined from p,, (1) (Fig. ) by means of the
Taylor hypothesis. These results clearly imply that
L,/L, is approximately equal to unity.

Choosing 0 as a measure of the characteristic lateral
extent of the bulges, L, and UC/ZJ?0 as a measure of
L., (Ref. 6 and 16) we found L /L, to be about 0.8. We
note that this value is roughly 33 times larger than the
estimate based on the y and f measurements of Brad-
bury,' reported by Townsend.'* In contrast, the present
value for L,/T/, which is 0.33, is only about 30% larger
than Bradbury’s.!* This suggests that the major source
of the discrepancy between the estimates of Ly/Lx is the
fo value used in the calculation of L, since the error
associated with the measurement of ¢/Y is not likely
to exceed about 20% (Ref. 7). Bradbury® stated that the
“experiment” which he carried out to measurefwas
“extremely crude” and that the resulting data may have
been as much as 50% in error. On the basis of visual
comparisons between the intermittent velocity signals
and the corresponding turbulence indicator functions,
we concluded that our fo value could not be more than
20% in error. Accordingly, the present estimate of
L,/L, is considered to be reasonably accurate.

V. SUMMARY AND CONCLUDING REMARKS

The results obtained in this study have shown that the
intermittent large-scale eddies of the two-dimensional
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jet arise essentially randomly and independently on
opposite sides of the jet center line. On the average,
these bulges have roughly the same dimensions in the
three coordinate directions and are tilted backward at
an angle of about 26° to the lateral axis but have no
spanwise yaw. The tilt is as would be expected from the
physics of the flow: pockets of high-speed turbulent
fluid are ejected from the central core of the jet and are
retarded by the contiguous potential fluid.

From the present findings and those of Barsoum e! al.®
and LaRue and Libby,' it is evident that the plane jet
and plane wake have different interface topographies,
the bulges of the latter flow being elongated in the
streamwise direction® and tilted forward at an angle
of about 31° to the lateral axis.!® This lends support
to the view that entrainment rate depends on bulge con-
figuration, as the observed entrainment constant for
the wake is significantly greater than that for the jet.™
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