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A STUDY OF THE TURBULENT CHARACTERISTICS OF A FREE CIRCULAR

JET OF AN INCOMPRESSIBLE GAS
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Results are presented for the measurement of the velocity, temperature,
and intensity of variations in these quantities within a free circular

jet, Data are presented on the distribution law for these variations and
for their derivatives with respect to time, as well as on the autocor-
relation and speciral functions of the fluxuations in velocity and tem-
perature.

We measured the turbulent characteristics for a
jet of air discharging at a velocity of 35 m/sec(Re ~
& 70- 103) from a nozzle 30 mm in diameter. The
stream of air was heated to a maximum of 60° C over
the temperature of the ambient medium.

We determined the velocity distribution in the jet
irom the dynamic head, measured by means of a Pitot
tube 0.35 x 0,07 mm in size, and with the aid of a
micromanometer, The mean temperatures at various
points in the jet were measured by means of a chromel-
alumel thermocouple whose junction exhibited an out-
side diameter of 0.2 mm, and also with a PP potentio-
meter, The turbulent fluctuations of velocity and tem-
perature within the jet were determined with a
thermoanemometer. A single-filament tungsten-wire
sensing element was used as the sensor. For purposes
of measuring the velocity fluctuations, the sensor was
fabricated out of a wire 20 um in diameter and 4.5 mm
in length; to measure the fluctuations in temperature,
the sensor was made of a wire 5 um ih diameter (with
the sensing portion 1.5 mm in length); the remaining
portion of the sensor filament was coated with copper
to a diameter of 40 um.

A positioning device was used to move the sensors
within the flow, thus making it possible to determine
the magnitudes of this displacement to an accuracy of
0.05 mm.

The mean and fluctuating magnitudes of the velo-
city and temperature were measured along the stream
axig (x/d = 0—10) and at the lateral cross section of
the jet, at a distance of 10 diameters from the nozzle
outlet,

The velocity characteristics were measured with
a ETA-5A electrothermoanemometer which operated
at the constant temperature of the sensor filament.
The constant-temperature method is particularly ex-
pedient in measurements for jets in which the fluctua-
tions are particularly intense, thus making it neces-
sary to account for the nonlinearity of the velocity
characteristic of the sensor. Moreover, under condi-
tions of high-intensity jet-velocity fluctuations, the
constant-temperature regime provides for a more
qualitative compensation of the sensor-filament time
constant than the regime of constant filament heating.

The sensor filament was heated to 150° C above the
flow temperature; the steepness of the anemometer

circuit was 120 A/V. The time constant of the center
for these conditions of anemometer-circuif operation
was diminished by a factor of 250 relative to its value
with the constant-current method and amounted to 10?
sec,
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Fig. 1. Distribution of mean velocity, temperature,

and intensity of turbulent fluctuations in the jet cross

section x/d = 10: 1) B/Umax in isothermal jet; 2)

U/Umax in heated jet; 3) 6/8max; 4) U/Upax from

thermoanemometer measurement; 5) o/Uyax; 6)

00/8max; 7 0u/Umax according to [4]; 8) og/fmax
after [5].

The calibration of the sensors showed that the heat-
balance equation for the filament can be rather accur-~
ately approximated by an expression of the form

Jos = B+ CI2, (1)

Equation (1) was subsequently taken into consideration
in the determination of the mean value and of the inten-
sity of velocity fluctuation from the oscillogram of the
anemometer-bridge current.

For purposes of recording only the temperature
variations within the flow, we employed a thermoane~
mometer circuit which worked on the constant-current
method, since the anemometer filament (operating at
constant temperature) retains greater sensitivity to
velocity fluctuations when the fluctuations in tempera-
ture are substantial, For the measurement of the tem—
perature fluctuations, the filament was superheated by
~0.1° C, and the time constant was 4-10~4 sec, The
sensitivity of the sensors to a change in temperature
was determined by calibration,

An MPO-2 loop oscillograph (loop IV) was used to
record the current of the thermoanemometer bridge
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Fig. 2. Curves for the probability density of the fluctuations
and their derivatives in the jet cross section x/d = 10: )
Py forr/(x + a) = 0; A =—0.272; E=—0.11; b) Pg; 1) 1/
(x+a)=0; A=—0.354; E=0.52; 2) r/(x + @) = 0.2; A =
1.13; E = 3.63; ¢) variation in the asymmetry coefficient

in distribution of temperature-fluctuation probabilities;

d) Py, forr/(x +a) =0;e) Pg; 1 1/(x+a)=0; 2)1/

(x+ a) =0.2,
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during the measurement of the velocity and voltages
applied to the sensor in the measurement of the tem-
perature fluctuations; this device made provision for
motion picture film recording or for the use of a cor-
relometer which is a type of high~speed analog com-
puter, The correlometer described in [1] was used to
find the mean-square values of the temperature fluc-
tuations. as well as the fluctuations in velocity over
the range in mean velocity values (25=35 m/sec) in
which the relationship hetween the heating current for
the filament and the flow velocity is close to the linear.

The experimental data obtained in the form of an
oscillogram on the film were converted into punch-
card code notation and then processed on an electronic
digital computer.

The computation program made it possible to derive
the following characteristics of a stationary random
function: the mathematical expectation, the standard
deviation, the probability distribution for the ampli-
tudes of the fluctuations, the asymmetry and excess
parameters, the autocorrelation and spectral functions,
and finally, the distribution of the probabilities for the
first derivatives of the velocity and temperature fluc-
tuations. The program made provision for the lineari-
zation of the anemometer-sensor characteristics on
the basis of Eq. (1) (the anemometer calibration curve),
and thus ensured computational reliability for the above-
indicated characteristics of the velocity fluctuations
for the entire range of velocities,

The measured velocify and temperature profiles
for the flow at the nozzle outlet were flat, The inten-
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Fig. 3. Energy spectrum of velocity and

temperature fluctuations on the jet axis at

the cross section x/d = 10: 1) Eq; 2) Eg;

3) caleculation of Ey according to the auto-

correlation curve; 4) Eyy after [9]; 5) Eg

after [9]; 6) straight line with angular coef-
ficient of —5/3.

sity of turbulence within the flow at the nozzle outlet
was insignificant (oy;/U < 0.01).

The profiles for the average values of the velocity
and temperature in the lateral cross section of the jet
(x/d = 10) are well-generalized by a relationship of
the Gaussian-curve type (Fig. la)., The data obtained
with the thermoanemometer agree with the Pitot tube
measurements.
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A comparison of the profiles shows that the heated
jet spreads out over a wider area than the isothermal
jet, i.e., the turbulent mixing is more intense when
we have differences in the gas densities. Moreover,
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Fig. 4. Autocorrelation functions for turbulent

velocity and temperature fluctuations in the cross

section x/d = 10 (7, in sec): 1) Ry for rAx +a) =

=0; 2) Ry for rAx + @) = 0; 3) Ry for rAx + a) =
=0,08.

the coefficient of turbulent thermal diffusivity is some~
what higher than the coefficient of turbulent viscosity,
thus yielding a temperature profile that is somewhat
fuller than the velocity profile. The convergence of
the curves in the peripheral zone of the jet shows that
the ratio of the coefficients is apparently variable over
the cross section. Accordingtoanalysis [2] and accord-
ing to the experiments carried out in [3] with liquids
exhibiting substantial divergent physical properties,
the ratio of the coefficients of turbulent thermal diffu-
sivity and turbulent viscosity in the core of the flow

is close to 1.4.

The change in the intensity of the fluctuation in the
longitudinal velocity component across the flow in the
case of isothermal flow and the.change in the fluctua~
tions of temperature in a heated jet are quite similar
(Fig. 1b). The intensity maxima are found in the zone
which the flow exhibits the greates values for the gra~
dients of the averaged fields.

These results are in close agreement with the Corr-
sin data [4,5]. The existing divergence in the relative
intensities of the velocity fluctuations—~reaching 30%
in the peripheral portion of the jet (r/(x + a) = 0.12—
0.17)—is evidently associated with the differing mea~
surement methods. According to [2], the constant-
current method in the anemometer operation employed
by Corrsin can yield a significant understatement of
the intensity of velocity fluctuation relative to the con-
stant filament-temperature method, when we consider
the nonlinearity of the calibration curve which was
employed in these experiments.

In measuringthe intensities of the temperature fluc-
tuations we employed a method identical to the one
used in [5], i.e., the sensor filaments functioned as
resistance thermometers. This portion of the results
is in good agreement with the Corrsin measurements,



218

A significant divergence is found for the results ob-
tained from the data of [6], both in terms of the velo-
city-fluctuation intensity and the intensity of the tem-~
perature variation,

According to the experimental data, at a distance
of about 8d from the nozzle outlet the distribution of the
meanvelocities and the distribution of the temperatures
in the jet become similar. For the distribution of the
fluctuation intensities oy/Upyax and 0p/0pmax We find
no tendency toward self-similarity in the measure-
ment segment (x/d = 0-10)., The relative intensity
of the velocity fluctuations increases over the entire
segment; the intensity of the temperature fluctuations
at first increases and then, beginning from x/d = 9,
we find a tendency toward reduction,

From the probability standpoint, the most complete
characteristic of the random function is the distribu-
tion law. For isotropicturbulence, we established that
the Gaussian curve serves as an excellent approxi-
mation of the distribution curve for the components of
the velocity fluctuations. Thus according to the Town-
send [7] data the distribution is symmetrical and exhi-
bits an excess parameter in the range 2.99-3, The
probability density given in [8] for the temperature
fluctuations in the wake behind a heat source in an
isotropic flow deviates markedly from the normal law.

Of particular interest is the determination of the
probability density for turbulence with a lateral shift,
where the effect of the velocity and temperature gra-
dient may make itself felt. By processing the derived
oscillograms of the velocity and temperature fluctua-
tions, we were able to determine the distribution den-
sities at several points of the lateral cross section of
the jet. The distributions of the fluctuation amplitudes
at various points in the core of the flow (0 < rAx +
+ a) = 0,1) (Fig. 2a and b) do not exhibit significant
differences, The statistical distribution is evened out
well by the Charlier curve, With increasing distance
from the core (rAx + @) > 0.1) the excess coeificient
increases and the sign of the asymmetry coefficient
changes,

The change in the sign of the asymmetry (Fig. 2c)
is apparently associated with the predominant genera-
tion of intensive large-scale vortices within a speci-
fic region of the jet in which the coefficient A is close
to zero (r/(x + a) ® 0.1). The penetration of such vor-
tices to the center of the jet and to the peripheryleads
to intensive fluctuations of correspondingly different
signs, which is consequently reflected in the sign of
the asymmetry coefficient.

The probability densities of the first derivatives
with respect to time for the fluctuations of the velocity
and temperature components differ markedly from the
normal law (Fig. 2d and €), whereby we note a sub-
stantial increase in the probability density of the zero
values of the derivative in the peripheral zone of the
jet in comparison with the core. This type of proba-
bility distribution of U and § and their derivatives is
associated with the intermittence of the flow.

The energy distribution for the turbulent fluctua-
tions with respect to frequencies, or with respect to
the wave numbers, was determined by passing a signal
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through the narrow-band filter (a relative passband of
3%) and by the measurement of the mean-square mag-
nitude of this signal after the filter by means of the
correlometer, ¥From the derived values of the intensi-
ties we subsequently determined the variance density
for the chosen quasi-resonance frequency. The infra-
sonic-frequency analyzer developed by the L'vov Poly~
technic Institute served astheband filter. The frequency
range of the filter was 0.5—1000 Hz,

In determining the spectral density of the tempera-
ture fluctuations—when the thermoanemometer was
working in accordance with the constant-current meth-
od—we introduced a correction factor for the effect
of the time constant of the anemometer sensor fila-
ment. To verify the measurements and the standard-
ization of the results, we used the relationship

Oy = (Y Ev,p df )0-5 . (2
§

The difference between the right- and left-hand mem-
bers of Eq. (2) was insignificant, In particular, inthe
determination of the one-dimensional spectrum of the
velocity fluctuations, the divergence amounted to 4%,

The spectrum of the longitudinal velocity fluctua-
tions and of the temperature fluctuations on the jet
axis was taken for a frequency range of 4—~1000 Hz
(wave numbers of 1.04-107*~2.6 cm™) (Fig. 3). Anal-
ysis of the curves shows that 75% of the fluctua-
tion energy is concentrated in the wave-number range
up to 1 em~!, There is no significant difference be~
tween the spectra of the velocity and temperature fluc-
tuations. Both of the spectra in the region of large
wave numbers are close to the Kolmogorov spectral
law (~5/3). In comparison with the results of Corrsin
[9], the spectral-density measurements which we car-
ried out are broadened by an order of magnitude in
the region of lower wave numbers corresponding to
energy-containing vortices. In both of the wave-num-
ber ranges, the comparable spectra exhibit no signi-
ficant-divergences,

Processing of the oscillograms gave us one of the
integral characteristics which reflected the interre-
lationship of the time variations~—the normed autocor-
relation function (Fig. 4).

The autocorrelation functions of the pulsation com-
ponents of U and 9 at all points of the flow can be
approximated by an exponential curve, The time cor-
relations for the central portion of the jet (rAx + a) =
= 0.05) are close to those represented in the figure
by the autocorrelation curves of the fluctuations on
the jet axis. We find some divergence between the cor-
relation functions of the velocity and temperature fluc-
tuations for values of 7 < 1.5- 1073, whereas the spec-
tral densities of these fluctuations are close to one
another. This is apparently associated with the effect
of the thermal inerta of the sensor in measuring the
temperature fluctuations. The effect of the time con-
stant for the sensor filament in the determination of
the autocorrelation function of the temperature fluc-
tuations was not taken into consideration; the inertia
was taken into consideration in the analysis of the
spectrum,
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The time characteristics of turbulence can be found
from the autocorrelation curve, The magnitude of the
largest time relationship for the fluctuations (macro-
scale) can be assumed equal to Tg = 1,2+ 1073 sec; the
time segment 1o = 0,7 X 1073 sec corresponds to the
most rapid changes in the fluctuation magnitudes on
the axis of the jet (Euler microscale), This small dif-
ference betweenthe macro- and micro-scales indicates
the comparatively uniform structure of the turbulent
vortices and the temperature perturbations.

For points in the jet removed from the axis by more
then rAx + @) = 0.05, the form of the correlation curve
ig flatter and the fraction of the low-frequency fluctua-
tion energy increases.

The spectral function can be determined by Fourier
transformation of the autocorrelation function. Figure
3 shows the distribution of the spectral density for the
velocity fluctuations on the jet axis, found in this man-
ner, For a wave number K = 0 the spectral density
was 1.71 cm, The values of the spectral density, cal-
culated from the autocorrelation function and derived
by measurement with the aid of the band filter, are
in good agreement.

NOTATION

d is the nozzle diameter; x is the coordinate along
the jet axis; r is the radius of the measurement point
a is the distance from the nozzle outlet section to the
conditional discharge source; T is the longitudinal
velocity; U is the longitudinal component of the fluctua-
tion velocity; Umax is the velocity at the jet axis; 9 is
the excess temperature at a point in the flow; 6y, is
the excess temperature atthe jet axis; 0 is thetempera-
ture fluctuation; oy is the intensity of the longitudinal
velocity fluctuations; ¢y is the intensity of the temper-
ature fluctuations; Py; and Py are, respectively, the
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probability densities for the velocity fluctuations and
its time derivative; Py and Py are, respectively, the
probability density for the temperature fluctuations

and its time derivative; E is the excess coefficient;

A is the asymmetry coefficient; Ry and Ry are, res-
pectively, the autocorrelation coefficients for the velo-
city and temperature fluctuations; Ty is the Euler time
macroscale; T, is the Euler time microscale; Eqy and
Eg are, respectively, the spectral densities for the
turbulent fluctuations in velocity and temperature; f

is the frequency; K = 27f/U is the wave number;I is
the filament-heating current; T is the fime; Re is the
Reynolds number,
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