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Due to the technical measurement difficulties, analysis on the developing region of a
turbulent round jet has been omitted despite its vast significance in explaining the
establishment of the fully developed counterpart. With a self-developed novel and
sophisticated laser Doppler system that can accurately measure high turbulence
intensity flow with high spatial resolution and dynamics range, a turbulent round jet is
mapped in terms of statistical moments along the centerline throughout and beyond
the developing region. About 25-30 jet exit diameters downstream, turbulence begins
to approach the fully developed state where the mean velocity and variance develop
in parallel in a seeming equilibrium. Turbulence intensity is consequently observed to
initially increase before levelling out when approaching the fully developed state. The
downstream development of the measured spatial energy spectra and second-order
structure functions further support these observations in that they begin to develop
the Kolmogorov characteristic -5/3 and 2/3 slopes in the inertial subrange within the
downstream distance of 25-30 jet exit diameters. The dissipation can be to a
reasonable approximation extracted from the third-order structure functions from
about 20 jet exit diameters and further downstream. The results should be useful for
development of analytic and numerical turbulence models.

Copyright © 2019 PENERBIT AKADEMIA BARU - All rights reserved

1. Introduction

The axisymmetric turbulent round jet is a classical turbulent flow that exhibits a wide range of
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dynamical variations [1]. While the fully developed jet has been extensively studied in the past [2-8],
the developing region has often been omitted from the analysis since the transitional development
and high intensity and shear in this region present additional measurement technical difficulties and
since equilibrium and similarity in a general sense (defined as similar development of the first and
second-order statistics) have been assumed not to be valid. At the same time, a deeper
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understanding of the developing region is vital for understanding how the state in the fully developed
region is reached (e.g., if there exists a dependency upon initial conditions)[9-11] and, not least, how
to accurately model it in computer simulations. Of particular interest is testing the (range of) validity
of the Kolmogorov hypotheses within this region and providing data for validation of analytical and
computational models.

In terms of accuracy of measurements, the centerline region is considered less challenging
compared to the shear region, where the velocity fluctuations and turbulence intensity are much
larger [12,13]. However, measurements along the jet centerline can be of significant interest in
mapping the energy cascade in the centerline region. In general, a mapping of the static and dynamic
statistics of the velocity field in the developing jet region using high accuracy measurements can be
of significant interest in synthesizing analytical and numerical models for developing flows. It is
therefore of interest to perform these centerline measurements in the developing jet region using a
novel and sophisticated laser Doppler anemometry system [14], which has been proven to function
robustly even in the more difficult high shear and intensity regions of the jet [15,16].

Herein, we present laser Doppler anemometry measurements of the cascade development along
the jet centerline, including the static moments, spatial kinetic energy spectra as well as spatial
second- and third-order structure functions. From the latter, the dissipation time and length scales
have been extracted along the lines of Kolmogorov [1720] as a function of downstream distance,
where applicable. The corresponding temporal/spatial Kolmogorov and integral scales obtained from
the measurements are also presented.

2. Instrumentation and Measurements
2.1 Traversable Turbulent Round Jet

The design and interior of the jet generator box, which was fabricated in the DTU workshop,
replicates the one used by [12,21]. Inside the box, baffles with foam coating have been inserted to
even out large disturbances, followed by screens to remove remaining fluctuations in the stream.
The nozzles following consist firstly of a trumpet nozzle (Figure 1(a)), which is tooled to transition to
a pipe connecting it to an outer nozzle (Figure 1(b)). The outer nozzle has an inner diameter of 32
mm, an exit diameter, D=10 mm and a fifth-order polynomial contraction that allows a uniform flow
[22] resulting in a well-approximated top-hat velocity profile [23].

The jet generator box is mounted on two linear traversing units (stacked to each other) for
maneuvering the measurement volume to the desired measurements points throughout the ensuing
jet in the streamwise and transverse directions. Each unit is equipped with limit switches and a
stepper motor from ISEL Automation. An iMC-S8 stepper motor controller is permanently connected
to a computer to drive the motors in micro stepping mode. A RemoteWIN software is installed in the
computer to operate the traversing units in a semi-auto mode. In order to match the distance
traversed on the hardware and the software parts, the number of steps per revolution and spindle
elevation needs to be set according to the datasheets.
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(a) (b)
Fig. 1. (a) Trumpet nozzle (b) Outer nozzle with fifth-order
polynomial contraction. The two nozzles are connected
by a geometrically smoothly transitioning pipe that
penetrates the jet generator box wall

2.2 Laser Doppler System

Laser Doppler anemometry (LDA) is a non-intrusive method for measuring the velocity of a flow.
By seeding the working fluid with seeding particles with an optimal size in terms of faithfulness in
tracing the flow and light scattering properties [24], the velocity of each particle can be acquired and
assumed to represent the flow velocity to an acceptable approximation [252]. The measuring volume
is created when a coherent laser beam is split into two and focused into a common point using a
converging lens (see Figure 2Error! Reference source not found.). Where they intersect, a fringe
pattern is formed from the two coherent beams and the Doppler frequency of the seeding particles
can be measured [27-29]. Before the beams intersect, each beam passes through a Bragg cell with
an effective frequency shift difference between the beams, f;=3 MHz to resolve any negative
component of the velocity in the measured flow [30,31]. After compensating for the differential
frequency shift, the velocity can be calculated by

__Mp _
u= Zsin(g/z) - fDdf (1)

where A is the wavelength of the laser (532 nm), & is the beam angle and fp is the Doppler frequency
of the moving particle. dyis the fringe spacing in the measuring volume.

2
dr = 2sin(9/,) (2)

In order to obtain a sufficiently high spatial resolution to convincingly resolve the Kolmogorov
length scale throughout the measurement domain, a converging lens with a focal length of 200 mm
was used. This resulted in a measuring volume of the order of 90 um and a sufficiently dense fringe
spacing that produced good quality bursts for Doppler frequency detection compared to the seeding
particle size. Based on this measuring volume, the smallest resolvable length scale can therefore be
computed. From

2
knkor = THWKOI =1 (3)
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at which the dissipation is approximately 99% resolved, the smallest resolvable Kolmogorov length
scale using our instrument can be calculated by

' A1
Mol =37 (4)
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Fig. 2. Schematic drawing (side view) of the LDA setup

Since the laser Doppler anemometer is operating in burst-mode, the processor cannot process
more than one seeding particle in the measuring volume at a time, since this would result in
overlapping bursts with in general different phases and faulty residence times. A smaller measuring
volume thus enables a higher spatial seeding density, since for a smaller volume the probability of
having more than one particle in the measuring volume is lowered. This consequently enables a
higher spatial seeding density (thereby a higher data rate), and thus a wider spectral turbulent kinetic
energy content with a higher signal-to-noise ratio [32].

For the same purpose, the photodetector is mounted at a 45° forward scattering angle (see Figure
3) from the transmitting optics axis to allow an optimum between sufficient amount of light scattered
by each particle and an effective reduction of the detected region of the measuring volume [33].
Thereby, the effective (detectable) measuring volume is reduced from an ellipsoid to a nearly
spherical shape. This configuration has led us to attach both traversing units to the jet box instead of
traversing the optical head, which sensitivity to misalignment may otherwise cause erroneous or
complete dropout of measurements as observed by the photodetector.

To obtain quality measurements, it is thus vital that the transmitting and receiving optics of the
laser Doppler anemometer is carefully aligned. The optics inside the transmitting optics must be tilted
accordingly in a way that the two beams perfectly overlap at the desired focal point. Furthermore,
the photodetector needs to be carefully aligned with respect to the MV until a high-quality burst is
observed. This is in practice best achieved by observing the voltage signal from the photomultiplier
(detector) live on an oscilloscope. The LDA optics and processing are described in great detail in
[14,16,34].
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72 |
Fig. 3. LDA system in a large tent (3 x 5.8 x 3.1 m?)

3. Computation of Turbulence Statistics

Upon data processing, the software outputs the value of the residence (transit) time, arrival time
and instantaneous streamwise velocity of each detected burst. The mean streamwise velocity, &; and
the velocity variance, u2 at each measurement point are determined based on residence time-
weighting [12,35-37].

__ INZdui(tp)Aty

R VYR (5)
— SN ()] ALy,

S YT (6)

where At, is the residence time for the n' realization. It has been shown from first principles to
produce non-biased statistics of the LDA burst signal and experimental validation supports the
theoretical deductions [12,15].

The time records acquired from the measurements are mapped to spatial records based on the
convection record principle in order to devotedly represent the energy content of the spatial
structures [15].

s(t) = f; 1@(xo, t)|dt’ (7)

where s is the scalar length of accumulated convection elements for fluid passing through the
measuring volume, x, is the location of the fixed measuring volume and # is the instantaneous
velocity vector at a time, t'. This method provides an exact mapping of what Taylor's hypothesis only
approximates, where the instantaneous velocity magnitude is used instead of the averaged
streamwise velocity component. One can consequently measure kinetic energy spectra in the wave
number (spatial) domain that display the true distribution of spatial scales instead of the one
displayed in the frequency (temporal) domain. The latter is unreliable towards the unsteady
convection of the large scales [38], among other factors.
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The spatial kinetic energy spectra are computed by
1. ~ *
Si(k) = 20, (k) (k) (8)

where 11, (k) is the Fourier transform of u;(s) and L is the length of the spatial record. Note that also
the Fourier transform must be computed using residence time weighting for laser Doppler
measurements [12,35-37]. The spatial second-order and third-order structure functions are also
computed based on the (residence time averaged) convection record, which are expressed
respectively by

S,(€5) = ((u(s + £5) — u(s))?) (9)
S3(€s) = ((u(s + £5) —u(s))*) (10)

where ¢ is the spatial separation along the s-record and the < >-brackets denote ensemble
averaging.

In his seminal papers, Kolmogorov assumed local (i.e. small and intermediate scale) homogeneity
and isotropy as well as equilibrium and universality [17—20]. These assumptions make the structure
function equation reduce into the famous 2/3 and 4/5 laws for the second- and third-order,
respectively [39]. The latter is only valid for local homogeneity, isotropy and equilibrium, which
supports discarding the measurement points for x/D<20 in the following (Results and Discussions)
section to meet the last of those conditions. The 4/5 law proposes that the third-order structure
functions of velocity increments scale linearly with separation distance ¢ [40] as given by

S3(ts) = — €Ly (11)

where ¢ is the mean energy dissipation rate per unit mass and £ in this case, is also the abscissa on
the third-order structure function plot in the following section. As a consequence, if the theory and
associated assumptions are valid, the dissipation should be attainable directly from the third-order
structure function.

The Kolmogorov time, Tg,; and length scales, nk,; are computed directly from the classic definitions:

reo = (2) (12)

&

ot = () (13)

&
where € is the mean energy dissipation rate per unit mass and v is kinematic viscosity of the air.
The integral time scale, T, is computed from the integral under the covariance function

oo u(t)u(t+
T, = f; =5 dr (14)

By using Taylor’s hypothesis, the spatial counterpart, L, is estimated by multiplying T, with the
local mean velocity. This hypothesis is assumed to be valid since measurements were performed
along the jet centreline, where turbulence intensities are relatively low [41].
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4. Results and Discussions

The downstream profiles along the centerline (10<x/D<37) of the local mean streamwise velocity
and the velocity variance are presented in Figure 4. In general, the velocity decays downstream, as
expected [42], where a faster decay occurs in the intermediate field (developing region) compared
to the fully developed region, as also being observed in [23,43]. The velocity variance has a similar
close to inversely proportional development with downstream distance.
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Fig. 4. The downstream profiles (with error bars) of local mean

streamwise velocity and streamwise velocity variance with

corresponding third-order polynomial curve fits. Coefficient

values for the profiles

To simplify the comparison, the normalized inverse of the local mean streamwise velocity and
the velocity variance within the range of 10<x/D<37 are shown in Figure 5. It isimmediately observed,
that the inverse mean velocity displays a close to linear behavior even in the developing region
10<x/D<30, whereas the velocity variance clearly is not fully developed until approximately 24 jet
exit diameters downstream of the jet exit. Linear curve fits are displayed within the ranges that
crudely represent the linear self-preserving regions, e.g., x/D>20 and x/D>24 for the mean velocity
and variance, respectively. The profile demonstrates proportionality between the scaled inverse
centerline mean velocity and x/D as suggested by [42] in describing the far field evolution in the jet.

From the linear fit of the inverse mean velocity, the virtual origin is determined to x0=2.3D and
the decay constant to B,=6.6, based on the calculation at x/D=30. These results are compared to the
ones obtained in the previous studies of turbulent round jets of different Reynold numbers,
downstream range and using different measurement techniques (see Table 1). Slight deviations
compared to our results are most likely due to the different nozzle geometries (and other initial
conditions variations) and the different measurement techniques used. The Reynolds number is
known not to affect the spreading rate or the decay constant of turbulent round jets [44]. It is
particularly interesting to note, that the inverse variance seems to originate from a different point
(x/D=15.6) than the inverse average centerline velocity. The normalized inverse of the RMS velocity
is also plotted, which linear self-preserving region is similar to that of the local mean streamwise
velocity, i.e., x/D>20 (see Figure 6). In this case, the origin of the inverse RMS velocity is found to be
approximately at x/D=1.27.
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The streamwise turbulence intensity profile along the centerline is plotted in Figure 7, in terms
of the ratio between the velocity fluctuations, u’ and the mean velocity. The turbulence intensity
builds up in the intermediate field (developing region) due to an increasingly higher influence of the
large scale Kelvin-Helmholtz instability development in the shear layer [23,43]. The turbulence
intensity increases gradually and asymptotes to a nominal value of around 0.23 in the fully developed
region, similarly to [5]. This behavior and the asymptotic value are also found to be in close
agreement with most of the previous findings accumulated by [45]. Based on the known similarity
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scalings for the fully developed turbulent round jet [46], this asymptotic behavior is assumed to be
well sustained farther downstream [47].
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Fig. 7. The downstream development of the

streamwise turbulence intensity, u'/u,

Table 1

The values of Reynolds number and velocity

Authors Re Xxo/D By x/D Technique
Present study 25000 2.3 6.6 20-37 LDA

2] 16000 - 6.6 17-27 PIV

[48] 24000 2.5 6.7 15-80 Hot-wire
[5] 100000 4 5.8 15-100 LDA

[49] 20000 3.1 5.9 30-105 PIV

[6] 11000 - 6.06 30-160 Hot-wire

Figure 8 presents the downstream development of the spatial kinetic energy spectra along the
jet centerline. Each spectrum is deliberately normalized in the low wave number asymptote to
visualize a clearer comparison in term of its shape and slope with respect to the Kolmogorov’s -5/3
law. As expected, a wider (assumed existent) inertial subrange is observed in the fully developed
region [50]. There is a rapid development from a significant steep deviation in the developing region
(intermediate field) to a remarkable resemblance to the -5/3 slope across a wider range in the fully
developed counterpart [51]. This observation has also been previously accumulated by [14-16,
52,53] that indicates the possibility of local equilibrium of the small scales in the inertial subrange, at
least in this averaged representation, which has been implicitly assumed by Kolmogorov in the fully
developed region [50]. Again, one can observe that the spectra have already developed a significant
-5/3 range in the assumed inertial subrange at x/D~25-30.

The spatial second-order structure functions based on the convection record method are shown
in Figure 9. With downstream position, the width of the variations in the small scales grows,
corresponding to the development in the spectra in Figure 8. This clearly demonstrates the
downstream development of the turbulence scales. The large scales contain the highest energy in
each curve and grow gradually downstream, as denoted by the arrow in the figure. As expected from
Kolmogorov’s 2/3 law [39] and what has also been obtained by [54], [55], a greater tendency for the
curves to follow the 2/3 slope is observed in the fully developed region, compared to those measured
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in the developing region where a smaller slope is observed. This indicates that, in the developing
region, the cascade process is yet to produce the large velocity increments [16].

According to the Kolmogorov theory, as described above, the dissipation should be directly
obtainable from the third-order structure function assuming local homogeneity, isotropy and
equilibrium. Although these assumptions are known not to be fulfilled in the jet, and in particular not
in the developing region [5], we nevertheless apply the theory herein and compare with other
obtained dissipation estimates. The downstream profile of the mean energy dissipation rate per unit
mass as obtained from the third order structure functions, €45 is plotted in Figure 10. Measurements
upstream of x/D<20 are discarded due to the strong deviations from the underlying assumptions in
that region. The individual value of 45 is obtained by best-fitting a 4/5 slope with the corresponding
third-order structure function at the small separations, as demonstrated by Eq. (11) and illustrated
in Figure 11, specifically at x/D=28 as an example.

In general, €45 decreases downstream with a higher decay rate at the beginning of the fully
developed region. This has been compared to the dissipation measured in (Hussein, Capp and George
1994), which present measurement of the dissipation based on the assumption of local axisymmetry
of the small scale turbulence (which has been empirically shown to be the best representation in the
round turbulent jet). From Figure 21 of the manuscript written in [5], the dissipation along the
centerline in the fully developed jet can be empirically scaled as 2 €axis (x — o) / > ~ 0.7 and has been
overlaid in Figure 10 for comparison. Since this estimate is only assumed to be valid in the fully
developed jet region, the plot only includes the measurements for x/D>20. Though there is significant
deviation between the two curves in the crudely assumed fully developed region, the two curves
have similar trends and seem to converge further downstream in the thoroughly explored fully
developed region.

1.000 =

0.100

0.010 -

0.001 | \H\l \H\l
T 10 100

Wave number, k (m”)

Fig. 8. Downstream development of spatial turbulent kinetic
energy (convection record) spectra along the jet centerline.
From heavy to light black: x/D=10, 11, 12, 13. From heavy to
light red: x/D =14, 15, 16, 17, 18, 19. From heavy to light blue:
x/D =20, 21, 22, 23, 24, 25. From heavy to light brown: x/D =26,
27, 28, 29, 30. From heavy to light purple: x/D =31, 32, 33, 34.
From heavy to light green: x/D =35, 36, 37. Each spectrum is
normalized in the low wave number asymptote to better
compare their shapes and slopes with respect to Kolmogorov’s
-5/3 law
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The values of dissipation, £45 extracted from the third-order structure function are first used to
compute the Kolmogorov scales (both temporal and spatial) as shown in Figure 12. The scales are
growing downstream almost linearly, as expected from its inverse proportionality with the
dissipation based on Eq. (12) and (13). Similar behavior has also been presented in [56]. The smallest
resolvable length scale is also computed based Eq. (4) to be around A/2 - 1/t = 28.6 um. This value is
represented by a horizontal blue line in Figure 12, which is always way below the linear curve of the
Kolmogorov length scales in the measured region. It shows that, with the current spatial resolution
of our measurement setup, we should be able to resolve the Kolmogorov scale throughout our

measured domain.
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An attempt to estimate the corresponding value of the Taylor microscales has also been done based
on its given definition [57]

(15)

However, this definition is only clear for a fully turbulent flow that leads to an ambiguity for
computations in the intermittent flow. This limitation demands us more time to investigate on any
other possible solutions rather than computing the Taylor scale directly from its definition. Another
issue with the high frequency domination in the high frequency region also needs to be seriously
taken into account since these high frequencies may contaminate the computation of the Taylor
scales. Nevertheless, in general, the spatial scales are expected to grow and slow down downstream
as what we can observe from the downstream profiles of the Kolmogorov and integral scales in as
Figure 12 and Figure 13, respectively.

From the values of the integral length scale, L, obtained, the Kolmogorov dissipation estimate,
Ekol is also computed by ?/Lu, which values have been overlaid together with €45and €445 in Figure
10. Though there is significant deviation between the three curves in the crudely assumed fully
developed region (x/D>20), each curve exhibits similar trends in both scales and seem to converge
further downstream in the well-known fully developed region. Similar plots are also constructed in
logarithmic scale as in Figure 14. In this case, each dissipation estimate exhibits a linear trend
downstream with different decay rates denoted by the exponent of x/D. It is also remarkable that
the dissipation from the 4/5 law, &45 (Which assumptions are not fulfilled) does not agree with the
dissipation estimate epsilon, &0, which are both central results from the same Kolmogorov theory.
If the theory was correct, the assumptions should be valid AND the two dissipation estimates should
give (at least approximately) the same values.
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The most credible estimate would be the axisymmetric one, &qxis, since it has been empirically
established in [5,58]. The values of this estimate are therefore used to recalculate the Kolmogorov
length scales, nNkoraxis and time scales, Tkoiaxis that have been overlaid in Figure 12. In this case, the
values of nioiaxis Mmeasured are still beyond and equal to the smallest resolvable length scale
(horizontal blue line) except for the only one at x/D=20, which value is just very slightly smaller. This
exception however can still be acceptable considering that the values of the MV and ngoyaxis are
determined only based on estimations.
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Fig. 14. Downstream evolution of the mean energy dissipation
rate per unit mass, €, in logarithmic scales with corresponding
linear fits

5. Conclusions

In the current work, we have presented the centerline development of the main static and
dynamic statistical quantities obtainable using a single component (streamwise oriented) laser
Doppler anemometer throughout the developing and part of the developed region of a round
turbulent jet. The employed laser Doppler anemometer has been built in-house and optimized for
accurate measurements of fine-scale turbulence [14,34].

The statistics clearly show that the current jet becomes fully developed in both the first and
second central statistical moments beyond approximately 25 jet exit diameters downstream of the
jet exit. The second-order statistics take longer to develop fully than the first-order ones. The dynamic
statistics show correspondingly that the spectra and second-order structure functions develop
gradually until 30 jet exit diameters downstream of the jet exit has been reached. Beyond this limit,
the jet displays (on average) a wide -5/3 range for the spectra and 2/3 region for the second-order
structure functions. The measurements provide the time and length scales for the downstream
development of the jet from the initial laminar uniform profile at the jet exit. These results can
consequently be used for development and/or validation of turbulence models in a classical flow that
at least on average displays the same physics as the Kolmogorov theory of turbulence, upon which
the majority of current turbulence models are built.

It is also interesting that the linear fits of the mean velocity and the velocity variance appear to
originate in different downstream positions, which will be further investigated in future publications.
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