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Vortex generators (VGs) are inserted in turbulent pipe flows in order to improve
mixing and heat and mass transfer while a moderate pressure drop is maintained.
The purpose of the present study is to contribute to the elaboration of scaling laws
for the turbulence decay downstream a row of VGs. This knowledge will help in the
design of such systems, especially for optimal geometry and spacing of the VG. The
experimental study is carried out using laser Doppler anemometry at different loca-
tions downstream of the row of VGs so as to probe the streamwise velocity field. The
Taylor microscale Reynolds number Re, ranges between 15 and 80 so that, for the
lowest flow rates, fully developed turbulence conditions are not fulfilled. Comparison
of the integral length scale to data in the open literature shows that the conventional
scaling laws at the dissipative scale are fairly assessed. It is shown that the turbulence
macroscale increases in the streamwise direction and is scaled by the VG dimensions.
The normalized turbulent energy dissipation rate has values between 0.5 and 2.8, with
—1 power-law decay as a function of the Taylor microscale Reynolds number. This
observation is consistent with previous findings using direct numerical simulations
(DNS). The streamwise variation of the turbulence energy dissipation rate shows an
exponential decay; it reaches an asymptotic value after a distance of about 6 times
the VG height. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4964924]

. INTRODUCTION

Vorticity is an efficient means of mixing intensification for multifunctional heat exchangers/
reactors, so that vortex generators (VGs) are frequently used in order to enhance the heat, mass, and
momentum transfers in laminar and turbulent flows. The dynamics and production mechanisms of
these coherent structures and their effects on the transport phenomena are the subject of numerous
studies in the literature.'™ In fact, the turbulent large scale motion is not universal and depends
strongly on the local flow structure,®” unlike the small-scale eddies that exhibit universal charac-
teristics by auto-similarity.® However, to the best of our knowledge, turbulence decay and scaling
laws in the flow behind VGs have rarely been studied (compared to, for instance, free jets, isotropic
and anisotropic turbulence, elastic turbulence, etc.”~'#). Such an analysis is fundamental to study the
meso- and micromixing processes in multifunctional heat exchangers/reactors, which are related to
the integral length scale and to the turbulent energy dissipation rate.'>!® For instance, investigations
on grid-generated turbulence suggest that a very rapid decay of the turbulent energy dissipation
takes place in the very thin layer located immediately after the grid, and that drop breakup (in
two-phase flows) and micromixing are therefore expected to dominate in this high-energy dissi-
pation region. On the other hand, coalescence becomes significant further downstream where low
turbulent energy dissipation rates prevail.!”-!3
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FIG. 1. Schematic of the main flow structures generated by a trapezoidal VG. (wx, w, @) are the vorticity components in
the Cartesian coordinate system. Reproduced with permission from Habchi et al., J. Turbul. 11, N36 (2010). Copyright 2010
Taylor & Francis Ltd.

The present study focuses on the distribution of the integral length scale and the turbulent
energy dissipation rate in the wake of the VG row. The global Reynolds numbers considered here
range from 7500 to 15000, corresponding to common operating conditions of VGs.!*?° The results
obtained in the present study are compared to other experiments and direct numerical simulations
(DNS) data from the open literature.

The flow configuration consists of a straight circular pipe in which four VGs are inserted in
a quadrant arrangement in the tube cross section. Each VG consists of a trapezoidal plate inclined
to the wall with a 30° angle in the flow direction. Each VG generates a complex vortical flow (see
Figure 1), which becomes the single leading mechanism for the heat and mass transfer.?!>? A steady
counter-rotating vortex pair (CVP) is formed in the wake of the VG due to the pressure difference
between the low-momentum region under the VG and the high-momentum region above the VG, in
the flow core. Moreover, a three-dimensional shear layer develops around the vortex generator start-
ing from its leading edge. This shear layer becomes unstable downstream and generates hairpin-like
structures, due to the Kelvin-Helmholtz instability in a free shear flow. Primary hairpins can further
generate secondary instabilities in the form of reverse vortices in the tab wake.”

The paper is organized as follows: Section II describes the experimental setup using the LDA
system and the data acquisition. The experimental results on mixing length and energy dissipation
rate are presented in Section III, as well as their modeling by scaling laws. In Sec. IV, some remarks
and prospects are given concerning vorticity promoters in turbulent flows.

Il. EXPERIMENTAL SETUP AND DATA ANALYSIS METHODS

The test section is a straight circular pipe of 20 mm inner diameter in which one row of four
mixing tabs is fixed in a quadrant. The tabs are inclined 30° with respect to the tube wall, as shown
in Figure 2. The test section is preceded by a preconditioner (200 cm straight Plexiglas pipe) in
order to generate a fully developed flow at the test section inlet, and is followed by a postcondi-
tioner (20 cm straight Plexiglas pipe). The connections between the different elements are carefully
designed to avoid any protuberance that could disturb the flow. A pulsation damper is added to the
flow loop to limit the pressure fluctuations produced by the pump.

Measurements are made using a Dantec Dynamics© laser Doppler anemometry (LDA) sys-
tem equipped with a 10 W argon-ion laser source and two BSA-enhanced signal-processing units
(57N20 BSA and 57N35 BSA enhanced models); the measuring head is equipped with a 160 mm
focal lens. The laser wavelength is 514.5 nm (green) and the shift frequency is 40 MHz (Bragg
cell). The laser beam separation distance is 40 mm and its diameter before the lens is 3.8 mm;
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FIG. 2. Dimensions of the VG and the Cartesian coordinate system.

the beam intersection angle is 13.55°. The measurement volume of the LDA is positioned by a
three-dimensional lightweight precision traversing system controlled via a PC. Precision of the
measurement volume positioning system is 12.5 um. Measurement volume dimensions are 404 um
length, 48 um width and height, and it contains 21 fringes spaced by 2.18 um. Due to the cylindrical
shape of the pipe, in order to avoid light-beam refraction only the axial component of the Reynolds
stress and mean velocity are measured in the radial direction. Flow is seeded by small mica particles
coated in titanium oxide of size between 0.1 and 0.5 um. Their density is 3 g m~> and they have a
response frequency of 1 kHz.

The measurement time ranges between 60 s and 360 s, which is about 6 X 103 to 36 x 10°
times the integral time scale, thus ensuring statistical convergence. During this measurement time,
around 30000 validated sampling particles were obtained. The data-acquisition rate is in the range
1-4 kHz.

Calibration of the LDA system, including Bragg-cell oscillation and orientation sensitivity,
light beam power, reference point, and optics alignment, was performed. The precision error was
estimated at about 2.5%. Moreover, to ensure the reproducibility of the LDA measurements, experi-
ments were iterated four times for radial profiles at different positions for Reynolds number 15 000.
It was found that the reproducibility error did not exceed 6%.

Using the sampling rate uncertainty method of Benedict and Gould,?® the confidence level is
determined to be 95%; in addition, 15% of the measured data had an error less than 1% and 85%
less than 10%.

The integral time scale is evaluated from the temporal correlation function, with a single probe
for the velocity measurements. Hence, the sampling must be performed at sufficiently short time
intervals to detect high-frequency fluctuations. LDA allows such fast measurements by optimizing
seeding and optical adjustments. However, since the LDA measurements are not carried out at
constant time intervals, the data must be resampled according to the Hgst-Madsen and Caspersen®*
method.

lll. RESULTS AND DISCUSSION
A. Operating conditions and global results

Measurements are performed in the wake of the VG, at y/h = 0.5, for different axial loca-
tions z/h = 0.75; 1.5; 2.5; 6.25, and 8.75, as shown schematically in Figure 3, for the Reynolds
numbers [7500-10 000-12 500-15 000]. Turbulence properties at different Reynolds numbers and
measurement stations are summarized in Table 1.

B. Turbulence power spectra

The dimensionless energy spectra E/(n u,27), with 77 and u,, respectively the Kolmogorov scale
and the Kolmogorov velocity, for the different axial locations z/h in the VG wake, are presented in
Figure 4 and are compared with Pao’s?® energy spectrum. Taylor microscale Reynolds numbers vary
in the range 15 < Re, < 80.
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FIG. 3. Measurement points (red dots) on the radial profiles in the tab symmetry plane.
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The Kolmogorov microscale i = (v3/&)"/*

rate given by?°

is computed from the turbulence energy dissipation

e =15v(0u/dz)* (D

Following the Taylor hypothesis,'®*” one can write du/dz = (1/U.) x (du/dt) with U, the
convective velocity defined for three-dimensional flows by U2 = U? (1 + 5u?/U 2) , with U the mean

velocity and u’? the first diagonal component of the Reynolds stress tensor.

The inset in Figure 4 shows the compensated velocity spectra E/(7>/? u} k=/3) as functions
of the dimensionless wave number. In the large scales (small wave numbers), and according to
Kolmogorov’s similarity hypothesis, the compensated spectra tend to a constant value®

E

Ck = ——7- 2
N TR ISTE 2 )

where Ck is the Kolmogorov universal constant. In the inset, it is observed that the actual results for
the VG wake lie in the Kolmogorov constant range between 0.33 and 0.69 according to the analysis
of Sreenivasan,?® giving a Kolmogorov constant of 0.53 with standard deviation 0.055 when Re,
exceeds 50. The present data, obtained for 15 < Re, < 80, are consistent as they show a mean value

TABLE I. Turbulence properties at various Reynolds numbers and measurement stations. Here, fk is the Kolmogorov
frequency.

U (m/s) £ Re, Rea o L £ (m?/s%) 7x10° fk= #ﬂ (Hz) %
0.77 1125 16 1.12 0.14 3.38 6 535 0.55
1.54 2250 20 0.59 0.15 2.19 6.7 914 0.26
0.375 2.56 3750 42 0.58 0.25 2.04 6.8 1287 0.18
6.41 9375 26 0.17 0.34 0.21 12 1086 0.07
8.97 13125 34 0.15 0.93 0.08 15.2 926 0.05
0.77 1500 26 1.31 0.15 3.89 5.8 617 0.51
1.54 3000 30 0.6 0.2 2.76 6.3 1213 0.22
0.5 2.56 5000 33 0.32 0.38 2.1 7.2 1432 0.12
6.41 12500 38 0.18 0.93 0.33 10.7 1569 0.06
8.97 17500 43 0.15 1.56 0.15 13.1 1398 0.04
0.77 1875 50 1.53 0.26 2.68 6.3 613 0.42
1.54 3750 56 0.62 04 1.91 6.9 1342 0.16
0.625 2.56 6250 49 0.36 0.44 14 7.4 1872 0.1
6.41 15625 61 0.17 0.84 0.27 11.3 1928 0.04
8.97 21875 70 0.14 0.91 0.14 13.3 1773 0.03
0.77 2250 61 0.85 0.21 5.5 5.3 1737 0.21
1.54 4500 76 0.49 0.26 2.92 6.2 2466 0.11
0.75 2.56 7500 71 0.32 0.35 1.45 7.4 2653 0.07
6.41 18750 75 0.18 0.73 0.42 10 2562 0.04

8.97 26250 78 0.15 0.7 0.23 11.7 2324 0.03




105106-5 Habchi et al. Phys. Fluids 28, 105106 (2016)

= Pao results
104 v VG wake
. 24 g;w Ywv ¥ v "
10° 4 ¥ vy vyww
1071 ¢t
> 10' 4 1004Cx=0.69 .
§ 1004 10" Cy=033 ;{5 ;
) . b
= 10" 4 107 ‘3* \
10° ki v 7
107 4 A Y
10' ¥ |
B v )
10°4 |o¢ - \
\ 10° 10" 100 100 100 10" 10" Y
10° T T T T T
10° 10 10° 107 10" 10° 10'

kn

FIG. 4. One-component normalized energy spectra in the VG wake compared to the Pao®® spectrum. The inset shows the
compensated power spectra plotted for the same flow in the VG wake.

of the Kolmogorov constant equal to 0.52 with standard deviation 0.10. As expected, the spectra for
large scales lack a universal behavior and instead depend on the flow configuration.

In the turbulent cascade, all the spectra are superimposed, as predicted by Kolmogorov’s first
similarity. Also, the spectra follow a —5/3 power-law until the Kolmogorov length. For higher wave
numbers, the —7 power index characterizes the dissipation range dominated by viscous forces.’

C. Integral length scale analysis

The integral length scale L of the most energetic turbulent eddies is fundamental for under-
standing the flow features as the development of boundary layers shed from bluff bodies,” heat
transfer,’* or mesomixing processes.>!

The integral scale L is defined by the normalized temporal autocorrelation function C (¢) for the
axial fluctuating velocity

00

L= / C) dr. 3)

0

The integral scale was computed here by a straightforward method using the velocity signal,
sampled at a convenient frequency between 1 and 4 kHz.

The longitudinal Taylor microscale A is obtained theoretically from the second derivative of
C (¢) att = 0. After some mathematical development,”” A can be expressed as

A= / e 4)
N\ w/oz)*

where du’/0z = (1/U.) (0u’/dt) by using the Taylor hypothesis as for Equation (1), so that the
spatial derivative can be estimated by the temporal data.
The Taylor microscale Reynolds number Re is defined by

Re, = “4. )
v

In the present paper, the ratio L/n is fitted by the power law

L_ 0.206 Re!?. (6)
n



105106-6 Habchi et al. Phys. Fluids 28, 105106 (2016)

L/h
<
<

0.1 . —_—— : —
10° 10* 5x10°

FIG. 5. Longitudinal integral scale normalized by the VG height versus dimensionless abscissa Re.

This expression is to be compared with the models in the literature collected by Tsuji® for
experiments and DNS, respectively, L/n = 0.257 Reﬁ'37 and L/n =0.128 Re}l'”. The discrepancies
in the pre-factors reflect the dependence of the large eddy motion on the global flow geometry.

As reported by Tsuji,’ the integral length scale is not convenient for representing the beginning
of the turbulent cascade (i.e., the higher scales of the inertial subrange), as the energy redistribution
may not be achieved in case of strong anisotropy at the macroscale.

In fact, in the range of low Reynolds numbers studied here, the variation of turbulence prop-
erties with the mean flow velocity is not significant. However, it is much more significant in the
streamwise direction. Therefore, a dimensionless abscissa is defined as follows:

Uz

Re, = (N

v

The integral scale normalized by a VG typical size (here we take the height, &) is plotted
in Figure 5 as a function of the dimensionless abscissa Re,. In Figure 5 it is observed first that

2.5
i —— DNS results
v VG wake
2.0+
1.5
© i
@) |
1.0+
i C,=05
0.5+ ‘
1 iRel:SO
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FIG. 6. Normalized turbulent energy dissipation rate C variation versus Taylor microscale Reynolds number Re, for the
measured locations in the VG wake compared to DNS?>-38 results.
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FIG. 7. Turbulent energy dissipation rate £ variation versus Reynolds number Re_ based on the mean flow velocity and the
z coordinate.

the dimensionless integral scales are of the order of 0.5 (the values are spread between 0.1 and
1) demonstrating that the VG dominates the flow structure. Secondly, the integral scale expands
downstream from the VG which is consistent with the observation of the flow topology (Figure 1).
The integral scale probably reaches a plateau further downstream at a given level fixed by the
equilibrium turbulence in the plain tube. Equation (8) represents the power-law fitting curve of the
dimensionless scale L/h,

L
- =0.002 Rel- 624, (8)

D. Turbulence decay downstream of the VG

Extensive studies are conducted to understand the dependence of the normalized turbulent
energy dissipation rate C,, defined in Equation (9), on the Taylor microscale Reynolds number
Re 18263233 1¢ g theoretically established that for Re, > 50, C. becomes constant with a value
around 0.5.263233 However, for smaller Re;, C, exhibits a certain scattering, ranging between 0.5
and 2.5,3*

el

Co= =55 ©)

u

In this section, DNS*38 results are compared to the data obtained in the VG wake for
15 < Re, < 80 as shown in Figure 6. It can be observed from this figure that the values of C, in
a VG wake follow a power-law decay C, = 24 Re;o'8 (while Sreenivasan®® predicted a decay of the
form C, = 18.8 Rejll) and approaches the value of 0.5.

While the DNS results show a clear convergence to C, = 0.5 for Re; > 50, the experimental re-
sults show a wide discrepancy in C,, even for the same flow field, that is caused by some differences
in the boundary conditions, as pointed out by Burattini et al.>*

The turbulence decay downstream from the VG is investigated by looking at the variation of the
turbulent energy dissipation rate & versus the streamwise dimensionless abscissa Re, in Figure 7.
The energy dissipation rate decays (Eq. (10)) as one moves far from the VG (where the length scales
increase as observed in Figure 5),

& =goRe? (10)
with &9 = 37.0 x 103 and 8 = —1.23.
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This decay is caused by the viscous effects acting on the large energy-containing eddies.
Similar behavior was observed downstream of screen-type static mixers.>* In multifunctional heat
exchangers/reactors, the turbulence energy dissipation rate is a key issue for the micromixing pro-
cess since it is inversely proportional to the micromixing time, which in turn is related to the
chemical reaction selectivity.'> Thus, to attain better chemical reaction selectivity, the dissipation
rate & should be maintained relatively high depending on the chemical reaction time.'® For instance,
it is observed that & drops to low values, below 0.5 m?2 s73, when Re, exceeds 9.000, corresponding
to a distance of about 6/ downstream from the VG. Thus, adding a second array of VG at a distance
6h from the previous one is recommended in order to maintain acceptable values of & and thus a
good micromixing process.

IV. CONCLUSIONS

The integral length scale is an important characteristic of the mesomixing process, which is
the limiting procedure for micromixing. In fact, mesomixing is the process of disintegration of
large eddies in the inertial sub-range of the energy cascade. Rapid mesomixing is important for fast
chemical reactions. For instance, in multifunctional heat exchangers/reactors, when the scale of the
injected stream of the secondary reagent is larger than that of the turbulent eddies, the concentration
fluctuations break down from the integral scale to the Kolmogorov’s microscale. Thus, the me-
somixing time increases with the integral length scale. Therefore, it is desirable to keep the integral
length scales as small as possible for fast chemical reactions. Thus, the size of the injected stream of
the secondary reagent and its location can be fixed according to the integral length scale. In the pres-
ent study, the evolution of the integral length scale versus Re, shows good agreement with the data
from the literature. The development of the integral scale behind the vortex generator provides a
consistent representation, considering that the flow structure is governed by the large-scale motion.

Knowledge of the local dissipation rate is also important in the design of multifunctional sys-
tems, since it governs the micromixing process. High levels of turbulence should be maintained
for fast chemical reactions. The present work analyzes the evolution of the normalized turbulent
energy dissipation rate C, downstream of the VG array. It is shown that in the range 15 < Re, < 80,
C. has scatter between 0.5 and 2.8. It is also shown that when Re, increases, C. approaches 0.5
following a power-law decay C, = 24 Re;o's, similar to Sreenivasan’s*® prediction of decay of the
form C. = 18.8 Re}'.

Moreover, an exponential decay of the turbulent energy dissipation rate versus the streamwise
dimensionless abscissa Re, was observed. In fact, moving downstream from the VG, the coherent
structures become less and less energetic. In the present flow, it is observed that the dissipation rate
& drops to low values at a distance of about 6/ downstream from the VG. Thus, it is recommended
to add a new VG array 6/ from the previous one in order to maintain good micromixing.

Finally, the knowledge of the macro-, meso-, and microscales in the flow allows some insight
into the turbulence structure of the complex flow generated by the VG and can provide some sizing
criteria for multifunctional heat exchangers/reactors.
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