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Abstract

An experimental study of turbulent flow concerning the characterization of turbulence by two-point corre-
lation and estimations of the turbulent dissipation rate is presented. The fluid used is deionized water and
the test section used was a square shaped channel of 24mm by 30mm on the cross section with a length of
1m. The test section also presented periodic baffle structure at two of the walls for enhancing and main-
taining turbulence. The study consisted in the measurement of the velocities at different positions of the
channel using Laser Doppler Velocimetry instrument (LDV), the velocity measurement obtained were used
for estimating two point correlations using the Taylor’s frozen hypothesis. Finally, the results from the two-
point correlation were used for estimating the turbulent dissipation rate. Considering the difference in the
methods for calculating the dissipation rate, a comparison of the accuracy of each method is presented. It
was found that the methods presented in this work showed similar results and trends of the dissipation rate
with respect to changes in flow condition and distance to the channel walls. However, better accuracy was
obtained by estimating the dissipation rate using the second order structure function and the Kolmogorov’s
two-third law.
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1. Introduction

Turbulence flow are present in many industrial processes, and have become a key parameter in the study
of phase interaction in multiphase flows. One particular case of importance for the oil industry is the study
of breakage and coalescence of oil droplets in turbulent water. In this case, models for droplets breakage and
coalescence are used for the design and modeling of separation processes. While these models concentrate
in the evolution of the different phases in the mixture, one key parameter is related to the characterization
of the turbulence. Nevertheless, due to the stochastic behavior of the turbulent phenomena the interaction
between phases can be difficult to model. As a consequence, most models are based on the statistical
probability measured through larger amounts of individual measurement.

A review of droplet breakage mechanisms in static mixer can be found in the work of Lemenand et.
al. [1], where shear, elongation and turbulent fluctuation mechanisms are discussed and compared. One
important contribution to the modelling of dispersed phase distribution in multiphase flow was presented by
Coulaloglou and Tavlarides work [2], in which the foundation for models of droplet breakage and coalescence
in turbulent flow for use with Population Balance Equation (PBE) was established. The phenomenological
model was derived from a theoretical perspective and validated with the available experimental data where
the breakage frequency and coalescence frequency were related to an estimated turbulent dissipation rate.
While the model proposed presented good agreement with experimental observations, the authors also
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concluded that in order to improve the model more measurements with uniform turbulent condition and
where coalescence and breakage could be observed independently were needed. Following the same principle,
Azizi et. al. [3] investigated breakage in a mixer where the volume-average dissipation rate was estimated
from measurement of pressure drop in combination with a model for describing the spatial variation of
dissipation rate. More recently, models for drop breakage derived in term of the turbulence energy spectrum
has been proposed. Han et. al. [4] suggested that the breakage frequency is parent drop size dependant,
and thus influenced by the entire energy spectrum distribution using the energy spectrum models proposed
by Pope [5] and by Hinze [6]. The authors found a good agreement between their model predictions and the
experimental data of Andersson and Andersson [7] and Maafl and Kraume [8]. Solsvik and Jakobsen [9, 10]
proposed a model for the second order structure function based on Pope’s energy spectrum model which
allowed the evaluation of the breakage and coalescence for the entire energy spectrum range. More recent,
Gong et. al. [11] proposed a model for studying the coalescence of droplet in turbulent flow by considering
the contribution of multiscale turbulent eddies. The structure function model for turbulence were compared
with data from direct numerical simulation and with previous models, where the authors claim to have
obtained a better accuracy in representing the second order structure function compared to the model of
Han et. al. [4] and Solsvik and Jakobsen [9, 10]. Nevertheless, none of these models were compared with
experimental measurement.

While different approaches are available for relating the turbulent phenomena to breakage and coalescence
in multiphase flows, there is still lack of accurate experimental data regarding the turbulence characteristics
and, as a result, models for turbulence had been used instead. In addition, these models require input of
turbulent parameters such as the dissipation rate and the turbulent kinetic energy. However, the turbulent
dissipation rate, kinetic energy and energy spectrum are not variables that can be directly measured, and
must be experimentally determined which in most cases result in determining two-point correlation from
the velocity fluctuation [5, 12]. These correlations require measurement of the velocity fluctuation at two
points while varying the distance between them. This procedure requires the use of multiple instruments,
however, simplification can be made by adopting the Taylor’s frozen hypothesis [13] for constructing two-
point correlation based on measurements from a single point.

While the amount of experimental data available in the literature is low, the focus is on models of
breakage and coalescence with less focus on the turbulent characterization. Bouaifi et. al. [14] used PIV
measurements and CFD simulations using the commercial software Fluent. They compared the commercial
software predictions for the axial velocity component with the velocity measured with the PIV and concluded
that the low-Reynolds number k — e turbulence model presented a good agreement with the experiments.
Nevertheless, this comparison would only reveal the ability of the model to reproduce the velocity field
and not the velocity fluctuation that are required for the turbulence characterization. This work was
continued by Andersson et. al. [15] where measurements and simulations of breakage and coalescence were
investigated. Here the authors used the PIV technique for obtaining the turbulent kinetic energy and the
turbulent dissipation rate which were obtained by direct calculation through the velocity gradients obtained
by the PIV method, however the accuracy of the results were not presented. Andersson and Andersson [16]
investigated and discussed breakup mechanisms and the dynamics of fluid particle deformation by means of
high speed camera and using CFD simulations and PIV method for characterizing the turbulence. Andersson
and Andersson [7] proposed a model for fluid particle breakage using the dissipation rate estimated by CFD
simulations. Maaf} et. al. [17] used the commercial software STAR-CD for estimating the local dissipation
rate in a stirred tank for studying breakage phenomena. The model used was based on a k — ¢ model which
showed better prediction at higher flow velocities. Maaf et. al. [18] used the Population Balance Equation
(PBE) for investigating the prediction of drop size in stirred tanks. In the PBE model, the authors used the
agitation power to calculate the power number accounting the average turbulence dissipation rate. Maaf et.
al [19] studied the prediction of droplet size distribution in breakage dominated stirred systems by hindering
the coalescence phenomena. In this case, the dissipation rate was calculated by CFD simulations. Maafl and
Kraume [8], performed experimental investigations of single drop breakage where the dissipation rate were
calculated as in Maaf} et. al. [17]. Hakansson et. al. [20], performed experimental investigation to estimate
local fragmenting stresses in rotor-stator mixer using two different approach based on PIV measurements.
While both methods can provide valuable information, both approaches presented disadvantages related with
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the low resolution of the PTV method. Mortensen et. al [21], experimentaly study the effects of slot width
on the local dissipation rate of turbulent kinetic energy using a PIV method coupled with a sub-resolution
modelling for studying breakage phenomena in roto-stator mixer.

Very few works acknowledged the importance and difficulties in estimating the turbulence parameters. In
the work of de Jong et. al. [22], seven different methods for estimating the dissipation rate has been compared
using a PIV instrument for the characterization. The uncorrected results obtained using second and third
order structure function and the scaling argument presented similar results. However, the uncorrected results
obtained using the direct method (measuring the velocity derivatives from the PIV experiments) and the
large-eddy PIV method developed by Sheng et. al. [23] results in larger values. The results obtained from
the spectral fitting resulted larger values that the second and third structure function methods and the
scaling argument but the values were lower than the direct and large-eddy PIV methods. The large-eddy
PIV is similar to the direct method but employs the Smagorinsky model [24] for estimating the subgrid stress
T;;. In particular, these two methods require a good approximation of the velocity derivatives which can
be affected by the spatial resolution of the PIV method. The results were corrected using models obtained
from literature that allowed a reduction in the gap between different methods. The corrections diminished
the values obtained by the direct method and large-eddy PIV and increased slightly the values from the
second and third order structure function method and the scaling argument. Vejrazka et. al. [25] performed
experimental measurement of the breakage of air bubbles in a turbulent water flow. The turbulent flow was
characterized through the use of the dissipation rate by measuring the velocity field by a PIV system. The
local dissipation rate was estimated using a large-eddy PIV technique, a second order structure function
method and a scaling argument. The results from the measurement of the dissipation rate from the different
techniques presented similar trends with the variation of the flow rate and distances, nevertheless there
was a large discrepancy in the values obtained, in which the second order structure function presented
systematically lower values for the dissipation rate followed by the large-eddy PIV and finally by the scaling
argument.

Lemenand et. al. [26], performed experimental investigation of micro-mixing by chemical probe in ho-
mogeneous and isotropic turbulence. The turbulent characteristic was generated by means of an oscillating
grid, where the dissipation rate was estimated using a scaling argument based on a three axis LDV mea-
surements. The authors compared the dissipation rate obtained with two different models, showing that the
scaling argument used underestimate the dissipation rate compared to the models used. They conclude that
the constant of the scaling argument could be greater. In the work of Lemenand et. al. [27], the turbulent
dissipation rate was obtained by linear fitting of the energy spectrum model for the inertial sub-range of
Kolmogorov [28] using a reconstruction of the energy spectrum based on LDV measurements.

In this paper, measurement of different statistical parameter for characterizing the turbulence in a square
channel is presented. It is focused on providing accurate measurements for characterizing the evolution of
the turbulence in the channel under different flow conditions. Different parameters were studied; including
the turbulent dissipation rate, the second order structure function, third order structure function and the
longitudinal autocorrelation function. Several methods are available for estimating dissipation rate from
these correlations. These methods will be presented and compared considering the method accuracy and
the statistical error in each case.

The design of the experimental apparatus used in this work were previously presented in Shi et. al
[29], where the design of the wall structures for the turbulence enhancing were investigated using Large
Eddy Simulation method using the commercial software Fluent. The experimental apparatus was designed
to study the breakage probability of oil droplet in turbulent flow. More recent, measurement for fully
developed turbulent flow were presented and compared with the results from the simulations [30]. The
results from the simulations and the dissipation rate estimated from the measurements presented a good
agreement. Nevertheless, the injection of oil droplet in a fully developed turbulent flow is difficlut to achieve
with this design, as a consequence the turbulence needed to be characterized for the entire channel in order
to account the evolution of the turbulent flow around the channel inlet.



2. Turbulent flow characterization

Turbulent flow are characterized by the fluctuating behavior of the velocity field. This means that pre-
diction of the flow condition at any time becomes a difficult task. The use of time average or ensemble
average operators over the velocity field can provide information on the magnitude and energy of the turbu-
lence fluctuations which can be used for constructing two-points correlations and for estimating turbulent
dissipation rate [5, 12]. Here, the velocity of a particular spatial point can be separated in a mean velocity
component and a fluctuation component:

Uz, t) =U(z) +U'(z,t) (1)

Where U(Z,t) is the instantaneous velocity, U(Z) is a time average mean velocity and U’(Z, t) is the velocity
fluctuation.

The evolution of turbulence can be represented by correlating the velocity fluctuations at two different
spatial positions. The correlation between spatial positions is stronger when the position is close and tends to
vanish as the distance between points increases. This dependence on the position can be used in estimating
the turbulent dissipation rate. The calculation of the correlations requieres the simultaneous measurements
of the velocities at two different positions. While the measurement at two different positions can be obtained
using two instruments, the simultaneous condition can be difficult to achieve. An alternative approach is
to use the Taylor’s frozen hypothesis [13], which assumes that the turbulent fluctuations of the velocity
advect with the fluid. This means that the velocity at a different position in the stream-wise direction can
be estimated from the conversion from velocity measurements at one position but differents times. The
velocity at the new position can be expressed as:

Up(z + 1, t) = U, to — 7/Uy) (2)

Where U, is the velocity in the stream-wise direction, x is the position in the stream-wise direction, r is the
distance between the two points in the stream-wise direction, t, is the initial time, and /U, corresponds to
the time that the flow takes to advect the velocity fluctuation. Different two-point correlations can be used
for characterizing the turbulent flow. The longitudinal correlation function is based in the product of the
velocities at different positions in the stream-wise direction. An ensemble average is used with the product
of the two velocities in order to construct the auto correlation matrix:

Qij(T,7,t) =< Uj(Z,)Uj(T + T,t) > (3)

If Q;; does not depend on time, then it is said that the turbulence is statistically steady. In addition, if it
is independent of the position Z, then it is said that the turbulence is statistically homogeneous. If the flow
condition does not change over time, it can be assumed that the flow is statistically steady. Nevertheless,
the condition for statistically homogeneous is more difficult to achieve specially at flows with turbulence
generated at the walls [5].
It should be noted that at large 7, Q;;(Z) tends to 0. Moreover, when the distance 7 approaches 0, then
this result in:
Qij(.’f,t) =< U{(fﬂf)Q >=U/? (4)

7,rms

With this property, a dimensionless form can be found, which for the particular case of the stream wise
direction this leads to the longitudinal auto correlation function:

f(?”) = Quz (T) Ualc%rms (5)

Where f(r) is the longitudinal auto correlation function. This dimensionless function can be used to estimate
the integral length scale:

I = /O f(r)dr (6)

1 oo
= UT/O Qe (r)dr

z,rms
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This parameter gives an estimation of the region in which the velocities are appreciably correlated.
A different approach is to construct the second and third order longitudinal structure function:

< [Av(r))?
< [Av(r)]?

In the case of the second order structure function, the correlation approaches 0 when r tends to 0 and start
developing until it reach its maximum value < [Av(r)]?> >~ 2U/2,,,.. It is normally interpreted as a measure
of the cumulative kinetic energy contained in eddies of size r and less [5].

A relation between longitudinal auto correlation and the second order structure function can be given

as:

= <[U(a+r)-Uy(@) > (7)

>
> = <[Ulz+7r)-U.(2)]®> (8)

< [Av(r)]* >=2u"(1 — f(r)) (9)

Another approach is to work in the wavenumber space where the energy spectrum can be interpreated
as the distribution of energy of the different vortex size, and the energy is transmitted from the larger scales
to the smaller scales where the dissipation of energy takes place. Different sub-ranges can be identified; the
dissipation sub range, the inertial sub range and the energy containing eddies sub range. Early breakage and
coalescence models like Coulaloglou and Tavlarides [2] assumed a particular relation between the interaction
of turbulent energy and droplet size by accounting the contribution of the inertial sub range of the energy
spectrum. In the inertial sub range, the turbulence can be described in terms of the turbulent dissipation
rate by means of the well-known Kolmogorov’s two-thirds law [28] and the Kolmogorov’s four-fifths law [31],
which relates the evolution of second order structure function and the third order structure function to the
dissipation rate.

The Kolmogorov’s two-third law can be described by:

< [Av(r)]? >= Be?/3r2/3 (10)
where 8 = 2. And the Kolmogorov’s four-fifth law can be expressed as:
< [Av(r)]? >= —4/5er (11)
The model for the energy spectrum of Kolmogorov for the inertial sub range follows:
E(r) = C¥/3x™%/3 (12)

where & is the wavenumber x = 27 /r. By measuring these two-point correlations, the value of the dissipation
rate can be obtained.

The dissipation rate follows from calculating the rate works of viscous stress on Navier-Stokes equation
for a Newtonian fluid [12]:

W:/ui (T;;dS;) :/82j(uiTij)dV (13)

where W is the rate of work, T; i; is the stress tensor, dS is a surface differential and dV' is a volume differential.
The stress tensor for Newtonian fluids can be defined as:

ou;  Ou;
T, = v L) = 2008, 14
j p”(aij“axi) pVSij (14)
where S;; is defined as the stress tensor:
1 Bui an
= = 1
SJ 2<8I]+8£L‘l) ( 5)

here it can be seen that S;; and in consequence T;; are symetric. Eq. 13 can then be decomposed in:

0 oT;; Ou;

Z wiTy] = (| =Ly + Tyt

5'xj [U; Zj] (839] Ui+ * 8ZJ)
5)

(16)



Where the first term is related with the net work of viscous force (f;ju;), and the second term correspond to
the rate of change of internal energy of the fluid. Using this relation, the dissipation rate can be defined as:

T5;5:;
€ — LPij

:2VSi‘Si‘ 17
p g ( )

The calculation of the dissipation rate through Eq. (17) is called the direct method. Measurement using PIV
instruments can provide information on a two-dimensional velocity field from which the velocity derivatives
can be extracted in order to apply the direct method. The third velocity field in PIV can be estimated
for using this method. Nevertheless, the accurate estimation of the velocity derivatives requires a very fine
spatial resolution in order to resolve the turbulent dissipation scales. The large-eddy PIV method developed
by Sheng et. al. [23] uses the Smagorinsky model [24] for estimating the unresolved smaller scales through
the calculation of the sub grid stress T;; in Eq. (17).

LDV methods provides measurement of velocity in one spatial position, however, by means of the Taylor’s
frozen hypothesis, information on the velocity in the stream wise direction can be obtained. The estimation
of the velocity can be used to obtain the velocity derivative for the stream-wise direction. In order to solve
the direct method, assumptions must be used for the remaining unknown velocity derivatives. One common
approximation is to assume isotropic flow, from which the equation of the dissipation rate for isotropic flow
can be simplified [32]:

ox

nevertheless, the error in estimating the velocity derivative can still be large depending on the spatial
resolution for each experiment.

A different approximation is based on a scaling argument where it is assumed the turbulent dissipation
rate equals the energy passed down the cascade from largest eddies to smaller eddies, and since viscous
dissipation is concentrated at smaller scales this leads to the following approximation:

Ouy 2
€= ZVSZ']'SZ'J' = 15v (18)

/ 13
urms . urms (19)

rms l - l

G~ e~ u'?

where G is the generation of turbulence, u/2, . is a measure of the kinetic energy and [/ul,, . is a measure

of the turnover time of the largest eddies. Then the estimation of the dissipation rate from the scaling

argument follows:

Au,
- & (20)

Where the prefactor A is a constant parameter with value (A = 1).

As mentioned before, the use of the turbulent dissipation rate in the classical breakage and coalescence
models were related to the inertial sub range solely. However, more recent developments on breakage and
coalescence modeling include the effects from the entire energy spectrum [4, 9]. In this case, the entire energy
spectrum cannot be described only in terms of the turbulent dissipation rate. Several models for energy
spectrum have been reviewed in the work of Solsvik and Jakobsen [10]. In particular, Pope [5] proposed an
empirical model for the entire energy spectrum:

€

E(k) = CPr=>P fr (kL) f (1) (21)

where fr and f, are non-dimensional functions, C' is the Kolmogorov’s constant (C' = 1.62), and L is the
integral scale defined as:

k3/2
L=—— 22
- (22)
where k is the turbulent kinetic energy:
3
k= iulﬁm (23)



The function f7 and f,, follows:

wL 5/3+po
wed) = (rrars) .
fn(km) = e_ﬁ([(”")4+ci}l/4_cﬁ) (25)

where (pg = 2, f = 5.2), ¢, and ¢, are positives parameter, and 7 is the Kolmogorov’s micro length scale
defined in Tennekes and Lumley [33] as:
3\ /4
=(%) (26)

where v is the kinematic viscosity. The function f, concern the micro scale as is related with the fluid
viscosity, while the function f;, is related to the energy containing sub range by accounting the turbulent
kinetic energy k through the integral length scale L. It should be noted that the energy spectrum proposed
by Kolmogorov for the inertial sub range has contribution on the entire energy range in the model proposed
by Pope, where it follows that the dissipation rate could be considered as the main parameter affecting the
entire energy spectrum.

The estimation of the values for C1, and C), has been proposed in the work of Solsvik [34], where the
parameters are presented as functions of the Kolmogorov’s constant C"

14.043 — 4.222C'
Re,,
4.478 + 18.362C
6)\. .

where Re) is the Taylor-scale Reynolds number which is related with the integral scale Reynolds number
Re L

20
Rey = gRelL/2 (29)
k‘2
ReL = — (30)
€V
Based on Pope’s model, Solsvik and Jakobsen [9] presented an analytical solution for the second order
structure function considering the energy spectrum model from Pope in the energy containing range and

inertial sub-range, and then extended to the dissipation range by including a semi empirical formula proposed



by Sawford and Hunt [35]:

4 r2 2/3
<AOP> = Gk (Fh) 0= T+ BT - T0) @1
2 1\ /3 [s(r)?]
ﬂ“>[me«:J (3 4))
T, = 3%%1(2/3)
Ts(r) = 27 x2Y3[s(r)]?°1(2/3)
_ 1 T\ (17 [s(r)?
nr) = &nWF<<3> ’(6 1 )
92/3
Ts(r) = WKMI%(S(T))
s =
N / kL
cr, = (Cx1.262)3
ra = (15Cg)**

Where, C = 2, F' is the hypergeometric function, K is the Bessel function, and I" is the gamma function.
More recently, Gong et. al. [11] proposed an alternative empirical model for the second order structure
function for the entire energy spectrum:

Cx (7) (er)2/3f1 (kL) for <L
< [Av(r)? >= T (32)
Cx (L—”) (eL)?3fL(kL) for r>L
where fr, is given by Eq. (24). The parameter c;, was taken from Eq. 28.
In addition, the second order structure function can be obtained by integrating the the energy spectrum
model from Pope [5]. The integration follows [12]:

NC R >~ N sin(kr) . cos(kr) ;
<laont>= 3 [ B0 [1-9 T s R (33)

3. Experimental setup

The experimental setup was developed in order to study the breakage of oil droplets in turbulent water
flow. The design presents a baffle structure on the channel walls for enhancing the turbulence generation.
The design of these structures was simulated using the Fluent software, where the Large Eddy Simulation
model was employed. The details of this numerical simulation can be found in the work of Shi et. al. [29].

The experimental setup is presented in Fig. 1. It is a closed loop circuit using destilled water as
continuous phase. The fluid is driven from a reservoir tank by a mechanical pump (model MDL-0670 from
SPX Flow Technology), then pass through a flow meter (model SITRANS F M MAG 5000 from Siemens)
connected to an acquisition card (NI USB-6221 from national instrument) which has a sampling frequency
of 250k H z. Before reaching the measurement section the flow pass through three sections with different
cross-sectional areas. The first section presents the largest area while the third section presents the smallest
area. Finally, the flow circulates the test section and is recovered in the reservoir tank.

The test section presents a rectangular cross section were two walls are made with glass and the other
two walls presents a periodic squared shaped structure for enhancing and sustain the turbulence. The two
walls with glass allows the visualization of the fluid flow and the utilization of the Laser Doppler Velocimetry
(LDV) measurement. The cross sectional evolution of the three reduction section before the test section
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Figure 1: Schematic drawing of experimental setup. 1. Water tank, 2. Pump, 3. Flowmeter, 4. Droplet generation channel, 5.
Breakage channel, 6. Syringe pump with oil, 7. Camera, 8. Illumination.
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Figure 2: The section view.

help to avoid turbulence before the test section, meaning that turbulence should be generated in the channel
walls at the beginning of the test section. In Fig. 2 a view of the test section can be observed along its main
dimension, the structures at the wall for creating and enhancing turbulence are presented in black.

The experiments consisted in measurements of the velocity of the fluid at different positions of the
channel using a laser Doppler velocimetry (LDV) instrument. Using this technique, the mean value and
velocity fluctuation are measured at different points in space. Then the different two-point correlations were
calculated. Finally, the dissipation rate was estimated using the different relations presented in the previous
section.

In the present paper, oil droplets were not used during the turbulent characterization. However, when
experiments involves the use of oil droplets these are separated by gravity in the water reservoir. The
volume of water in the reservoir is approximately around 800 to 900 liters, and the amount of oil used
during experiments is small which means that the oil can be separated by gravity and collected at the top
of the water tank where it is removed manually.

3.1. Laser Doppler Velocimetry

A laser Doppler velocimetry (LDV) model Fiberflow from Dantec Dynamics was used for the measure-
ments. The instrument measures single point velocities by the Doppler Shift of laser beams reflected by
seeding particles in the fluid media. With two pairs of laser beams, it was possible to get two velocity
directions, stream-wise and normal to the baffled walls. To map a plane in the center between the two glass
sides the probe emitting the laser beams was mounted on an automatic traverse system such that it could
move stream wise and between the baffled channel sides. In each point, a dataset of velocities was obtained.



3.2. FExperimental procedure

The measurement procedure consisted in selecting the flow condition (flow rate). Then, using the mea-
surement from the flow-meter, the pump was adjusted to achieve the targeted condition. Then using two
motorized stages, the laser were positioned at different locations of the channel. The positioning of the laser
were performed in order to map the entire visible area of the channel. For this reason, a grid of points were
constructed and measurements were performed at each point.

The grid of points were constructed using 17 points in the stream axis and 11 points in the perpendicular
direction (wall distance). The first point in the stream wise direction was located at 100 mm from the channel
entrance and the last point at 900 mm. The points perpendicular to the wall were measured in term of the
distance to the wall starting at 0.5 mm of distance and to the middle of the channel at a distance of 12mm
from the wall.

3.3. Instrument error

The flow condition was measured using a flow meter that has an accuracy of 0.4% of the measured
flow rate. The measurements of the flow presented also a statistical error which could be related to pump
oscillations and instrument fluctuations of 15 mm/s. This value was approximately constant at the different
flow conditions, meaning that the relative error in the flow is larger for lower flow rate. Nevertheless, the
error of the mean diminishes with the number of sampling, where with a sampling frequency of 250k H z,
the error of the mean results 500 times smaller for the mean value with a sampling period of one second.
Finally, considering that the minimum flow rate used corresponded to a mean cross sectional velocity of
1.0m/s, the statistical error can be neglected in comparison with the instrument accuracy.

Using the accuracy in the flow measurements, the error in the measurement of the mean flow follows:

oU
— ~ (0.004 34
- (34

here U is the mean cross sectional velocity.

The error in the velocity measurements is related with the accuracy of the LDV instrument. Systematics
error can be improved with calibration of the LDV instruments [36]. However, since no calibration were
done an uncertainty of 10 % will be used for estimating the errors. Nevertheless, the focus of this study
is on the velocity fluctuations, and since systematic errors affects the mean value, then it is expected that
systematic errors would not affect the measurements of the velocity fluctuation.

Su

=01 (35)

The error in the estimation of the distance between two measurement points r necessary for estimating
two points correlations is related with the fluid velocity at each position and the time interval between
particles detected by the LDV system:

At

u

r

(36)

Where u is the mean velocity at a given position. Considering that the uncertainties from the time mea-
surement and the mean velocity measurement are random and independent, we can apply the square root
of sum of squares of relative error for the error propagation of 7:

or SAL?  du?
VA T 37)

For estimating the error on the time interval, we considered the precision in which the LDV measured
time. At the maximum fluid velocities used (2.5m/s), the maximum frequency for particle detection were
approximately 2000 particles per second, which gives on average 0.5 ms between particles. Considering that
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the instrument can report time interval with a 1us resolution, it was consider this as the instrument error

and therefore:
YA\ lus

— <

At 500us
It should be noted that at lower pumping speed, the time between particles increase and therefore the error
in the detection of time interval decreases. The error for r from Eq. 37 results:

or
.

=0.002 (38)

~0.1 (39)

4. Measurements

The measurements consisted in acquiring the velocity fluctuation for different flow conditions and at
different positions in the channel. The flow conditions are expressed in terms of the average cross sectional
velocity of the flow. The velocity used were 1.0m/s, 1.5m/s, 2.0m/s and 2.5m/s. From the measured
instantaneous average velocity at each position, the root mean square of the velocity was computed, which
was later used for estimating the dissipation rate. For each position, the amount of samples used for the
averaging procedure were N = 200000.

4.1. Velocity fluctuation

The velocity fluctuation is a statistical quantity that is computed as an average of many samples. Since
the mean value of the velocity fluctuation is zero, then it can be related with the measurement of the
standard deviation of the velocity measurement:

(U s)? =< u? >= o? (40)

™ms

where o is the standard deviation of the measurement of the velocity. The error of the estimation of < u'? >
follows the error estimation of the standard deviation [37]:
1
00 =0——=— (41)
2(N-1)

Where N is the number of samples used in the averaging procedure (N = 200000). Using this relation, then

the relative error of u..,,, follows:
du; 9 1
Drms _ 27—~ —0.0016 (42)
Urms g 2(N - 1)

In Fig. A.20 in Appendix A, the root mean square of the velocity fluctuations are presented for different
flow conditions and positions in the channel. It can be observed that the velocity fluctuations start developing
at the walls and increases from the start of the channel until approximately the middle of the channel. Then
it appears to be independent with the distance to the channel inlet, and close to the end of the channel (at
distance 900mm), it decreases slightly.

Another source of error in the velocity fluctuations is produced by the abrupt change in the mean velocity
profile close to the channel wall. The LDV instrument measures the instantaneous velocities of seeding
particles that pass through the laser beam. The seeding particles that are detected in each measurement
can be associated to a volume around the measurement point defined by the laser beam size, and since the
velocity field close to the wall has large velocity gradient, then the velocity measurement of the LDV will be
affected by the large velocity distribution inside the volume of detection, resulting in overestimation of the
root mean square of velocity fluctuation. In addition, since the amount of particles detected is correlated
with the traveling velocity of these particles, the distribution of velocities may not be homogeneous inside
the measuring volume. These two sources of error will be translated in larger estimation of the mean velocity
and the velocity fluctuation close to the channel wall, resulting in overestimation of the turbulent dissipation
rate estimated by the scaling argument.
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4.2. Longitudinal autocorrelation function

The values for the longitudinal autocorrelations function result from the ensemble average over a large
set of data. The data obtained is separated according to the distance r calculated using the Taylor’s Frozen
hypothesis. First, a value for r is calculated according to the time between the velocity measurements. Then
with this set of velocity and distances, the distances were grouped into smaller regions in order to obtain
an average value. Each group were selected using a distance between points of Ar = 0.5mm, this value was
selected taking into consideration the amount of samples to be averaged in each group and the accuracy in
resolving the given direction. On one hand, narrower groups could lead to higher position accuracy at the
expense of decreasing in the accuracy of the averaged velocity fluctuation measurement. On the other hand,
wider groups provide more samples to increase the accuracy of the averaged velocity fluctuations while the
position accuracy decreases.

In Fig. 3, an example of the relation between distance and the autocorrelation function @,, is shown
for different flow conditions and distances to the channel wall. The flow selected corresponds to a fully
developed flow situated approximately in the middle of the channel at a distance of 600mm from the inlet
of the channel. From this measurement, it can be observed that the correlation is larger for those positions
closer to the channel wall, and it can be observed that the fluctuation of the correlation is also larger for
these cases. This last observation could be related with the abrupt change in the velocity profile close to
the channel wall.
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Figure 3: Velocity correlation function for different flow conditions at 600 mm from the channel inlet. The different measure-
ments correspond to different distances to the channel wall.
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The standard deviation of the mean value of Q., can be estimated as [37]:

5@@90 (7")

5sz (’I“)

Ny (r)

(43)

Where 6Q,, denotes the error of the mean value, 6Q,,(r) can be estimated through the standard deviation
of the averaging procedure performed in each group of r, and N,.(r) is the number of samples used in the

averaging procedure, where different samples number correspond to different values of 7.

4.8. Second order structure function measurements

Using the same procedure as for the longitudinal autocorrelation function, an ensemble average of the
difference between velocities at two different points in the same stream-wise direction was calculated using
a set of data grouped in sections of Ar = 0.5mm. The results for the case with fully develop flow at a
distance of 600 mm from the inlet of the channel is shown in Fig. 4. It can be seen that in line with the
previous case, the turbulence intensity is larger closer to the channel walls, with larger fluctuation of the
correlation for the same case.
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Figure 4: Second order structure function for different flow conditions at 600 mm from the channel inlet. The different
measurements correspond to different distances to the channel wall.
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4.4. Third order structure function measurements

The measurement of the third order structure function can be observed in Fig. 5. Here the observed
fluctuation in the measured values of the correlation are larger than for the previous two cases, and therefore
the expected accuracy that can be obtained from using this correlation should be lower than using the
second order structure function measurements. In addition, the data fluctuation that can be observe for
low velocities would make it more difficult to perform a curve fitting of the data. Nevertheless, it can be
observed that at higher velocities the dependency of the third order structure function with the distance is
more clear and in particular closer to the channel wall where it is expected to observe stronger turbulence
intensities, showing that the third order structure function can still be a useful tool for the characterization
of the turbulence.
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Figure 5: Third order structure function for different flow conditions at 600 mm from the channel inlet. The different measure-
ments correspond to different positions along the channel length.

5. Integral length scale estimation

The integral length scale has been estimated to be used in Eq. (20) to compute the turbulent dissipation
rate. The integral length scale is obtained by integration of the velocity autocorrelation function according
to Eq. (7), using the estimation of @, and u/ The values obtained can be observed in Fig. 6for different

rms:*
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positions of the channel and different flow conditions. It can be observed that the values are in the same
range and with very little variation at different velocities or distance to the wall, presenting minimum values
close to the channel wall and the middle of the channel. Lower value of the integral length scale close to
the channel wall could be due to the presence of smaller turbulent structures. When these structures moves
into the flow, they interacts with other structure and as a result, they could increase their size. This could
explains why the integral length scale measurements shows first an increase with the distance to the channel
wall. The decrease of the integral length scale close to the middle of the channel could be related with the
loss of energy due to dissipation. In addition, entrance effects affect the integral length scale estimation in
the middle of the channel, since the turbulence levels are smaller in the middle of the channel close to the
entrance of the test section. This last hypothesis is sustained by the fact that this effect is observed greater
for the channel position closer to the entrance of the test section.
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Figure 6: Integral length scale for different flow conditions. The different measurements correspond to different positions along
the channel length.

Since the integral length scale (1) is an estimated parameter, it is of great importance to discuss the error
propagation in detail. In particular, the error propagation accounts for the error produced by the integration
procedure, in which the values of Q. (r) were estimated over several measurements, and presents an error
estimation for each value of r. The error estimation for the integration of a generic function f can be
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expressed as:
’ 5 ( / f(a:)d:z:) ~ 3§ (Z f(a:i)Axi) (44)

However, in order to simplify the error estimation, the error for each point will be assumed to be uncorrelated
and similar. With these assumptions, the error of the integration can be estimated as:

5( / f(w)da;) ~ Ax\/g(éf)z (45)
~ Asy/Noof

where Az is the discretization in the longitudinal direction r, N, is the amount of integration points and
0f is the assumed constant error of the function f at each integration point. Applying this assumptions
to the error propagation of Eq. (7) and assuming a limit for the numerical integration at a distance of
approximately 10 times the integral length scale, then we obtain the following relation:
O _ 0trms | 4 0Qua
! U’;‘ms u'/ers\/‘ZTI
Here @, is the constant value used as the estimation of the error of Q. (r) for the different values of r.
The contribution from the velocity fluctuation can be neglected compared to the error contribution from
Q- The results from applying Eq. (46) can be seen in Fig. 7. It can be observed that the error in the
estimation of the integral length scale is considerable.

(46)

6. Dissipation rate calculations and error estimation

The dissipation rate can be estimated using different methods as presented in section 2. First, we
estimated the turbulent dissipation using the scaling argument presented in Eq. (20). The results from
estimating the dissipation rate are presents in Fig. 8, where it can be observed that the dissipation rate is
larger closer to the channel wall where the turbulent flow is generated by the structures at the wall, and
decreases with the distance to the wall as the turbulent flow propagates through the flow. It can also be
observed some increase along the center of the channel (wall distance of 12mm) as the effects of the entrance
effects reduces and the turbulent flow becomes more developed. As expected, it can be observed that the
turbulent dissipation rate increase with the mean flow rate.

The error propagation of Eq. 20 results in:

/

o = 3% + o (47)
€ ul . l

The error in the estimation of the velocity fluctuation term is negligible compared with the error in the
estimation of the integral length scale. However, as we have acknowledged in section 4.1 the estimation of
the velocity fluctuation could be overestimated, and since a power law relates the velocity fluctuation with
the turbulent dissipation rate, then we expect the calculation of this to be overestimated close to the channel
walls. Fig. 9 shows the error estimated for the turbulent dissipation rate constructed using Eq. (47) for
different flow conditions, channel positions and distances to the wall, where it can be observed a larger error
closer to the channel walls.

In addition, the scaling argument presents another source of error through the constant parameter A.
This parameter value should be in the range 1 — 1.2. However, many researchers use this as an adjustment
parameter and use values outside this range. In this work, the value adopted correspond to A = 1.1 0.1,
meaning that the method present an error of 10% given by the range of A.

Another method for obtaining the dissipation rate uses the second order structure function. Considering
the turbulent inertial subrange, the dissipation rate can be calculated using the Kolmogorov’s two-third law
presented in Eq. (10). The approach consists in performing a linear fitting of the second order structure

16



10! . . . . . 10! . . . . .
© ©
[ [
(& O
N N
= ° = [}
S10% 4 o @ : 2 10% o o |
= i ° e o = » o —®
8 > 3 ° o 8 . ¢ »
=] » » =Y > '] > >
2 * [ SO S A ¢ 2 . ; > >
£ LA ST N A0 4N 10 N - et e ¥ F 84T
et =1
210 ® 7= 150 mm 210 ® 7= 150 mm
o = 7z=300 mm o = z=300 mm
_g ¢ z=450 mm _g ¢ z=450 mm
3 A z=600 mm 3 A z=600 mm
& z=750 mm & z=750 mm
R » z=900 mm R » z=900 mm
10° ; ‘ ; : 10 ; ‘ ; :
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Distance to wall [mm] Distance to wall [mm]
(a) Cross sectional averaged velocity 1.0m/s. (b) Cross sectional averaged velocity 1.5m/s.
1 T T T T 1 T T T T
—_ 10 ® z=150 mm — 10 ® 7z=150 mm
j = z=300 mm ‘i‘ = 7z=300 mm
< ¢ z=450 mm < ¢ z=450 mm
& A z=600 mm & A z=600 mm
= A z=750 mm < z=750 mm
o ol » z=900 mm D, ol m » z=900 mm
E 10 i E 10 . .
® > N e ° & I 1 t R ° L]
L X
8 . ; LA S U K SN SR < ][ g e ; i > ; | 3
E T B B T I E . é T |
' [ ] () L] '
<] 10 F 1 S 101F
@ @
(9] (]
= =
8 8
Q Q
x x
1072 ‘ ‘ ‘ ‘ ‘ 1072 ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Distance to wall [mm] Distance to wall [mm]
(c) Cross sectional averaged velocity 2.0m/s. (d) Cross sectional averaged velocity 2.5m/s.

Figure 7: Estimated error for the integral length scale for different flow conditions. The different measurements correspond to
different positions along the channel length.
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different measurements correspond to different positions along the channel length.
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function versus 72/ for the measurement points that correspond to the inertial subrange. The results from
the linear fitting provides the value of 8¢2/3, from which the value of the dissipation rate can be easily
obtained. An example of this procedure can be seen in Fig. 10, here the measurements were performed at
the center line of the channel, from a distance of 600 mm from the inlet of the test section and with a mean
cross sectional velocity of 2.0m/s.

Considered the following a linear representation:

y=a+bx (48)

Then, using the least squares linear fitting [37], the coefficients a and b can be obtained. In addition,
information of the statistical error of the coefficient ¢ and b can be obtained in the form of o, and oy
respectively.

STy = Ty Y
A
p NY xyi — > iy yj

A
NY o - () (51)

A —
The error on the coefficient follows:
oy = \/ﬁZ(yi —a—bx;)? (52)
O = 0y ZAIQ (53)
op = 0Oy % (54)

Here oy, reflects the estimated error from the linear fitting from the y coordinate which in this case is the
error of < [Av(r)]? >. Nevertheless, an error was estimated for this quantity since each point is based in
an average procedure over several measurements from where a standard deviation was obtained. Then the
largest error of these two method were selected. In Fig. 11, the dissipation rate are presented for different
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flow conditions and channel positions, where it can be observed that the results obtained with this method
are in the same range than the measurements obtained with the scaling argument presented in Fig. 8.
Nevertheless, from the comparison between the two methods it can be observe that with this method, the
effects of the entrance length are more clearly represented. Here, the turbulent dissipation rate for those
positions closer to the entrance presents smaller values close to the middle of the channel (wall distance of
12mm), and as the distance to the entrance increases, the turbulent dissipation rate converges approximately
to the same value.
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Figure 11: Dissipation rate estimated using the second order structure function for different flow conditions. The different
measurements correspond to different positions along the channel length.

Using the error estimation from the linear fitting presented in Eq. (54), the relative error of the dissipation
rate from Eq. (10) follows:

de 3

The results from applying Eq. (55) can be observed in Fig. 12. It can be observed that with this method
the relative error is larger in the center of the channel. This effect is related with the lower turbulence
intensities at the middle of the channel that contribute to an increase in the relative error of the turbulent
dissipation rate. This effect is more evident for the positions close to the entrance of the channel where the
dissipation rate presents lower values. The error produced with this method is considerable smaller than
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the error obtained using the integral length scale, due to the error produced in the integration of @Q,, which
is considerable.
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Figure 12: Error estimation for the dissipation rate estimated using the second order structure function for different flow
conditions. The different measurements correspond to different positions along the channel length.

A similar method consists in using the third order longitudinal structure function, from which the
dissipation rate can be obtained through Kolmogorov’s four-fifth law presented in Eq. 11. A linear fitting is
employed as presented in Eq. 48, in which the parameter y correspond to the third order structure function
and the parameter x to the position. An example of fitting the data with this procedure is presented in
Fig. 13, where the measurements were performed at the center line of the channel, from a distance of
600 mm from the inlet of the test section and with a mean cross sectional velocity of 2.0m/s. From the
linear fitting we obtain the coefficient a, b and o, o using the same procedure as with the second order
structure function. The dissipation rate obtained are shown in Fig. 14. Here it can be observed the effects
of the higher fluctuations of the third order structure function (see Fig. 5) in the estimation of the turbulent
dissipation rate. While the values of turbulent dissipation rate obtained are in the same range with the
other two methods, it can be clearly see that the results from the second order structure function presents
less fluctuation and with a smoother transition between the data generated at different flow conditions and
channel position. While this effect can be observed for the different flow condition, it is more evident at
lower velocities.
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Figure 13: Linear fitting example using the third order structure function in the inertial sub range. The measurement correspond
to the center line of the channel at a distance of 600 mm from the channel inlet. The mean cross sectional velocity was 2.0m/s.

Similarly as with previous case, the coefficient o, obtained from the linear fitting was compared with the
estimated error of the third order structure function and the larger value was then used for estimating the

error of the dissipation rate:

de 5
? = 10'[) (56)

The estimated error can be seen in Fig. 15. In this case the relative error is larger than using the second
order structure function and apparently slightly better that the error from the scaling argument methods.
Here the larger fluctuation of the third order structure function contributed to the increase in the error of
the estimation of the dissipation rate by mean of the error propagation. This effects is more pronounced at

lower velocities and closer to the center of the channel where the turbulent intensity are lower and where it
was observed higher fluctuation of the third order structure function presented in Fig. 5.

7. Second order structure function models

In section 2 different methods for turbulent characterization were presented, where the second order
structure function was introduced as a mean for obtaining the turbulent dissipation rate. In order to obtain
the turbulent dissipation rate the second order structure function was used in the inertial sub range using
Kolmogorovs two-third law presented in Eq. 10. Nevertheless, the second order structure function presents
information on the entire energy spectrum, which can be used in the development of models for breakage
and coalescence that included the contribution from the entire spectrum of turbulence. In Fig. 16, a
comparison obtained from measurement of the second order structure function and the models from Solsvik
and Jakobsen [9], Gong et. al. [11] and from the numerical integration of Pope’s energy spectrum [5] is
presented for different flow conditions. The measurement were performed at the centerline of the test section
and at a distance of 600 mm from the inlet of the channel. The models were evaluated using the dissipation
rate measured using Eq. 10 and using an estimation for the turbulent kinetic energy presented in Eq. 23
based on the measurement of ), .. With the estimation of k, then integral scale was obtained using Eq.
22. It can be observed that the methods describe fairly well the evolution of the structure function. At
higher correlation distances (r > 20mm), it can be observed that the measurements are better described by
Solsvik and Jakobsen model and by the numerical integration of Pope’s energy spectrum presented in Eq.
33, with the model of Gong et. al. over predicting the measurements. However, in the inertial sub-range,
the model from Gong et. al. and the model from Solsvik and Jakobsen presents similar results which also
approximate the measurements better than the numerical integration of the energy spectrum.
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Figure 14: Dissipation rate estimated using the third order structure function for different flow conditions. The different
measurements correspond to different positions along the channel length.
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8. Results

In section 4, measurement of the dissipation rate were presented for different methods where the error for
each case was discussed. Based on the results obtained, it was found that the estimation of the dissipation
rate using the second order structure function presented the smallest uncertainty.

Nevertheless, the other two methods provided results in the same range of values predicting with similar
trend the evolution of the turbulent dissipation rate for different wall distance and flow condition. These
results are summarized in Fig. 17, where the results from the different methods are presented for different
flow conditions and at a distance of 600 mm from the inlet of the channel. Here, the measurement from the
different method shows similar results at the middle of the channel. However, closer to the channel wall,
the dissipation rate calculated from the scaling argument presented deviation compared to the other two
methods which presents similar results in this region. This observation was addressed in section 4.1 where it
was discussed that the velocity fluctuation was overestimated close to the channel walls and this is reflected
in an overestimation of the dissipation rate using the scaling argument. It can also be observed than the
estimations using the third order structure function presents a little more fluctuation than the other two
methods, nevertheless it is expected considering the larger uncertainty obtained with this method compared
with the second order structure function.
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Figure 17: Comparison of the dissipation rate obtained from the different methods for different flow conditions at a distance
of 600 mm from the channel inlet.
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Measurement of the turbulent dissipation rate were performed for different positions in the channel and
flow conditions. The methods used corresponded to the second order structure function presented in Eq.
(10). The methods was chosen due to presenting the best accuracy from the methods reviewed in this work.
The results are presented in Fig. 18, where the dissipation rate is presented for different flow conditions and
positions in the test section. It can be observed that the dissipation rate intensity is stronger at the channel
walls and propagates into the flow as the distance to the inlet of the channel increases.

2
15
1
05

12 10 8 6 4 2

2 10 8 6 4 2

(a) Cross sectional averaged (b) Cross sectional averaged (c) Cross sectional averaged (d) Cross sectional averaged
velocity 1.0m/s. velocity 1.5m/s. velocity 2.0m/s. velocity 2.5m/s.

Figure 18: Dissipation rate estimated using the second order structure function for different flow condition.

The dependence of the dissipation rate with the distance to the channel wall was observed in Fig. 17
where the logarithm of the dissipation rate presented a linear behaviour with the distance to the channel
wall. Using these observation, an empirical correlation for the turbulent dissipation rate and the turbulent
kinetic energy was found for different flow conditions and distance to the channel walls. The correlation was
obtained for the measurement at a distance of 600 mm where we assume a turbulent flow fully developed
since the effects that the distance to the channel entrance has on the turbulent dissipation rate can be
neglected (see Fig. 18). The correlation obtained follows:

¢ (dw, Req) = exp(—32.2972—5.42[§—1:])R63.114 (57)
k(dy,Req) = exp(_23'1252_3'77[%:])R63 (58)

where d,, is the distance from the channel walls, dj is the hydraulic diameter, and Rey is the Reynolds
number based on the hydraulic diameter:

Red = — (59)
A comparison between the measured data and the results from the empirical correlation is presented in
Fig. 19, where it can be observed that the error of this method is in the range of +£20%.
9. Conclusions

We have presented measurements of the turbulent dissipation rate for a rectangular channel using Laser
Doppler Velocimetry for direct velocity measurements. The estimation of the dissipation rate presented
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Figure 19: Comparison between measurements of turbulent dissipation rate and turbulent kinetic energy measurements with
estimation using the empirical correlations from Eq. 58.

contains a comparison between the Kolmogorov’s two-thirds law, the Kolmogorov’s four-fifths law and a
scaling argument. We have considered the statistical nature of turbulent flow and performed an uncertainty
analysis of each method where we showed the dependence of each method with the measurements statistics.
With several available methods for calculating the dissipation rate, it is important to note the uncertainty
in the value presented, such that later modeling attempts may treat the information correctly.

The methods for estimating the turbulent dissipation rate are statistical methods that required the use
of two-points correlations. These were obtained by using direct velocity measurement with the LDV and by
applying the Taylor’s frozen hypothesis for transforming a time dependent velocity into a spatial velocity
field required for the calculation of two-point correlation. The two point correlation used were the velocity
autocorrelation function, the second order structure function and the third order structure function.

We observed that the methods presented in this work showed similar results and trends with respect to
changes in flow condition and distance to the channel walls. It was also observed that a significant larger
increase in the estimated turbulent dissipation rate was observed close to the channel wall in the scaling
argument method compared to the other methods. However, the deviation in this estimation could be
explained by acknowledging the uncertainty of the velocity fluctuation measurements close to the channel
wall, which greatly affects the estimation of the scaling argument. The comparison between the uncertainties
in the estimation for each method also showed that by using the Kolmogorov’s two-thirds law a smaller
statistical uncertainty was achieved.

The measurement of the second order structure function were compared with the models from Solsvik
and Jakobsen [9] and Gong et. al. [11]. The relevance of these two models is founded in the possibility
of implementing breakage and coalescence models for the entire energy spectrum. The results from the
comparison showed a good agreement with both methods for the inertial and energy containing sub-range.
The acurracy required for the comparison between measurement of the second order structure function and
the models from Solsvik and Jakobsen [9] and Gong et. al. [11] for the dissipation sub-range was not
achieved, and as a consequence the validity of this two models in this sub-range were not discussed in this
work.

Finally, an empirical correlation for the dissipation rate for fully developed turbulent flow was presented.
A comparison between measurement and the empirical correlation presented an estimated error in the range
of +20%.
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Appendix A. Complementary measurements
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Figure A.20: Velocity fluctuations for different flow conditions. The different measurements correspond to different positions
along the channel length.
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