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Summary

3D-PTV of particle-laden turbulent pipe flows

Turbulent dispersed two-phase flows are ubiquiiousoth industry and nature. Flows of
this kind are characterized by particles, dropdetsubbles dispersed within a carrier phase.
Predicting the behavior of this kind of flows is thf®re of quite some interest in
engineering applications. However, due to the cemphture of the problem, the available
models are usually simplified and not able to fydhedict fluid and particle behavior for
the whole range of applications.

Experiments are indispensable tools to understamdinderlying physics of dispersed two-
phase flows. Experiments therefore serve to imprthee efficiency and reliability of
numerical or theoretical models. However, the latkonsistent experimental data makes
validation of existent models difficult.

Among the numerous turbulent dispersed two-phasesfl a particular class possesses
challengeable and interesting properties that riieclosure: flows where the dispersed
phase is able to interact with turbulent eddiess Thass of dispersed two-phase flows is
even more interesting and of practical importamcari inhomogeneous turbulent velocity
field such as found in pipes. This work aims atezipental clarification of the essential
physics of turbulent particle-laden pipe flows watltharacteristic ratio of turbulent carrier-
phase RMS velocity and terminal velocity of inegarticles,u4Ury, of order one.

An experimental setup is arranged in such way that liquid and particle three-
dimensional velocities in upward and downward weettiffows can be measured. The
optical technique three-dimensional particle tragkvelocimetry (3D-PTV) is applied to
gather Lagrangian and Eulerian statistics for bilativ tracers and inertia particles. To the
best of our knowledge, no Lagrangian results ha@nlreported for particle-laden pipe
flows.

The role of inertia, flow turbulence and flow oriation with respect to gravity on
concentration profile and mean relative velocitypafticle-laden pipe flows is presented.

The effect of particle feedback on the fluid isgmeted wittb-forcing. The relevance of the

viii



break-up mechanism in the transport of inertiaigag in transient pipe flows is discussed.
The main features of Lagrangian velocity and aceaéten statistics of flow tracers and

inertia particles are disclosed.






Introduction

Turbulent dispersed two-phase flows are ubiquitouboth industry and nature. For
example, the dispersion of pollutants in an urbavirenment, sediment transport or the
fluidized catalytic cracking of carbohydrates afee studied” Flows of this kind are
characterized by particles, droplets or bubblepeatsed within a carrier phase. The
occurrence of such flows in pipes is large as wefth applications ranging from
pneumatic conveying systems to chemical reactoigde®redicting the behavior of this
kind of flows is therefore of quite some interesengineering applications. However, due
to the complex nature of the problem, the availabtelels are usually simplified and not
able to fully predict fluid and particle behaviarthe whole range of applications.

Single-phase turbulent flows are intensively studisdwell. In the range of low to
moderate Reynolds numbers, Direct Numerical SimutaDNS) of the Navier-Stokes
equations enables the computation of complete kembdlow fields without the need of
any modeling assumptions. This method is well knéevbe limited by the requirement of
quite some computational power, even at moderatgndtés numbers. Single-phase
turbulent flows at high Reynolds numbers or in cterdlow geometries demand huge
computational effort. In such conditions, predinSaare only possible by modeling parts of
governing equations, in particular the small sgalesulting in the so-called closure
problem: the process of averaging leads to termishadequire heuristic modeling.

The stochastic nature of the carrier-phase turloeles further complicated by the
dispersed phase. Its presence makes such typeveffdr more complex than its single-
phase counterpart. When particles are present flnich flow, the only way to exactly
describe the system, including the interactionhef phases, is to fully resolve the particle

surfaces, demanding severe mesh refinement atitheugadings of particles. The presence



Chapter 1

of particles therefore significantly enhances thguirements with regard to computational
memory and time. As a result, extra assumptions@eeled to simplify the system, such as
treating finite-size particles as point forceshe fluid domain.

In this context, experiments are indispensablestdol understand the underlying
physics of dispersed two-phase flows. Experimemtsrefore serve to improve the
efficiency and reliability of numerical or theom#i models. However, the lack of
consistent experimental data makes validation @tent models difficult.

Among the numerous turbulent dispersed two-phasesfla particular class possesses
challengeable and interesting properties that rieclosure: flows where the dispersed
phase is able to interact with turbulent eddie® Tmminal velocity of the dispersed phase,
Uy, is attained when gravitational and drag forcesa @mgle particle are in equilibrium in
a quiescent fluid. When a characteristic root-megurare velocity of the turbulent carrier
phase,ums and the terminal velocity are of same order ofynitade, Und/Ury = O(1),
significant interaction between the dispersed plase turbulent eddies is expected. For
example, the entrapment of particles in vorticawfl structures can modify the time-
averaged settling velocity.

This class of dispersed two-phase flows is evenemnbteresting and of practical
importance in an inhomogeneous turbulent veloddlgfsuch as found in pipes. This thesis
aims at clarifying some essential physics of tuehtidispersed two-phase pipe flows with
UmdUrv = O(1) by means of experiments and analysis. Paftiden flow is chosen
because solid particles make the control of thetialecharacteristics of the dispersed
phase, such as the mass density and volume, dasé#sltdition, the shape is controlled and
precisely known while the difference in mass déesiof carrier and dispersed phases can
be varied at will. Two categories of polystyreneriia particles are employed to represent
the dispersed phase, with particle diameters qooreting to 0.80 and 0.96 mm.
Polystyrene particles with 0.2 mm are employed@s ffacers. The ratio of mass densities
of applied particles and of the carrier fluid (watis 1.05. Vertical flow directions are also
chosen, since the alignment (or counter alignmefithe main flow and gravity facilitates
the analysis due to symmetry in azimuthal direction

Experimental approaches in fluid flows are ofterbdivided into Eulerian and
Lagrangian. While the first approach employs ai@tary observer to measure flow
guantities, in the second particles are followedtloeir path through the flow and their

changing behavior is monitored as a function ottifiherefore, an experimental technique
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Introduction

which allows statistical analysis in both Euleriand Lagrangian reference frames is
desirable.

Two main categories of techniques are often apphethe acquisition of Lagrangian
statistics: sonar and optical. The first is in gahemployed for low particle number
densities; one or few more particles in the measar¢ volume at a certain time and
during short measurement periddsThis is certainly a drawback when a large amotint o
particles is required to obtain reliable statistisa optical technique allows a considerable
range of particle number densities and $izasd has therefore been chosen for the present
work.

The optical technique three-dimensional particecking velocimetry (3D-PTV) is
applied to gather Lagrangian and Eulerian stasisticparticle-laden turbulent pipe flows.
This technique is chosen instead of PIV for theofsihg reasons: the inhomogeneous
nature of pipe flow where particle statistics amegeneral averaged on discrete radial
positions and the sparse particle field, partidulfor the dispersed phase.

3D-PTV particle-laden pipe flow experiments haverbperformed in a test rig always
at the same bulk flow Reynolds numbBef), 10300, based on the pipe diameter and bulk
velocity. Measurements at the specified Reynoldmber favor direct comparison to
literature results. Lagrangian measurements in figgometries with non-zero mean
velocity component are scarce. The work of Suzulli Kasadf represents one of the few
exceptions. For the practical pipe flow, only the-BDV results of Walpoet al™ at flow
Reynolds number, 5300 and 10300, are availableutokoowledge. At the samRe,
Veenmalff! provided Eulerian and Lagrangian computations infjls-phase pipe flow,
with DNS. However, these reference Eulerian and &agian results have only been
obtained for single-phase pipe flows in fully dexpdd flow conditions. To the best of our
knowledge, no Lagrangian results have been repéotgehrticle-laden pipe flows.

With the aim of evaluating the effect of flow ortation with respect to gravity on the
concentration profiles of particles, the experimaésetup is arranged in such way that the
liquid and particle statistics in upward and dowrveertical flows can be measured. To
analyze the role of flow turbulence level on thmdiaveraged mean relative velocity,
different stages of flow development are also testeRe, = 10300. In chapter 3, it is
shown that turbulent features provide a convenigyt to distinguish flow conditions from

the fully developed case.
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Two types of inertia particles with Stokes numbersddl on the relaxation time for
particles in stationary flow and on viscous scaéxpjal to 2.3 and 3.3 are applied. The
mean volumetric concentration in the range 0.5%1® 1.7x10" is varied in order to
investigate above which limit two-way coupling cami@to play. The effect of particle
feedback on the fluid is presented witkforcing. For the category of particles and
velocimetry results, a limiting value for mean centation which can affect the frictional
pressure drop is provided.

The outline of the thesis is as follows. In Chaj@ethe 3D-PTV experimental setup is
validated by comparing Eulerian and Lagrangianltesi a single-phase pipe flow in fully
developed conditions &e, = 10300 with literature results. New experimemt&thods are
explored and presented, paving the way for measemeof Lagrangian particle statistics,
be it tracers or be it inertial particles, at tideynolds numbers 20,000 and higher. Chapter
3 presents the role of inertia, flow turbulence #lod orientation with respect to gravity
on concentration profile and mean relative veloottyarticle-laden pipe flows. In Chapter
4, the relevance of the break-up mechanism inrdresport of inertia particles in transient
pipe flows is discussed. The main features of Liagjem velocity and acceleration statistics
of flow tracers and inertia particles are disclose@€hapter 5. Finally, Chapter 6 presents
main conclusions of this thesis and recommendafionfuture work. Each chapter in this
thesis is written in the format of articles in arde submit them to publication. As a result,

some parts of this thesis may be present in mane e chapter.
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Lagrangian and Eulerian statistics of pipe
flows measured with 3D-PTV at moderate
and high Reynolds numbers

Three-dimensional particle tracking velocimetry {BDV) measurements have provided
accurate Eulerian and Lagrangian high-order siegisbf velocity fluctuations and

correlations at Reynolds number 10300, based omuHevelocity and the pipe diameter.
Spatial resolution required in the analysis methad aumber of correlation samples
required for Lagrangian and Eulerian statisticsehagen quantified. Flaws in a previously
published analyzing method have been overcome. &untire, new experimental solutions

are presented to facilitate similar measuremen®egholds numbers of 15000 and beyond.

This Chapter is substantially reproduced from ansiebion toFlow, Turbulence and
combustiorby J. L. G. Oliveira, C. W. M. van der Geld andzJ.M. Kuerten



Lagrangian and Eulerian statistics of pipe flows

2.1 Introduction

To experimentally determine statistical propertiésa turbulent velocity field in a
Lagrangian particle frame of reference is difficulthis determination is nevertheless
essential for the development of stochastic modélsirbulent transport in applications
such as combustion, pollutant dispersion and imi@lishixing; see Pope and Yeund?
The difficulty is primarily caused by the presemdée wide range of dynamical time scales,
a property inherent in turbulence. For a completscdgtion of particle statistics it is
necessary to follow particle paths with very firgatgal and temporal resolution, of the
order of the Kolmogorov length and time scalgandz, respectively. To capture the large
scale behavior trajectories should be tracked dmg ltimes,i.e. multitudes ofz. This
obviously necessitates access to an experimentguneament volume with a typical length
scale of the order of the bulk velocity times aitgp Lagrangian correlation time, as will
be defined in section 2.2; see Biferateal!’!

As a means to testing experimental results, corsariwith Direct Numerical
Simulation (DNS) of the Navier-Stokes equations canmagle in the range of low to
moderate Reynolds numbers. The DNS enables congutafi complete turbulent flow
fields without the need of any modeling assumptiortes method is well known to be
limited by the requirement of quite some computalgower, even at moderate Reynolds
numbers. Extension to higher Reynolds number isiptes with the aid of Lagrangian
stochastic models, see Brouwdrdor example, but then experiments are required to
furnish essential correlation parameters and witidadata. Lagrangian statistics of
turbulent flows play an essential role in Lagrang&ochastic models. In homogeneous
turbulent shear flow, Pofk found good agreement between autocorrelation imst
determined by DNS and the ones calculated by arlihagrangian stochastic model. In
realistic inhomogeneous turbulent flows, much lagsrmation is available.

Lagrangian experimental techniques such as thmeeriional particle tracking
velocimetry, 3D-PTV, are for the above reasons &gty in turbulence research. Despite
the higher practicality of inhomogeneous turbuleregerimental Lagrangian results in
the literature are mostly restricted to homogendadsulence. Lagrangian measurements
in flow geometries with non-zero mean velocity cament are scarce. The work of Suzuki
and Kasadjfi! represents one of the few exceptions. For theipeagtipe flow, only the 3D-

PTV results of Walpotet al”! are available to our knowledge. Veenflaprovided
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Eulerian and Lagrangian computations of pipe flaith DNS, atRe, = 5300 and 10300.
Walpotet all”? presented description Rig, = 5300 and some preliminary resultsRag, =
10300 and compared with the data of VeerlPhafhe present study is an extension of the
work of Walpotet al” using essential ingredients of their experimesg#iup and utilizing
the Veenmafl code for comparison as well.

As compared to the work of Walpet all”!, the following changes and extensions are
made in their measurement and analysis set-up:

. The test rig is equipped with 3 new camerasheat the type Photron
“HighSpeedStar” with 12-bit grayscale CMOS sensor aneksolution of 1024 x 1024
pixels. With the new cameras, the recording freqyeaf the experiments has been
enhanced from 30 to 50 Hz. In addition, the higbensitivity of the new cameras has
shortened the exposure time from 40 to 20 us; ali@wved sharper measurement images;

. The homemade analyzing software used by Wapat”! has been replaced by
a commercially available PTV code from La Vision Giinlmamed Davis. In contrast to the
new code, the old homemade software did not proglmimentation nor a user-friendly
interface. Moreover, it did not allow massive pklalimaging processing and the
possibility of enhancing the image contrast betwgenicles and background by the use of
built-in image filters;

. The two analyzing methods of Lagrangian trajgcttatistics are revisited. They
were only tested by Walpagt al®” at Rg, = 5300 and compared with DNS data of
Veenmaf? at this Reynolds number. In the present studyntethods are comparedrg,
= 10300 with the aid of new experimental data;

. The smoothening applied to particle trajectorizs Walpot et al”! is also
revisited. The cut-off frequency of the smoothirltef was determined by these authors
with DNS computations which is an undesirable featém experimental method should
function fully independent of numerical resultswiill be proven that no smoothening is
required if a suitable localization accuracy isaimtd. To be specific, a maximum
triangulation error of the order of 40 um will beguired in the particle detection algorithm
atReg, = 10300.

The following experimental results will be reported

. High-order Eulerian statistics of the velocitgtdbution, such as skewness and
flatness, foRg = 10300. Skewness and flatness were measured kyovéalal!”? only for
Rg, = 5300;
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. A measure will be given for the number of caatieln samples required to
determine Lagrangian velocity statistics in the nforof autocorrelations or cross-
correlations aRg, = 10300 with higher accuracy than 2 %;

. Lagrangian velocity autocorrelations and cromseaations with time
separations up to valuesfR” of about 0.08; herey, is the wall shear velocity arRithe
pipe radius. Similar Lagrangian statistics were ioleé by Walpotet al'”), but only for
time separations up to,R*=0.06.

In addition, new experimental methods will be exptband presented which pave the
way for measurement of Lagrangian particle stagstbe it tracers or be it inertial particles,
at tube Reynolds numbers 20,000 and higher.

The structure of the paper is as follows. In Sec®o®, the experimental setup is
presented, including specifications of flow tra¢eralibration unit, cameras support and
illumination systems. Optical requirements for 3DWare also explained. Sections 2.3
and 2.4 provide the 3D-PTV procedure for identifima of individual particle trajectories
and the analysis method, respectively. Section &28emts Eulerian and Lagrangian results
at Rg = 10300. Although higher Reynolds numbers have awttially been measured,
Section 2.6 presents a systematic discussion facormeng typical 3D-PTV challenges at

higherRe,. Finally, conclusions are presented in Sections 2.7

22  Experimental setup

The requisites for 3D-PTV in pipe flows are: an eipental setup capable of
generating and reproducing particular process tiondi a mechanical construction to
avoid relative motion between cameras and the meamnt volume even if calibration
plates are inserted; illumination equipment; imggecessing to identify the geometrical

center of particles; an analysis method of parti@gctories. These are discussed below.

221 Testrig

Turbulent pipe flow has been created in a watep lddiven by a centrifugal pump. The
in-line 3 kW centrifugal pump of type DPV18-30, méatured by “Duijvelaar pompen”,
allows Reynolds numbers, based on the bulk velptity and pipe diameteD, in the

range 18 to 10. A frequency controller permits fine-tuning of tReynolds number by
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adjusting the mass flow rate of the upward vertftal in the measurement section; see
Fig. 2.1.

Test section

Water tank with 2 m3

direction

Coriolis
flow meter

Return pipe

Flow straightener:

Centrifugal pump Bundle type

Figure 2.1 Schematic of the 3D-PTV experimental setup for pipe f

The mass flow rate is measured by means of a Miwton Elite CMF300 mass flow
and mass density meter, whose inaccuracy is less Q6% of the registered flow rate.
There is no requirement of fully developed flow m@@ments in Coriolis meters. A water
reservoir, located at the bottom of the setup, aiostabout 2 rhof water. This value
facilitates water temperature stabilization and idgs number control. Temperature
during a test-run was essentially constant, varyypically 0.1°C only. A submerged pump
has been placed inside the water reservoir in daleromote homogeneous dispersion of
the flow tracers.

10



Lagrangian and Eulerian statistics of pipe flows

A flow straightener, tube bundle conditioner of 15M67-1:1991, see Mill€}, has
been placed downstream of the 90° bend, see Fig.TR4 flow straightener removes
secondary flows and shortens the required lengtbtain a fully developed flow. At 45
further downstream, this flow condition has beehieed in the test section. At R5
downstream of the test section, the water entemnginer which is connected to the main
tank via a return pipe.

The measurement section consists of a glass pipagare optical accessibility. A
water-filled rectangular glass box around the pigeimizes optical distortions. The pipe
diameter is chosen relatively large, 100 mm inriameter, because measurements at high
Reynolds numbers are required. For a certain Regnuldnber, bulk velocities are lower
for higher tube diameters, which is advantageous tfi@ acquisition of Lagrangian

statistics.

222 Flowtracers

Polystyrene seeding particles with a diameter ofrdr2 and a density of 1.05 g/ém
have been added to the water as flow tracers.dardp assure that these particles follow
the flow, time and length scales of particlgsandl,, respectively, should be less than the
fluid scalesz andls. The subscripte andf denote particle and fluid. The relaxation time

for particles in stationary flow is shown by Albreet al* to be:
7 = ([dpp/18)(1 + 0.51/pp) (2.1)

where d is the particle diametep the mass density and the dynamic viscosity. A
relaxation time of, ~ 4 ms is obtained for the tracers.

The fluid timescaley is taken to be the Kolmogorov ong, for turbulent pipe flow at
Reg, = 10300. In the inhomogeneous pipe flow at hasdessment of a mean Kolmogorov

timescale can be done with= (v/c)'/?

, Wherev is the kinematic viscosity ang the kinetic

energy dissipation per unit mass. In approximation4u,”U,/D, wherevu, is the wall shear
velocity andD the pipe diameter; see Bakewetl all*”! For Rg, < 105, the wall shear
velocity can be estimated as= (U /8)"? with f = aRe™, m = 0.25 anda = 0.316; see
Hinze™ For water flows at atmospheric conditions, 10° m’s®, and an 83 ms
estimation ofz is obtained. The presented mean estimation, @f inside the range of

Kolmogorov timescales as computed by DNRat= 10300: 40 to 315 ms.
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The Kolmogorov length is now compared to the di@mef the seeding particles in
order to confirm that the tracers follow fluid fluations. Based on acceleration
measurements, Volkt al™ observed that neutrally buoyant particles behasedluid
ones ifd/l < 2. Herd = ("¥¢)Y*is the Kolmogorov length. In the DNS code of Veenfha
for turbulent pipe flow aRg, = 10300, the Kolmogorov length was about 0.6 mnthim
pipe core and 0.2 mm at the wall region. As alremdytioned, the diameter of the tracers
is 0.2 mm.

Lastly, the terminal velocity of tracerblry, is here evaluated in order to show that
gravitational effects can be neglected. This tesroften used to characterize suspensions
and is a measure of the settling velocity a p&tt@n achieve in a stationary fluid when
gravitational and drag forcers are in equilibriufine terminal velocity is represented by
Eq. (2.2):

Urv = {(4 (pp-p1) dy 9) / (3Co pr)} (2.2)

whereg is the gravity acceleration ar@}, the drag coefficient. The latter is a function of
the particle Reynolds numbdRg, = dy|(Uel/v, which is based on the particle diameter and
the terminal velocity. For 0.01 Rg, < 20, Clift et all*? defined a correlation fo€p as
given by Eq. (2.3):

Co = (24 /Rg) (1 + 0.131Rg82005Fep) (2.3)

A numerical value folUr, can be obtained by an iterative computation camogrEq.
(2.2), Eq. (2.3) an®sg, An estimation of 1 mm/s was obtained tbr, while the bulk flow
velocity, Uy, is approximated 100 mm/s for the present casee$ig >> Uy, 7,<zx and

[<lx, the employed particles can work as flow tracers.

223 Mechanical construction for camera support and reproducible calibration

Descriptions of the camera support and calibratioih are now presented. The optical
requirements for achieving high accuracy measur&sneme first provided. Lastly,
requirements of the illumination apparatus are i§ipelc

A. Optical requirementsfor 3D-PTV

To determine without ambiguities the center of gigle in the measurement space, a

minimum of three cameras is required. When theetasita particle is determined for one
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camera (2D), there is a line of possible crossinigtp for a second camera recording. The
use of a third camera restricts the particle pt@acto a unique point. Therefore, three
“HighSpeedStar” cameras with 12-bit grayscale CMOS@eand a resolution of 1024 x
1024 pixels have been utilized to capture almastaimtaneous 3D particle positions in an
approximate measurement volume of 1x1xF.dfhe cameras can record at 1000 Hz at full
resolution, but were operated at 50 Hz to maxirttieeflow measurement time. Recordings
are performed until the internal memory of the cemdecomes full during approximately
2 minutes. The above estimaterpshows that maximum physically relevant frequencies
are about 12 Hz fdrg, = 10300, making a 50 Hz sampling rate sufficiemttoading to the
Nyquist Theorem.

Settings of cameras and lens arrangement must Iperbrachosen in order to obtain
sharp images of moving particles. While a minimueptti of field must be guaranteed to
obtain sharp recordings in the whole volume ofrtf@asurement section, a minimum field
of view is needed to obtain trajectories long efotoggmeasure all relevant flow scales. For

the present experiment, the settings can be surmedaais:

. Sensor resolution 1 pixel = 17 fim

. Focal length of 105 mm;

. Exposure time of 20 us;

. Distance from the lens to the object of rougsd® mm.

The magnification1) of the particle image by a single lens is givgrE. (2.4):
M=f/(f-d) (2.4)

wheref andd, denote focal length and the distance from the terise object, respectively.
Given the resolution of the cameras and the sizbefracersf andd, have been selected

such that tracers occupy an area of 2 x 2 pixeteeotamera sensor.

B. Cameras support system and calibration unit

A statically determined approach has been appbea tmechanical design, where no
relative movement between the cameras and measotremieme is allowed throughout
the calibration and 3D-PTV measurements. Followingpateet all’®, three cameras are
attached to the flow tube by a stiff and lightweighjuilateral triangular frame constructed
between them, see Fig. 2.2. A total of 24 degree$reddom, which includes three
translations and three rotations for the three camand the measurement section, have
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been prescribed once, either as positions to be beldesired motions to be set by
manipulation. Due to the statically determined gesthere is no incorporation of unknown
thermal stresses in the frame or flow tube.

To satisfy the optical requests previously desdiiltiee frame holds the cameras at an
approximate distance of 800 mm to the measuren@uaie, assuring appropriate depth of
field, magnification and field of view. The anglestween their optical axes have been set
over a reference value of 40° to minimize the en@D localization of a particle, see Kieft

et al™ Appropriate positioning of the cameras can beed by inclined holders with
incorporated elastic hinges.

Figure 2.2 Schematic of the camera support system, strobosdigpic sources and the
calibration unit inserted in the test section.

An in-situ calibration method has been utilizedramsform the two-dimensional pixel
information of each camera to world coordinatesafibration unit precisely moves a grid
with regular inter-spaced points throughout the sneament volume to certain positions,
with high reproducibility. The bigger and well résed the volume covered by the
calibration plate, the smaller interpolation andraolation errors of the calibration
functions are.

The grid points are essentially holes with a di@nef 0.3 mm, so that the projections
of the dots on the camera sensor are at leastatepiels in diameter. The grid is
manufactured out of a 2.5 mm thick glass plate whe single-sidedly coated with a
chromium coating of 150 nm thickness. The grid oare made up out of circular voids in
the coating. The grid diameters are accurate wighthum. The relative position of two
neighboring grid points is accurate within 0.1 um.
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Downstream of the measurement section, a pipe sdgeen be removed for
calibration purposes. The centrifugal pump allowstationary water-level just above the
measurement volume, given that the energy provioedhe centrifugal pump is in
equilibrium with the potential energy of the stdtiead. Once the water level is static, the
calibration unit is inserted, making possible aroepcible positioning of the calibration

grid throughout the measurement volume; see Fig. 2.2

C. Lighting systems

During the calibration procedure, the calibratioidgs homogeneously illuminated
from behind by means of four floodlight halogen fEmA semi-transparent plastic sheet is
placed between the optical correction box and ltedfight sets to ensure uniform lighting
of the measuring volume in order to improve thetst between the circular void grid
points and the continuous surface of the calibngplate. Examples will be given later.

For lighting the measurement volume during the 3D-RM®asurements, powerful
light sources are necessary for recordings withtséxxposure times. While the use of a
continuous light source would result in seriousthgeneration and the efficiency of an
expensive laser would decrease as a result ofiitiating a big volume of approximate 0.1
x 0.1 x 0.1 m, two strong stroboscopic light sources with arpatibf about 5 J per pulse
each have successfully been applied. They areigusit at the sides of the optical
correction box; see Fig. 2.2.

The strobes were custom-built in our laboratorymaximize the light output at a
maximum of 60 Hz with light pulse duration of apgroately 40 ps. A better image
contrast was achieved by setting the exposure timihe cameras to 20 us. In 20 ps,
particles displace no more than 3 um and, thergetbi® time window was applied. Forced
convection of air was necessary to cool down thectednic board that controls the
stroboscope system.

The digital delay/pulse generator DG535 assure@rée@t synchronization between
the recordings of the three cameras and the lightse generated by the stroboscope

equipment.

23 Particletracking algorithm
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A commercial 3D-PVT imaging code from La Vision Gmbikamed Davis, has been
used to obtain tracers’ trajectories. Algorithmadlstof the Davis PTV tracking code can
be found in Mady” and Draco$®

In Fig. 2.3, a flowchart describes the 3D-PTV procedar identification of individual
particle trajectories. Calibration and flow measoeat images are processed in order to
output files which contain time reference and spafiositions of individual particle

trajectories to the analysis method.

Flow measurements

3D detection
triangulation
error

Calibration

Processing of
calibration
images

Processing of flow
measurement
images

[ Camerasattributes: ] [ Displacementfiltering ]
f=50Hz

®=0.3mm; Ax =5 mm;
Ay =5 mm; Az =2 mm; Pixel size=17 ym

[ Calibration/cameras attributes: ] .

; ) Output: Particle
Imaging filters for trajectoriesin Cartesian
3rdorder improving contrast coordinates
polynomials
2D center detection — TO ANALYSIS
Gaussian fit METHOD

Figure 2.3 Flowchart for 3D-PTV procedure. Calibration andwloneasurement images
are processed until files with time reference aatt€3ian positions of particle trajectories
are exported to the analysis method.

To create the calibration functions which correl#ite pixel information of each
camera to the world coordinates, recordings ofddlération unit have been carried out
with the same orientation: calibration plate plam@arallel to the pipe axis. No rotations
are allowed, just translations in the coordinateeation perpendicular to the calibration
plate plane. The recordings of the calibrationgkate registered in 26 different positions,
moved with constant incrementtz = 2 mm, with an error of less than 1 pm.

The centers of the circular voids in the plate egaidistant in horizontal and vertical
direction: 4x, 4y = 5 mm; see Fig.'s 2.4a, 2.4b, 2.4c, which provide thev of the
calibration plate by each camera. With the infororabf the pixel size of the cameras, 17
un?, and the diameter of the circular voids= 0.3 mm, &' order polynomials relate the
pixel information to the physical dimensions of tbalibration plate. As explained in

section 2.2, linear interpolations and extrapofetiof the generated polynomials are
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extended to the whole volume of measurement. Raatrsquare (RMS) fit error of
generated functions are smaller than 0.05 pixgdr@pmately 5 pm.

Once the calibration procedure is completed, th®e teection is placed and flow
measurements are recorded; see Fig.'s 2.4d, 24feBRiilt-in imaging filters improve the
unsatisfactory contrast between particles and backgl caused by light reflections at the
wall; see Fig.’s 2.3, 2.4qg, 2.4h, 2.4i. The 2D dweieation of the center of a tracer in the
cameras plane is done by a Gaussian fit and cat@logly if its intensity threshold is
larger than a default value.

The 3D particle detection is then initiated, see Bi§. Since each detected particle on
a camera plane is situated somewhere along a p#kspdine for each of the three
cameras, the 3D position of a particle can be retcocted at the position where the three
perspective lines cross. The polynomials creatathgithe calibration stage are used to
determine the spatial Cartesian coordinates.

However, due to bias and random errors generatednigsired relative motion of
cameras and setup, finite spatial and time reswiubf cameras, blur effect from shutter
speed etc., the projections of the perspectives loh@en’'t match perfectly. To find out the
corresponding match of the perspective lines, erdolce is necessary. The triangulation
error is a 1D measure (e.g. in pixels) which allsush tolerance. Thus, it represents a
direct measure of uncertainty on the 3D particlsitian determination for the whole 3D-
PTV procedure.

At the present measurements, a maximum triangalagiocor equal to 0.2 pixel,
roughly 20 pm, is enough to identify the 3D positaf particles in the measurement space.
However, a maximum triangulation error of 0.4 pixelset to capture longer particle
trajectories which are extended to regions in faes where the experimental uncertainties
are higher. This was applied to achieve longer tapans in Lagrangian correlations. A
further increase of the maximum triangulation erisrrisky, since higher levels of
measurement noise and spurious vectors can loweyuhlity of Lagrangian trajectories.

Subsequent to the 3D particle position determinattbe algorithm checks which
particle in frame i+1 is most likely to match tgarticle in frame i, see Fig. 2.3. During
this last step, information of previous matchestie# current particle and neighboring
particles, up to frame i, is used to extrapolatepérticle track to the most likely position in
frame i+1. A range of allowed particle displacensemthich are input at the imaging code,
facilitates a proper matching.
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pixel

pixel

pixel

x[mm]

2.4
Figure 2.4. Photos of the 3D-PTV procedure for determining teeter of tracers along

each individual particle trajectory. Figures 2.2alb, 2.4c show photos of the calibration
unit; Fig.'s 2.4d, 2.4e, 2.4f illustrate raw imag#spipe flow measurements; Fig.’s 2.4g,
2.4h, 2.4i present the action of imaging filtersingprove contrast between tracers and

background; and Fig. 2.4j shows the merging of iiddial tracer trajectories in a finite
time window.
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Finally, matrices with the spatial coordinates ahel time reference of each particle
trajectory successfully identified are exportedhe analysis method, see Fig. 2.3. In Fig.’s
2.4a — 2.4i, photos of each camera show differefes of the 3D-PTV procedure. Figure
2.4j presents the merging of individual tracergjdctories in a finite time window. The
colorful vectors represent the orientation and nitage of particle velocities. Most of the
generated spurious vectors are located at the neglbn and removed in a way to be

described in the next section, 2.4.

24  Trajectory analysis

The particle tracking algorithm yields matrices @hicontain time reference and
spatial positions of particle trajectories from th@w measurement images. Before the
Lagrangian and Eulerian statistical analysis dbtient pipe flow, the spatial positions are
converted from Cartesian to cylindrical coordinat®$ course, the spurious trajectories
generated during the 3D-PTV procedure are discarddst flowchart of Fig. 2.5

summarizes the necessary steps in order to ploabhg@n and Eulerian results.

Cylindrical coordinate transformation
Special treatment at tube axis

Spurious vectors filtering:
Outlier-check (+ 50)
Minimum/maximum displacement

No need of
high frequency noise
removal

EULERIAN RESULTS LAGRANGIAN RESULTS
Averaged datain Averaged data in radial bins
radial bins Averaged data for time lag

Figure 2.5 Flowchart for analysis method. Eulerian and Lagiamgesults are the outputs.

Let o represent the standard deviation for velocity congmts at a specific radial
position. The subscripts, # and z denote radial, tangential and axial cylindrical
coordinates, respectively. Since statistics in fdiyweloped pipe flow are inhomogeneous

in the radial direction, the transformation fromrtgaian to cylindrical coordinates is made.
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The removal of unrealistic trajectories has beeromplished by two filters: a length
filter and a displacement outlier-check &t5,). The length filter consists of eliminating all
trajectories of tracers outside a range of minimamd maximum positions of a particle
track. Particle trajectories with just a few numlémpositions have higher probability of
being false than trajectories with a large numbepasitions. A minimum number of
positions is therefore required in order to accauplrticle trajectory. This procedure has
proven to remove unrealistic particle trajectoriesr example, elimination of particle
trajectories comprising less than 10 spatial pmsitihas been found to be efficient. On the
other hand, a particle trajectory cannot exceedagimmum number of positions along the
finite test section. No difference at final resuitas observed if the maximum limit varied
from 80 to 300 positions per particle track.

The standard deviation applied in the outlier-chéltér is derived from the present
experiments. As an alternative, velocity standardiations obtained from literature could
be used as well. For example, standard deviatiooseglingRg, = 10300 can be found in
Kunkel et al?

At the proximity of the pipe centerlingR = 0, discontinuity in radial and tangential
velocities for cylindrical coordinates can causenyg differentiation of displacements in
time. If a particle crosses = 0, the radial velocityy,, may appear to be zero, and the
tangential velocityy, = nr/dt; see Equations (2.5) and (2.6). The problem caaviéded
by selecting a Cartesian frame of reference befagindrical one, and later converted.

U(B)=[ 1) - 1(t) Yt (25)
Us(t)=[ (1) - O(t) Ir(t)) /dt (2.6)

Walpot et al”! identified high-frequency noise in their 3D-PTV eximents. The
authors filtered their experimental data by apgyithe low-pass smoothing filter
introduced by Savitzky and Gol&y} to the measured particle tracks. They repeated the
filter 10 times using a"3order polynomial with right and left span of 8 pisi.

In the present 3D-PTV experiments, no need ofriiitehigh frequency measurement
noise has been observed. The results remain unetiaihthe procedure as used by Walpot
et all is adopted. Velocities derived by straightforwanteipolations of consecutive 3D
positions of a particle trajectory have been proxadhble to obtain pipe flow statistics.

The application of Savitzy-Golay low-pass smootHitigr to correct the spatial position of
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particles is unnecessary and also undesirable beaafuthe necessity to know the cutoff
frequency.

After the coordinate transformation and the remafadhe spurious particle tracks, see
Fig. 2.5, the differentiation in time of the validdt trajectories generates the velocity
vectors. For 3D-PTV Eulerian results, which are tglibtat Section 2.5.1, the velocity
vectors are gathered in discrete radial bins, tig inhomogeneous direction.

The velocity vectors are gathered in discrete fgubaitions in accordance tp = Ar,
where the subscriptvaries from 0 to 50; see Fig. 2.13. The lengthof each discrete bin
is 100 mm, while the radial band has a dimensiodAof Exceptions are the first and last
grids which have a radial band dimensionAof At Rg=10300, a radial discretizatiotr
equal to 0.5 mm has been proved reasonable toilblesbe Eulerian results. A smalt is
obviously required for a high resolution of velgajradients such aJ,/or.

In the analysis of Lagrangian data, see Fig. &&,same procedure as prescribed by
Walpot et al’®! will be applied. As these procedures are convélyietescribed with the

aid of the present data, these explanations aengivSection 2.5.2.

25 Reaults

In this section, 3D-PTV results in fully developeigpe flow are compared to the
Eulerian and Lagrangian outcomes at same Reynaltls rumber as provided by the
validated direct numerical simulation (DNS) code eleped by veenmafl. In this
numerical method, simulations were executed imigefipart of a cylindrical pipe of length
5D by applying a Fourier-Galerkin spectral method le tstreamwise and azimuthal
periodic directions, and a Chebyshev-collocatiorthoe in the radial one. Eulerian and

Lagrangian results are presented in subsections 2ol 2.52, respectively.

251 Eulerianresults
3D-PTV patrticle trajectories have been registere2ilitndividual measurement sets of
120 s each. The camera frame rate has been adjos&dHz for every experimental set.

The differentiation of particle trajectories in Bngenerates roughly 2.7 x ®10elocity

vectors; see the square symbols in Fig. 2.6. Thacitglvectors are ensemble-averaged in
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distinct radial bands, which are delimited by acob$e width of +Ar = 0.5 mm around a
chosen radius, see Fig. 2.13.

Velocity statistics are normalized by the centertirelocity,U., and plotted against the
dimensionless distance to the pipe centerlii@, which represents the discrete radial
bands. The centerline velocity is chosen as a rniarati@n quantity instead of the wall
shear velocityy,, which is often used in the literature, becausean be determined more
accurately in an experimental setup. Throughouwt #inficle, error bars, with size equal to
+20y, indicate the magnitude of the error in the mefa oertain quantityx, in Eq. (2.7),
measured. Here,, denotes:

on={ [2X7— 1 2%)7] 1 [n(n-1)] }*? 2.7)

with X, the average value for a single measurement setnattie total number of
measurement sets: 21.

In Fig. 2.6, the concentratiom,, and the measured number of velocity vectors én th
total period of 42 minutes are plotted. These qtiastare represented by diamonds and
squares, respectively. The registered number ofcitgl vectors rises from the pipe
centerline tar/R = 0.57, where it is about 1@ectors, proportionally to the rise in volume
of the experimental point. This is because the nreaisconcentration of velocity vectors is
homogeneous up @R = 0.57.
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Figure 2.6 Concentration and total number of velocity vectas function of the
dimensionless radiug/R. Square and diamond symbols denote the total nurabér

concentration of velocity vectors, respectively.
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There is a continuous drop in the number of measyraticle trajectories from
r/R = 0.57 tor/R = 1. The difficulties in measuring particle trajgeés in this region are
caused by light reflections, which stem from diffieces in the refractive indices of water, n
~ 1.33, and glass, m 1.51, and the curvature of the glass pipe; seésRigdd, 2.4e and
2.4f. As a result, the contrast between tracersbaciground becomes poor. Difficulties in
capturing tracer trajectories increase at the gléthents of the experimental mesh closer to
the wall. Fromr/R = 0.9 tor/R = 0.98, there is an approximate reduction from 2x10
velocity vectors to 500.

A suitable description of pipe flow statistics lso been achieved in the wall region
despite the fact that the uncertainties in the adatpn of averaged velocity statistics
increase with the reduction in the number of vajoeectors there. This can be observed by
the way that the 3D-PTV results match the DNS ondaheawall region in the Eulerian
results to be presented along this section.

In Fig. 2.7, the mean axial velocity profiles asedetined by the actual 3D-PTV
experimental setup, denoted by diamonds, and DN3tsesf veenmaff, denoted by a
solid line, are shown. Mean streamwise velocitygalare presented at the left axis of Fig.
2.7. Good agreement between experimental and DN8tgdsas been obtained. Due to

their negligible size, no error-bars can be diseérn
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Figure 2.7 Mean streamwise velocity profiles f&g, = 10300. The solid line represents
DNS data of Veenm&h and the diamonds, 3D-PTV results. Square symbolsteleam

assessment of the relative deviation between #septed results.
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To quantify the degree of conformity between experital and DNS results, Fig. 2.7
also provides the plot of the relative deviationtween them, expressed here as a
percentage value ¢fUsp.prv— Upng/Usp.pr @nd represented by squares. The values of the
relative deviation are shown at the right axis @f. R.7.

The integration of the product of the mean axidbeity and the area of each point,
(Ui x (A), gives the mean volumetric flow rat®, which crosses the measurement
volume. Temperature measurements are used to de¢ethe water mass densipy, The
productp x Q provides a measure of the mass flow rate for @aghsurement set. These
values match the ones given by the Coriolis mettinvstatistical accuracy.

The relative deviation between DNS and 3D-PTV resigltsmaller than 1% until
r/R = 0.8 and reaches 2.8%r#® = 0.98. The rise in the relative deviatifmm r/R > 0.8 can
be explained by a combination of three factorspbsws:

» The resolution of the discretization band at thdl.wia smaller length of the radial
band discretizatiomr, is required to reduce the deviation values in Eig.due to the
higher gradient of average axial velocity in thdiahdirection,oU,/or, there. While
the mean axial velocity reduces 50% in the radiabe from the pipe centerline &
= 0.95, it decreases to zero in the small regiar tee wall for the Reynolds number
at hand,;

e The reduced number of particle trajectories obthitteere, see Fig. 2.6. The poor
contrast between tracers and background due teetleetions at the wall just allowed
a few particle trajectories to be acquired theee, Big.’s 2.4d, 2.4e and 2.4f. Section
2.6 provides measures to overcome reflection prablat pipe walls;

* The relative error growth in the mean axial velpdalculation. The magnitude of the
tracer displacement is smaller at the wall regiDmerefore, the relative error in the
computation of the mean axial velocity increasesmbelocity vectors are determined
by differentiation of the particle trajectoriestime.

The measurements of radial and tangential velsci#tie more challenging, since they
present zero mean and standard deviations nottbtgga 7 mm/s. With cameras frame
rate at 50 Hz, displacements are smaller than tMOHowever, the normalized probability
density functions (PDFs) afR=0.5 demonstrate the capacities of the present 3D-PT
experimental measurements and analysis methodrige2.8.
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Figure 2.8 Normalized probability density functions for ajlliedrical velocity components
at r/R=0.5. The diamonds represent 3D-PTV results, whil&l sand dashed lines denote

DNS data of Veenméthand a Gaussian reference, respectively.

In Fig. 2.8, 3D-PTV data closely match the ones iobthwith DNS. The plot of the
velocity fluctuation components in a logarithmicalec for y-axis shows also good
agreement even at the tails far from the ensembdzage. Similar results have been
obtained at other radial positions. Gaussian raferalistributions with the same mean and
standard deviation, represented as dashed linegdaled as to show the well-known fact
that, in inhomogeneous wall-bounded flows, the PCiRk@velocity components are bell-
shaped but not Gaussian, see Mase*

The main diagonal components of the Reynolds stess®ors; = <«u’ju’j> are compared
with DNS results of Veenm&hin Fig. 2.9. For all mean-square-value (MSV) plote t
3D-PTV data show good agreement with the DNS with@asarement error, even close to

the wall. Error-bars give an indication for thetistiical error, *+ 2., see Eq. (2.7).
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Figure 2.9 Velocity MSV profiles of turbulent pipe flow for lahe cylindrical components
at Rg, = 10300. The solid lines represent DNS data anddtamond symbols, 3D-PTV

results.

MSV of the radial and tangential velocity componemts smaller than the axial one.
While at the center of the tuba/R<0.2) turbulence is nearly homogeneous, an
inhomogeneous behavior is seen closer to the wedl @.84/R<1). The biggest standard
deviation for tangential direction is around 6%cehterline velocity at/R = 0.9, whereas,
for the axial oneg, achieves: 13% ofU. atr/R= 0.95.

For isotropic flows, the non-diagonal termscgfare zero. However, in the case of
inhomogeneous turbulent pipe flow, the only decedptlirection is the tangential one,
which means that correlations like, e.dy u', andu'y u';, are zero. The nonzero cross-
component ob; is «'; u'»>, which is presented in Fig. 2.10. Error-bars gimendication for
the statistical error.
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Figure 2.10 Reynolds stress component; u',»> as function of the dimensionless radius at
Reg, = 10300. The solid line represents DNS data andittraonds, 3D-PTV results.

The mean equation of motion in the axial directisnrepresented in cylindrical
coordinates by Eq. (2.8). Axial normal stress geatlis equal to the cross-stream shear-
stress gradient:

o«ploz = (1) o(r<T>)/or (2.8)

wherep is pressure andl is the total shear stress, which is a sum of theous stresgv
d«U>/dr, and Reynolds stresgsu'u’». Since at the wall, the Reynolds stress is zeadl w
shear stress is due entirely to the viscous caritab. The viscous stress drops abruptly for
a short distance; and, for 0 #R< 0.9, the total shear stress is essentially duéhdo
Reynolds stresses contribution. As the Reynoldsbhaurimcreases, the fraction of the pipe
occupied by the viscous contribution decreases mae, see Pofd, page 271.

The description of the skewnesS={u' /6°) and flathnessH=«' %/¢”) factors of the
velocity components plotted along the radius ferfilily developed turbulent pipe flow are
shown in Fig. 2.11 and Fig. 2.12. As already mentiprerror-bars represent a 95%

confidence interval of the mean of the calculatednities.
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Skewness (S)

/R
Figure 2.11 Velocity skewness of turbulent pipe flow for ajlliodrical components &g,
=10300. The solid line represents DNS data anditraonds, 3D-PTV results.

Flatness (F)

0 0.2 0.4 0.6 0.8 1
r'R

Figure 2.12 Velocity flatness of turbulent pipe flow for allendrical components &g, =
10300. The solid line represents DNS data and talids, 3D-PTV results.

In inhomogeneous wall-bounded flows, the PDFs ofviilecity components are bell-
shaped but not exactly Gaussian; see Fig. 2.8. Gaudsstributions present skewness and
flatness values equal to 0 and 3, respectively. déearture from Gaussian behavior
increases as the wall is approached; see the skevamel flathess values fdR > 0.8 in
Fig. 2.11 and Fig. 2.12. In the near-wall region, libesting processes of streaks that inject
low-speed fluid into the core and sweep high-sgked towards the wall is responsible for
increasing flatness values for all coordinate dioes and skewness for the axial one.

In fully developed flow, rotational symmetry of tHeow requires the tangential

velocity PDF to be symmetric. As a consequence diaiig skewness should be z&a'y)
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= 0 and radial skewness should be zero at the tiaete = 0; see Fig. 2.11. In addition,
correlations involvings'y are zero as an outcome of the rotational symmetry.

The radial and streamwise fluctuations are intateel. Particles moving towards the
wall usually retain its original axial velocity farwhile and will be most probably found in
an external radius with a positive. The opposite conclusion holds for particles mgvin
towards the core of the pipe. Skewness valueseofdtlial and axial velocity components
at the core pipe are negative umtiR = 0.9 for the present Reynolds nhumber and become
positive towards the wall. Only close to the walR > 0.98, radial skewness becomes
negative again.

As a result, the transport in the radial directddimpulse in the axial directionu’u’,,
should be positive on average what shows a flugnafrgy of the mean flow towards the
wall where deformation into turbulent kinetic engrd, mainly occurs. The radial
skewness is associated to the transpoiit bl velocity fluctuationsin the radial range
where radial skewness is positive, turbulent kinetnergy,k, is removed and then
transported to the wall where it is dissipated im@t and to the core pipe to feed the mean

flow turbulence. More details can be found in Tekeseand Lumley?.

25.2 Lagrangian results

In this section, Lagrangian results of pipe flowRsd, = 10300 are presented. The
analysis required for inhomogeneous turbulent dipes is not straightforward since
particles move during the time of observation teaar with other statistical properties.
Discretization in space and time is necessary @l suway that enough independent data
are collected in each point. The analysis appl@tbws closely the one presented by

Walpot et all?

, but in the present study a minimum number of elation samples
required for the description of Lagrangian velogitatistics will be specified.

Walpot et al”® tested two analyzing methods for the assessmeritagfangian
statistics. These authors evaluated datasets mebvity the DNS numerical code of
Veenmaft! at Rg= 5300. One of the methods (Method | in their nurittze also adopted
here) checks whether particles cross a chosen paai#ion,r;, satisfying Eq. (2.9):
(r(tes)-r) (r(t)-r) <0 (2.9)

When a particle fulfills this condition, meaningatha particle crosses between two

subsequent times, it starts to contribute to thgrduagian correlations. For the situation
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shown in Fig. 2.13,3k0 would be the starting time to give Lagrangian elaions at the
radial position in the point labeled "i". It is alous that within a finite time window it
happens more often that a faster moving partiadssas the line at than slowly moving
particles. For this reason, Walpsttal’??! applied weighing factors, inversely proportional
to the magnitude of the initial velocity compon€ehtese weighing factors were introduced
by McLaughlin and Tiederm&d to correct velocity bias in LDA measurements.

Method Il of Walpotet al®! gathers data in discrete radial bandst Ar, with Ar
satisfying Ar > |u|At. Here,u is a typical radial velocity value, f.e. the startl deviation
of radial velocity fluctuations. In Method I, thgarticle trajectory sketched in Fig. 2.13
contributes to the Lagrangian correlations at gikom t 1,50t0 t550. Each particle position
from ty50 10 tg50 S€rve as an initial position of a new trajectdfyhen such additional
trajectories are taken into account, the numbetatd available for short time correlations
is increased. For this reason, Walpet al®” introduced these extra trajectories
corresponding to what they named ghost particles.

The evaluation performed by Walpet all?! with datasets based on the DNS of
Veenmaff! at Rg= 5300 pointed out that Method Il yielded almosbiased statistics,
while Method | required the weighing factors to dtion properly. However, their
comparison utilized DNS results and data for ReysmialdmberRg, = 5300 only. Both
methods have now been compared using data acduird®-PTV atRe,= 10300. Results
are discussed below.

Lagrangian velocity autocorrelations and crossetations are defined by Eq. (2.10):

pi(.r) = i(to)uj(to+7)> (2.10)

wheret, denotes an arbitrary initial time andhe correlation time span. The calculation of
the correlationg;(z,r) is done by averaging all particles that are $#tdianside a discrete
band centered at a radial positiorin a certain time which is then mark&dfor that
particle. These correlation functions depend onr#iakal coordinate but are independent
of to. In addition, the correlations calculated by Methd and Il also need to meet the

corresponding criteria above described.
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Figure 2.13 Schematic of a particle trajectory which crossesekperimental grid "i". The
circles represent particle positions tracked ateguency of 50 Hz. With Method I3/

wn
|

would be the starting time to give Lagrangian datrens at grid “i”. With Method I, the
particle trajectory contributes to Lagrangian clatiens at each instant of timgsgto tgs0
in a way explained in the text.

Evaluation of velocity autocorrelations computedhwthe present experimental data at
various radial positions showed deviations to DN&r&0% for Method | and up to 2% for
Method 1. In the evaluation of Method I, the sameighing factors were applied as in
accordance to Walpet al®! These authors tested only DNS data with Methodsillg
since experiments could introduce unknown sideetsfd ater, Walpoet al”’ successfully
applied Method Il to experimental data acquirebyPTV.

Since Method Il gives results one order of magnitou®e accurate than Method |,
Method Il is applied in the remainder of this stutty addition, the use of a method that
does not demand any type of biasing correctiorssrdble for the analysis of experimental
data. A radial band widthAr, of 0.5 mm and a camera frequency of 50 Hz sudfite
obtain negligible bias d&g, = 10300.

With Method I, proper results have been achievatl time separations given by
u,R* about 0.08; wherai, and R are the wall shear velocity and the pipe radius,

respectively. To increase the band widthfrom 0.5 to 1.5 mm has not improved results
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for longer time separations. It just increasedahmunt of data for correlation time spans
in the range: 0 <u,R™* < 0.06, without significant changes in the resufssmaller band
width resulted in the decrease of correlation sasfir time separations shorter than 0.08.
For sake of convenience the safitevas applied in the analysis of Eulerian data.

The evaluation of Lagrangian velocity autocorrelasi as obtained by Method Il at
different experimental grids with changealdle revealed that appropriate results were
obtained if a number of correlation samples exaepdix1d were available for each
discrete time lag; see Fig. 2.14b. Figure 2.14a shibw streamwise autocorrelation as a

function of the time separatian,R" atr/R=0.8.
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Figure 2.14 Evaluation of the analyzing Method Il in the d@sion of Lagrangian pipe
flow statistics. Figure 2.14a shows the streamwigecrrelation as a function of the time
separationu,R™* atr/R=0.8. The solid line represents DNS data and theatials, 3D-PTV
results. Figure 2.14b shows that a number of cdivelaamples exceeding 2xX1dufficed

to obtain proper Lagrangian representation.

As already mentioned, additional trajectories cgpomding to what was named ghost
particles were taken into account on the computatiof Lagrangian velocity
autocorrelations and cross-correlations as defingdEq. (2.10). This resulted in the
increase of correlation samples for short timeaations as it is shown in Fig. 2.14b. For
time correlations up to 0.08, the influence of dhparticles becomes reduced and the
number of correlations samples decrease. Of cothigetime separation corresponds to
end positions of the longest trajectories obtaiethe present measurements.

The computation of velocity autocorrelations andsesrcorrelations in a specific time

separation provided good agreement to DNS if thebmurof correlation samples was over
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an approximated value of 2 x“1eviations to DNS up to 2% were obtained with Meth
Il if enough correlations samples were available.

When the amount of correlation samples is below1®'xthere is a sudden increase in
the Lagrangian autocorrelation values. This is ttua lack of enough data in a discrete
time separation to compute the proper mean of lkediwa samples; what increases the
coherence of the velocity product in Eqg. (2.10).dieR tangential and streamwise
Lagrangian autocorrelations at other radial pasgtishowed similar results as in Fig. 2.14.

For the remaining of the Section, three dimensionadil positionst/R: 0.4, 0.6 and
0.8, are chosen to present results of Lagrangidacige autocorrelations and cross-
correlations, as defined by Eqg. (2.10).

A. Auto-correlations

In Fig. 2.15, the number of correlation samples dsnation of the time separation,
w,R?, is plotted forr/R equal to 0.4, 0.6 and 0.8. Appropriate Lagrangiatissics have
been achieved roughly for Org,R*< 0.08.
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Figure 2.15 Number of correlation samples for Lagrangian stiag as a function of the
time separation for the 3D-PTV resultg/&®=0.4,r/R=0.6 and/R=0.8.

Figures 2.16 — 2.18 show comparisons between 3D-Bi®/ DNS results for the
Lagrangian radial, azimuthal and streamwise vejoc#utocorrelation functions,
respectively. These outcomes are shown at threal radsitions:r/R=0.4, r/R=0.6 and
r/R=0.8.
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Solid lines represent Lagrangian DNS data calculbjeBg. (2.10); diamonds denote
3D-PTV data. Error-bars, indicated by the dashedsliand with size equal to &g
represent the statistical error in the 3D-PTV rnesurhe error-bars are only plotted for
r/R=0.4 and have similar magnitude for 3D-PTV datad/Rt0.6 andr/R=0.8. The starting

point of the autocorrelation functions coincidesrvthe MSV values presented in Fig. 2.9.

x10°
r/R=0.8

DNS
¢ 3D-PTV

0 0.02 0.04 0.06 0.08
T uTR_1
Figure 2.16 Lagrangian radial velocity autocorrelation funasoatr/R=0.4, r/R=0.6 and
r/R=0.8. Solid lines represent the DNS data and diamdidsPTV results. Dashed lines
denote the error-bars @dR=0.4.

Profiles of Lagrangian cylindrical autocorrelatidns 3D-PTV and DNS agree within
statistical accuracy until a separation timeR™, close to 0.08. When the autocorrelations
exceed this time lag reference, the slope of théles changes; and the agreement between
3D-PTV and DNS Lagrangian results becomes poor.
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Figure 2.17 Lagrangian azimuthal velocity autocorrelation fiimes atr/R=0.4, r/R=0.6
and r/R=0.8. Solid lines represent the DNS data and diamaBidsPTV results. Dashed

lines denote the error-barsréR=0.4.
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Figure 2.18 Lagrangian streamwise velocity autocorrelationcfioms atr/R=0.4,r/R=0.6
and r/R=0.8. Solid lines represent the DNS data and diamaBldsPTV results. Dashed

lines denote the error-barsré®=0.4.

In Fig.’s 2.16 — 2.18, it is possible to observdoaver decay of autocorrelation values
at radial positions closer to the pipe center. ilf®mogeneous behavior of the flow close
to the wall causes the autocorrelations to decsterfanearby the wall than in the pipe core.

This behavior is better illustrated in Fig. 2.19, ieth shows normalized tangential
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autocorrelation functions for the same previoudalagdositions. The azimuthal functions

have been normalized with the corresponding stasaiues to highlight the decay rate.
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Figure 2.19 Normalized Lagrangian velocity autocorrelation dtions for the tangential
component at/R=0.4, r/R=0.6 andr/R=0.8. The solid lines represent DNS data and the
diamonds, 3D-PTV results.

B. Cross-correlations

3D-PTV and DNS results of the only non-zero crossedation functionsp,, andp,;,
are shown at/R=0.4, r/R=0.6 andr/R=0.8 in Fig. 2.20 and Fig. 2.21, respectively. The
statistical error in the 3D-PTV results is indichtey the dashed lines with size equal to
+20,, see Eq. (2.7). As already pointed out, crossetations involving the tangential
component are equal to zero, since this compongntincoupled to the other two
components. The starting point of the cross-caticela coincides with the Reynolds stress
componentu’, u', values presented in Fig. 2.10.

A noteworthy difference between them is the consibly faster decay of,.. Particles
which move towards the wall usually retain its or& axial velocity for a while and will
be most probably found in an external radius withoaitiveu',. The opposite conclusions
can be driven to particles moving towards the adréhe pipe where those particles with
negative radial velocities most probably shall haveegativeu’;; and, as a consequence,
the average product of, andu', is positive. A particle moving in the radial ditiem tends
to retain its original total axial velocity for ahile, uty +7) = uJtp); resulting in an average

increase of the absolute value of the velocitytflaton; given thatu, varies along the
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radius. Then, the average produgi(to)u'(to +z)> is larger or as big asi'«(to)u'Atg)>. The
same cannot be said about(t))u'(to+7)>, since k> = 0 everywhere.
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Figure 2.20 Lagrangian velocity cross-correlation functiops, at r/R=0.4, r/R=0.6 and
r/R=0.8. The solid line represents DNS data and diamegdhbols, 3D-PTV results.
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Figure 2.21 Lagrangian velocity cross-correlation functiopg, at r/R=0.4, r/R=0.6 and
r/R=0.8. The solid line represents DNS data and diamegdhbols, 3D-PTV results.

26 Measurestofacilitate 3D-PTV at Reynolds numbers above 14000

The above determination of high-order Lagrangiath Bolerian statistics in turbulent
pipe flow shows that high accuracy is attainablBgt= 10300. We explored measures to
warrant high accuracy at higher Reynolds numbedstlagse are now discussed, along with

an inventory of challenges to be met.
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A discussion about precision of 3D-PTV measurememsolution of the analysis
method and pipe flow scales is addressed in subgre2i6.1. The inventory of challenges
in higher Reynolds numbers, e.g. over 20,000, aelmeasurements in the near-wall zone,
light reflection at pipe walls, acquisition of lasgparticle trajectories and illumination
limitations. While subsection 2.6.2 presents messim evaluation to overcome some of

the mentioned problems, subsection 2.6.3 providéssted suggestions.

26.1 Discussion: 3D-PTV precision, analysis method resolution and pipe flow
scales

Of primary importance is the necessary 3D-PTV mieni represented by the
maximum triangulation errof\y;, and the radial resolution of the analysis mettod, The
discussion of the results in the previous sectioovides reference values. The mean
streamwise velocity profiles for 3D-PTV of Fig. Arvsection 2.5, with widtlar equal to
0.5 mm, showed deviations to DNS less than 1% for/B< 0.8 and exceeding 2% for
0.95< r/R< 1. The rise in the relative deviatiommn#he wall region makes clear that and
Ar are critical in the region near the walle. for 0.95< r/R< 1. This is particularly
important if higherj.e. above 14000, Reynolds numbers are studied sircevdt region
becomes smaller and velocity gradients more steep.

It stands to reason that the width of a radial b&nad, is coupled to the decrease in the
mean axial velocity component in widtli. In the coreAr is chosen such thatlJ, in Ar is
YU/ 90 (45 radial bands, each with widthr. In order to retain this velocity decrease per
radial band in the near wall zone, also there dfaldbands are required. This impligs~
55 um in the near-wall-zone. This estimatiomofis of the same order of magnitude as the
present uncertainty in the particle’s center deteation, represented by. It is obvious
that the real dimension @, so in um not in pixels, is also coupled to therdase in the
mean axial velocity component accuracy. An analsgsealing as applied above would
result in an approximate value of 4.5 um for thecfgion necessary th; in the near-wall-
zone.

It is proposed to work with two zones in radialedition to solve the above mentioned
problem concerning the distinct flow scales in piyge core and in the near-wall-zone. One
zone ranges from the pipe centerline to a radiusrevkhe axial velocity component drops

to 50% of the axial centerline velocityy~o.suc); the other domain ranges from this radius
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to the wall. FoRg, = 10300, the 50% drop in the axial velocity compureccurs roughly
atr/R = 0.95. With increasing Reynolds number this vdlaeomes closer to 1.

2.6.2 Measuresin evaluation

A. Measurementsin the near-wall zone

Higher precision measurements in the near-wall-zoae be achieved by in-situ
calibration. In the present calibration system,recigion plate is traversed in a limited
rectangular volume in the test section, see Fi.P®sitions of tracer particles can only

be reconstructed in the near-wall region by extigtm of the calibration functions.

Figure 2.22 Schematic shows the volume which the calibratiGeptraverses.Border
calibration functions are created. Particle trajeetidentified in the near-wall zone are

converted from pixel to world coordinates by extiapion of calibration polynomials.

A prototype was designed as a new concept of ediir system in order to promote
in-situ calibration in the near-wall zone. The solatic of such prototype is shown in Fig.
2.23. Inter-spaced circular voids are created @ir@ular calibration plate which is moved
by a step-motor in equidistant steps. Obviouslg tiear-wall-zone is covered by the
calibration plate. A precision screw or an adaptatf the transverse system used for the
above measurements can achieve accurate traversing.

The new calibration system was not applied to ttesgnt measurements. The camera
frame holder at hand was designed to observe tlimat&on plate in a plane parallel to the
pipe axis. The visualization of grid points of ttiecular calibration plate is distorted by the
present cameras view. Modifications of the camerzpsrt system would therefore have
been necessary to apply the new prototype. Theepbraf the new calibration system is

saved to provide more accurate results in the wadlrregion in future experiments.
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Figure 2.23 Schematic of a prototype with a circular calibratmate (1) to promote an in-
situ calibration of the near-wall region. The claruplate is traversed along the axial pipe
direction (2) by means of a precision screw. Thecigion screw is attached to a rod (3)
which moves the circular plate.

B. Measurementsin the near-wall zone

If conventional light sources are applied for tleamnwall zone, the problem of light
reflection at the pipe walls has to be overcome. &dricks can improve the contrast
between particles and background at regions clogbe wall. For example, the use of a
black paint or tape at the inner pipe walls carvigl® better contrast. The use of proper
imaging processing filters can also help in ideitif tracers at the wall region. The higher
threshold caused by light reflections at the walt be partially suppressed with dedicated
algorithms.

However, these solutions do not completely solve riflection problem. The only
way to systematically avoid reflections in pipesasliminate the differences in refractive
indices. A solution for eliminating reflections hagen found in the use of matching
refractive indices of pipe material and fluid. Foater flows, the use of polymers like
Fluorinated Ethylene Propylene (FEP) satisfies therawit of matching refractive indices.
This possibility has been examined by us, see Fid.2

This possible solution was not applied to the preseechanical construction due to
the bad mechanical properties of this kind of paymas compared to glass. In order to
achieve no relative motion between cameras and a fig# the mechanical design

concept must be revisited. In addition, lack of fuhnsparency has been found for FEP
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pipes, demanding light sources more powerful tham present stroboscopes and an
increase of the exposure time of cameras. For tressons, the mounting of a FEP test

tube is saved as a possibility for future measurdmef water flows bounded by

| |

B

transparent walls of a sort.

Figure 2.24 Photograph of a circular plate submerged in watside a fluorinated
ethylene propylene (FEP) pipe. This solution promas in-situ calibration of the wall

region and eliminates the light reflections atwredl for water flows.

2.6.3 Untested measures

A. Measurementsin the near-wall zone

A possibility for improving the precision in the arewall-zone with the same
experimental set-up is the use of new lenses witlipted magnification. In order to
achieve a precision value of 4.5 pum in the neail-male as discussed in section 2.6.1, the
projection of real space in the camera pixel shdnéldeduced approximately from 100 to
11 um/pixel. The field of view would be reducednrd00 to 11 mm in the near-wall-zone.
As the mean velocity near the wall is small, maximlagrangian correlation times
measured will be sufficiently large in the neardiwadne for Reynolds numbers up to
20,000. In the center zone, the present lensebeatilized.

An advantage of the higher spatial resolution ésphbssibility of reducing the diameter
of a tracer particle. Near the wall time and lergthles of the flow are smaller than in the
pipe core and capturing these scales at higher dkdymumbers requires smaller tracer
particles. Other lenses are therefore a prerequisit measurements at higher Reynolds
numbers. A drawback is the need for longer measemérimes since the measurement
volume is reduced and less particles pass by (asguiime tracer particle concentration is

kept constant) while the same statistical accuimogeded.
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B. Acquisition of longer particle trajectories

Regardless of the possibility of change in thedfief view, the increase in Reynolds
number will demand solutions for the acquisitiodasfger particle trajectories. Despite the
flow scales in the pipe core or in the near-waltedfor Reynolds number over 20,000, the
concept of our mechanical 3D-PTV construction wibuire modification for attaining
high precision forA,; and a higher spatial resolution far. A possibility is the use of a

moving frame system traversing along the axialdfioa of the flow.

C. Lightreflection at the pipe walls

Accurate determination of particle trajectoriesttie near-wall region also requires a
solution to the problem of light reflections; seeg.H 2.4d, 2.4e, 2.4f and 2.6. A
polarization filter is efficient in filtering outhe reflections but absorbs too much light
reflected by the tracers. A laser illumination teicjue would make it possible to use
fluorescent particles and wavelength filters fog tameras, to filter out the wavelengths
associated with the reflected light. Powerful laseas also operate in higher frequencies
than conventional light sources, but they will desa inefficient lighting systems if the
beam has to be split up to cover the whole measmearea. Again, the introduction of a
separately measured wall zone might offer oppdisias this reduces the actual volume
to be lighted by the laser. The core region carillbminated in the way applied in the

present work.

D. Illumination of large volumes at high frequencies

To determine Lagrangian statistics in a turbuleipepflow from the Kolmogorov
timescaleg, to the Lagrangian correlation timg, the camera frame rate must be set few
times higher than the Kolmogorov frequencygzd/To achieve such frequencies with the
present high-speed cameras is not a problem. Bigt & problem for the home-made
illumination system because of the generation @it laad the life-time of the light bulbs.
The obvious solution is an increased number ot lighbs and an alternating feeding of the
bulbs, but this solution is not low-cost. Receragoess with light-emitting diode (LED)

bulbs may hopefully provide an alternative solufiothe near future.

2.7 Conclusions
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High order Lagrangian and Eulerian statistics, sashskewness and flatness, of
turbulent pipe flow aRg, = 10300 have been determined by 3D-PTV. To theviedge
of the authors, similar accuracy for high order damgian statistics was only
experimentally obtained @&, = 5300 by Walpoet all? The newly measured data are
essential for the quantification of parametersaing validation of, Lagrangian stochastic
model$” to predict turbulent dispersion.

The minimum amount of data in a discrete time sajar needed for the description
of Lagrangian velocity statistics, autocorrelatios cross-correlations, has been
determined for Rg, = 10300 by comparison with DNS-data of VeenMarGood
agreement is found if the number of correlation gi@mexceeds 2 x 10

Velocities derived by straightforward interpolatsoof consecutive 3D positions of a
particle trajectory have been found to yield actugpe flow statistics d&g,= 10300, if a
maximum triangulation error of the order of 40 usnallowed in the particle detection
algorithm. There is no need to correct the spai@dition of particles with smoothing
filters, as done by Walpat all”! The application of a Savitz-Golay low-pass smoothing
filter to correct the spatial position of particlesth a third order polynomial and a filter
span of 17 points is found to be unnecessary \gghnteasurement accuracies specified in
the above. Naturally, such low-pass filtering isdesirable because of the priori

unknown cut-off frequency.
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Chapter 3

The role of Inertia and Turbulence on
Concentration Profile and Mean Relative Velocity
in Particle-laden Pipe flow

3D-PTV is applied to particle-laden pipe flows inrieas stages of development,
characterized by both normal and higher levelsidiulence than in fully developed flow.
All flows are tested at Reynolds number 10300 bawmedhe bulk velocity and the pipe
diameter. The effects of particle Stokes numbensy flirection (upward or downward) and
mean concentration on radial particle distributiorean relative velocity and fluctuating
velocities of particles and of fluid are shown. Retibn of the mean relative velocity is
related to the increase in flow turbulence. Explimma of the interaction of inertia particles
with flow turbulence are provided in particular five large impact of flow orientation on
concentration profiles. Two-way coupling is relevdar flows with mean volumetric
concentrations exceeding 7x10Turbulence augmentation is observed with incrensi
mean concentration of particles.
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3.1 Introduction

Turbulent dispersed two-phase flows are abundartoth industry and nature. For
example, the dispersion of pollutants in an urbavirenment, sediment transport or the
fluidized catalytic cracking of carbohydrates afenajor importance. The ability to predict
the behavior of this type of flow - either usingnmerical or theoretical models — is
beneficial to a wide range of disciplines. A bettederstanding of this kind of flow would
be a great benefit to scale-up process equipmerib dmprove mixing efficiencies.
However, a lack of consistent experimental datarerily makes validation of both
numerical and theoretical results difficult; see IR@eet all"

Particle-laden flow in pipes has numerous engingeapplications ranging from
pneumatic conveying systems to chemical reactagdemd is one of the most thoroughly
investigated subjects in the area of multiphases;flsee Kartusinsket al’®? Turbulence
modulation in two-phase flows has been described bymber of models; see Gore and
Crowd®, Hetsronf! and ElgobasHr! However, due to the complex nature of the problem,
these simplified models are not able to fully pecediuid and particle behavior for the
whole range of applications.

When particles are in the flow, the only way to @kadescribe the system, including
the interaction of the phases, is to fully resadtresses at the mobile particle surfaces. In
order to calculate the total force on a particlerted by the fluid, the stress tensor needs to
be integrated over the surface (and the body fomesr the volume). Numerical
computations require significant memory and pracgsspeed and only very simple
geometries with a limited numbers of particles barstudied, see Tryggvasenal’® Most
numerical work therefore uses simplifications, @gsuming the particle to be a point-force
and choosing a model for the particle equation ofion; see Poelm.

The dispersion of inertial particles in turbulelttws is characterized by macroscopic
phenomena such as non-homogeneous distributiage-rale clustering, and preferential
concentration due to the inertial bias betweenigast and surrounding fluid; see Wang
and Maxey® The distribution of particles may be crucial intetenining collision
frequency, breakage efficiency, agglomeration, treaaates, deposition and entrainment;
see Marchioliet al

From an engineering viewpoint, the transient stafeparticle-laden flows are also

interesting. In a number of industrial applicatipmscluding separation techniques and
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droplet-laden flows, particle distributions neverach equilibrium; see Sold&f! In
industrial loops, turbulent particle-laden pipewiboften do not achieve a steady state due
to the length limitations; see Lawet al®™ The required length for fully developed
conditions enhances with increasing bulk Reynoldslver.

We would have preferred to study both upward angnseard flow in fully-developed
turbulent conditions. However, in our experimergalup the development length was too
small to reach fully-developed turbulent downwavi Therefore, in order to study the
effect of different stages of development, we cdesed both upward and downward flow
without flow straightener. In addition, criteriaeasought and will be presented which
guantify the state of development of the flow inmie of flow variables. It will be shown
with the aid of these characterizations that thestmeell-developed downflow is nearly
fully developed. The only part of a cross-sectioraawhere the flow is not yet fully
developed is near the center of the channel whdeconcentration profiles will be found to
be mainly affected by flow direction, Stokes numbed other parameters in the remaining
area of the flow.

In the present study, 3D-PTV is applied to partlelden pipe flows in various stages
of development in order to investigate the impdcvarying turbulence levels on particle
behavior, in particular on the mean relative vealocAll flows are tested at Reynolds
number 10300, based on the bulk velocity and tipe mliameter. Due to inertial bias
between inertia particles and the carrier phase,ripact of flow direction (upward and
downward) on radial particle distributions is sedli The influence of mean concentration
on the fluctuating velocities of particles and dlus also evaluated. Particles with diameters
equal to 0.8 and 0.96 mm are chosen. Mass derfsitgria particles (1050 kg/slightly
exceeds the mass density of the carrier fluid (91apnT).

Particle properties (volume and mass density) alectsel with the aim of testing
particle-laden flows for which the terminal velgcitf the dispersed phaséy, is of the
same order of magnitude as the root-mean-squaityelof the carrier phaseyms
Interesting phenomena have been reported whetury = O(1): entrapment of bubbles or
particles in vortical flow structures, transportdi$persed phase towards the flowing edges
of eddies where static equilibrium of forces ovarimertial body can modify its rise or
settling velocity and the effects of crossing trijeies; see Senet all*? and Spelt and
Biesheuvét?, for example.
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The structure of the paper is as follows. In Sectiah, the experimental setup is
presented, including specifications of flow tracarsl inertia particles, calibration unit,
camera support and illumination systems. Opticaguirements for 3D-PTV are also
explained. Sections 3.3 and 3.4 provide the 3D-PTocquture for identification of
individual particle trajectories and the analysistinod, respectively. A description of the
experimental conditions is provided in Section 3.5.

Results are presented in Section 3.6. Referencalémtbsingle-phase pipe flows are
characterized in sub-Section 3.6.1. Radial conciéomis of inertia particles, mean axial
velocity and Mean Square Value (MSV) of velocity farid and dispersed phases are
shown in sub-Sections 3.6.2, 3.6.3 and 3.6.4, réigpéc In sub-Section 3.6.5, results of
the magnitude of the mean axial relative velocgyadunction of flow turbulence level are
presented.

Analyses of the experimental results are given tti&e 3.7. The role of inertia on the
wall-normal distributions and mean relative velmatis interpreted in Section 3.8. In this
same section, fluid turbulence modulation by thespnce of inertia particles is discussed.

Conclusions are summarized in Section 3.9.

3.2  Experimental setup

321 Testrig

Turbulent particle-laden pipe flows have been @@ah a water loop driven by a
centrifugal pump; see Fig. 3.1. The in-line 3 kW tdéugal pump of type DPV18-30,
manufactured by “Duijvelaar pompen”, allows Reymoldumbers, based on the bulk
velocity, Uy, and pipe diameteB, in the range o 10.

A set of valves is arranged in such a way that deavd and upward vertical flows are
possible. In upward flows, a frequency controllerrits fine-tuning of the Reynolds
number by adjusting the mass flow rate in the memsent section. In downward flows,
mass flow rate is adjusted by controlling pressliop over a valve.

The mass flow rate is measured by means of a Mitlotion Elite CMF300 mass flow
and mass density meter, whose inaccuracy is lesstb% of the registered flow rate. A

water reservoir (tank 1), located at the bottorthef setup, contains about 2 of water.
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This value facilitates water temperature stabii@atand Reynolds number control.

Temperature during a test-run was essentially eanstarying typically 0.1°C only.

Water tank I1-0.15

bundle type

Removable pipe section

~20D

Removable flow
straightener I:
bundle type

Watertank | -2 ri

Centrifugal = B
pump Controllable . . Aucxiliary
valves (CV) \ pipe

Figure 3.1 Schematic of the 3D-PTV experimental setup for deand or upward pipe

flow.

Submerged pumps are placed in the reservoir tantkee diottom and at the top of the

setup in order to promote homogeneous dispersiothefadded tracers and inertial
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particles. The volume of the top tank is smalter0.15 nd, facilitating control of the
concentration of particles.

The measurement section consists of a glass pipagare optical accessibility. A
water-filled rectangular glass box around the pigeimizes optical distortions. The pipe
diameter is chosen relatively large, 100 mm innameter, because measurements at high
Reynolds numbers are required. For a certain Regnulenber, bulk velocities are lower
for higher tube diameters, which is advantageoustifie acquisition of Lagrangian
statistics.

Flow straighteners, tube bundle conditioners of 1B751:1991, see Milléf!, are
employed to remove strong secondary flow effectst &Gpward flows, the bundle
conditioner | is placed downstream of a 90° bend;Fg. 3.2a. Flow straightener | consists
of a set of pipes with an internal diameter of 10 and an approximate length of 50 cm. It

is constructed in such way that it can be repldiged straight pipe section.

Air
e Air-wateif/ Water tank Il
2 interfac ~0.15
-
?
A o
th
®=5m
Section B -B/
a
<
—_ ?
B

Figure 3.2 Schematics of the entrance regions. 3.2a: detaiteedundle flow straightener

f—

I; 3.2b: details of the bundle flow conditioner II.

For downward flows, the bundle conditioner 1l isqdd downstream of the bottom of
tank Il in the pipe that conducts the flow to thettsection; see Fig. 3.2b. Flow straightener
Il consists of a set of pipes with an internal déen of 5 mm and an approximate length of

40 cm. As bundle conditioner I, it can also beaeptl by a straight pipe section.
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3.22 Particleproperties

Properties of polystyrene particles applied in ttesent particle-laden experiments are
given in Table 3.1. The fluid time-scatein the Stokes numbe§t is based on viscous
scales; see info below Table 3.1. The fluid lerggthle is the Kolmogorov scale for fully
developed single-phase pipe flow Rg = 10300 as computed by Veenntgh.The
Kolmogorov length is about 0.6 mm in the pipe canel 0.2 mm in the wall region. For
evaluation of the particle timescatg, the relaxation time for particles in stationalgmf is
used; see Albrecket all*®!:

7o = (pp/18u)(1 + 0.9 /pp) (3.1)

wherey is the dynamic viscosity angl andp; are the mass density of particles and of fluid,
respectively. A relaxation time af ~ 4 ms is obtained for the tracers. Note that thilfl
inertia is accounted for by the added mass coefftdd.5 which close to a wall is increased
to about 0.7; see van der G&fd.

Table 3.1 Properties of particles applied in the present glartaden experiments
Particles Mass density Diameter Terminal velocity, *Rg ** St=r7/ry *** Lengthscale

[kg/m d, [mm] |Un* [mm/s] ratio: dy/ly
Tracers 1050 0.2 1.0 0.18 0.14 0.33-1
Type | (PI) 1050 0.8 10.2 7.76 231 1.33-4
Type Il (PII) 1050 0.96 13.1 11.92 3.33 1.6-438

* Settling velocity of a particle in an infinite,agfnant pool of water.

** Fluid time-scale is based on viscous scales asrgby:z; = viu?. ForRe < 10,
the wall shear velocity can be estimatedi,as (Uyf /8)*? with f = a Rg™ m= 0.25 anca
= 0.316; see HinZé® 7 is roughly 28 ms.

*** Kolmogorov length-scales for a fully developeaihgle-phase pipe flow &g, =
10300 as computed from the DNS code developed bywniad™: ~ 0.6 mm at pipe
centerline and: 0.2 mm close to the wall.

The terminal velocity is attained in quiescentdlwhen gravitational and drag forces
are in equilibrium:
Urv={(4 (pp-pr) dy ) / (3Cp pr)} ¥* (3.2)

whereg is the gravity acceleration ar@} the drag coefficient. The latter is a function of
the particle Reynolds numbeRg, = dy|Un/|/v, which is based on the particle diameter and
the terminal velocity. In the Stokes regint&, is given by Eq. (3.3). For 1Rg< 1000,
Schiller and Nauma#t{ proposed a correlation f@p given by Eq. (3.4):
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Cp = (24 /Rg); forRg < 1 (3.3)
Co = (24 /Rg) (1 + 1/6Rg>); for 1 <Rg,< 1000 (3.4)

A value forUqy is obtained by an iterative computation concertiigg (3.2) and Eq.’s (3.3)
or (3.4). Since the bulk flow velocityly, is approximately 100 mm/s for the flows at hand,
the ratioUy/Uqy is of order 16 for seeding particles. Sindd, >> Ury, 7<t; anddg<ly, the
employed seeding particles work well as flow tracéfor particles of type | and Il, the
ratio Uy/U+y is of order 107,>7; andd,>l,. Therefore, particles type | and Il have significa

inertial characteristics to not behave as tracers.

3.23 Mechanical construction for camera support and reproducible calibration

Brief descriptions of the camera support and cafibn unit are now presented. The
applied optical settings and descriptions of th@rilnation and recording apparatus are
also provided. More information is found in Oliveat all*”!

Three “HighSpeedStar” cameras with 12-bit grayscaltOS sensor and a resolution
of 1024 x 1024 pixels have been utilized to captaimost instantaneous 3D particle
positions in an approximate measurement volume.bk1x0.1 M. The cameras can
record at 1000 Hz at full resolution, but were eped at 50 Hz to maximize the flow
measurement time. Recordings are performed urdilitkernal memory of the cameras
becomes full during approximately 2 minutes. Maximphysically relevant frequencies
are about 12 Hz fdrRg, = 10300, making a 50 Hz sampling rate sufficiestoading to the
Nyquist Theorem.

Settings of cameras and lens arrangement have Iheserc as: sensor resolution (1
pixel = 17 pm), focal length (105 mm), exposure time (20 psytatice from the lens to
the object (~ 800 mm). These settings guarantem sthreages of moving particles in the
whole volume of the measurement.

A statically determined approach has been appbea techanical design, where no
relative movement between the cameras and measotre/ieme is allowed throughout
the calibration and 3D-PTV measurements. Followingpateet al®!l, three cameras are
attached to the flow tube by a stiff and lightweighjuilateral triangular frame constructed
between them, see Fig. 3.1. A total of 24 degreedreaddom, which include three

translations and three rotations for the three casmand the measurement section, have

53



Chapter 3

been prescribed once, either as positions to be beldesired motions to be set by
manipulation. Due to the statically determined gesthere is no incorporation of unknown
thermal stresses in the frame or flow tube.

An in-situ calibration method has been utilizedramsform the two-dimensional pixel
information of each camera to world coordinatexafibration unit precisely moves a grid
with regular inter-spaced points throughout the sneament volume to certain positions,
with high reproducibility. The bigger and well résed the volume covered by the
calibration plate, the smaller interpolation andr@olation errors of the calibration
functions are.

On the top of the measurement section, a pipe seigrae be removed for calibration
purposes. The centrifugal pump allows a statiomaaier-level just above the measurement
volume, given that the energy provided by the dfrgtal pump is in equilibrium with the
potential energy of the static head. Once the wiatezl is static, the calibration unit is
inserted, making possible a reproducible positigrofhthe calibration grid throughout the
measurement volume.

During the calibration procedure, the calibratiaimdgs homogeneously illuminated
from behind by means of four floodlight halogen fmnFor lighting the measurement
volume during the 3D-PTV measurements, two strangphescopic light sources with an
output of about 5 J per pulse each have succes$fein applied. The digital delay/pulse
generator DG535 assured a perfect synchronizatiween the recordings of the three

cameras and the lighting pulse generated by tbbadcope equipment.

3.3 Particletracking algorithm

A commercial 3D-PVT imaging code from La Vision Gmbihmed Davis, has been
used to obtain trajectories of tracers and ingréigticles. Algorithm details of the Davis
PTV tracking code can be found in M&3sand Dracdé®.

The 3D-PTV procedure for identification of individyzarticle trajectories is given by

L% Calibration and flow measurement images are peezksn order to

Oliveira et a
transfer files which contain time reference andtiapgositions of individual particle
trajectories to the analysis method. Here, the diffgrence from the 3D-PTV procedure
as applied by Oliveirat al® is the use of built-in imaging filters of Davis arder to

obtain images with only inertial particles and ireagvith only flow tracers. This task is
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facilitated by the bigger imaging projection ardanertia particles on the camera sensor,
exceeding the projection of tracers in 16 or 25%8m

Reduced levels of noise are obtained for the trajess of inertia particles. For tracers,
noise is significant and removed in the trajectanalysis method. After the imaging
segmentation stage, the procedure to determin&Eh@article position and to identify

particle trajectories is the same.

34 Trajectory analysis

The particle tracking algorithm yields matrices @hicontain time reference and
spatial positions of particle trajectories from fleev measurement images. Transformation
from Cartesian X,y,2 to cylindrical ¢,0,2) coordinates facilitates pipe flow statistical
analyses; see Oliveigt al*”

The removal of unrealistic trajectories has bearomplished by two filters: a length
filter and a displacement outlier-check &t5,). The length filter consists of eliminating all
trajectories of tracers outside a range of minimamd maximum positions of a particle
track. The termy represents the standard deviation for velocity poments at a specific
radial position. Here, the standard deviation aupin the outlier-check filter is derived
from the present experiments.

In the present 3D-PTV experiments, no need @iy high frequency measurement
noise has been observed. Tracer and inertia paxglbcities derived by straightforward
interpolations of consecutive 3D positions of atiphe trajectory have been proven reliable
to obtain particle-laden pipe flow statistics.

After the coordinate transformation and the remafathe spurious particle tracks,
differentiation in time of the validated trajecesi generates the velocity vectors. For
Eulerian results, the velocity vectors are gathénediscrete radial bins in accordanceto
+ Ar, where the subscriptvaries from 1 to 50. The axial length) (of each discrete bin is
100 mm, while the radial band has a dimension af.2At Rg=10300, a radial
discretizationAr equal to 0.5 mm has been found appropriate toritbesthe Eulerian
results; see Oliveirat al!*”!

Lagrangian results can also be gathered in discest@al bandsr; = Ar, with Ar
satisfying 2r > uJAt. Here,u is a typical radial velocity value.g.the standard deviation

of radial velocity fluctuations. A radial band whgtAr, of 0.5 mm and a camera frequency
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of 50 Hz sufficed to obtain negligible biasRé&, = 10300. More information is found in
Oliveiraet al®”

35 Particle-laden experimental conditions

A category of particle-laden experiments (2P) iswahon a map proposed by
ElgobasHr, see Fig. 3.3. Downward and upward vertical flovasehbeen measured in
various stages of development at the same bulk &téymumberReg,. The bulk velocity of
each flow,U,, was adapted to temperature changes to Rsp: 10300. Single-phase
flows (1P) serve as a reference for two-phase flows.

Particle-laden flows with mean volumetric concerntrag, <@, >, ranging from 5x18
to 1.7x10" have been tested. The presence or absence otdlnditioners | and Il affects
the stage of flow development in the test sectiorupward flows, 3D-PTV measurements
are performed at 45 downstream of the entrance section; in downwarad| at 2@. In
upflow with flow straightener | fully developed iglow is obtained”!

One-way Two-way Four-way
coupling coupling coupling
o
Cases
4D/4AE
X 10" Cases
A 1S/2S/3S14S
o
2P
| N
Cases
o 1A/1B/1C,
10+ 2A/2B,
3A/3B,
4A/4B/AC
10° - o >
10 10 10 10
<o >
v

Figure 3.3 Experimental conditions represented in the mapegimes of interaction
between particles and turbulence as proposed mba&nt™

In Fig. 3.3, the rectangular areas represent melageotration and time-scale ratios of
particles in the present experiments. Single-pflasemeasurements are represented by 1P
in the region denoted as “one-way coupling”; onlgcers are employed. Particle-laden

measurements are represented by 2P in the regiamtedeas “two-way coupling”; tracers
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and inertial particles type | or Il are added te timater flow. Mean concentration of tracers
less than 18 s also applied to the particle-laden experiments.

Properties of inertial particles type | or Il (volerand mass density) are selected with
the aim of testing particle-laden flows which ha&echaracteristic root-mean-square
velocity representative of the turbulent carrieagdu.,s, and the terminal velocity of the
dispersed phasélyy,, of same order of magnitudg,,dUr = O(1).

A particle-laden experimental case is represenged by a number (1, 2, 3 or 4) which
indicates the flow direction and the presence seabe of a flow conditioner; and a letter
(A, B, C, D or E), indicating the applied mean ocanitation of inertia particles. A
summary of all tested particle-laden cases is shiowhable 3.2. The reference single-
phase flows are specified by 1S, 2S, 3S or 4S. Ther IBtdenotes single-phase flow and

the numbers are as defined above.

Table 3.2 Summary of the single-phase and particle-laden #gperiments. All
experimental runs have been performed at Reb =01030

Case Inertial Flow Development Flow <d.>x10°
particles Direction Length Straightener v
1A Type | (PI) Upward 4B Bundle | 3.2
1B Type | (PI) Upward il Bundle | 1.4
1C Type | (P) Upward i) Bundle | 0.5
1S - Upward 4B Bundle | --
2A Type | (PI) Upward 4B -- 3.2
2B Type | (PI) Upward 45 - 1.9
2S - Upward 4B -- -
3A Type | (Pl)  Downward 20 - 2.3
3B Type I (Pl)  Downward 0 -- 1.0
3S -- Downward 2D -- -
4A Type | (Pl)  Downward 20 Bundle Il 7.0
4B Type | (PI)  Downward 0 Bundle Il 2.8
4C Type | (PI)  Downward a0 Bundle Il 1.8
4D  Typell (PIl)  Downward 2D Bundle Il 17.0
4E  Typell (PIl) Downward 20 Bundle Il 8.3
4S5 -- Downward 2D Bundle Il --
36 Reaults

3.6.1 Characterizing turbulent single-phase pipe flows at Reg, = 10300
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Tracer trajectories have been registered for teriiusingle-phase pipe flows in four
distinct flow conditions by 3D-PTV; see Section 3/%ith a camera frame rate of 50 Hz,
the differentiation of particle trajectories in #ngenerates on average 2 ¥ 1@locity
vectors in each flow case. The velocity vectors gathered in discrete radial bins in
accordance tg + Ar, with Ar = 0.5 mm; see Section 3.4.

Flow velocity statistics of case 1S, upward flow witle bundle flow straightener |,
have already been investigated; see results irei@diet al’®” This case represents the so-
called fully developed flow. For case 1S, mean flatihg velocity components achieve the
lowest fluctuation levels among all single-phaspegiments.

In order to establish a relationship among case8SI3$6/4S, the Mean Square Value
(MSV) of the velocity fluctuations is determined feach flow condition. The MSV
velocity is defined as the product of mean velotlitgtuations: <, ug>. Subscript$1 andq
represent cylindrical coordinates 0, Z). Let the overbar character indicate cross-section

average.
<UhUg> = (oI <y Ug>2rr dr)/(xRP) %B.
By considering the diagonal components?< and averaging them in accordance to

(3.5), it is possible to compare MSV of fluctuativgjocities averaged in the cross-section

for each single-phase flow case; see Fig 3.4.

x 10
gf O <uf >/U?
o) <u? >/U?

6,
B/DMD
H 2

4 1s 4S S

2
0.01 0.011 0.012 0.013 0.014 0.015
<u2 >/U?

Figure 3.4 Diagonal components of the Reynolds stress teageraged in the cross-
section for four distinct flow conditions. Computealues are normalized by the square of

the bulk velocity of each flow),%. Lines are added to guide the eye.
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The averaged diagonal componenm,rzl>, are normalized by the square of the bulk

flow velocity, Uy, of the corresponding experiment. Heg,is chosen for normalization

since it was set at each experiment to keep the Ragn10300, irrespective of temperature
changes. The bulk velocity is chosen as normatimagjuantity instead of the wall shear
velocity, u,, which is often used in the literature, becaukecan be determined more
accurately in our experimental setup.

Disturbances created at the entrance affect tunbulew levels. With sufficient
development length, cross-section average turbaleficases 2S/3S/4S as quantified by
Eq. (3.5) becomes equal to the one presented by t8s In the presence of flow
straighteners, the turbulence intensity levelfattést section are smaller; compare case 2S
to 1S for upward flows and 3S to 4S for downwaoi8 in Fig. 3.4. At 2D downstream
of the entrance section, flow velocity statistidssdownward flow with the bundle flow
straightener Il (case 4S) are not yet fully devethgrigure 3.4 neatly groups and shows the

trend of these measurement conditions.

Linear fits for the computed values etlﬁ> yields:
<u3>/U2=0.3%uZ>/U? (3.6)
<u?>/U2=0.4<uZ>/U 2 (3.7)

The quality of the fits is expressed by the twoapaeters2andF, defined as follows:

n _ n _

rs2= (8 -0)%/ 3(0;-0)* (3.8)
|= |:
n A =2 n A2

F={ 2(G;-0)°/ 2(G;-G;) “Hn-K)/(K 1) (3.9)
i=1 i=1

Here,n is the number of measurements with outc@né, the predicted values ar@ the
mean of the seld); the number of parameters determined in thesfi€.iln Eq. (3.6)rs
andF are equal to 0.98 and 81, respectively. In Eq)(8andF correspond to 0.98 and
84, respectively.

The transient states of pipe flow are of practintdrest. In industrial loops, turbulent

pipe flows often do not reach fully developed cdiodis due to the length limitations; see
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Laws et al™ The required length enhances with increasing IReknolds number. As
observed in Fig. 3.4, the MSV velocities of cases 38/3 exceed those of case 1S. The
fits, Eq. (3.6) and Eq. (3.7), distinguish flow ditions from the fully developed one in a
convenient way.

For flow cases with flow straighteners, 1S and 4$saif the diagonal components of
the Reynolds stress tenson,ze/<u,>> and <u,>>/<u,>>, increase linearly from the pipe
centerline to a radial position aboR = 0.8 atRe, = 10300; see Fig 3.5. The linear
inhomogeneous behavior at the pipe core is charstitefor fully developed pipe flows.
This feature is observed for case 4S even thoughctise is not yet fully developed. For
r/R > 0.8, the increase inuf>/<u>> and <u,2>/<u,>> exceeds the typical linear growth.
The axial normal stress remains bigger than thgetatial and radial components, and the

ratios achieve values exceeding 10 close to thke wal
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Figure 3.5 Ratios of the diagonal components of the Reynstdsss tensor, u?>/<u,”>
and <u>/<u,”>, for cases 1S and 4S. The presence of the Burmilestraighteners | and

Il assures a characteristic linear behavior inpipe core (0 #R< 0.8).

For single-phase experiments without flow conditispneases 2S and 3S, the linear
inhomogeneous behavior for G/R< 0.8 is not achieved. This linear feature at thpep
core is only observed for turbulent pipe flows whapproach fully developed conditions.

A summary of the single-phase flows testedrgt= 10300 is shown in Table 3.3.
Linear fits are applied for u?>/<u,®>> and <u,>>/<u,>> in flows which achieve a linear

behavior in the radial range ®R< 0.8. Values for, andF statistics are also included.
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Table 3.3 Summary of the single-phase flow experimenfRet= 10300

Case Flow Flow  Development Linear <u>l<u>>= <u>l<u?> =
Direction Condi- length behavior a(r/R)+b c(r/R)+d
tioner in in
0<r/R<0.8 0<r/R<0.8
1S Upward Bundle | 15 Yes a=0.55;b=1.5 c=1.9;d=1.5
r&=0.83;F=176 r>=0.98;F =1850

2S Upward - 4B No - --
3S Downward - 2D No - --

4S Downward Bundle Il 20 Yes a=0.48;b=1.7 c=1.9;d=1.7

r®=0.76;F =75  rZ=0.93;F=497

In this subsection, the present single-phase fl@asurements have been categorized.
This is achieved by evaluating turbulent flow feeti In the remaining of section 3.6,
particle-laden flow results are presented and coetpt the above reference single-phase

flows.
3.6.2 Concentration of inertial particles

The number of tracer trajectories measured in &nger/R = 0.6 to 1 decreases with
increasingr/R - value. The difficulties in measuring tracer é&etpries in this region were
mainly due to light reflections stemming from di#faces in the refractive indices of water,
n ~ 1.33, and glass, r 1.51, and the curvature of the glass pipe. Ligitections
deteriorate the contrast between tracers and bagkdr However, the fluid flow could also
be measured farR > 0.6 despite the lower number of usable tracersethThe measured
concentration of tracers is roughly linear frofif = 0 to 0.6 and decreases towards the wall
for all particle-laden flows. In Oliveiret al®®, Eulerian statistics of a single-phase
turbulent pipe flow acquired by 3D-PTV have beewmni® to be trustworthy in the near-wall
zone if a number of velocity vectors per radial kxteeding 1000 was acquired. The same
criterion is also applied here.

In the detection of inertia particle trajectoriéfse contrast problem between particles
and background did not occur. The bigger imagingjgation area of inertia particles on
the camera sensor, exceeding the projection oésal6 or 25 times, avoided problems on
the identification of particles. While the projemsti of a tracer image occupies nearly an
area of 2x2 pixels, the projection of inertia pde$ occupies 8x8 or 10x10 pixels.
Roughly, every 3D inertia particle position idei&if in the tracking algorithm corresponds

to a real particle. On average, an approximate amofti3 x 16 particle positions was
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identified in each particle-laden case. 3D partmdsitions were identified with a camera
frame rate of 50 Hz in average periods of 50 mmwtl this period, a volume
corresponding tox 2.3 n? crosses the test section. Thus, accurate measut®rmé
concentration profiles of inertia particles havertebtained.

Throughout this article, the errors of time-averhgalues of a measured quantitgre
estimated with the aid of the so-called standardres,,. Confidence intervals of 95% are
considered. For a quantity which is measunetimes, with instantaneous resuksand

mean <x>, the standard error is given by:

Om= [_g L ™ R DRGICEY) s (3.10)
1=

The effects of upward or downward flow directiontegence or absence of flow
straightener and mean concentratiod, <, in the range 0.5x10to 1.7x10¢" on the
concentration profiles of inertia particles, (r/R), are presented in Fig.’s 3.6 — 3.10. Here,
@, (/R) represents the time-averaged volume of partiglithin the volume of the

corresponding bin element; see (3.11) and (3.12):

<Npin, > = (1) _?l Nbin,i (/) (3.11)
J:

@y (bin,i) = <Npin,i > (Vparticie/ Vbin,i) 13)

where j denotes a single photograph amdis the total number of photographs. The
subscriptbin,i denotes a discrete radial positiofR. The term &,; > represents the
averaged number of particles which occur in a digcradial binVpanice denotes volume of
a particle andvyin;, volume of a bin. The mean concentration of imeparticles, <&, >,
refers to the mean ab, (bin,i) in all bins, Eq. (3.13). The subscriptrepresents the total
number of radial bins, here 50.

k-1

<b>=(0 I (bin) (3.13)
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Figure 3.6 Effect of the mean concentrationps>, on the concentration profiles of inertial

particles,®, (r/R), in upward flow and in the presence of a flonagfhtener. Results are

plotted for particle-laden cases 1A/1B/1C. Experitseare performed with particles type |

in three distinct mean volumetric concentrations, 3 5.0 x 1, 1.4 x 10 and 3.2 x 10.
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Figure 3.7 Effect of mean concentration®s >, on the concentration profiles of inertial

particles, @, (r/R), in upward flow and in the absence of a flow igtitener. Results are

plotted for particle-laden cases 2A/2B. Experimentas are performed with particles type |

in two distinct mean volumetric concentrationg,%: 1.9 x 1 and 3.2 x 18.
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Figure 3.8 Effect of mean concentration@s >, on the concentration profiles of inertial
particles,®, (r/R), in downward flow and in the absence of a flovaigthtener. Results are
plotted for particle-laden cases 3A/3B. Experimentas are performed with particles type |
in two distinct mean volumetric concentrationg,%: 1.0 x 10 and 2.3 x 10. Dotted lines

are added to guide the eye.
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Figure 3.9 Effect of mean concentration®s >, on the concentration profiles of inertial

particles,®, (r/R), in downward flow and in the presence of a fldvaightener. Results are
plotted for particle-laden cases 4A/4B/4AC. Expentagruns are performed with particles
type | in three distinct mean volumetric concerrag, <b,>: 1.8 x 1, 2.8 x 1¢ and 7.0

x 10°. Dotted lines are added to guide the eye. Figua Presents results in the range 0
<r/R< 0.8 and Fig. 3.9Db, in the range 018R« 1.The number of line markers corresponds to

the number of bins measured; notice the differémcseales.
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Figure 3.10 Effect of mean concentrationds >, on the concentration profiles of inertial
particles,®, (r/R), in downward flow and in the presence of a flaraightener. Results are
plotted for particle-laden cases 4D/4E. Experimlentas are performed with particles type
Il in two distinct mean volumetric concentratiorsd, >: 8.3 x 10 and 1.7 x 19. Dotted
lines are added to guide the eye. Figure 3.10a mesesults in the range 0/R< 0.8 and
Fig. 3.10b, in the range 0.8/R< 1.The number of line markers corresponds to thmeler

of bins measured; notice the difference in scales.

Close to the pipe walls in upward flows, fdR > 0.85 a reduction i, occurs; see
cases 1A/1B/1C and 2A/2B in Fig.'s 3.6 and 3.7. Fewmvard flows, there is a peak at
'R~ 0.98; see cases 3A/3B, 4A/4AB/AC and 4D/4E in Fi§8 3.9 and 3.10, respectively.
Therefore, the direction of the vertical flow, up@ar downward, is associated to changes
in the concentration profileg, (r/R), particularly in the near-wall zone.

For upward flows, the ratio of the mean concentrafiom 0 </R< 0.8 t0 0.8 ¥/R< 1,
Ry = <@, >(0air<0.8)/<DPy >(0.8air<1), 1S 1.72, 1.75 and 1.65 for upward flow cases BAIC,
respectively. Both terms &, >gr<0.8) and <b, > gare1y are computed similarly to the
mean concentration, & >, Eq. (3.13), but in the indicated parts of theameement
section volume. Without the bundle flow straighteheR; increased to 1.97 and 1.92 for
upward flows cases 2A/2B, respectively.

Without the bundle flow straightener II, the rafg is 1.10 and 1.17 for downward
flows cases 3A/3B, respectively. With the existeata peak in concentration abaiR =
0.98, R, still exceeds 1. In the presence of the bundie ftraightener 11R; reduced to
0.75 and 0.81 for downward flows cases 4A/4B, retipely. Increasing &, > to 7.0x1C,

a further reduction to 0.47 was noticed for dowrdvow case 4C. By replacing particles
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type | by particles type Il and with a further inase of &> to 8.3 x 17 and 1.7 x 10,
Ry became 0.33 and 0.41 for downward flows casesBD&Epectively.

The ratio of the maximum concentration found in iackbte bin to the mean
concentration®, ma/<®, >, is 2.92 and 3.17 for downward cases 3A/3B. Favrdeard
cases 4A/4B, this ratio became 3.55 and 3.21, ctispy. By increasing &, > to
7.0x10°, the ratio increases to 4.15 for 4C. By replagagdicles type | by particles type II
and with a further increase ofps> to 8.3 x 10 and 1.7 x 10, the ratio increases to 4.5
and 5.8 for cases 4D/4E, respectively.

A summary of the results for concentration profilesd the values of the proposed
ratios to characterize the present experimentstayen in Table 3.4. Information about the

bundle flow straighteners | and Il and about p&$id®-I and P-Il is found in Section 3.2
for case of reference.

Table 3.4 Results of the inertia particle concentrationstfiar present experiments

Case Inertial Flow Flow d/R  <d>x . Dy max

particles  Direction ~ Straightener x10°  10° <o, > R
1A Typel Upward Bundle | 16.0 0.5 1.72 151 ~0
1B Type | Upward Bundle | 16.0 14 1.75 1.42 ~0
1C Type | Upward Bundle | 16.0 3.2 1.65 1.25 ~0
2A Typel Upward - 16.0 1.9 1.97 1.74 ~0
2B Type | Upward -- 16.0 3.2 1.92 181 ~0
3A Typel  Downward - 16.0 1.0 1.10 2.92 ~0.98
3B Type |  Downward - 16.0 2.3 1.17 3.17 ~0.98
4A  Typel Downward Bundle Il 16.0 1.8 0.75 355 .99
4B Type |  Downward Bundle Il 16.0 2.8 0.81 321 99
4C Type|  Downward Bundle Il 16.0 7.0 0.47 415 .98
4D  Typell Downward Bundle Il 19.2 8.3 0.33 458 098
4E Type Il Downward Bundle Il 19.2 17.0 0.41 5.80 0.98

* Ry is defined as: € >«r<0.8)/<Py>(0.841r<1)

3.6.3 Mean axial velocity profiles

Inertia particle and tracer trajectories have bemgistered by 3D-PTV in a camera
frame rate of 50 Hz. The differentiation of parittajectories in time generates on average
2 x 10 velocity vectors for tracers and 3 x°1f0r inertia particles in each particle-laden

case. The velocity vectors are ensemble-averagedisitinct radial bands, which are
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delimited by a discrete width of Ar = 0.5 mm around a chosen radius, see Oliveira
al.”” and section 3.4 above.

The effects of upward or downward flow directiorregence or absence of flow
straightener and mean concentration on the meah a{bcity profiles of fluid, ¥J,>, and
inertia particles, &, >, are presented in Fig.’s 3.11 — 3.16. The flovkudlocity, Uy, was
adjusted to keep the sanf¥g, for each experiment, 10300. Inertia particle arater
velocity profiles are normalized in these figurgsthe corresponding,. In each plot, the
reference single-phase velocity profile is alsovahoTests with a different set of inertia
particles are performed in cases 4D/4E. Error-béits sizes comparable to the dimensions
of symbols shown in Fig.’s 3.11 — 3.16 are computedhe standard error, Eq. (3.10), in
95% confidence intervals. These errors could tleeefiot be indicated separately in these
figures.

To check the fluid mean axial velocity profiles gHrticle-laden cases, the following
procedure was followed. For each fluid flow profite product of the fluid mean axial
velocity and the area of each discrete bit) £ x A, was integrated to obtain the mean
volumetric flow rate, Q, which crossed the measurement volume. Temperature
measurements yielded the water mass densityhe producp x Q gave the mass flow
rate for each experimental set, which correspondebe ones given by the Coriolis meter
within its inaccuracy range. The mass flow ratenesasured by means of a Micro Motion
Elite CMF300 Coriolis mass flow and mass densityenetvhose inaccuracy is less than
0.5% of the registered flow rate.

In Fig. 3.11, the mean axial velocity profiles oéiitia particles and tracers for case 1B
are presented. Results for cases 1A/1C are sinilarsignificant changes in the axial
velocity profiles are noticed when the mean volutoetoncentration, €, >, is varied from
0.5 x 10° to 3.2 x 1@ in upward flows in the presence of flow straigleteh Similarity in
particle-laden results is also found between caseand 2B. No significant changes in the
axial velocity profiles are noticed when the meah, = is varied from 1.9 x 10to 3.2 x

10° in upward flows in the absence of flow straightene

67



Chapter 3

1
o .
8 RS
o E&
2 08l ¢ 0 o F~y
g ¢
- o° 0.6 v
Vo= Vi
g N v
A \
> 2 Y —x-1s %%% %g%g 04 \* \
(>
A2 0ol 4 71BE@P) %0 0.2l Upward, PI,1B/1S, .
o : o 1B (PI) (o | flow straightener | .
v \
\
0.8 0 ¢
0 0.2 0.4 0.6 0.8 0.85 0.9 0.95 1
R /R
3.11a Bl

Figure 3.11 Mean axial velocity profiles, 4> and «,>, for particleladen case 1B. T
velocities are normalized by the bulk velocity afch flow, U,. The subscript 1S deno
single-phase flow, and 2P and PI, tracers and ingeatiticles type | in two-phase flown cas:
1B, <&, > is 1.4 x 10. Dashed lines are added to guide the eye. Bams-have same sizes
symbols. Figure 3.11a presents velocity profileshimm range 0 ¥R< 0.85 and Fig. 31b, ir
the range 0.85 R< 1. The number of line markers corresponds to rthmber of bin
measured; notice the difference in scales.
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Figure 3.12 Mean axial velocity profiles, &> and <, >, for particle-laden case 2A. The
velocities are normalized by the bulk velocity @ick flow, U, The subscript 2S denotes
single-phase flow, and 2P and PI, tracers and inpditcles type | in two-phase flow. In
case 2A, 9,> is 1.9 x 10. Dashed lines are added to guide the eye. Ermsrimve same
sizes as symbols. Figure 3.12a presents veloaitifigs in the range 0rfR< 0.85 and Fig.
3.12Db, in the range 0.85/R< 1.The number of line markers corresponds to theber of
bins measured; notice the difference in scales.
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Comparison of mean axial fluid velocities for siglhase and two-phase flows, cases
1S and 1B, indicates a slight reduction in the miéan velocity in the radial range: 0
<r/R< 0.93. This reduction is compensated by an inerélasmean fluid velocity in the
range 0.93 #R< 1. Upflow cases 2A and 2S also present similangéa in the mean flow
velocity profiles as observed for upflow cases 1& HB.

For case 1B, the mean relative velocity betweernighestand fluid is observed to be
about constant from OrfR< 0.6, roughly 10 mm/s, and decreasesrfar> 0.6. Forr/R >
0.90, the mean flow and particle velocities aregidy equal; see Fig. 3.11b. For case 2A,
the mean relative velocity is observed to be aloutstant from 0.3 ¥R< 0.7, about 10
mm/s. The mean relative velocity difference is mtuforr/R< 0.3 and/R>0.7. Forr/R >
0.95, the mean flow and particle velocities arecasitrequal. By observing cases 1B and
2A, mean particle velocities in the absence offltw straightener | approached the fluid
mean ones in a bigger part of the flow section,foer/R< 0.3 andr/R > 0.7; see Fig.’s
3.12a and 3.12b. In contrast to case 2A, the melative velocity for case 1B is roughly
10 mm/s for/R< 0.3.

We now proceed with the description of downflowoddy profiles with <b, > less
than 2.8x10, cases 3A/3B and 4A/4B.

1.6 T y T
o 14 Downward, PI,3A/3S,
8 : no flow straightener
-]
T
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>Q.
v
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2 |
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\ 0.2 — % —3S |
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0 0.2 0.4 0.6 0.8 1
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Figure 3.13 Mean axial velocity profiles, $,> and «, >, for particle-laden case 3A. The
velocities are normalized by the bulk velocity atk flow,U,. The subscript 3S denotes
single-phase flow, and 2P and PI, tracers and inpatiticles type | in two-phase flow. In
case 3A, ¥, > is 1.0 x 10. Dashed lines are added to guide the eye. Ermsrhave
same sizes as symbols.
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Figure 3.14 Mean axial velocity profiles, d,> and «, >, for particle-laden case 4B. The
velocities are normalized by the bulk velocity aich flow, U,. The subscript 4S denotes
single-phase flow, and 2P and PI, tracers and inpatticles type | in two-phase flow. In
case 4B, 9,> is 2.8 x 10. Dashed lines are added to guide the eye. Ermsrimve same
sizes as symbols. Figure 3.14a presents velocifjigsan the range 0r#R< 0.80 and Fig.
3.14b, in the range 0.80/R< 1. The number of line markers corresponds tatiraber of

bins measured; notice the difference in scales.

In Fig. 3.13, the mean axial velocity profiles oéitia particles and tracers for case 3A
are presented. Results for case 3B are similarsifjaficant changes in the axial velocity
profiles are noticed when the mean volumetric cotregion, <b, >, is varied from 1.0x1®
to 2.3x10° in downward flows in the absence of flow straiglete Similarity in particle-
laden results is also found between cases 4A andNdBsignificant changes in the axial
velocity profiles are noticed whends> is varied from 1.8x10to 2.8 x 1¢ in downward
flows in the presence of the flow straighteneHbwever, changes take place for the mean
axial velocity profiles of inertia particles andaters for cases 4C/4D/4E. If the mean
concentration of inertia particles@s >, exceeds 7.0x190 the profiles of ¥> and «, >
for tracers and inertia particles are profoundffedéent from cases 4A/4B at lowebs>.

For case 3A, there is a significant change in thanrfiid velocity profile compared
to the single-phase reference flow, case 3S, indtial range: 0 ¥R< 0.8. For the same
radial range, the profiles ofs> and «, > for tracers and inertia particles in case 3A are
almost constant. FaYR > 0.8, there is good agreement between mean flliocities for

3A and 3S. The difference between particle and fin&hn velocities is almost zero along
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the measurement section for particle-laden downwvitards in the absence of the flow
straightener II.

In contrast to cases 3A and 3S, good agreement betihe fluid mean velocities of
the single-phase and two-phase flows is observedafges 4B and 4S in the presence of the
flow straightener Il. Comparison of mean axial divielocities for single-phase and two-
phase flows, cases 4S and 4B, indicates a slightase in flow velocity in the radial
range: 0 ¥/R< 0.93. This increase is compensated by a reduatidluid velocity in the
range 0.93 ¥R< 1, see Fig. 3.14b.

Mean particle velocities increased for cases 4AmMBomparison to cases 3A/3B. The
mean relative velocity between particles and fisidbserved to be about constant from 0
<r/R< 0.4, roughly 10 mm/s, and decreases/far> 0.4. Forr/R > 0.9, the mean flow and
particle velocities are roughly equal.

We now proceed with the description of downflow oy profiles with <, >
exceeding 7.0x1%) cases 4C/4D/4E.
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Figure 3.15 Mean axial velocity profiles, &> and «, >, for particle-laden case 4C. The
velocities are normalized by the bulk velocity aick flow,U,. The subscript 4S denotes
single-phase flow, and 2P and PI, tracers and inpatiticles type | in two-phase flow. In
case 4C, the &, > is 7.0 x 10. Dashed lines are added to guide the eye. Ernsritmve

same sizes as symbols.
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Figure 3.16 Mean axial velocity profiles, l¢,> and «, >, for particle-laden case 4E. The
velocities are normalized by the bulk velocity aick flow, U, The subscript 4S denotes
single-phase flow, and 2P and PII, tracers and mediticles type Il in two-phase flow. In
case 4E, &,> is 1.7 x 10. Dashed lines are added to guide the eye. Ernsrimve same

sizes as symbols.

In Fig. 3.15, the mean axial velocity profiles oéiitia particles and tracers for case 4C
are presented. As mentioned, changes on the wafilelU> and «, > are observed for
fluid and particles when the mean concentratioh, x, exceeds 7.0 x 10in downward
flows in the presence of the flow straightenelFbr case 4C, there is significant change in
fluid velocity profile in comparison to case 4S. Théd velocity is reduced in the radial
range: 0.6 #R< 1. This reduction is compensated by an increadtiid velocity in the
range 0 ¥/R< 0.6. The mean fluid velocity in case 4C is roygidual to the particle mean
velocity forr/R > 0.9.

In Fig. 3.16, the mean axial velocity profiles oéiitia particles and tracers for case 4E
are presented. Results for case 4D are similasifuficant changes on the axial velocity
profiles are noticed when the mean concentrati@n,> is varied from 8.3 x I0to 1.7 x
10* in downward flows in the presence of the flow igfintener Il. Results resemble the
profiles of case 4C and are in contrast to caseartB. In the presence of particles with
bigger diameter §t = 3.3), the mean velocity difference between ineparticles and

tracers was enhanced on average for cases 4Dgtiriparison to case 4C.
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The difference between particle and fluid velositis almost zero at the pipe
centerline; see Fig. 3.16. It increases from ORt= 0 to 12 mm/s at/R = 0.85. Fon/R >
0.85, the difference in velocity is reduced. F4R > 0.95, the mean flow and particle
velocities are roughly equal.

Comparison of mean axial fluid velocities for sieglhase and two-phase flows, cases
4S and 4E indicates a reduction in flow velocityttie radial range: 0.55rR< 1. This

reduction is compensated by an increase in fluidoiy in the range 0 #R< 0.55.
3.6.4 Mean squarevalue of velocity fluctuationsfor fluid and disper sed phase

The Mean Square Value (MSV) velocity is defined as phoduct of mean velocity
fluctuations. Here, the following notations are l&ggpto the MSV of fluid, €, ug>, and of
inertia particles, %', vp'g>. Subscriptsh andq represent cylindrical coordinates @, 2).
The effects of upward or downward flow directiontegence or absence of flow
straightener and mean concentration on the MSV effltictuating velocity for fluid and
dispersed phasé&(= 2.3) are presented in Fig.’s 3.18 — 3.22. Testls & second set of
inertia particles $t = 3.3) are shown in Fig. 3.23. A cylindrical cooralie system with
origin at the pipe centerline and with the axiaisaanti-parallel to the gravitational

acceleration is assumed for down- and upward flees;Fig. 3.17.

A
VA

Figure 3.17 Cylindrical coordinate system for up- and downw#odvs. The origin is at

the pipe centerline and the axial axis is anti-felrto the gravitational acceleration.

Inertia particle and tracer MSV velocity profileeeanormalized by the square of the
bulk flow velocity, U,?, of the corresponding experiment. Hefd, is chosen for
normalization, since it was set at each experimerkeep the samBRg, 10300. In each
plot, the reference single-phase MSV velocity pesfilare also shown. Error-bars are
computed by the standard error, Eqg. (3.10), in @6%jidence intervals.

In Fig.’s 3.18a and 3.18b, inertia particle and drad1SV velocity profiles are

presented for the case 1B. For isotropic flows, Mf&V cross-components are zero. In
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inhomogeneous fully developed pipe flows, the atdgoupled direction is the tangential
one, which means that correlations like, e.gy 4> and <yu,>, are zero. The nonzero
cross-components ofugus> and U,'n V> are U and <, v,> which are presented in
Fig. 3.18b.

In Oliveiraet al®®, the MSV velocity profiles, &>, <u,>>, <u,>> and <,u>, of case
1S have been compared to the DNS results of VeeHrh&or all MSV plots, the 3D-PTV
data of case 1S presented good agreement with DNfhwiteasurement error. MSV of
radial and tangential velocity components are smathan the axial one. While at the
center of the tuber/R<0.2) turbulence is nearly homogeneous, highly inbgeneous
behavior is seen closer to the wall area (0B<1).

Good agreement is found for the fluid MSV velocitpfiles for cases 1S/1B. Results
for cases 1A/1C are similar. For fully developedtipbe-laden pipe flows in upward
direction and in the presence of particles typeithw®, > less than 3.2x1Q the
turbulence is barely modified.

The dispersed phase MSV velocity profiles for radiad tangential components,
<vp,*> and <,,”>, have similar behavior to the fluid profiles. Fogiven radial position, a
fluid value of <u®> or <u,® is found inside the error range of a disperseasplluctuation

value in a 95% confidence interval.
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Figure 3.18 Normal (a) and cross-component (b) MSV velocity fifgs, <u,u;> and

V'V, for particle-laden case 1B. The MSV velocities maormalized by the square of
the bulk velocity of each flowJ,>. The subscript 1S denotes single-phase flow, arah2P
PI, tracers and inertia particles type | in two-ghélsw. In case 1B, €, >, is 1.4 x 10.
Dotted and solid lines are added to guide the eye.
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For comparing MSV experimental results, the flucratwalues are weighed with the
area of the corresponding bin in order to get pr@wverages. This averaging procedure is
adopted through this whole section. The disperdeab@ MSV velocity profiles for the
axial and cross—componentsqp‘§> and v, differ from those of the fluid profiles.
For the radial ranggR< 0.8, inertia particles values of/p§2> exceed on average 24 % the
fluid ones. In the cross-component profilesy' ¥, > and <.u>, particles and fluid have
similar results only in the range Or&R < 0.6. For the radial range 0.6r/R < 1, inertia
particles values ofw;'v,'> are smaller than the fluid ones.

In Fig. 3.19, the MSV velocity profiles of fluid ardispersed phase are presented for
case 2A. The fluid MSV velocity profiles for case B added to show the differences
with the fully developed condition (the same pragedis adopted for the results of other
developing particle-laden flows). Results for caBeare similar. No significant changes in
the MSV velocity profiles of fluid and inertia patiés are noticed when the mean
concentration, &, >, is varied from 1.9x1®to 3.2x1C in upward flows in the absence of
the flow straightener I. The fluid MSV velocity pitefs of all components, u?>, <u,”>,
<u®> and wu> for cases 2A/2B are similar to the single-phdeev,fcase 2S, in the
presence of the inertial particles for the givenaamtrations.

In comparison to the fluid behavior in case 1B, fln@ profiles of <u,>>, <u,>> and
<u,>> are increased for case 2B, particularly it < 0.4. There, &>, <u,> and <>
are on average 23, 53 and 21 % bigger. Fluid peoéifahe cross-componentyd,>, were
similar in cases 2A/2S/1B; see Fig. 3.19c.

The dispersed phase MSV velocity profiles for radiad tangential components,
<vp,*> and «,,>>, present similar behavior as the fluid profilacases 2A/2B. However,
the dispersed phase axial and cross-componems’><and <,,v,>, in cases 2A/2B,
differ from those of the fluid profiles. Inertia pigles values of vp'22>, case 2A, are for the
radial ranga/R< 0.4 on average 22 % smaller than the fluid ohrethe cross-component
profiles of «,'v,> and <:u,>, particles and fluid have similar values onlythie range 0 <
r/R < 0.55. Inertia particles values oV, > are on average 23 % smaller there than the
fluid ones.

For the whole category of particle-laden develoglags, values of cross-components
including the tangential direction,usu>, <uy u”>, <y Vy'> and %,y v, have been

checked. They are close to zero and thereforearghown.
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Figure 3.19 Effect of different stages of development on thialaa), radial and tangential

(b), and cross-component (c) MSV velocity profiles,u> and <,wv,'¢>, for particle-
laden case 2A. The MSV velocities are normalizedh®ysquare of the bulk velocity of
each flow,U,%. The subscript 2S denotes single-phase flow, anar2PPI, tracers and
inertia particles type | in two-phase flow. In c&&, <&, > is 1.9 x 10. Dotted, dashed
and solid lines are added to guide the eye.

In Fig. 3.20, the MSV velocity profiles of fluid ardispersed phase are presented for
case 3A. Results for case 3B are similar. No dicgmit changes in the MSV velocity
profiles of fluid and inertia particles are noticethen the mean concentrationp, is

varied from 1.0x108 to 2.3x1C in downward flows in the absence of the flow gfhaéner
Il.
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The fluid MSV velocity profiles of all componentsy&>, <u,>>, <u,”> and <,u,>, for
cases 3A/3B are modified in comparison with thegleifphase flow, case 3S, in the
presence of inertial particles for the given comiions. Particularly at the pipe core (0 <
r/R < 0.6), values of the fluid MSV,u?>, <u>>, <u,”> and |«,u>|, are increased by 23,
37, 24 and 20 %, respectively, for case 3A. Therdgancies with the fluctuation levels of
a fully developed flow are increased in the presesfcinertia particles; see the fluid MSV
profiles of cases 1B/3A/3S in Fig. 3.20.

The dispersed phase MSV velocity profiles for radiad tangential components,
<v,> and «¥,,*>, are similar to the fluid ones in case 3A. Howevke dispersed phase
axial and cross-component%'{> and vy, in case 3A, differ from those of the fluid
profiles. For the radial range 0.4/R< 1, inertia particle values ofv5122>, case 3A, exceed
on average 14 % the fluid ones. In the cross-compioprofiles, inertia particle values of

|<vp'Vp~>| are on average 24 % bigger in the range 0/R< 0.8.
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Figure 3.20 Effect of different stages of development on thialaa), radial and tangential

(b), and cross-component (c) MSV velocity profilesiyu> and <,'rv,'¢>, for particle-

laden case 3A. The MSV velocities are normalizedhey square of the bulk velocity of
each flow,U,%. The subscript 3S denotes single-phase flow, an@r2PPI, tracers and
inertia particles type | in two-phase flow. In c&%, the mean volumetric concentration,

<®,>, is 1.0x10. Dotted, dashed and solid lines are added to ghileye.

In Fig. 3.21, the MSV velocity profiles of fluid amdispersed phase are presented for
case 4B. Results for case 4A are similar. No sicamit changes in the MSV velocity
profiles of fluid and inertia particles are noticethen the mean concentrationp<>, is
varied from 1.8x18to 2.8x1( in downward flows in the presence of flow straggter I1.

The fluid MSV velocity profiles of all componentsy&, <u,>, <u,>> and <u>, for

cases 4A/4B are similar to the single-phase flomsec4S, in the presence of inertial
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particles for the given concentrations. The disanges with the fluctuation levels of a
fully developed flow is particularly pronounced the radial range 0.5rA&R< 0.9; compare
fluid MSV profiles of cases 4B/4S to the ones of cEBen Fig. 3.21.
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Figure 3.21 Effect of different stages of development on tkialaa), radial and tangential
(b), and cross-component (c) MSV velocity profiles,u> and <,wvy'¢>, for particle-
laden case 4B. The MSV velocities are normalizedhgysquare of the bulk velocity of
each flow,U,%. The subscript 4S denotes single-phase flow, an@r2PPI, tracers and
inertia particles type | in two-phase flow. In caki®, the mean volumetric concentration,
<®,>, is 2.8x10. Dotted, dashed and solid lines are added to ghileye.

The dispersed phase MSV velocity profiles for radiad tangential components,

<v,> and ¥,,*>, are similar to the fluid ones in cases 4A/4ABwduer, the dispersed
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phase axial and cross-componentq,‘z% and <V, >, in cases 4A/4B, differ from those
of the fluid profiles. For the radial range 0.#R< 0.8, inertia particle values ofvp<f>,
case 4B, exceed on average 17 % the fluid onethelrtross-component profiles, inertia
particle values of %'\ v,'>>| are on average 23 % bigger in the range G/R< 0.8.

In Fig. 3.22, the MSV velocity profiles of fluid ardispersed phase are presented for
case 4C.
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Figure 3.22 Effects of the mean volumetric concentratiod, %, and different stages of

development on the axial (a), radial and tangerfbyl and cross-component (c) MSV
velocity profiles, €<,us> and %,'wv,'¢>, for particle-laden case 4C. The MSV velocities ar
normalized by the square of the bulk velocity ofredlow, U,2. The subscript 4S denotes
single-phase flow, and 2P and PI, tracers and inpatiticles type | in two-phase flow. In
case 4C, &,> is 7.0x1¢. Dotted, dashed and solid lines are added to ghigleye.
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Results differ from cases 4A/4B. Significant chasgee observed to the MSV velocity
profiles of fluid and inertia particles when theaneconcentration, &, >, exceeds 7.0x10
in downward flows in the presence of the flow gthaener Il; compare results of case 4B
in Fig. 3.21 to results of case 4C in Fig. 3.22.

The fluid MSV velocity profiles of componentsyZ>, <u,”> and <u,u>, for case 4C
differ from the single-phase flow, case 4S. For tR@lacomponent, &>>, an average
increase of 30% is observed for all cross-sectimr. <u,>> and |€,u>|, a cross-section
averaged increase of 8% and 13% are observed. aifi@l component 2> is in better
agreement to the fluid MSV profile of case 4S. Asoasequence, the discrepancies with
the fluctuation levels of a fully developed flowirkreased; compare fluid MSV profiles of
cases 4C to the ones of case 1B in Fig. 3.22.

When <b, > exceeds 7.0x10) changes also take place to the dispersed phase MSV
velocity profiles of all components,vg?®>, <v,,/*>, <v,,”> and <,,,>. Differences
between inertia particle and fluid MSV profiles aise 4C are increased in comparison
with those of case 4B; compare Fig. 3.21 to Fig..3.22

In Fig. 3.23, the MSV velocity profiles of fluid amdispersed phase are presented for
case 4E. Results are similar to case 4D. No saamfi changes on the MSV velocity
profiles are noticed when the mean concentratioh, > is varied from 8.3x10 to
1.7x10% in downward flows in the presence of the flow ifnéener |I.

Values for the fluid MSV velocity components of c@e are increased in comparison
to the components of case 4C; compare Fig. 3.22¢0o323. In the presence of particles
type Il and for <, > exceeding 8.3x1Q fluid MSV components are increased in
downward flows in the presence of the flow straégier 11.

In comparison to single-phase flow case 4S, theeasw in the fluid MSV velocity
components of case 4E&, <u,>>, <u,> and |<,u,>|, is on average 11, 45, 14 and 20 %,
respectively, in the entire cross-section. As asequence, the discrepancies with the
fluctuation levels of a fully developed flow is me@ased; compare fluid MSV profiles of

cases 4E to the ones of case 1B in Fig. 3.23.
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Figure 3.23 Effects of the mean volumetric concentratiod, %, and different stages of
development on the axial (a), radial and tangerfbyl and cross-component (c) MSV
velocity profiles, <> and <'wv,'¢>, for particle-laden case 4E. The MSV velocities a
normalized by the square of the bulk velocity ofreflow, U,2. The subscript 4S denotes
single-phase flow, and 2P and PII, tracers and me#diticles type Il in two-phase flow. In
case 4E, &,> is 1.7x10". Dotted, dashed and solid lines are added to ghileye.

A summary of the MSV velocity results presented ig.’5i3.18 — 3.23 is found in
Tables 3.5 — 3.7. In Table 3.5, cross-section @egtdluid turbulence ratios of present
particle-laden flows to the corresponding singlegehreferences (cases 1S, 2S, 3S, 4S) are
shown. The ratios are computed for all significs®V velocity components,u?>, <u,>>,

<us®> and .u>, and for the sum of componentsfx = <u,”> + <u,>> + <u,>>. The MSV
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velocities are normalized by the square of the vallocity of each flowU,2. The cross-
section averaging computation for the axial MSV comgnt is performed according to Eqg.

(3.14); the overbar indicates cross-section average

<u2> = (o[R<u2>2nr dn)/(nFP) (3.14)

Table 3.5 Cross-section averaged fluid turbulence ratigsre$ent particle-laden
flows to the corresponding single-phase referefema&ses 1S, 2S, 3S, 4S)
Case 1A 1B 1C 2A 2B 3A 3B 4A 4B 4C 4D 4E

(<uZ>/UB)p

> > 1.04 102 1.05 1.02 1.03 1.17 120 1.08 1.09 1.30 143 145
(<uz>/Ughp

(<U?>1U8)0p

5 > 099 101 101 103 101 125 124 105 105 101 1.10 1.11
(<ur >/Up)p

2 2
<uj >
(84 >/Ub)ap 1.01 099 101 1.02 101 116 1.15 1.04 1.03 1.08 1.13 1.14

(<uf >/Uf)p

(<u?>/Uf)p

- = 103 1.01 1.04 1.02 1.02 1.18 120 1.07 1.08 1.19 1.29 131
(<u?>/Uf)p

— 2
(<uruz >/Up)op

— o 1.01 101 102 1.01 102 1.08 109 1.01 100 1.13 1.19 1.20
(<uruz >/Up)p

Table 3.5 clearly shows how the flow turbulencenidified by the presence of inertia
particles at the given concentrations and flow domts. At 4D far from the entrance
region, upward particle-laden flows with and withdhe Bundle flow straightener |
experience a minor increase in the MSV velocitigse increase in flow turbulence levels
of cases 1A/1B/1C and 2A/2B is about 2 % of theylsifphase cross-section averaged
values. In these cases, mean concentratiahs> <are less than 3.2x%0

At 20D from the entrance region and withbg> less than 2.3x10 downward
particle-laden flows without the Bundle flow strhigner Il experience a significant
increase in the MSV velocity components, about 2@\#20D far from the entrance region
and with <, > less than 2.8x10 downward particle-laden flows with the Bundlewilo
straightener Il experience a clear increase irMB& velocity axial component, about 8 %.
Remaining components of cases 4A/4B are less affdnt the presence of inertia particles.

At 20D from the entrance region and wittb<> exceeding 7.0x1%9) downward

particle-laden flows with the Bundle flow straighéz 1l have significant increase in the
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MSV velocity axial component, about 30 % for caseatd 44 % for cases 4D/4E. The
remaining components of cases 4C/4D/4E are alsecteff, but less. In cases 4D/4E,
inertia particles type Il have been applied.

In Table 3.6 the cross-section averaged fluid tieree ratios of particle-laden flows
to the reference flow (case 1B) are presented. Hst case 1B represents the fluid
turbulence of a fully developed particle-laden flowa weak two-way coupling. Results for
cases 1A/1C are similar to case 1B. The crosseseatreraging computation for the MSV
components is performed according to Eq. (3.14 WSV velocities are normalized by

the square of the bulk velocity of each fldu’.

Table 3.6 Cross-section averaged fluid turbulence ratigsre$ent particle-laden
flows to the fully developed particle-laden refarericase 1B)

Case 1A 1B 1C 2A 2B 3A 3B 4A 4B 4C 4D 4E

(<uZ>/Uf)p

5 > 102 1 1.03 1.11 112 167 1.71 115 1.16 136 151 153
(<uz>/Uf)e

(<u? >1Uf)p

5 > 098 1 100 1.16 114 202 200 1.21 121 116 126 1.27
(<ur>/Uphp

2 2
<uj >
(4 >1Yh)zp 102 1 102 1.11 110 157 156 115 1.14 119 124 1.25

(<uf >/Uf)p

(<u?>/Ug)op

- "= 102 1 103 112 1.13 1.70 1.74 1.15 1.16 1.28 1.40 1.42
(<u?>/Ud)p

— 2
(<uuz>/Ug)op

— o 1 1.01 1.03 1.04 128 1.29 1.07 1.06 125 1.34 1.35
(<upuz >/Uf)g

At 45D from the entrance region, upward particle-ladew$ without the Bundle flow
straightener | have the fluid MSV velocities aboOt% higher than case 1B. The mean
concentrations of cases 2A/2B are of same ordercases 1B/1C. With sufficient
development length, fluctuation levels of case2BAbecome similar to those of case 1B.

At 20D from the entrance region, downward particle-laflews without the Bundle
flow straightener Il have the fluid MSV velocitiebaut 70 % higher than case 1B. A20
far from the entrance region, downward particleeladflows with the Bundle flow
straightener Il have the fluid MSV velocities abd% % higher than case 1B. The mean
concentrations of cases 3A/3B/4A/4AB are of sameroad cases 1B/1C. With sufficient
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development length, fluctuation levels of cases3BMA/AB become similar to those of
case 1B.

At 20D from the entrance region and withbg> exceeding 7.0x10) downward
particle-laden flows with the Bundle flow straighéz 1l have significant increase in the
MSV velocity components. Particularly, the fluid MS¥ia component has 30 - 50 %
higher levels in comparison to case 1B. For casdd4@E, it is possible that the fluid
fluctuation levels will differ from case 1B aften@ugh development length to achieve a
fully developed condition. It seems that the caupleffect between particles and fluid is
increased for &, > exceeding 7.0x10

Table 3.7 shows the cross-section averaged dewsatid inertia particles and fluid
MSYV velocity components for the present particlectaflows. The averaged deviations are
computed for all significant components. The cresstion averaging computation of the
deviation for the axial MSV component is performedading to Eq. (3.15); the overbar

indicates cross-section average:

R
Ji<vp',2 >-<u2 ,p>|2xrdr

[kvp'2>-<uZ,p3 = (3.15)

717R2

Table 3.7 Cross-section averaged deviations of inertia garéind fluid MSV velocity
components for the present particle-laden flows

Case 1A 1B 1C 2A 2B 3A 3B 4A 4B 4C 4D 4E

V2 2
< >-< >
|<Vp'z Uz2p>l 023 024 022 012 011 012 011 013 012 017 012 0.1f

2
<Uzzp>

' 2 2
< >-< >
| Vpr Ur2p | 0.05 0.04 0.03 0.09 0.08 0.11 0.12 0.07 0.08 0.10 0.07 0.0

2
<Urop>

v 2 2
< >-< >
I<Vp U2p>l 505 006 004 007 0.08 007 008 0.06 0.05 011 007 0.0

2
<Up2p>

[<vp'rVg'z>-<uruzop>|
prez 1% 025 026 024 019 018 021 0.19 020 0.18 0.19 0.17 0.1¢

|<Ur uz,2P>|

With the results of Table 3.7, it is noticed thagrtia particle MSV differs from the
fluid MSV particularly for the components involvindpe axial coordinate,vgzz> and

<VpVp72>. While the deviations in the MSV componentsp'ré and «,,">, are in general
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less than 10 % of the fluid MSV, deviations fo;rp'§> and |¥,vy'~>| can be higher than 20
%.

Cases 1A/1B/1C presented the biggest deviationdMf®¥ components, \15‘22> and
<Vp'iVp'>, among all particle-laden experiments. With iasiag flow turbulence levels, the
cases 2A/2B, 3A/3B and 4A/4B/AC/4B/AE had the mdaniations reduced for MSV

components  involving  the  axial  direction: |<vp‘22>-<u§2P>| and

[<Vp'rVp'z>-<Uruz2p>l.
3.6.5 Mean axial relative velocity and flow turbulence

Inspection of Fig.’s 3.11 — 3.16 revealed distireints of the mean axial velocity
profiles of fluid and particles. As will be shown this section, the difference between
particle and fluid mean velocities in the axial atinate, <> = <v,> - <U>, varies
from the terminal velocitylJty, to roughly zero. Values &fy for particles type | and I, -
10.2 and -13.1 mm/s, respectively, were computeskiction 3.2.2. Assuming a cylindrical
coordinate system with origin at the pipe centeriamd with the axial axis anti-parallel to
the gravitational acceleration, the signs wf;s> andU+y, are negative for both upward and
downward particle-laden flows.

The relative velocity % > is close toUry in the range/R < 0.8 for particle-laden
cases 1A/1B/1C. These two-phase flows were measimed situation where the
corresponding single-phase flow is fully developeadse 1S. In Fig. 3.24, the difference
between %, > andUqy is plotted versus the radial coordinate for theesamentioned.
Error-bars with sizes comparable to the dimensairsymbols shown are computed by the
standard error, Eq. (3.10), in 95% confidence iraks
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Figure 3.24 Difference between particle and fluid mean velesitin the axial coordinate,
<Vie >, fOr particle-laden cases 1A/1B/1C. The dashee tepresentSiry = <V . Error-
bars have same sizes as symbols. Squares, diamaddsrees represent results of cases

1A, 1B and 1C, respectively.

For r/R > 0.8, the approximatioblty ~ <v, > is incorrect. The particle mean axial
velocity approaches the fluid mean one with indrepsadial distance.

A similar finding as in Fig. 3.24 for the radial gew/R < 0.8, namelyUry = g 2,
was also observed by Suzuéi al® who performed particle-laden experiments in a
turbulent downward channel flow. In their reseaygdrticle-laden results were obtained for
fully developed flows. They observed that the vigjodifference between the carrier phase
and the inertia particles is approximately the taahvelocity. They also observed a
reduction of the magnitude of the mean relativaalaxelocity in the near-wall zone, by
about 10 % ofJ+y.

In the particle-laden cases 2A/2B, 3A/3B and 4AMBAD/AE, the equality of the
terminal velocity and the mean axial relative vélgdJry = <ve 2, in the radial rangeR <
0.8 is not observed. As seen in Fig.’s 3.25 — 31@8an axial velocities of inertia particles

approach the fluid ones at some radial positions.
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Figure 3.25 Difference between particle and fluid mean velesitin the axial coordinate,
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For upward flows without flow straightener, cases&#l 2B, the mean axial relative
velocity approaches the terminal velocitysy = <vie >, Only in the range 0.4 ¥R < 0.8.
For the radial range 0 ¥R < 0.4, |¥, | reduces gradually until the mean axial velocity
of inertia particles approaches the fluid one i plipe centerline. FaYR > 0.8, the mean
particle velocity approaches the mean fluid onéhiiicreasing radial distance similar to
cases 1A/1B/1C.

The equality ofUry and < > is not observed in the radial range ®/R < 0.8 for
downward flows, cases 3A/3B and 4A/4B/AC/4D/4AE. e downward flows in absence
of a flow straightener, cases 3A/3B, the particleam axial velocity almost matches the
fluid axial one, ¥, > = <U,>, in nearly the entire range Or/R < 0.8. For 0.6 4/R < 0.8,
there is a slight increase invls>|.

For downward flows with flow straightener Il, case& and 4B, the equality dfiry
and < > is only observed for 0 ¥R < 0.4. Fromr/R = 0.4 to 0.8, the magnitude of the
mean axial relative velocity, Vg, ~|, becomes smaller until reaching half of the teah
velocity value for inertia particles type I, roughb mm/s.

For case 4C, the profile ofvg > is quite different from the ones shown for caéas
and 4B. Values of & >| are approximate 40% df,| for inertia particles type | in the
range 0 </R < 0.6 and increase to 85% bk{| atr/R = 0.8. Significant differences in the
results of ¢ >~ were found when the mean volumetric concentratioparticles exceeds
7.0x10°,

For downward flows with flow straightener Il, casé® and 4E, the mean axial
relative velocity profiles show similar behavior as case 4C. In these cases, inertia
particles type Il were applied. Values ofi|<>| are close to 25% dflf\| for particles type
Il at the pipe centerline and raise gradually t&68r/R ~ 0.8.

In all downward flows, %, > approachesd,> for r/R > 0.8 in a similar fashion to
upward flows. Careful inspection of Fig.’s 3.18 238.and 3.24 — 3.28 shows that the
reduction in |¥ 2| in the radial range 0 ¥R < 0.8 coincides with the occurrence of
increased levels of turbulence. The diagonal coraptinof the Reynolds stress tensor,
<u®>, <u,>> and u,®>> are enhanced for developing flows. At the sandéatgosition, the
higher the discrepancies with the fully developeduit, the bigger the reduction in
|<Vrel2>|-

In order to further investigate the relation betweelative velocity and turbulence

level, a convenient measure of the latter is nowindd. It is the ratio of the local
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turbulence intensity for developing flows to theeasbtained in the fully developed cases
(1A/1B/1C) in the radial range 0r#R < 0.8. The local turbulence intensity is given by

= [(<u>+ <u®> + <u®>)?]

»r- Next, the turbulence intensityr is scaled with the bulk
velocity of the corresponding flow,r /U,. Case 1B is chosen as reference for the fully
developed case. Cases 1A and 1C gave similar sednltFig.’s 3.29 — 3.32, a plot of
(Urv — v 2)/U1y and of the ratios of local turbulence intensity developing particle-
laden flows to the fully developed oné;x{Up)geveloping (I7r/Up )18 are shown. The standard
error, EqQ. (3.10), produced error-bars with sizampgarable to the size of markers shown in

Fig.’s 3.29 — 3.32.
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Figure 3.29 Effect of the local turbulence intensity ratidys(Up)developing/(Inr/Ub )18, ON

the mean axial relative velocity for particle-ladmses 2A and 2B. Results are scaled with
the bulk velocity of the corresponding floWy. The dashed line represehis, = <V .
Dotted line corresponds ttg/Upis = l2a/Up2a = l2s/Up2s. Squares and diamonds

represent results of cases 2A and 2B, respectively.
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Figure 3.30 Effect of the local turbulence intensity ratits{(Up)geveloping(I7r/Ub )18, ON the

mean axial relative velocity for particle-laden ea8A and 3B. Results are scaled with the

bulk velocity of the corresponding flow),. The dashed line representisy = <V .

Dotted line corresponds t@s/Up 15 = I3a/Up 3a = 138/Up 38. Squares and diamonds represent

results of cases 3A and 3B, respectively.
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Figure 3.31 Effect of the local turbulence intensity ratity{Up)geveloping(Ivr/Ub )18, ON the

mean axial relative velocity for particle-ladeneadA, 4B and 4C. Results are scaled with

the bulk velocity of the corresponding flow,. The dashed line represefis, = <V ~.

Dotted line corresponds 1@s/Up 158 = l4a/Upaa = 148/Up s = l4cd/Upac. Squares, diamonds

and circles represent res
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Figure 3.32 Effect of the local turbulence intensity ratitz{Up)developing (I r/Up )18, ON the
mean axial relative velocity for particle-ladenesgD and 4E. Results are scaled with the
bulk velocity of the corresponding flowJ,. The dashed line representsy = <V .
Dotted line corresponds tes/Up 15 = l4p/Up 4p = 14e/Up 4e. Squares and diamonds represent
results of cases 4D and 4E, respectively.

By comparing the trends inUqy — <V ~)/Ury to the ratios of local turbulence
intensity for developing particle-laden flows to ethfully developed one,
(Ivr/Upb)developind(Ivr/Up )18, it is observed that a rise in the values BH(— <V ~)/Ury
coincides with an increase iffy;&/Up)geveioping/ (Inr/Up )18. In Fig. 3.29, for example, it is
noticed thatUry is close to %> for 0.4 <r/R < 0.8. In this radial range, the ratios
[2a/Up2a @nd l,s/Up 25 @approachl /Uy 1. Fromr/R ~ 0.4 to the pipe centerline,vjs >|
reduces gradually until the mean axial velocitynafrtia particles approaches the fluid one
at /R = 0. The reduction on Vg ~>| coincides with the increase of the ratios
(I24/Up 24/l 18/Uy 18) @nd (l28/Up28/118/Up 1) from 1.1 atr/R = 0.4 to 1.6 at/R = 0. The
relation between the rise in values ofr{ — <V ~)/Ury and the increase in
(lI/r/Up)developind (I7r/Upb )18 is also noted in the remaining results.

To get a better overview of the relation betweenréduction of the magnitude of the
mean axial relative velocity, Jg; |, and the increase on local turbulence intens#jyes

of (Uty — Vet )/ Uty X (Iyr/Up)developing/(Ivr/Us )18 are plotted for all experimental data in
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Fig. 3.33. Data of the fully developed cases 1A/i€adso included. Only data in the radial

range 0 <4/R < 0.8 is considered.
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Figure 3.33 Relation between the reduction on the magnitudth@fmean axial relative
velocity, |<e2|, and the increase on local turbulence intensity given by
(I/r/Upb)developing/ (I7r/Up )18. All particle-laden experiments are taken intocasd. Only

data in the radial range OrfR < 0.8 is considered. The dashed line represedédeafit as

given by Eq. (3.16).

For (yr/Ub)developing/ (Inr/Up )1z > 1.6, values ofWry — <V >)/U7y approach 1 in an
asymptotic way. In these situations, the inertiatigl@s have almost the same mean
velocity as the flow tracers. A fit of all experintal data presented in Fig. 3.33 is given by
Eq. (3.16):

(Iyr/U b)developing

(lyrUp)iB

(Utv = Ve, 2)/Ury = tanh @ | 1P} (3.16)

where the fit parametessandb are equal to 4.75 and 1.5, respectively. The tyafithe
fit is expressed by the two parametefsandF, defined in Eq. (3.8) and (3.9). In Eq.
(3.16),rZ and F are equal to 0.82 and 2136, respectively. Relgoh6) has the proper

asymptotic limits for I;r/Up)developing(I1r/Upb )18 g0ing to zero and going to infinity.

3.7 Analysis
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3.71 Interaction between particlesand turbulent fluid flow

The effects of flow developing stage, of flow diien and of mean concentration on
the mean axial and mean fluctuating velocity pesfilof particles and fluid have been
presented in Sections 3. 6.3 and 3.6.4, respectilrel$ection 3.6.5, results concerning the
mean axial relative velocity,vg, >, have been presented. A decrease of the magrofude
<Ve 7> Was observed to coincide with increasing flowbtience, as quantified by
(l/r/Ub)developing (11r/Up ) 18-

The RMS velocity,ums is the square root of the MSV velocityy?z: Ume<u®>%>.
The ratio of the RMS fluid velocities to the pariderminal velocity,UmdUn/], indicates
the degree of interaction between particles andutant flow structures. Many in depth
analytical and numerical studies revealed thatribe velocity of bubbles is reduced by
turbulence due to the increased residence timaibbles in the downward side of large
vortices, where a theoretical static equilibriuninp@ccurs; see Aliseda and Lash&ris
for example. Particle entrapment in flow structuness investigated bgeneet al™? They
showed that the characteristic ratigdUry indicates if vortical structures can trap a bubble
or a particle. Fou,,J/Ury >> 1, trapping occurs in all flow structures, whaesef u,,dUTy
<< 1 little interaction with vortices is to be exped. Spelt and Biesheut@ found
reduction in the mean rise velocity of bubbles,re88 % ofUr,, for isotropic turbulence
with udUTy > 0.2. They suggested that for higher values,gfUy the slowing down of
the bubbles is associated with the eddy zonespwth the mechanism is presumably not
that of trapping them in vortex cores, but rathhansporting them towards the downward
flowing edges of the eddies, where the reductiothefvelocity is predominantly caused by
inertia forces and not by viscous forces.

In turbulent pipe flows, turbulent properties athamogeneous in the radial direction.
The ratio indUn/| for a direction-dependent RMS velocityu&=°%U,|, is of interest in
the present particle-laden pipe flows. Figure 3183 the ratio of the normal components
of the smallest RMS fluid values, which correspomddses 1A/1B/1C (see Fig. 3.18a), to

the terminal velocity of inertia particles type I.
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Figure 3.34 Ratios of RMS fluid velocity fluctuations of normabmponents to the
terminal velocity of particles type I, y£>°%Un/J, for case 1B. A mean volumetric
concentration, &,>, equal to 1.4x1Bhas been applied to case 1B. Dashed lines areladde
to guide the eye. Error-bars are indicatedfez.

The values in Fig. 3.34 suggest significant inteoacbetween the particle motion and
the turbulent flow field, since 1152>°'5/Uw| is of order 1. The ratio of the axial component
for case 1B to the terminal velocity of particlesxiceeds 1 for the radial range 0.7/R <
0.99. In this region, a decrease of the magnitddevg >~ with decreasing distance to the
wall has been found for all particle-laden cases.

Aliseda and Lasherd3 presented a cartoon to explain the theoreticaticsta
equilibrium point of forces on bubbles to elucid#tte interaction with large vortices in a
homogeneous and isotropic turbulent flow. Adaptingjr approach to the present vertical
particle-laden pipe flows, a similar picture of tinéeraction of inertia particles (withy, /ps
~ 1.05) with the turbulent flow structures is presenn Fig. 3.35.
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Figure 3.35 Schematics of the interaction of particles anduletit flow eddies in particle-
laden flows for U:mdUn] = O(1). Particles interact with vortex structuresriear by the
mean flow. The cylindrical coordinate system usedhown in the left side. Region 1
represents the upward side of eddies and regitre 2ldwnward side. The ternis L, G

andPG represent drag, lift, gravitational and pressuadent forces, respectively.

Bubbles in turbulent flows withu},JUn] = O(1) experience a reduction in the mean
rise velocity due to the increased residence timghie downward side of turbulent
eddies? This means that bubbles spend longer periodseimethion denoted as “2” in Fig.
3.35. Obviously, the gravitational force directisnupward in that case. Particles heavier
than fluid and withu,,dUrv= O(1) (corresponding to the present experimentskeapected
to have longer residence times in the upward si@éeldies; region 1 in Fig. 3.35.

Cartoons like Fig. 3.35 show the complexity of paetiflow interaction and may
explain the reduction in relative velocity to somdent. However, they fail to explain the
differences in concentration profiles found in upveand downward flows. These
differences will be explained in the next section.

3.7.2  Governing equationsfor fluid and particles

In the particle-laden pipe flows tested here, uphard downward flows had different
concentration profiles. The higher particle concatigns in the pipe core for upward flows
and in the near wall-zone for downward flows reedathat orientation with respect to
gravity matters. Also Fig.’s 3.11 — 3.16 and 3.28.28 revealed different mean relative
velocity profiles of fluid and particles for up- @ownflow. In order to better comprehend
these results, the equations of motion for fluid particles are now investigated.

An Eulerian-Lagrangian formulation is adopted fdretequations of motion,

distinguishing a continuous fluid phase, and ardiscparticle phase in which each particle
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is described by a set of equations for its positind velocity. The governing equations for
the fluid consist of the continuity and the Nav&iokes equations, Eq.’s (3.17) and (3.18).
The particle action on the fluid is represented{igrcing, made possible by assuming that
flow gradients are constant in the particle volusee Mazzitellet al*® The fluid flow in
the volume of the particle is ignored and the Idt@ak around the particle is not resolved
in an attempt to elucidate the trends found.

V.u=0 (3.17)

AU/Bt + U.VU = —VP/p; + vV°U + g+ 8, 3(X —Xp)Vp (3.18)

In Equations (3.17) and (3.18) andU denote the fluid mass density and velodRy,
pressuret time, v fluid kinematic viscosityV, particle volume ang gravity acceleration.
The expressiolj a,; 3(X — Xp,)V, describe the feedback by all particles on the fliTide
termsx, anda, denote particle position and fluid accelerationuicetl by a particle. Terms
in bold indicate vectors.

Because of axisymmetry, a cylindrical polar cooatlinsystemr( 6, 2) rather than a
Cartesian one is chosen to represent the govemgugtions in the remainder of this
section. The origin of the cylindrical coordinatestem is located at the pipe centerline and
the gravity accelerationg, is anti-parallel to the z-axis; see Fig. 3.17. Nwocity
components in radial, axial and tangential dirextiare denoted by, = <U,> + u,, U, =
<U,> +u, andU, = <U,> + uy, respectively. The notationk indicates mean value &f
and the lowercase letters the fluctuating companemhe Reynolds stresses for the
turbulent flows are represented by%, <u?>>, <u,>> and <,u,>. Cross-components
involving u, can be neglected, e.gug,> and <€yu,>. Results of present experiments
indicate that azimuthal gradien®/0d, and the mean tangential velocit)J#, can be
neglected, also for developing flows. By averaditg's (3.17) and (3.18), continuity and
Navier-Stokes equations for radial and axial compt®eEq.’s (3.19), (3.20) and (3.21),
are found. The azimuthal momentum equation onlgritess the relation of the tangential
velocity correlations gu,> and <yu,> and is therefore not presented.

(1/r) o(r <U;>)lor +o(<U>)loz=0 3.19)

<U>d(<U>)or + <U>0(<U,>)oz + d(<uu>)oz + (1h)a(r <u®>)or — (u>)r = —

(OPIor)lp; + voX(<U,>)I0Z + (Ir)a(r{ (<U,>)ar})l or — wIr®)(<U,>) + <ap > n(r)V, (3.20)
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<U,> o(<U)or + <U> 6(<U>)0z + 6(<u>)oz + (1k) 8(r <uu>)lor = — EPIo2)lp; +
VoA (<U)I0Z + (vir)a(r{ a(<U)ar})l or + g + <a, > n(r)V, (3.21)

The last terms in Eq.’s (3.20) and (3.213, & n(r)V, and <, >_n(r)V,, describe the
feedback by all particles on the radial and axialmantum equations, respectively. Their
definitions will be shown at this section. The tenfn) denotes the local particle number
density. The Lagrangian notation < ¥ used to indicate an ensemble average over
particles in a certain radial bin.

For fully developed pipe flows, the mean fluid rddi@locity and velocity axial
gradients are negligible apart frooP/0z; <U,> = 0 andd/oz = 0. Radial and axial
components of the Reynolds-averaged Navier-Stokestieqs take the form of Eq.'s
(3.22) and (3.23).

A<U>[ar + (<U”> — U”>)Ir = — EPlon)lps + <ap > n(r)V,  (3.22)

O<UU>/0r + <Uu,>Ir = — EPIoZ)lp: + (vIr)o(r{o(<U>)/or})l or +g + <a, > n(r)V, (3.23)

In order to quantify the termsag,>_and <, >_, the particle equation of motion is
introduced in the form of Eq. (3.24):
o Vo (V/lt) = Vy (9 —p9) @ + s Vp (DU/DY) + p; Vi Ca [(DU/DY) — (avfclt)] — (1/8)p1 Com

A’ Vo —U|(vo—U) —p1V,CL (Vp—U) X @ + Feg (3.24)

where the termg, d,, V anddvy/dt represent mass density, particle diameter, volante
particle acceleration, respectively. The subscripasnd p denote fluid and particle. The
terms Cay, Cp and C. denote added mass, drag and lift coefficientpeetsvely. The
expressionF,« comprises history terms and other forces. The cityloof the particle
relative to the fluid and the vorticity of the flofield, VxU, are given byq = (v,—U) and
w, respectively. For the pipe flows at hand, only ghadient of axial velocity in the radial
direction,dU, /or, is significant. The lift force accounts for evgrgssible form of lift on a
particle. History effects are neglectdely ~ 0. The fluid acceleration is represented by
DU/Dt, see Eq. (3.25); and is the unperturbed fluid lacaton that would be measured in
the absence of a particle at its center.

DU/Dt = gU/ot + U.VU (3.25)

The particle acceleration in Eq. (3.2dy,/dt, is now averaged and split into the radial

and axial components as given ys /dt>_ and <y, /dt>:
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<dv,, /dt>_ = [p; (1+Cam) <DU, /Dt > — (35 Cp /4dp) Vrell <Vreir >L — pr CL <Vrer OU,10r >(] /
(op*pt Cam) (3.26)
<dv,. /dt > = [(pp — p)9 + pr (1+Cam) <DU, /Dt > — (P Cp /4dy)|Viel| <Vrerz >L +
Pt CL<Vielr OU/0r >] 1 (pp+p;: Cam) (3.27)

For particles with a small diameter, the drag termEn.’s (3.26) and (3.27) is more
significant than the remaining ones. With incregsip a particle acquires enough inertia,
(pp + Cam p1) Vp, Nt to behave as a fluid particle. In our analyall acceleration terms are
relevant.

In Eq.’s (3.22) and (3.23),a5,>_ and <, >_originate from the action of pressure and
viscous terms on the particle surface. By inspaahbEq. (3.24), these contributions stem
from the fluid acceleration, added mass, dragalifl history forces averaged over particles
for a given radial position. The gravitational feris not included in the termas>_. The
terms <,,>_ and <, >_are given by Eq.’s (3.28) and (3.29):

<ap,r>L = _CAM < DUr/Dt _de,r/dt>L + (xD /4dp)|vreI|<VreI,r >+ CL <Vrel,z 6U2/5r >L (328)
<ap,z>L = _CAM < DUZ/Dt _de,z/dt>L + (3CD /4dp)|vreI|<VreI,z>L _CL <Vre|,r aUz/ar > (329)

In order to predict the changes in the fluid flowedto the presence of particles, the
Reynolds-averaged Navier-Stokes equations must bedsavith inclusion of the terms

<ap,>_ and <, >.. By replacing dyv,,/dt>_and <y, ,/dt>_in Eq.’s (3.28) and (3.29) with
Eq.’s (3.26) and (3.27), it is possible to rewrt >_and <, > as:

<ap,r>L = [CAM (Pf _/)p) <DUr /Dt >+ (‘?pp CD /4dp)|vrell<vrel,r >+ Pp CL <Vrel,z aUz/ar >L] /

(opt Pt Cam) (3.30)
<ap2L = [Cam (pr — pp) <DUJDt > + (3o, Cp /4dp)| Viel [<Vrelz >+ Cam (op 1) 9 —
Pp CL<VreI,r aUZ/ar >|_] / (pp +pf CAM) (331)

The gravity term in Eq. (3.31) only affectays> via an added mass term. The lift terms on
Eq.’s (3.30) and (3.31) are now rearranged. By itewgrv,e; anddU /or as a sum of mean
and fluctuating partSie = <V, > + Vi @andoU/or = o<U>/or + oulor, and expanding the

Lagrangian-averaged product ternv,.c0U/or> |, the following expressions are obtained:
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WVpelr OU, 101 > = <(Vigly >) O<USIOr> + <My 0U, 101 > + <> 0<U>/or +
WVpelr > <OULJOr>| (3.32)
Mgtz OU, 10r > =<(Vgerz >) O<USIOr> + <Vpgl', OU, 10 > + <V O<U>/or +
Vel 2> <OUJOr>. (3.33)

The third and fourth terms on the RHS of Eq.’s (3.82d (3.33) are zero, sinc&,&> ,
<el'7>L @nd Bufor>. = 0. By replacing ¥, 0U, /or > and <, 0U, /Or > in EqQ.’s
(3.30) and (3.31) with Eq.’s (3.32) and (3.33), taams <,,>_ and <, >_are rewritten
into Eqg.’s (3.34) and (3.35):

<p>. = [ Caw (0 = pg) <DU, /Dt >, + (30 o/ 4dy) Vel Vrets >t + pp Cr Viet 0L, /T > +

Pp CL<(Vre12>) 0<U>/or>(] | (pp+pr Cam) (3.34)

<ap>L = [Cam (pr — pp) <DUJDt > + (3pp Cp /4dp)| Veet |<Vrelz >+ Cam (op — p9 —

PpCL<(MVrelr >) O<U210r> — py C Vel OUL 10T >(] | (pp+pr Cam) (3.35)
A. Concentration profiles

In order to explain the differences in the measw@ucentration profiles for up- and
downward flows, the local averaged feedback byigast on fluid in the radial direction,
<ap,>L, is now evaluated. Evaluation of Eq. (3.34) isfpened with experimental data of
one upward case (1B) and one downward case (4B).analysis performed with the
mentioned data can be extended to the remainingngpdownflow cases.

The term DU, /Dt >, in Eq. (3.34) is computed via the LHS of Eq. (3:2u,>>/or
+(<u>>)Ir — (u>)Ir. For case 1B, experimental data af* and <,>> as a radial
function is found in Fig. 3.18a; and for case 4BFig. 3.21b. For the computation of mean
lift force term, <(<.>)0<U>/0r>_, experimental data is given in Fig.’s 3.11 and 3adt4
cases 1B and 4B, respectively. For the computatigheofluctuating lift force term, %',
ou, [or >, experimental data is not available in a Lagramgiference frame. Therefore,
the following approximation is carried outv&', 0u,/0r > * = <(Vp'rms,— Ums ) O<U>/0r>(;
Where Vy'msz= <Vp2>"% Ums,= <u>%° It is obvious that the fluctuating component in
axial direction of the relative velocity cannot éealuated at the center of the particle from
experimental data. Bagchi and BalachalR8lantroduced special measures to assess this

velocity in a DNS with two-way coupling, but theeno way a similar procedure can be
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applied to experimental data. The above approxonatitilizes rms-values as typical
measures for the fluctuating velocity componentsrafer to at least have two values at the
same position in the flow. This is believed to mportant in pipe flow with typically large
gradients in radial direction. Because of the laggadients, &u, /or > * is replaced by
o<U,> /or. The resulting estimate may be off by +40%, big thill not affect the result of
the reasoning below. The only way to investigateahcuracy of the above estimate is by
means of a dedicated DNS analysis which is currerging performed in our group but
which is beyond the scope of the present investigaMoreover, we believe that a proper
analysis of experimental data should be fully basedexperimental data and not on
additional information which can only be obtaingdNS or other methods. We believe
that expressions for the drag force and the liftddbased on potential flow considerations
are unpractical from the point of view of the expwmtalist. For this approximation,
experimental data are available in Fig.’s 3.11, 33148a and 3.21a. In a fully developed
flow, the drag term of the radial component is z@NTe W > = 0.

For cases 1B and 4B, all force terms in the RHS of(E&4) are plotted as a function
of radial coordinate in Fig. 3.36. Radial force terafi Eq. (3.34) are plotted in Fig.’s 3.36a
and 3.36b for case 1B and in Fig.’s 3.36¢c and 3f86dase 4B. A hypothetical mean lift
force for the radial component is also plotted feake of evaluating a common
approximation applied to the motion of inertia paes, namely % ,>_ ~ Uty. The terms
Faomn For <FL>, FL'y and € y7v,> correspond to:

* Faomr= Cam (or —pp) <DU, /Dt>_ /(pp+ps Cawm);

* Fo, = (30p Cp /4dp) Vrell Vel >L /(pp+ pr Cam);

o <FL> =pp CL<(Vre12>) 0<U>/0r> [(py+ pt Cam);
o FU'r = pp CL <V, 0UOr > *I(ppt ps Cam);

o <F_urv,> =ppCL <Upvo(<U)or>L [(pp+p; Cawm).

The sum of all force terms, except the hypotheti&alyry,>, results in €,,>_. Each force

term stands for force per mass unit [N/kg ordn/s
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Figure 3.36 Local averaged radial force per unit of mass exedn fluid by particles for
particle-laden cases 1B (@), and 4B (cd). Results for the radial range O/R < 0.8 are
shown in Fig.’s 3.36a and 3.36¢, and for the ran§e<0/R < 1 in Fig.’s 3.36b and 3.36d;
notice the difference in scales. The expressioas, Fp, <F_,> andF, ', denote modified
added mass, drag, mean lift and fluctuating liftcés, respectively, for the radial
component. The expressiof<rv,> denotes the mean lift for the approximationes>_

~ Ury. Dotted lines are added to guide the eye.

The magnitudes of the radial forces in the walliargexceed the magnitudes in the
pipe core. The lift force terms are dominant. Thatdbution of the modified added mass
force term,Fapm,, IS Negligible everywhere. Note that Fig. 3.36 pres the local mean
radial acceleration imposed to the fluid by a jgeti The force exerted on the particle by

the fluid is in opposite direction.
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For 0 <r/R < 0.8, the mean lift force, ;>, is dominant. The proposed approximation
for the fluctuating lift forceF_;, is negligible in this range and dominant for 8.86R < 1,
particularly for case 1B. The differenggms — Ums-is significant in the range 0.8rR <
1 for upward particle-laden cases; see Fig.'s 3.B3Ha and 3.36b. For case 4B, the
approximation for the fluctuating lift is not as améngful as in case 1B, since the
differencevyms ,— Ums - iS reduced in the range 0.8/R < 1 for downward particle-laden
cases; see Fig.’s 3.20a, 3.21a, 3.22a, 3.23a a6d.3.3

For 0 <r/R < 0.8, the hypothetical mean lift forceF v, >, is comparable to the
measured mean lift force,/g,>. For 0.8 <r/R < 1, the agreement betweef < and
<F_utv,> iS not observed. Ifw, ,>_ would be taken a¥r, the mean lift force would be
the dominant term for the range 0.8R <1.

For the present particle-laden flows, with.§yUn/] = O(1), mean lift force is not
dominant in the near-wall zone. In order to justifg different trends i, (r/R) profiles, it
is hypothesized that the fluctuating form of tHeftirce, <v,¢'; du/or >, is responsible for
moving particles towards the core in upward expents and towards the wall in
downward flows. For dispersed flows with, /U] << 1, the mean lift force is the most
significant radial force for the whole cross-segtidetermining the trends of concentration

profiles.

B. Feedback by particleson fluid in the axial direction

The local averaged feedback by particles on floithe axial direction, &, >, is now
investigated. Evaluation of Eq. (3.35) is also perfed with experimental data of upward
case 1B and downward case 4B. This analysis carbalperformed for the remaining up-
and downflow cases.

The term DU, /Dt >_ is computed via the LHS of Eq. (3.238ku,u>/or + <u,u, >/r.
For case 1B, experimental data ofw > as a radial function is found in Fig. 3.18b; aad f
case 4B, in Fig. 3.21c. The mean lift force termsve(, >)0<U>/or>., is zero since
Vo> = 0. For the computation of the fluctuating lift der term, %, ou, /or >,
experimental data is not available in a Lagrangiaference frame. Therefore, the
following approximation is carried out:Vg, ou, /0r > * = <(Vp'msr— Ums,) O<U>/0r>;

2.0.5.

where Vp'ms, = <Vp\>" Ums .= <u>>%5, For such approximation, experimental data is
available in Fig.’s 3.11, 3.14, 3.18a and 3.21b.
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For cases 1B and 4B, all force terms in the RHS of(E85) are plotted as a function
of radial coordinate in Fig. 3.37. Axial force tesrmof Eq. (3.35) are plotted in Fig. 3.37a for
case 1B and in Fig. 3.37b for case 4B. A hypothkticeg force for the axial component is
also plotted for sake of evaluating a common appration applied on the motion of
inertia particles, namelywg,, >~ Uy. The expressionBapm, Fpz Fg <FL>, F.; and
Fp.utv,zCorrespond to:

* Faomz= Cawm (pr —=pp)<DUADt > /(pp+p; Cawm);

* Fo2= (30p Cp /4dp)| Vier |<Vrel,z>L /(pp +p1 Canm);

* Fyg=Cawm (0p—09 /(0p *+pt Cam);

o <F_ > = —ppCL<(WVreir >) 0<U2I0r> [(py +ps Cam);
o FL'2=—ppCL<Veelr 0U 101 >1* [(pp+pr Can);

* Fourv.z= (30p Co/4dy)| Viel [Urv /(pp+p5 Cam);

The sum of all force terms, except the hypothefi¢alr, , results in ,,>.. Each force

term stands for force per unit of mass [N/kg or’in/s
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Figure 3.37 Local averaged axial force per unit of mass exeae fluid by particles for
particle-laden cases 1B (a) and 4B (b). The exwes$aom» Fo. Fg <FL> andF.,

denote modified added mass, drag, gravitationalammigt and fluctuating lift forces,
respectively, for the axial component. The expmssip v, denotes the drag for the

approximation: %, ,> ~ Ury. Dotted lines are added to guide the eye.
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Opposite to the radial forces, the magnitude oéll@veraged axial forces is bigger in
the pipe core (0#R<0.8). The drag and gravitational terrf¥s,, andF,, are dominant. As
mentioned, the gravity term in Eq. (3.35) only affe<a, > via an added mass term. The
contributions of the modified added mass, mearalifi fluctuating lift force term$apm, »
<F_2> andF_', respectively, are negligible everywhere. For fR< 0.8, the drag force
term, Fp,, exceeds the gravitational terfy. For 0.8 <r/R < 1, Fy is dominant. At this
radial rangeFp is reduced with decreasing distance to the waillide that the ternfr
differs fromFp y1v . due to the added mass coefficigbiy.

The agreement betwedfy, and the hypotheticafFp yry, iS observed at the radial
range O </R < 0.8 for case 1B, and at OR < 0.4 for case 4B. If\%e > would be taken
as Ury, the drag force would be also the dominant teroseclto the wally/R > 0.8.
However, for the present particle-laden flows, withd/Un/] = O(1), this approximation is
incorrect. For dispersed flows with,JdUn] << 1, the drag force is the most significant

axial force for the whole cross-section, includihg near-wall zone.

C. Theeffect of particles feedback on the pressure drop

With the local averaged feedback by particles amlfl<a, > and<a, >, specified by
Eq.’s (3.34) and (3.35), the radial and axial congrus of the Reynolds-averaged Navier-

Stokes equations are now evaluated by averagingtloeguipe cross-section:

(IR <@y, >.®(r) rdr) / (R12) = {J¥ { [(8PIor)Ipq — [<u,®>/r] }rdr}/(R/2) (3.36)
WRrdr " <a,,> @r) rdr) I (R4) = [(L/8R(OPI6)lpr + vQudm + 7 <u, u> ridr —
(1/8)R*g ]/ (R/4) (3.37)

The physical interpretation of the expressionsgBehd (3.37) is based on the RHS’s and
will be made clear in the following. The term&<g.”>/or) +(<u>>/r) in Eq. (3.22)
disappear after integration. The te@n,in Eq. (3.37) is the volumetric flow rate crossing
the test section. The particle density number lsted to volume load bydy(r) = n(r)V,.
Experimental data of upward case 1B and downwasd d8 are employed in the analysis
of Eq.’s (3.36) and (3.37). The conclusions of thimalysis can also be extended to the

remaining up- and downflow cases.
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Radial profiles of &, > @,(r) and <, >_®@.(r) for up- and downflow, cases 1B and
4B, are observed in Fig. 3.38. Mean concentratiofilps, @,(r), for cases 1B and 4B are
provided in Fig.’s 3.6 and 3.9, respectively.
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Figure 3.38 Force exerted by all particles in the radial (aj awial (b) fluid motion. The
terms <, > @, and <, > &, denote force per unit of mass N/kg. In upward déend
downward case 4B, mean volumetric concentratiods,> equal to 1.4x18and 2.8x108

have been applied, respectively.

For the downward particle-laden flow, case 4B, th&ea maximum on the
concentration profile of inertial particle®, (r/R), for r/R = 0.97. Due to this maximum of
the volume load profile, the overall force conttiba of particles to the fluid is bigger at
the radial rang®&R > 0.8 for case 4B than 1B. In Fig. 3.38b, the maximatr/R = 0.96 in
the profile of <, > @,(r) for case 4B is due the overall gravitational &wontribution,
Fq®,, see Fig.’s 3.9, 3.37b and 3.38b.

The LHS of Eq. (3.37),frdr " <a,,> @\r) rdr) / (R'/4), yields in upflow (case
1B) a small number, -4.9xfN/kg or m/$, as expected. The RHS of Eq. (3.37) is namely
the total pressure gradient, [(1R8OP/02)/p/(R*/4), minus the hydrostatic pressure
gradient, [(1/8R'g)/(R*/4), minus the viscous contributionQ /)/(R¥/4), (about 1.5x16
N/kg in upflow) and minus the turbulent contributjo/® <u, u>_ r’dr)/(R%/4) (about
6.2x10* N/kg in upflow). The total pressure gradient minime hydrostatic pressure
gradient can also be computed from the well-knovamci-Weisbach equation for single-
phase turbulent pipe flowsdR/dparcy =f ps UpY2D; wheref is the friction factor, which
can be taken from Moody’s Diagram. For a smooth gipRe, ~ 10, f is roughly 0.03.
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With the pipe radius and the mass fluid densit)l/a]?“(dP/dz)Darcy Ipdl(RY4) yields
7.5x10* N/kg, which is roughly the sum of viscousyQ( /n)/(RY4), and turbulent
contributions, {7 <u, u>_r?dr)/(R*/4). This comparison makes obvious that in thi®¢hs
particle concentration is low enough to hardly eiffdne frictional pressure drop (which is
the total one minus the hydrostatic one). In doawfl case 4B, the numbers are the
following: -5.0x10° 1.5x10* and 6.3x10¢ N/kg for the LHS of Eq. (3.37), viscous and
turbulent contributions, respectively. In cases dml 4B, mean volume concentrations
equal to 1.4x1® and 2.8x18 have been applied.

Figure 3.38b makes clear why the contribution of ititegral of <, >®(r) to the
pressure gradient is minor: at large radial distanea, >®,(r) is reduced due to the
decrease onwg > for r/R > 0.8. If the relative velocity componentzdirection would be
Uy everywhere, the integral ofas.>®,(r) would yield -5.3x18 and -6.4x10 N/kg for
cases 1B and 4B, respectively. Drag mainly detegmthe trend of &, >.

The values of {“<a,, > &\(r) rdr)/(R/2), LHS of Eq. (3.36), are similarly small
because of the low concentration of inertia parsicls.4x1 for upflow case 1B and -
3.7x10" N/kg for downflow case 4B. The pressure gradient in aadiirection,
{oR[(8Plor)lprdr}/(R%/2), compensates the mean azimuthal fluctuatingm:ter
{~ JN<u>Urrdr}/(R2). The last term equals -1.0%1@nd -1.1x18 N/kg in up- and
downflow cases 1B and 4B, respectively. The presguadient can be estimated from
literature values; see Lavet al*, for example. The last one provided radial prefite
pressure as a function of mass fluid density ardbhlk flow velocity. Integration of
{oR[(6PIor)lpdrdr}/(RY2) with present experimental settings yields rdygh.95x10°
m®s’. The physical significance of the integrateay, > -equation is therefore the variation
of pressure in radial direction due to centrifuigates. Whether this pressure distribution is
affected by the presence of particles is the stibjfethe present analysis. The results of the
analysis remain practically the same if a lessgeldped (in axial direction) flow is taken,
showing that axial terms can be discarded for thegnt purposes.

However, if the relative velocity componentzdirection would bdJr, everywhere,
the integral {"<a,, > @,(r) rdr)/(R?/2) would yield 1.0x10 instead of 6.4x1® N/kg in
upflow (case 1B) and -1.9xf0nstead of -3.7x10 N/kg downflow (case 4B). The mean
lift force component, E_>, would have more influence on the computatior<af,>.

This shows that small values of the mean relat®l®ocity near the wall are essential in
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keeping the integrated values ai,s>®,(r) small. If the relative velocity componentan
direction is taken to bdr, everywhere, the mean lift force term, %, >) 0<U>/0r>, in
<dv,, /dt> is enhanced near the wall. Apparently, the bitcé acts to reduce the mean
relative velocity in the near-wall zone.

It is probably no coincidence that the Lagrangiaaraged lift force is small in the
near-wall zone because of the small averaged velatelocity there. A speculative
explanation is then provided: the relative velodggykept minimal at the wall region to
reduce the dissipated power by the fluid, and thenentropy production. The dissipated
power is a function ov’rrehf and the radial range 0.8rfR < 1 corresponds to 36 % of the

cross-section area.
3.7.3 Wakeinteraction

For the particle-laden pipe flows at hand, experimewith mean volumetric
concentrations less than 7.0 x>1Bad minor changes on final results ongg, & was
varied. This was noticed on the aspect of the tgdidticle distributions, Fig.’s 3.6 — 3.10,
and on the similarity of velocimetry results, Figd41 — 3.33, for cases 1A/1B/1C, 2A/2B,
3A/3B and 4A/4B.

For downward particle-laden flows with mean volurtetoncentrations exceeding
7.0x10°, changes on particle distribution and velocitiesravobserved. This was noticed
for the different results for cases 4A/4B in congam to cases 4C/4D/4E. The
measurement conditions of the downward particlemafiows of case 4 are similar: they
cross the bundle flow straightener Il at the erdeaand samples are collected aDZfom
the straightener outlet. Particles type Il were igpin cases 4D/4E, while particles type |
in cases 4A/4B/4C.

For example, cases 4A/4B showed similafys> results, but different from cases
4C/4AD/AE; see Fig.'s 3.27 and 3.28. The fluid andigla mean velocity profiles of cases
4C/4AD/AE became peaky. Modifications were also oiegkon the aspect of concentration
profiles, @, (r/R), for cases 4C/AD/4E. The rise in the average @utnation of inertia
particles seems to be related to changes in disiib and velocimetry results from cases
4A/AB to cases 4C/AD/4E. These changes suggestongst effect on the two-way

coupling between particles and fluid for cases DTAE.
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The collective effect of a large number of parsctan modify the effective drag force
on a particle due to screening effect and therafiyance the mean settling and dispersion
characteristics; see Bagchi and Balachaffflan order to evaluate if the wake interaction
of the patrticle distributions had significant effen the velocimetry results, it is proposed
to evaluate the extension of the wake downstreamsirigle particle and the average inter-
particle distanceD,, for each specific particle-laden case. The coatput of D, is
performed by considering the radial bin where thaximum time-averaged concentration
of particles,®,max Was found; see Fig.’s 3.6 — 3.10 and Table 3.4a Asference for the
wake length behind a particle in an inhomogenetms, fdata of Suzukét al'**! can be of
use. They found a wake extension of roughly 13igardiametersd,, at the channel
centerline. This length is reduced to nearlyd}@nce the channel wall is approached.

The distance between the surfaces of finite-sizatighes in a regular distribution is
given by Eq. (3.38):

Dy/dy,= [n/(64,)] "% - 1 (3.38)

The plot of the averaged inter-particle distancematized by the particle diametéd, /d,,
for each specific particle-laden case is shown @ Bi39. Values oD, /d, are presented
only in the radial binr¢,,) where the maximum time-averaged concentratiopaoficles,
@, max Was found. That happenedrig./R ~ 0 for upward flows, and in,./R ~ 0.98 for
downward flows. Triangle symbols represent the mmaxn concentration found for
particle-laden cases 1A/1B/1C, 2A/2B, 3A/3B and 4B\/ Circle, square and diamond
represent results for cases 4C, 4D and 4E, resp8cti
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Figure 3.39 Ratio of inter-particle distance to particle didereD, /d,, in the radial bin
(rmax) Where the maximum time-averaged concentratiopasficles,®, ma, Was found. The
solid line represents Eq. (3.38). Circle, square diamond represent cases 4C, 4D and 4E,
respectively. Triangles represent the remainingiggafaden cases. The dashed line crosses
the solid line irDy/d, ~ 13.

For cases 4C, 4D and 48, ., is about 3x10, 4x10* and 10", respectively. The aim
of this approach is to identify if a strong intdfan of the set of individual wakes in the
pipe flow happened. That would be possible if théerence wake extension behind a
particle exceeds the average inter-particle digtatfcthis situation took place, a strong
interference of the set of wakes in the velocimealues is expected. Considering that the
reference provided by Suzut al’®! is appropriate, a significant wake interactionidto
be expected for cases 4C/4D/4E in the near-waibred his can explain differences from
cases 4A/4B to cases 4C/4D/4E, and why the changbls mean volume load g >, did
not affect cases 1A/1B/1C, 2A/2B and 3A/3B.

Even thoughD, /d, < 13 only in the near-wall zone for cases 4C/AD/dignges in
results happened for the whole cross-section. sabiehe fluid mean axial velocity for
cases 4C/4AD/4E became smaller than values of caser4.8 <r/R < 1 and bigger for 0 <
'R < 0.6. The stronger wake interaction as seen bgscdC/4D/4E causes a reduction in
velocities near the wall. By mass conservationfliid axial velocities increase in the core

region.
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3.8 Discussion

3.8.1 Inertia, wall-normal distributionsand relative velocity

In the particle-laden flows measured, ratios of RM&d velocity to the terminal
velocity of inertia particles are of order 1. /Un/] = O(1). The magnitude ofwg >
reduced with increasing flow turbulence. Upward atwwvnward flows had different
concentration profiles. The high particle concetdres in the pipe core for upward flows
and in the near wall-zone for downward flows reedathat orientation with respect to
gravity affects radial distribution of particles.

With the observed trends being opposed to thosturpulent bubbly flows, it is
conjectured that particles heavier than fluid anith w,J/Ury ~ O(1) possess longer
residence times in the upward side of eddies. Woatid explain the reduction of\g |
with increasing flow turbulence. In order to expl#ne different trends i, (r/R) profiles,
it is hypothesized that a fluctuating componentheflift force on particles, ', du/or >,
is responsible for moving particles towards theedorupward flows and towards the wall
in downward flows.

The ratio of RMS fluid velocity to terminal velocitf particles with high inertia tends
to go to zero:ymdUn| — 0. High inertia particles cross turbulent eddiéghwardly any
interaction. The relative velocity approaches teninal velocity and in the presence of
enough shear, a mean lift force in the formv(s>) o(<U >)/or >_ will be of importance
in determining the wall-normal concentration presil For /U] — 0, the magnitude of
the mean lift component will overcome the fluctogtiift term, which was approximated
in this work by: €', 0U,/0r > = <(Vp'ims — Ums,) 0<U>/0r>_; see previous section.

In the particle-laden experiments of Suzekial?, mean concentration profiles of
flow tracers,®, (r/R), were not far from a homogeneous distribution. ffow tracers,
ratios of u,dUry considerably exceed 1,J/Ury >> 1. The terminal velocity of flow
tracers is not significant andvs | is also small. In this situation, the turbulewdtion of
particles with low inertia is governed by the irtetion with flow eddies and lift does not
play a role.

In these experiments of Suzuki al’®!, ceramic beads with mass density exceeding
the carrier-phase (water) 3.85 times have beeniesbph downflow, resulting in a

maximum concentration of inertia particles at tharmel walls (exceeding 7 to 8 times the
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concentrations at the channel core) and in a deeref|v,, | with decreasing distance to
the wall. Ratios of RMS fluid velocity to the termainvelocity of inertia particles in their
experiments are of order 0.2;,]/Un/] = 0.2. The mean lift, <(%e >) d(<U>)/or >, can
explain the maximum i, (r/R) profiles in the following way: in the the chanrmire,
<V, 2 approaches the terminal velocity. In the neat-aahe, {i4/Um/| is about 0.25 and
a small reduction of |4 | is observed: about 90 — 95%\df,. Due to the high velocity
gradients,o(<U>)/or, and relative velocity, %>, at the wall, the mean lift force is
dominant and explains the maximum in the wall-ndreencentration profiles. In their
experiments, the magnitude of the fluctuating tétm, approximated in this work by:

Vrel'20UL10r > = <(Vp'mms,— Umms ) 0<U>/0r>(; is not relevant.
3.8.2 Relation between shear rate and drag coefficient

The influence of the shear on drag coefficients heean investigated numerically by
Legendre and Magnaudé?. They analyzed the three-dimensional flow aroursptzerical
bubble moving steadily in a viscous linear sheawflThe shear rat&r, is defined as the
ratio of the velocity difference across the bubfae particle) to the relative velocity; see
Eq. (3.39):

Sr = (d, OUL0r) Vel (3.39)

For a particle Reynolds number in the range Rgs< 500, the effect of shear on the drag
coefficients was fourldl! to be small for shear rates less than 0.2. Thg deefficient
increases by less than 1% fr= 0.02 and by less than 5% fér= 0.2. The distributions
of pressure and viscous effects at the bubble sririgere close to the one corresponding to
a uniform flow Sr= 0). For shear rates between 0.2 and 1 anRépequal to 300 or 500,
the increase in drag coefficient was about 50%. Thedification of the pressure
distribution induced by inertia effects in the ligus essentially responsible for the drag
increase. To account for the shear rate influemcthe computation of drag coefficients, a
modified equation fo€, was mad@” by fitting data forRe,= 300 and 500 and for 0.01 <
Sr< 1:

Cp =Cp (1+ 0.55SP) (3.40)

whereCy' is the value of the drag coefficient for uniforrovil at the velocity of the center
of the particle. For the data éfJ,/or given in Fig.’s 3.11 — 3.16, fore = Uty and for
particles | or I, Eq. (3.39) shows that can exceed 1 fa¥R > 0.95. This result indicates a
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strong increase in the drag coefficient of paridlewing close to the wallrfR > 0.95).
Forr/R < 0.95, the shear influence drops to values uAdgrand the increase in drag due
to shear is of minor importance.

If the terminal velocity is taken to predict thdateve velocity forr/R > 0.95, it is possible
to quantify the expected reduction of the meartikalavelocity due to the shear rate effect.
With Sr = 1, the drag coefficient is increased by 55 %c&inR, is a function ofCoY? a
reduction in the mean relative velocity of ordef@2@ expected. In this region, reductions
over 90% ofUr, were measured. Therefore, the main mechanismediace |%. | for
r/R > 0.95 are not originating from an increase irgdraefficients due to shear rates. Note
that Eq. (3.40) strictly holds for high Reynoldswher Rg,= 300 or 500), whildRg < 12

in the present particle-laden flow cases.

3.8.3  Turbulence modulation

In Section 3.6.4, MSV velocity components of fluiddaimertia particles have been
presented. Cross-section averaged fluid turbuleaties of particle-laden flows to the
corresponding single-phase references showed ameaiment in the order of 5% for flows
with <@, > less than 3.2x10and not far from fully developed conditions. Invelping
flows with <&, > less than 2.3xI10and with high levels of turbulence, the presente o
inertia particles caused turbulence enhancemenkeiorder of 20 %. For flows withdg>
exceeding 7.0xI0and not far from fully developed conditions, tudnce enhancements
are about 20 - 30%. Apparently, for particle-ladlws with udUn| = O(1), inertia
particles enhance turbulence and even the morktkeii concentration is higher or if the
level of turbulence is higher.

Here, turbulence enhancement has been achievedtiol@-laden flows withRg, < 12.
Similar results have been obtained by Sato and HisHidnd by Suzukiet al?®*! The
formers observed an increase in the streamwisellembe intensity profiles of water by
500 um glass particles witRRg,~ 40. Suzukiet al® observed higher levels of turbulence
in channel flow with ceramic beads Rg ~ 33. The ceramic beads had Stokes number
equal to 3.6, based on the ratio of the relaxatiime for particles to viscous scales, and
were applied at a mean volumetric load about 3.2x10

The present results are in disagreement to thodgetsfroni”! and ElgobasHr! The

former stated that turbulence is enhanced Rey > 400 due to the vortex shedding
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phenomena and suppressed for Rey. ElgobasH?! suggests a map based on the ratio of
particle to Komogorov time-scales as a functiorvaiume load. In that map, the present
data fall in the range of turbulence reduction. &mmtly, one or more parameters of
influence are missing. We suppose that the ratig/Ur,| is also relevant to predict
turbulence modulation.

Gore and Crowd proposed the ratio of particle diameter to thegral length scale,
dyle, to explain either increase or decrease of turttutgensity of the carrier fluid with the
addition of particles to the flow. A demarcatiortveeen increase or decrease was stated for
dy/le~ 0.1. In a fully developed turbulent pipe flow, tinéegral length scale is of ordefR
~ 0.2; see Hetsroffll In the present experiments, particles are of otdetm and, ~10
mm, resulting indy/lc= 0.1. Therefore, their proposal cannot be exammethe present

experiments.

39 Conclusions

3D-PTV has been applied to particle-laden pipe flawgp- and downflow for various
development stages. The effect of the level ofuleice on the mean relative velocity and
the effect of flow direction on concentration ple§ have been investigated. All flows have
been measured aRg =10300. The radial distribution, mean relative oegly and
fluctuating velocities of particles and fluid habeen measured. Inertia particles with
Stokes number equal to 2.3 and 3.3 (based on filoeofgtarticle relaxation time to viscous
scales) and at mean concentrations in the rangd 0°%o 1.7x10* have been applied. The
following conclusions and results are derived:

« Transient states of single-phase pipe flonRgt= 10300 have been characterized
by turbulent features. By quantifying the crosstisec averaged diagonal
components of the Reynolds stress tensor, lingadfstinguish flow conditions
from the fully developed one in a convenient way.

e Turbulent pipe flows close to fully developed cdimtis present linear
inhomogeneous behavior in the pipe core R&f= 10300, ratios of the diagonal
components of the Reynolds stress tensor incrézsarly fromr/R = 0 tor/R=
0.8.

* When the terminal velocity of particles and a reprgative RMS turbulent flow
velocity are of same order, i.ei]/Un| = O(1), the mean relative velocity

decreases with increasing level of flow turbulence.
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A correlation between the decrease of the magnibfdiae mean axial relative
velocity and the increase on local turbulence isitgnis provided for the pipe core
(0 <r/R< 0.8 atRe, = 10300).

Flow orientation with respect to gravity has a styaffect on the concentration
profile if JumdUn] = O(1), with wall peaking in downflow and core peaakiin
upflow. It is hypothesized that a fluctuating compot of the lift force on
particles, %', 0U/or >, is responsible for these trends.

Particle and fluid flow statistics experience sigrht changes when the
concentration for a given radial position exceeutsua 3x10". Two-way coupling
seems to come into play.

Turbulence augmentation is observed with increasimgan concentration of
particles withReg, < 12,St= 2.3 or 3.3py/p; = 1.05 andymdUn| = O(1). Criteria
based only orRs, ratio of turbulence and particle length and tisoales, and
volume load do not suffice to predict the turbuleratdulation found.

The effect of particle feedback on the fluid isgaeted withs-forcing. It is shown
that the applied concentrations are too low tocaftee frictional pressure drop.
Only mean concentrations over3@ill affect the axial pressure drop for similar

conditions (same category of particles and velotrynesults).
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Considerations about the concentration profiles
of inertia particles and the break-up mechanism
in transient particle-laden pipe flows

3D-PTV is applied to particle-laden pipe flows inrieas stages of development,
characterized by both normal and higher levelsidiulence than in fully developed flow.
All flows are tested at Reynolds number 10300, thase the bulk velocity and the pipe
diameter. The effects of particle Stokes numbensy flirection (upward or downward) and
mean concentration (in the range 0.5x10-6 to 1.74916n the turbulence production are
shown. The effect of the inhomogeneity of the tlehae on break-up criteria for particles
is assessed. Measurements of the turbulence piroduanhd the direction-dependent
Kolmogorov “constant” allow the evaluation of Hing® break-up criterion as a function
of the radial coordinate. Maximum particle sizesha pipe centerline can exceed those in
the near-wall zone by more than a factor of 10. &fiects of transient states and mean
volumetric concentration on the particle break-upchanism are evaluated. A correlation

for particle break-up criterion is provided as adtion of the radial coordinate.
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41 Introduction

The dispersion of inertial particles in turbulelttws is characterized by macroscopic
phenomena such as a non-homogeneous distributiarge-scale clustering, and
preferential concentration due to the inertial liaswveen particles and surrounding fluid;
see Wang and Maxdy. The distribution of the dispersed phase may beiatuin
determining collision frequency, breakage efficign@agglomeration, reaction rates,
deposition and entrainment; see Marchinlal!

The occurrence of dispersed turbulent flows in pigdarge, with applications ranging
from pneumatic conveying systems to chemical reai#sign; see Kartusinslet al™¥ Be
it in oil pipelines or reactors, the accurate defaation of inertia particle distributions is
therefore of considerable interest in engineeripplieations, particularly for controlling
the break-up mechanism.

The control of the break-up mechanism plays anngisgeole in industrial processes,
i.e. to enhance transfers, to predict the parsde for determining the two-phase mixture
behavior or simply to prevent it, see Ri§$&ince Hinze (1956), the break-up mechanism
has been related to turbulent stresses and tutbdissipation in particular. However,
turbulent pipe flow is inhomogeneous and, consetyeto define break-up criteria in
pipes is not simple.

Accurate break-up criteria for pipe flows shoul#ednto account information about
the concentration profile of the dispersed phasktha inhomogeneity of the turbulence.
Other complications also arise. In applicationshsas separation techniques and droplet-
laden flows, particle distributions never reach ilgium; see Soldatf! In industrial
loops, turbulent pipe flows often do not achiev&eady state due to the length limitations;
see Lawset al! The required length for fully developed conditioimecreases with
increasing bulk Reynolds number. Consistent infaimnaabout the transient state of
dispersed turbulent flows is scarce, if non-existen

In the present study, 3D-PTV is applied to partlalden pipe flows in various stages
of development in order to investigate the impdctarying flow turbulence levels on the
break-up mechanism. With the aim of evaluatingetiect of flow orientation with respect
to gravity on the concentration profiles of pad&l an experimental setup is arranged in
such way that particle and fluid statistics in updvand downward vertical flows can be

measured. The influence of mean volumetric conaeéiotr of particles (in the range
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0.5x10° to 1.7x10% on turbulence production is also evaluated. Adivé are tested at
Reynolds number 10300, based on the bulk velocity the pipe diameter. Particles with
diameters equal to 0.8 and 0.96 mm are chosen. Mssity of inertia particles (1050
kg/m?) slightly exceeds the mass density of the cafftgéa (~1000 kg/m).

The terminal velocity of the dispersed phdde,, is attained when gravitational and
drag forces on a single particle are in equilibrisma quiescent fluid. Particle properties
(volume and mass density) are selected with thedditasting particle-laden flows which
have the characteristic root-mean-square velo@prasentative of the turbulent carrier
phase,ums, and the terminal velocity of same order of magiét u..JUr, = O(1).
Interesting phenomena have been reported whenatie u;,,/Ury = O(1) is attained:
entrapment of bubbles or particles in vortical fletuctures; see Seme al®® and Spelt
and Biesheuvél, for example.

In order to quantify the break-up criterion of Hinzhe turbulent dissipation rate and
the Kolmogorov constant have to be known. The formen be estimated from the
turbulence production, while the latter can be wheileed from the Lagrangian velocity
correlation function. The turbulent production deg& on the cross component of the
Reynolds stress tensor and the mean axial veldditgrefore, the focus in this article is on
the dependence of mean axial velocity, cross-commioof the Reynolds stress tensor and
Lagrangian velocity correlation function on flowiemtation, stage of development and
particle concentration.

The structure of the paper is as follows. In secto2, the experimental setup is
presented. Description of the particle-laden expental conditions is provided in section
4.3. It is shown that turbulent features provideamvenient way to distinguish flow
conditions from the fully developed case.

Results are presented in section 4.4. Sub-sectidrl 4resents results for the
concentration profile of inertia particles. The meaxial velocity profiles for carrier and
dispersed phases are shown in sub-section 4.43ultRef the cross-component of the
Reynolds stress tensor are presented in sub-setdoB. In sub-section 4.4.4, turbulence
production results are shown. The determinatiora alirection-dependent Kolmogorov
“constant” is provided in sub-section 4.4.5. Subtisec4.4.6 presents the effect of
inhomogeneous turbulence on break-up criteria fpe flow atRg, = 10300. Discussions

about the experimental results and conclusiongiaen in section 4.5.

121



Chapter 4

4.2  Experimental setup and particle properties

Information about the 3D-PTV experimental setup.tipler tracking algorithm and
analysis method of particle trajectories has baewiged in Chapter 3. For sake of brevity,
the reader is referred to Sections 3.2, 3.3 and B experimental conditions are
rigorously the same ones as applied in Chapteo®gker, the present analysis is given in
the perspective of particle break-up. For sake offleteness, a brief description of the
experimental conditions is given in Section 4.3sudmmary of particle properties is found

below in Table 4.1. More information about the @&blparticles is found in Section 3.2.2.

Table 4.1 Properties of particles applied in the present glartaden experiments
Particles Mass density Diameter Terminal velocity, *Rg ** St=r7/r *** Lengthscale

[kg/m d, [mm] |Up* [mm/s] ratio: dy/lx
Tracers 1050 0.2 1.0 0.18 0.14 0.33-1
Type | (PI) 1050 0.8 10.2 7.76 2.31 1.33-4
Type Il (PII) 1050 0.96 13.1 11.92 3.33 1.6-438

* Settling velocity of a particle in an infinite,agfnant pool of water.

** Fluid time-scale is based on viscous scales a&srgby:z; = v/u,2. ForRe < 1C,
the wall shear velocity can be estimated,as (Uyf /8)" with f = a Rg™, m= 0.25 anca
= 0.316; see Hinz&% 7 is roughly 28 ms.

*** Kolmogorov length-scales for a fully developeihgle-phase pipe flow &g, =
10300 as computed from the DNS code developed bywiad™: ~ 0.6 mm at pipe
centerline and 0.2 mm close to the wall.

4.3  Particle-laden experimental conditions

A division of particle-laden experiments (2P) is whoin a map proposed by
ElgobasHi?, see Fig. 4.1. Downward and upward vertical flovasenbeen measured in
various stages of development at the same bulk ®eéymumberRe, The bulk velocity of
each flow,U,, was adapted to temperature changes to Rsspr 10300. Single-phase
flows (1P) serve as a reference for two-phase flows.
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Figure 4.1 Experimental conditions represented in the mapregiimes of interaction

between particles and turbulence as proposed mbaii?

Particle-laden flows with mean concentrationg, %, ranging from 5 x 1®to 1.7 x
10” have been tested. The presence or absence otéoditioners | and Il, see Fig. 3.2,
affects the stage of flow development in the testtion. In upward flows, 3D-PTV
measurements are performed aD48&ownstream of the entrance section; in downward
flows, at 2. In upflow with flow straightener | a fully devaded pipe flow is obtained’

In Fig. 4.1, the rectangular areas represent meaceodration and time-scale ratios of
particles in the present experiments. Single-pflasemeasurements are represented by 1P
in the region denoted as “one-way coupling”; onlgcers are employed. Particle-laden
measurements are represented by 2P in the regiamtedeas “two-way coupling”; tracers
and inertial particles type | or Il, see Table 4ate added to the water flow. A mean
concentration of tracers less than’ 19 also applied to the particle-laden experiments.

Properties of inertial particles type | or Il (volerand mass density) are selected with
the aim of testing particle-laden flows which hasecharacteristic root-mean-square
velocity representative of the turbulent carrieaghu,s and the terminal velocity of the
dispersed phasélyy, of same order of magnitudg;,dUr = O(1).

A particle-laden experimental case is represenéed by a number (1, 2, 3 or 4) which
indicates the flow direction and the presence senbe of a flow conditioner; and a letter
(A, B, C, D or E), indicating the applied mean cemcation of inertia particles. A
summary of all tested particle-laden cases is shiowhable 4.2. The reference single-
phase flows are specified by 1S, 2S, 3S or 4S. They IStdenotes single-phase flow and

the numbers, as defined above.
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Table 4.2 Summary of the single-phase and particle-laden #gperiments. All
experimental runs have been performed at Reb =01030

Case Inertial Flow Development Flow <. >x10°
particles Direction Length Straightener v
1A Type | (P]) Upward 4B Bundle | 3.2
1B Type | (PI) Upward 45 Bundle | 14
1C Type | (P) Upward 15 Bundle | 0.5
1S - Upward 4B Bundle | --
2A Type | (P]) Upward 4B - 3.2
2B Type | (PI) Upward a5 -- 1.9
2S - Upward 4B - -
3A Type | (Pl)  Downward 20 -- 2.3
3B Type | (PI)  Downward 0 - 1.0
3S - Downward 2D -- -
4A Type | (Pl)  Downward 20 Bundle Il 7.0
4B Type I (Pl)  Downward D0 Bundle II 2.8
4C Type I (Pl)  Downward D Bundle II 1.8
4D  Typell (Pll)  Downward 2D Bundle II 17.0
4E  Typell (PIl) Downward 20 Bundle II 8.3
4S -- Downward 2D Bundle Il --

4.3.1 Characterizing turbulent single-phase pipe flows at Re, = 10300

Tracer trajectories have been registered for terdusingle-phase pipe flows in four
distinct flow conditions by 3D-PTV. On average 2 &° dvelocity vectors have been
obtained for each flow case. The velocity vectaes gathered in discrete radial bins in
accordance tg + Ar, with Ar = 0.5 mm; see Section 3.4.

Flow velocity statistics of case 1S, upward flow witle bundle flow straightener |,
have already been investigaté® This case represents the so-called fully develdjoed
For case 1S, mean fluctuating velocity componentsesgehthe lowest fluctuation levels
among all single-phase experiments.

In order to establish a relationship among case®SI3$6/4S, the Mean Square Value
(MSV) of the velocity fluctuations is determined feach flow condition. The MSV
velocity is defined as the product of mean velotlitgtuations: <, ug>. Subscript andq
represent cylindrical coordinates @, z). Let the overbar character indicate cross-section

average.

<UnUg> = (" <un ug>2nr dr)/(nR) .
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By considering the diagonal components: and averaging them in accordance to (4.1),
it is possible to compare MSV of fluctuating velozst averaged in the cross-section for

each single-phase flow case; see Fig 4.2.

-3

x 10
8f O <ug >/U?
o <u? >/U?
6
B/D/B%D
2
4 1s 4S5 S

2
0.01 0.011 0.012 0.013 0.014 0.015
<u2 >/U?
Figure 4.2 Diagonal components of the Reynolds stress temgemaged in the cross-section
for four distinct flow conditions. Computed valua®e normalized by the square of the bulk

velocity of each flowl,2 Lines are added to guide the eye.

The averaged diagonal componenmﬁ>, are normalized by the square of the bulk

flow velocity, Uy, of the corresponding experiment. Heltg,is chosen for normalization

since it was set at each experiment to keep the Bagn10300, irrespective of temperature
changes. The bulk velocity is chosen as normatimagjuantity instead of the wall shear
velocity, u,, which is often used in the literature, becaukecan be determined more
accurately in our experimental setup.

Disturbances created at the entrance affect tunbulew levels. With sufficient
development length, cross-section average turbaleficases 2S/3S/4S as quantified by
Eqg. (4.1) becomes equal to the one presented by t8s In the presence of flow
straighteners, the turbulence intensity levelfattést section are smaller; compare case 2S
to 1S for upward flows and 3S to 4S for downwaoivi in Fig. 4.2. At 2D downstream
of the entrance section, flow velocity statistidssdownward flow with the bundle flow
straightener Il (case 4S) are not yet fully devethdigure 4.2 neatly groups and shows the

trend of these measurement conditions.
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Linear fits for the computed values eﬁﬁ> yields:

<u2>/U2=0.3%uZ>/U? 4.2)

<u?>/U2=0.4<uZ>/U? (4.3)

The quality of the fits is expressed by the twaoapaeters andF, defined as follows:

n . n _
rs?=2(G-0)?/ (0;-0)? (4.4)
i=1 i=1
n A =2 n A2
F:{_i(oi -0) /_Zl(Oi -0)“Hn-K)/(K1) (4.5)
i= i=

Here,n is the number of measurements with outc@np&; the predicted values ar@d the
mean of the seld); the number of parameters determined in thesfi€.iln Eq. (4.2)rs
andF are equal to 0.98 and 81, respectively. In EQ)(4.>andF correspond to 0.98 and
84, respectively.

The transient states of pipe flow are of practintdrest. In industrial loops, turbulent
pipe flows often do not reach fully developed cdiodis due to the length limitations; see
Laws et alll The required length enhances with increasing Reynolds number. As
observed in Fig. 4.2, the MSV velocities of cas843%/4S exceed those of case 1S. The
fits, Eq. (4.2) and Eq. (4.3), distinguish flow ditions from the fully developed one in a
convenient way.

In this section, the present single-phase flow mmessents have been categorized.
This is achieved by evaluating turbulent flow feati In the next section, particle-laden

flow results are presented and compared to theeatsderence single-phase flows.

44  Results
4.4.1 Concentration profiles of inertia particles
The number of tracer trajectories measured in &nger/R = 0.6 to 1 decreases with

increasingr/R - value. The difficulties in measuring tracer éi@pries in this region were

mainly due to light reflections stemming from diface between the refractive indices of
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water, n~ 1.33, and glass, m 1.51, and the curvature of the glass pipe. Ligfiections
deteriorate the contrast between tracers and bagkdr However, the fluid flow could also
be measured farR > 0.6 despite the lower number of usable traceesethiThe measured
concentration of tracers is roughly linear frofif = 0 to 0.6 and decreases towards the wall
for all particle-laden flows. In Oliveiret al*®, Eulerian statistics of a single-phase
turbulent pipe flow acquired by 3D-PTV have beemni to be trustworthy in the near-wall
zone if a number of velocity vectors per radial bxteeding 1000 was acquired. The same
criterion is also applied here.

In the detection of inertia particle trajectoriéfse contrast problem between particles
and background did not occur. The bigger imaginggation area of inertia particles on
the camera sensor, exceeding the projection oérsaby a factor of 16 or 25, avoided
problems on the identification of particles. White projection of a tracer image occupies
nearly an area of 2x2 pixels, the projection ofrtiaeparticles occupies 8x8 or 10x10
pixels. Roughly, every 3D inertia particle positicdentified in the tracking algorithm
corresponds to a real particle. On average, anoajppate number of 3 x POparticle
positions was identified in each particle-ladenec&D particle positions were identified
with a camera frame rate of 50 Hz in average periold50 minutes. In this period, a
volume corresponding to 2.3 nT crosses the test section. Thus, accurate measutenfe
concentration profiles of inertia particles havertebtained.

Throughout this article, the errors of time-averhgalues of a measured quantitgre
estimated with the aid of the so-called standardres,,. Confidence intervals of 95% are
considered. For a quantity which is measunetimes, with instantaneous resuksand

mean <x>, the standard error is given by:

Om= [él (x -<)* /(n (n 1) (4.6)

The effect of the flow orientation with respectgravity on the concentration profiles of
inertia particles,®, (r/R), is presented in Fig. 4.3. Her®, (r/R) represents the time-
averaged volume of particles within the volumels torresponding bin element; see (4.7)
and (4.8):

<Npin,i > = (1) ,231 Nbin,i () (4.7)
j=
¢v (bmvl) = <Nbin,i> (VparticIeA/bin,i) (48)
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where j denotes a single photograph amdis the total number of photographs. The
subscriptbin,i denotes a discrete radial positiofR. The term #,; > represents the
average number of particles in a discrete radial\Wj.rice denotes the volume of a particle
andVyn; the volume of a bin. The mean concentration oftiagarticles, &, >, refers to
the mean ofb, (bin,i) in all bins, Eq. (4.9). Symbd represents the total number of radial
bins, here 50.

k-1
<p,>= (1K) 2 &, (bin,) (4.9)
bin,i=0
x 10
1
s = S g
. S <<1JV>1B =1.4x10 |m
. L _ 5
_ =) <CDV>4B 2.8x10 1! |
g 0.6 |
= [l
>
0.4
o q : |
0.2 ]
0 ‘
0 0.5 1

r'R
Figure 4.3 Effect of the flow orientation with respect to gitg on the concentration
profiles of inertia particles®, (r/R), in upflow case 1B and in downflow case 4B.
Experiments are performed with particles type |. [Ease 1B, the mean volumetric
concentration, @, >, is 1.4x10 and for case 4B, 2.8xf0Dashed lines are added to guide

the eye.

Close to the pipe walls in upflow/R > 0.85),®, reduces with decreasing distance to
the wall. Same trends for the concentration prafflease 1B are found for upflow cases
with and without bundle flow straightener |, cade¥1C and 2A/2B, respectively. For
downflows, there is a peak at abolR ~ 0.98. This trend is also found for other downflow
cases with and without bundle flow straightener dhses 4A/4C/AD/4E and 3A/3B,
respectively. Therefore, the direction of the \gattiflow, upward or downward, is
associated to changes in the concentration profileqr/R), particularly in the near-wall
zone (0.8 ¥R< 1). In downflow cases 4D and 4E, inertia paridigpe | St= 2.3) were
replaced by particles type I8(= 3.3). In cases 4D/4E, the maximumdipis also found at
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/R =~ 0.98. For sake of brevity, only the concentratidntwo cases, upflow 1B and
downflow 4B, are shown. The plot in Fig. 4.3 is siént to depict the main features of the
effect of the flow orientation with respect to gitgvfor the selected particle-laden pipe
flows. More information about the concentrationfijes of inertia particles, including all
the plots, is given in section 3.6.2.

A summary of the results for concentration profieshown in Table 4.3. Some ratios
were created to characterize the concentrationil@goin the present experiments. For
example, the ratio of the maximum concentrationnfbin a discrete bin to the mean
concentration®, mad/<®, >, and the ratio of the mean concentration from/8< 0.8 to 0.8
<r/R< 1, Ry. The ratioR, is defined as @, >(par<0.8/<Pv >@s<r<1) BOth terms @,
>(0«rir<0.8) AN <D, > garr<1) are computed similarly to the mean concentratiah, >, Eq.
(4.9), but in the indicated parts of the measurdrsection volume.

Table 4.3 Results of the inertia particle concentrationstfier present experiments

Case Inertial Flow Flow d/R  <P>x . Dy max

particles  Direction ~ Straightener x10°  10° <o, > malR
1A Typel Upward Bundle | 16.0 0.5 1.72 151 ~0
1B Type | Upward Bundle | 16.0 14 1.75 1.42 ~0
1C Type | Upward Bundle | 16.0 3.2 1.65 1.25 ~0
2A Type | Upward - 16.0 1.9 1.97 1.74 ~0
2B Type | Upward -- 16.0 3.2 1.92 181 ~0
3A Type|  Downward - 16.0 1.0 1.10 2.92 ~0.98
3B Type |  Downward - 16.0 2.3 1.17 3.17 ~0.98
4A  Typel Downward Bundle Il 16.0 1.8 0.75 355 .98
4B Type |  Downward Bundle Il 16.0 2.8 0.81 321 99
4C Type|  Downward Bundle Il 16.0 7.0 0.47 415 .98
4D  Typell Downward Bundle Il 19.2 8.3 0.33 458 098
4E  Typell Downward Bundle Il 19.2 17.0 0.41 5.80 0.98

* Ry is defined as: € >p«r<0.8)/<Py>(0.841r<1)
4.4.2 Mean axial velocity profiles
Inertia particle and tracer trajectories have besgistered by 3D-PTV at a camera

frame rate of 50 Hz. On average, 2 X ¥6locity vectors for tracers and 3 x°%6r inertia

particles have been obtained for each particledadase. The velocity vectors are
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ensemble-averaged in distinct radial bands, whieldalimited by a discrete width ofAr
= 0.5 mm around a chosen radius, see Olivsii**

The effects of upward or downward flow directionthe mean axial velocity profiles
of fluid, <U>, and inertia particles,vs>, are presented in Fig.'s 4.4 and 4.5. The flow
bulk velocity, U,, was adjusted to keep the saRe for each experiment, 10300. Inertia
particle and tracer velocity profiles are normalidza these figures by the corresponding
Up. In each plot, the reference single-phase velqgitfile is also shown. Error-bars in
Fig.’s 4.4 and 4.5 have same sizes as symbols.

To check the fluid mean axial velocity profiles pdrticle-laden cases seen in Fig.’s
4.4 and 4.5, the following procedure was followEdr each fluid flow profile, the product
of the fluid mean axial velocity and the area othlealiscrete bin, ({>)« x A, was
integrated to obtain the mean volumetric flow ra@e,which crossed the measurement
volume. Temperature measurements yielded the wades densityy. The producp x Q
gave the mass flow rate for each experimentakgdth corresponded to the ones given by
the Coriolis meter within its inaccuracy range. Thass flow rate is measured by means of
a Micro Motion Elite CMF300 Coriolis mass flow andass density meter, whose

inaccuracy is less than 0.5% of the registered fiate.
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Figure 4.4 Effect of upward flow direction on the mean axtalocity profiles, <J,> and
<v, >, of particle-laden case 1B. The velocities arenasized by the bulk velocity of each
flow, U,. The subscript 1S denotes single-phase flow, andr@PPI, tracers and inertia
particles type | in two-phase flow. In case 1B, thean volumetric concentrationgs>, is
1.4x10°. Dashed lines are added to guide the eye. Ermsribave same sizes of symbols.
Figure 4.4a presents velocity profiles in the rage/R< 0.85 and Fig. 4.4b, in the range
0.85 9/R< 1. The number of line markers corresponds tontimaber of bins measured;
notice the difference in scales.

In Fig. 4.4, the mean axial velocity profiles of iiti@ particles and tracers for case 1B
are presented. Comparison of mean axial fluid vedscfor single-phase and two-phase
flows, cases 1S and 1B, indicates a slight redudtidghe mean flow velocity in the radial
range: 0 ¥/R< 0.93. This reduction is compensated by an inergamean fluid velocity in
the range 0.93rR< 1. Similar modifications to the mean axial fluidlacity of particle-
laden case 1B are found for upward cases with dtitbut the bundle flow straightener |,
cases 1A/1C and 2A/2B, respectively.
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Figure 4.5 Effect of downward flow direction on the mean &xielocity profiles, <J> and

<vp>, of particle-laden case 4B. The velocities aranadized by the bulk velocity of each
flow, U,. The subscript 4S denotes single-phase flow, andriZPPI, tracers and inertia
particles type | in two-phase flow. In case 4B, thean volumetric concentrationgs>, is

2.8 x 10°. Dashed lines are added to guide the eye. Ernsrimve same sizes of symbols.
Figure 4.5a presents velocity profiles in the rafige/R< 0.80 and Fig. 4.5b, in the range
0.80 9/R< 1. The number of line markers corresponds tonimaber of bins measured,;

notice the difference in scales.

In Fig. 4.5, the mean axial velocity profiles of iitie particles and tracers for
downflow case 4B are presented. Comparison of nae@ad fluid velocities for single-
phase and two-phase flows, cases 4S and 4B, ingliaatkght increase in flow velocity in
the radial range: OrfR< 0.93. This increase is compensated by a reduttifinid velocity
in the range 0.93r#R< 1. Similar changes to the mean axial fluid velpait particle-laden
case 4B are also found for other downward casel wiid without the bundle flow
straightener Il, cases 4A/AC/AD/AE and 3A/3B, retipely. Therefore, the direction of the
vertical flow, upward or downward, is associatedh® changes in the mean axial velocity
profiles.

Results are only shown for two cases, upflow 1B dmanflow 4B. The plots in Fig.’s
4.4 and 4.5 are sufficient to depict the changeshenfluid profiles of selected particle-
laden flows. These changes are related to modditsiton the turbulence production of
particle-laden flows, which are shown later in tei&ction. More information about the

mean axial velocity profiles of fluid and inertiarticles is given in Section 3.6.3.
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4.4.3 Cross-component of the Reynolds stress tensor

The effects of flow orientation with respect to\gta (upflow or downflow), different
stages of development and mean volumetric cond@ntran the cross-component of the
Reynolds stress tensoryd,>, are presented in Fig. 4.7. The lowercas@dicates the
fluctuating fluid velocity. Results are normalizbg the square of the bulk flow velocity,
Uy, of the corresponding experiment. Results for théerence single-phase cross-
component are also shown. A cylindrical coordinaystem with origin at the pipe
centerline and with the axial axis anti-parallethe gravitational acceleration is assumed

for down- and upward flows; see Fig. 4.6.

A
Y4

Figure 4.6 Cylindrical coordinate system for up- and downwHeavs. The origin is at the

pipe centerline and the axial axis is anti-paratighe gravitational acceleration.

In inhomogeneous fully developed pipe flows, thdyomlecoupled direction is the
tangential, which means that correlationg &> and <u,u,> are zero. For all measured
particle-laden developing flows, values of croseiponents including the tangential
direction have been checked. They are close toa®tdherefore not shown.

In Oliveira et al™, results of the single-phase fully developed fl@ase 1S, have
been compared to the DNS results of Veenftaithe 3D-PTV data of case 1S presented
good agreement with DNS within measurement errolndGagreement is found for the
fluid cross-components of cases 1S and 1B (Fig. 4Re&dults for cases 1A/1C are similar
to the ones of 1B. For fully developed particle-lagépe flows in upward direction and in
the presence of particles type | witlh> less than 3.2x17) the flow turbulence is barely
modified. In fact, all particle-laden flows withthe same development stage and widh, <
> less than 3.2x10present similar results forusu>. This also holds for upward flows

without flow straightener, cases 2A/2B, for downadlows without flow straightener,
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3A/3B, and for downward flows with the flow stratgher 1, cases 4A/4B. Therefore, only
one of them is sufficient to present the main fesgwf <u.u>.

For all results presented in Fig.’s 4.7b — 4.7f,dtwss-component profile of case 1B is
added to show the differences with the fully depebb condition. Upward flows at 85
from the entrance region and without the preseficheobundle flow straightener I, cases
2A/2B/2S, yields similar results to case 1B.

For comparing the experimental results, the fluebmatvalues are weighed with the
area of the corresponding bin in order to get pr@werages. This averaging procedure is
adopted through this whole section. Results fotigiarladen downflows at 20 from the
entrance region and without the presence of the fdraightener, cases 3A/3B, are
modified in comparison with the single-phase floggase 3S. For those cases, cross-
component values are increased for flows with meamcentrations about 1.0x1Gnd
2.3x10°. In the pipe core (0 ¥R < 0.6), values of |gu>| are increased by 20 % for case
3A. The discrepancies with the fluctuation leveia dully developed flow are increased in
the presence of inertia particles.

Results of downflows at ZDfrom the entrance region, with the presence obtedle
flow straightener Il and with mean concentratiossléhan 2.8x18 cases 4A/4B, are
similar to the reference single-phase flow, caseT4t®. discrepancies with the fluctuation
levels of a fully developed flow are particularlyopounced for the radial range 0.6R<
0.9 (Fig. 4.7d). The cross-component results forrmftmw with a mean concentration about
7.0x10° case 4C, differ from cases 4A/4B/4S. Significardrajes are observed to &>
when the mean concentrationp<>, exceeds 7.0x10in downward flows in the presence
of the flow straightener II. A cross-section ave@gdncrease of 13% is observed for case
4C in comparison to case 4S. As a consequence,isheeplancies with the fluctuation
levels of a fully developed flow are also increased

Results of downflow at 2D from the entrance region, with the presence obilnedle
flow straightener Il and with mean concentratiomuthl.7x10, case 4E, is presented in
Fig. 4.7f. Results of case 4D are similar and tleefiot shown. In cases 4D/4E, inertia
particles type Il have been applied. Values ofdtess-component of case 4E are increased
in comparison to the components of case 4C. In eoisgn to single-phase flow case 4S,
the increase in |5u>| of case 4E is on average 20 % in the entiresesestion. As a
consequence, the discrepancies with the fluctuddwals of a fully developed flow are
increased.
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the Reynolds stress tensot, >, for particle-laden flows 1B/2A/3A/4B/AC/AE. Rétsuare
normalized byU,”. The subscripts 1S/2S/3S/4S denote single-phaseneéefiews and 2P,
tracers in two-phase flow. The terms Pl and PIl stiamdnertia particles type | and I,
respectively. Dashed lines are added to guideytbe e
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A summary of the results presented in Fig. 4.7 imébin Table 4.4. Cross-section
averaged ratios of present particle-laden flowthéocorresponding single-phase references
(cases 1S, 2S, 3S, 4S) are shown faug. Results are normalized ly,>. The cross-

section averaging is performed according to EG.04.

<uypuy> = (R <u, u>2ar dr)/(zRP) @71

Table 4.4 clearly shows how the cross-componerthefReynolds stress tensor is
modified by the presence of inertia particles a¢ tifiven concentrations and flow
conditions. Only particle-laden flows with high &ds of turbulence, cases 3A/3B, or flows
with the highest volume loads, cases 4D/4E, presigmificant increase in the averaged
cross-component in relation to the single-phasatespart. About 9% for case 3B and 20

% for case 4E.

Table 4.4 Cross-section averaged ratios of the cross-commpené the Reynolds
stress tensor

Case 1A 1B 1C 2A 2B 3A 3B 4A 4B 4C 4D 4E
(Suru, >/Uf)0p
(<uruy >/Ut§)1P

1.01 101 102 101 1.02 1.08 1.09 1.01 1.00 1.13 1.19 1.20

(<uru, >/U)0p

— 5 1.00 1 1.01 1.03 1.04 128 1.29 1.07 1.06 1.25 1.34 1.35
(<upu; >/Uf)1p

In Table 4.4 the cross-section averaged ratiosadighe-laden flows to the reference
flow (case 1B) are also presented. Case 1B repeesba fluid turbulence of a fully
developed particle-laden flow in weak two-way cangl The averaged cross-components

for cases 3B and 4E are, respectively, 29 and 3r§ér than for case 1B.
4.4.4 Turbulent production of energy

As will be seen in sub-section 4.4.6, the produrctid turbulent kinetic energy is
important for the appraisal of particle break-upeTproduction of kinetic energy in the

macro scales is given by:
P =% X <y yy > (0<U; >/6X1) (4.12)
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in a Cartesian coordinate system}{ For pipe flows not far from a fully developed
condition, the only meaningful component ist; &> o<U,>/or.

The effects of the flow orientation with respectgi@vity (upflow or downflow) and
different stages of development on the turbulermoelyrction, Py, for particle-laden flows
1B/3A are presented in Fig. 4.8. Results are nomeadlby the cube of the bulk velocity of
each flow divided by the pipe radiud,”/R. Results for the reference single-phase flows
cases 1S/3S are also shown. Figures 4.8a and 4.&nppesfiles in the range O/R< 0.7
and Fig.’s 4.8b and 4.8d, in the range O/R< 1.

Good agreement is found for the results of casearid 1B. Results for case 1B
resemble the ones of other particle-laden upflmases 1A/1C/2A/2B, and are not shown
here. For particle-laden upflows and in the presafgarticles type | with &, > less than
3.2x10° the turbulence production is barely modified. éteption is made for the radial
location of the maximum iRy , which is shifted from/R =~ 0.96 to 0.98 in upflows (Fig.
4.8b).

For particle-laden downflows at ROfrom the entrance region and without the
presence of a flow straightener, cases 3A/3B, t®suk modified in comparison with the
single-phase flow, case 3S. Results for case 3Aiariéar to the ones of case 3B. For these
cases, turbulence production values are enhancéldfss with mean concentrations about
1.0x10° and 2.3x10. Considering the entire cross-section, the averagdue ofPy is
increased by 14 % for case 3A. The discrepancitstive turbulent production levels of a
fully developed particle-laden flow are also in@ed, exceeding about 80% of the cross-

section averaged value Bffor case 1B.
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Figure 4.8 Effect of the flow orientation with respect to gitst (upflow or downflow) and
different stages of development on the turbulen@elyrction, Py, for particle-laden flows
1B/3A. Results are normalized by*/R. The subscripts 1S/3S denote single-phase reference
flow and 2P, tracers in two-phase flow. Dashed lmresadded to guide the eye. The number

of line markers corresponds to the number of birasured; notice the difference in scales.

The effect of the mean concentratiorp,<>, on the turbulence productioRy, for
particle-laden downflows 4B/4C/4E is presented i Bi9. Results are also normalized by
U,YR. Results for the reference single-phase flow, @&&eare also shown. Figures 4.9a,
4.9¢c and 4.9e present profiles in the range/B<0.7 and Fig.’s 4.9b, 4.9d and 4.9f, in the
range 0.7 #R< 1. For the results presented in Fig. 4.9, the tertme production profile of

case 1B is added to show the differences withuhg developed condition.
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Figure 4.9 Effect of the mean concentrationgg> on the turbulence productioR,, for

particle-laden flows 4B/4C/4E. Results are nornaalibyU,*/R. The subscript 4S denotes

single-phase flow and 2P, tracers in two-phase fldashed lines are added to guide the

eye. The number of line markers corresponds tantlreber of bins measured; notice the
difference in scales. The terms Pl and PIlI standifiertia particles type | and II,

respectively.
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Results for cases 4A and 4D resemble the onesaf®sc4AB and 4E, respectively, and
are not presented. For downflows atD2€iom the entrance region, in the presence of
bundle flow straightener 1l and with mean conceitraless than 2.8x1) cases 4A/4B,
production is enhanced with respect to the referesmugle-phase flow, case 4S. The radial
location of the maximum iRy is shifted fromr/R = 0.96 to 0.94 in downflows (Fig. 4.9b).
Considering the entire cross-section, the averagde ofPy is increased by 9 % for case
4B in comparison to case 4S and by 19% in compatistime fully developed case 1B.

By increasing the mean volumetric concentrationpafticles in downflows from
2.8x10° to 7.0x10, cases 4B and 4C, respectively, the discrepamdgtbsthe fluctuation
levels of a fully developed flow, 1B, and the senghase reference flow, 4S, also increase.
For case 4C, cross-section averaged valu@s afe increased by 33 and 51% in relation to
cases 4S and 1B, respectively. With a further ireméa the mean concentration to 1.7x10
4 case 4E, cross-section averaged valud¥ afe increased by 37 and 59% in relation to
cases 4S and 1B, in the order mentioned.

The change from/R ~ 0.96 to 0.94 in the position of the maximumRp is also
observed for downflows 4C and 4E (Fig.’s 4.9d arfif)dand it is contrast to the shift in
upflows fromr/R =~ 0.96 to 0.98. For the selected particle-laden f|ldiesv orientation with
respect to gravity affects the location of the maxin inP,. With the changes in the fluid
mean velocity profiles as observed in section 4.th& mean strain rate is also modified.
Figure 4.10 shows the effect of up- or downflow difterent stages of development on the
mean strain rat&i<U,>/or, for particle-laden flows 1B/3A/4B. Error-bars leasame sizes
as symbols. Figure 4.10a presents results in thger@ne/R< 0.80 and Fig. 4.10b, in the
range 0.80 HR< 1.
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Figure 4.10 Effect of the flow orientation with respect to gitg (upflow or downflow) and
different stages of development on the mean stet# o<U, >/or, for particle-laden flows
1B/3A/4AB. The subscript 1S denotes single-phasg fidiveloped flow. Dashed lines are
added to guide the eye. The number of line markersesponds to the number of bins

measured; notice the difference in scales.

The gradient of the mean strain rate in radialdfios is strongly modified at abot/R
~ 0.88 for particle-laden downflows and at about20fér particle-laden upflows. For
single-phase flows, this happens in radial positiabout 0.90. The position shift in the
maximum ofPy is apparently related to the changes in the mgamgate profile, which
can be understood in terms of local decrease #tivel velocity. In upflows, the drag
imposed to the fluid by particles results in a i@t of the fluid velocity in the pipe core.
This reduction is compensated by mass conservatittnan increase in the fluid velocity
in the near wall-zone. The opposite trend is foimdiownflows. For case 3A, the flat
profile of the mean strain rate in the range @R < 0.5 explains the small values Bf
there (Fig.’s 4.8c and 4.10a).

A summary of the results presented in Fig.’s 4.8 48dis found in Table 4.5. Cross-
section averaged ratios of present particle-ladensf to the corresponding single-phase
references (cases 1S, 2S, 3S, 4S) are showRfd€omparisons to the fully developed
reference flow (case 1B) are also presented. Reatdt normalized by,*R. The cross-

section averaging is performed according to EQ.24.

Py = (lR<u, u> (6<U,>/or)2xr dr)/(nRP) (4.12)
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Table 4.5 Cross-section averaged ratios of the turbulencdyation

Case 1A 1B 1C 2A 2B 3A 3B 4A 4B 4C 4D 4E
[A/ (UEIR)2p
[P/ (UERI1p
[R/ (USR] p
[R/ (USR8

1.01 102 1.02 1.03 1.03 1.14 1.15 1.08 1.09 133 1.35 1.37

099 1 1 103 1.03 181 1.79 118 1.19 151 1.58 1.59

In the measured development stages, turbulenceugtiod is larger than in fully
developed flows. Turbulence production is enharfoeg@article-laden flows withuj,dUm/
of order 1 and particles witlst = 2.3 or 3.3, and even more so if the volumetric

concentration is higher or if the level of turbutens higher.
4.4.5 Direction-dependent K olmogorov constant

The second order Lagrangian velocity structure tiong Dy (z), is defined by Eg.
(4.13):
Du(z) = <[tk (z) -k (0) > (4.13)

wherer is the correlation time span andthe fluctuating fluid velocity. The subscrift
indicates cylindrical coordinate components 7, §). The quantityDy(z) determines the
Kolmogorov constant,, which is necessary in the evaluation of partizieak-up, see van
Wissenet al** Kolmogorov theory of local isotropy gives a scglirule connecting the
fluid structure functions with the universal Kolnmargv constant, §& see Pop&€® The
scaling rule is given by Eq. (4.14):

Dw () = Co<e>r (4.14)

wheree is the dissipation rate given by= 20S..2. v is the kinematic viscosity anm the
rate-of-strain tensor. The last one is given &y= (1/2)(QU/0Xm + 0U/0Xy), with U the
instantaneous fluid velocity andthe space coordinate. Eq. (4.14) is valid in thertial
sub-range for time in the intervalizy << t << .. The Kolmogorov time-scaley, is
representative of dissipative scales, while the rémgian correlation timeg., is
representative of large energy-containing scateturbulent flowsgz, is related ta. by the
Reynolds numberz, = 7. Re"2 Since turbulent pipe flows are inhomogeneous diata

direction, 7, and 7. are function of the radial coordinate. In secti®®2.2, an average
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estimation for, was computed, roughly 28 ms. ARe, = 10300, that would result in the
following average estimation ef. 2.8 s.

Due to the hypothesis of local isotropy, turbulestatistics are invariant to rotations
and reflections of the coordinate system. The la®atropy assumption implies that the
structure functions in the three principal diresticare equal and therefdtg is a constant.
At the level of second order statistics, the lotsadtropy assumption for very large
Reynolds numbers has been very successful, seeatdkiland Warhaft® However, the
present Reynolds number is far from this limit. Simakes it necessary to introduce a
direction-dependen€,*. This was proposed by PéPEin a linear stochastic model for
homogeneous shear flow. Later, Walpit al*® followed the same proposal for the
definition of C, for inhomogeneous pipe flow. According to Kolmogersimilarity, one
should observe a plateau @f in the inertial subrange. However, for the limifedynolds
numbers studied here, the inertial subrange has fividth. For finite Reynolds numbers,
the plateaus of, may be short or exist only as bumps, see LienCiagaro® Therefore,
the value ofC, will be determined from the maximum in the funatiof Dy (z)/ <e>t.

Lagrangian structure function for the radial vetpyatomponent scaled withexr is
presented at/R=0.7 in Fig. 4.11. The calculation @f (z,r) is done by averaging over
flow tracers that are situated inside a discretall@entered at a radial positionThe solid
line represents DNS datd. Diamonds represent flow tracers in particle-lagagre flow
for case 1B aRg,=10300. Dashed lines indicate error-bars. Infornmagéibout the applied
Lagrangian method of analyzing particle traject®rie pipes is provided in Oliveirat

al.ltd
x107°
5
/
4 DNS /
- ¢ 1B // -
N
o ° 4
a) X7
Z
1 v r/R=0.7
O -1 0 1 2
10 10 10 10
T/1

Figure 4.11 Lagrangian structure function for the radial véy@omponent scaled with
<e¢>r atr/R=0.7 for case 1B. The solid line represents DN&egt= 10300. Dashed lines
indicate error-bars.
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Trajectories of tracers have been registered loraygh to achieve the time interval
where the maximum occurs; see Fig. 4.11. The val@ds the value oD, /<>t at the
maximum. Similar results are found at other rad@difions and for tangential structure
functions. For axial structure functions, the Lagjian correlation times are bigger and the
time interval where the maxima occur cannot beeaed due to the limited axial length of
the measurement volume. For this case, the axiaitate functions are fitted with a linear
function in a time interval that is assumed torbéhee inertial range; see Section 5.3.2. This
approach was also done by Walgatal™ Results for the direction-depende®y thus
obtained are provided in Fig. 4.12. ValuesCgf are roughly 3 in the pipe corgR < 0.8)
and decrease with decreasing distance to the Wad. decrease of with decreasing
distance to the wall is for tracers also found byoiGt al®® for turbulent channel flow.
This result is in good agreement to single-phapeemental results of Walpet all*® and
to the DNS computations of Veenmfah.
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Figure 4.12 Direction-dependent Kolmogoro\Gy*, constant computed for case 1B.

represents cylindrical coordinatesZ, §). Dotted lines are added to guide the eye.

As mentioned above;, is a quantity necessary to determine break-uprait Since
turbulent pipe flows are inhomogeneous in radialedaion, the determination of a
direction-dependen€,* is necessary. With the above determination of Koémogorov
constant and turbulence production, all the ingretdi to evaluate break-up criteria in pipe
flows are available. The computation of a directimpendent® for particle-laden flows
is further investigated in Section 5.3.2.
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4.4.6 Particle break-up in turbulent pipe flows

In many mixtures in process industry small paraecur that have a chance of being
torn apart if exposed to too high fluid stresse=e san Wisseret al®” This section
presents the effect of inhomogeneous turbulengeépia flow atRe=10300 on the particle
break-up mechanism. In principle, the break-up @seds isotropic; however it is strongly
dependent on the distance to the pipe wall. Thaigien of the maximum particle
diameter,d, max in turbulent flows is usually based on the pioirep article by Hinze
(1956). If particle sizes are in the inertial sulg@, this approach states that a critical value

of the following Weber numbeWe,;;, exists:
(ptlo We:rit)sl5 o max= CO* g2 .X8)

where p; is the mass density of the continuous phassurface tension coefficient,
turbulent dissipation an@, the Kolmogorov constant.

Several authors, i.e Walter and Blafittand Hesketlet al??, employed the approach
given by Eg. (4.15) and proposed different expoessiforWe,;. No universal correlation
is available or takes into account all the posséiffects for the prediction of break-up in
pipe flows such as large mean-velocity gradientar rte pipe walf! Critical Weber
numbers are usually a function of particle anddflpiopertie??. In other proposals for
Wei, the bulk flow velocity is also taken into, seeriaela&® for example. The terms on
the LHS of Eg. (4.15) depend on the specific pragerof the continuous and dispersed
phase and on the proposal We,;;. However, the terms on the RHS can be evaluated fro
the measured data discussed in this section amd by the maximum particle diameter
depends on the radial coordinate, the particle eatnation and the state of development of
the turbulence. This will be investigated next.

In turbulent pipe flows, turbulent dissipation &dest near the wall. Apart from the
viscous region near the wall and from a small atethe central region (where dissipation
balances turbulent transport), turbulent dissipat® of the same order of magnitude as
turbulence productidtt, ¢ ~ P,. Measurements of the latter in particle-laden apd
downward flows have been shown above together with direction-dependent
Kolmogorov constaniCy, as given in Fig. 4.12. With these measuremengsRHS of Eq.

(4.15) can be determined as a function of the radiardinate. Here, values of a modified
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constantC, , are computed by averagifig’, C," andC,’ at each radial bin. With the above
determination ofC, andP,, all the ingredients to evaluate existent brealetiferia for
pipe flows which takes into account the inhomoggnef the turbulence are available for
the given Reynolds number.

The computation of the RHS of Eq. (4.15) is now iedrrout with the present
experimental data. In Fig. 4.13, results are showor particle-laden cases
1B/2A/3A/AB/ACIAE. The effects of different stagefsdevelopment and mean volumetric

concentration of particles (in the range 0.5%1® 1.7x10") on particle break-up are
presented.
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Figure 4.13 Effect of pipe inhomogeneous turbulencdrgi=10300 on the particle break-
up criterion. Turbulence dissipation is estimatemht the turbulence production;= Py.
Particle-laden up- and downward flows have been wuredsin different stages of
development with mean volumetric concentration aftiples in the range 0.5x%0to
1.7x10" Figure 4.13a presents results in the rangg®<<0.6 and Fig. 4.13b, in the range
0.6 </R< 1, notice the difference in scales.

As expected, small values of the quan@ly ~"°¢ " are obtained close to the wall,
meaning that smaller values of .« are found there. For given fluid and particle
properties, values af, maxat the pipe centerline exceed the ones in thewwakzone by a
factor of more than 10. The effects of transieatest and mean volumetric concentrations
are particularly observed in the critical regiohe tnear-wall zone. In the measured
development staged, maxis slightly reduced for/R > 0.6. It was shown in Table 4.5 that
cross-section turbulence production values wereeased by factors of 1.8 for cases

3A/3B and of 1.6 for cases 4D/4E. These casessmore to transient particle-laden flows
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with high level of turbulence and high mean volureeconcentrations (order I
respectively. Since the effect of productiordiy,..scales with the power -2/5, an increase
in P, of 80 % corresponds to a reductiordyaabout 20%. As a consequence, results for
cases 3A and 4E in Fig. 4.13b are only subtly deeg#& comparison to the results of case
1B.

A fit of all experimental data presented in Fig.34i% given by a sum of Gaussian

functions:

(o115 Weir) ¥ dp max = &1 exg—[(I/R — &)/ ag]?} + ay exd—[(1/R —as)/ a|%} (4.16)

The quality of the fit is expressed by the two paetersr? andF, defined in Eq. (4.4)
and (4.5). In Eq. (4.16)2andF are equal to 0.88 and 3391, respectively. Theficteits
are given bya; = 133.3,a, = —0.04492a; = 0.112,a, = 2.573x16°, a5 = —27.87 andy =
5.049.

45 Discussion and conclusions

The determination of a break-up criterion with metgato a specific type of dispersed
phase is beyond the scope of the present expeaingtntly. Measurements of turbulence
production and the direction-dependent Kolmogorawnstant allow the evaluation of
Hinze’s' break-up criterion as a function of the radial rciimate. AtRg, =10300 and for
given fluid and particle properties, maximum pdaetisizes at the pipe centerline can
exceed the ones in the near-wall zone by more thaactor of 10. Therefore, the
concentration profiles of particles are fundamefdaah proper break-up evaluation.

Flow orientation with respect to gravity affects tbencentration profiles of inertia
particles in particle-laden flows with},/Un| = O(1), inertia particles witlst= 2.3 or 3.3
andpy/ps =~ 1.05. The effect of up- and downflows on concdituraprofiles is different:
with wall peaking in downflow and core peaking ipflow. Accurate predictions of the
radial distribution of particles in a pipe are atssential for modeling phenomena such as
collision frequency, reaction rates, deposition amirainment. In the last section, the
break-up criterion based on Hinze'sapproach contemplated the influence of
inhomogeneous turbulent pipe flow as a functiomagfial coordinate. In chapter 3, it was
shown that flow orientation with respect to grayitye ratio Yi,dUn] and the presence of

shear affect the concentration profile of the dispd phase. For the present class of
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particle-laden flows withulndUn = O(1), St = 2.3 or 3.3 andpy/p;s =~ 1.05, they
hypothesized that a fluctuating component of thefdrce on particles is responsible for
moving particles towards the core in upward andarole the wall in downward flows.

For particles with high inertia, the ratio of RMSifluvelocity to terminal velocity
tends to zerou}ndUn| — 0. High inertia particles cross turbulent eddigthwardly any
interaction. The relative velocity approaches teninal velocity and in the presence of
enough shear, a mean lift force will be of impoc&rin determining the wall-normal
concentration profiles. Fou},dUr] — 0, the magnitude of the mean lift component will
dominate the fluctuating lift term. Particles withwl inertia posses$ndUry >> 1. For this
class of particles, the terminal velocity is narsficant and the mean relative velocity is
also small. In this situation, the turbulent motwiparticles with low inertia is governed
by the interaction with flow eddies and lift doest play a role.

In industrial loops, turbulent pipe flows often dot achieve a steady state due to the
length limitations; see Lawst al’ The required length for fully developed conditions
increases with increasing bulk Reynolds numberréfoee, the effect of transient states of
dispersed turbulent flows on particle break-up malsb be considered. For the present
class of particle-laden flows withu /U] =~ O(1), St= 2.3 or 3.3 angy/p; = 1.05,
turbulence production is enhanced particularlyha tritical region: the near-wall zone.
The maximum patrticle size is reduced and even moffer high volumetric concentrations
or for high level of turbulence.
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Lagrangian velocity and acceleration statistics of
fluid and inertia particles in a particle-laden pipe
flow measured with 3D-PTV

Three-dimensional particle tracking velocimetry {BDV) has been applied to particle-
laden pipe flow with mean volumetric concentratadrinertia particles equal to 1.4x3@t
Reynolds number 10300, based on the bulk velocity the pipe diameter. Velocity and
acceleration Lagrangian as well as Eulerian siedistave been determined for flow tracers
and for inertia particles with Stokes number eqoa2.B, based on the particle relaxation
time and viscous scales. The decay of fluctuatiatpoity and acceleration Lagrangian
correlations has been measured for fluid and diggephase at different radial positions
for the given inhomogeneous flow. Ratios of Eulericceleration variance of inertia
particles to the acceleration variance of flow érachave been quantified for all cylindrical
coordinate components. These ratios do not obepdher law found in von Karméan and
wind-tunnel turbulent flows. The minimum number ajrrelation samples required for
reliable Lagrangian statistics of inertia partidies been quantified.
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51 Introduction

Turbulent dispersed two-phase flows are ubiquitouboth industry and nature. For
example, the dispersion of pollutants in an urbavirenment, sediment transport or the
fluidized catalytic cracking of carbohydrates afeen studied; see Poelneaal™ Flows of
this kind are characterized by patrticles, dropdetsubbles dispersed within a carrier phase.
The occurrence of such flows in pipes is wide adl, wdth applications ranging from
pneumatic conveying systems to chemical reactoigdesee Kartusinsket al® The
ability to predict the behavior of this kind of Wois therefore of quite some interest in
engineering applications. However, due to the cemplature of the problem, available
models are usually simplified and not able to fudhedict fluid and particle behavior for
the whole range of applications.

The experimental determination of statistical prtipe of particles in a Lagrangian
frame of reference is essential for the developnwnstochastic models of turbulent
transport in applications such as combustion, peoiudispersion and industrial mixing; see
Popé’ and Yeund® For a complete description of particle statisticssinecessary to
follow particle paths with very fine spatial andrjgoral resolution, of the order of the
Kolmogorov length and time scaleg,and 7, respectively. To capture the large scale
behavior in a turbulent pipe flow, trajectories ghio be tracked for long times,e.
multitudes ofz.. This obviously necessitates access to an expetaiheneasurement
volume with a typical length scale of the ordertbé& bulk velocity times a typical
Lagrangian correlation time; see Biferaleal®

The determination of Lagrangian velocity correlaicand structure functions allows
the determination of Lagrangian stochastic modelha Langevin model for example; see
Brouwers® For the above reasons Lagrangian experimental imoém such as three-
dimensional particle tracking velocimetry, 3D-PTarfe a necessity in turbulence research.
Despite the higher practical impact of inhomogesedurbulent flows, experimental
Lagrangian results in the literature are mostlytrigted to homogeneous turbulence.
Lagrangian measurements in flow geometries with-zemo mean velocity component are
scarce. The work of Suzuki and Kaslgiepresents one of the few exceptions. For the
industrially relevant pipe flow, only the 3D-PTV s of Walpotet al®® and Oliveiraet
al.”! are available to our knowledge. Veenf@provided Eulerian and Lagrangian DNS
computations of pipe flow &g,= 5300 and 10300. Walpet al’® presented data féte,=
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5300 and some preliminary resultsRag = 10300. Recently, Oliveirat al’® presented new
experimental Lagrangian results for pipe flowRs, = 10300 and compared these with
DNS-data of Veenma

The present work aims at providing Lagrangian vigfjognd acceleration statistics of
flow tracers and one class ibfertia particles(with Stokes number 2.3 and diameter 0.8
mm) simultaneously. To our knowledge, consistengegimental data for the formulation
of stochastic models for heavy particles in a tlebuparticle-laden pipe flow has never
been provided. In the present study, similaritiesthie results of Lagrangian velocity
structure functions of tracers aiertia particleswill be sought in order to validate a
modified Langevin approach for heavy particle dispm. 3D-PTV is applied to particle-
laden pipe flow in upward vertical direction at bukeynolds numbeiiRg=10300. Here,
Re, is based on the bulk velocity and the pipe diamétean volumetric concentration of
inertia particlesis equal to 1.4xI0 The mass density of theertia particles(p, = 1050
kg/m?) is bigger than the mass density of the carrigdf{p;~ 1000 kg/n).

The structure of the paper is as follows. In Secta®, the experimental setup is
presented, including specifications of flow tracersd inertial particles. Section 5.3
provides the 3D-PTV results for the particle-ladEwf Results concerning velocity and
acceleration fluctuations of fluid and disperseadg#hare provided. A discussion of these
experimental results is given in Section 5.4. Finatlynclusions are presented in Section
5.5.

5.2  Experimental setup

521 Testrig

Turbulent particle-laden pipe flow has been credtech water loop driven by a
centrifugal pump; see Fig. 5.1. The in-line 3 kW tdéugal pump of type DPV18-30,
manufactured by “Duijvelaar pompen”, allows Reymoldumbers based on the bulk
velocity, U, and pipe diameteB, in the range 10to 1F. A frequency controller permits
fine-tuning of the Reynolds number by adjusting tiness flow rate of the upward vertical
flow in the measurement section; see Fig. 5.1.

The mass flow rate is measured by means of a Mitoion Elite CMF300 mass flow

and mass density meter, whose inaccuracy is lesstb% of the registered flow rate. A
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water reservoir contains about 2 mf water. This value facilitates water temperature
stabilization and Reynolds number control. Tempeeaturing a test-run was essentially
constant, varying typically 0.1°C only.

Submerged pumps are placed in the reservoir tamkder to promote homogeneous
dispersion of the added tracers amettial particles The measurement section consists of a
glass pipe to ensure optical accessibility. A wiéitlerd rectangular glass box around the
pipe minimizes optical distortions. The pipe diaengs chosen relatively large, 100 mm
inner diameter, because measurements at high Risynombers are required. For a certain
Reynolds number, bulk velocities are lower for kghtube diameters, which is
advantageous for the acquisition of Lagrangianssizs.

A flow straightener, tube bundle conditioner of 1SD67-1:1991, see MillE, has
been placed downstream of the 90° bend, see Fig.Td flow straightener removes
secondary flows and shortens the required lengtibtain a fully developed flow. At 45
further downstream, the location of the test sectia fully developed flow has been
achieved.

Water tank
with 2 m3

Flow conditioner:
Bundle type

Coriolis

L Flow
flow meter

irectio

Centrifugal
pump

Figure5.1 Schematic of the 3D-PTV experimental setup for pleriaden pipe flow.

5.2.2 Propertiesof applied particles
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Properties of polystyrene particles applied in thesent particle-laden experiment are
given in Table 5.1. The fluid time-scatein the Stokes numbe§t is based on viscous
scales; see info below Table 5.1. The fluid lengthle is the Kolmogorov scale for fully
developed single-phase pipe flow Rg, = 10300 as computed by Veennt4h.The
Kolmogorov length is about 0.60 mm in the pipe cane 0.23 mm close to the wall. For
evaluation of the particle timescatg, the relaxation time for particles in stationalgmf is

used; see Albrectet al*?:

% = (dy'pp/184)(L + 0.5x/pp) (5.1)

whereu is the dynamic viscosityd, is the particle diameter angl andp; are the mass
densities of particles and of fluid, respectivelyrelaxation time oft, ~ 4 ms is obtained
for the tracers. Note that the fluid inertia is @aeted for by the added mass coefficient 0.5

which close to a wall is increased to about 0.8 \an der Geld®

Table 5.1 Properties of particles applied in the presentgartaden experiment

Particles Mass Diameter Terminal *Rg  ** St= *** Length
density d,[mm] velocity, Un* Tl scale ratio
[kg/m’] [mm/s] dy/y
Flow tracers 1050 0.2 1.0 0.18 0.14 0.33-1
Inertia particles 1050 0.8 10.2 7.76 231 1.33-35

* Settling velocity of a particle in an infinite,agfhant pool of water.

** Fluid time-scale is based on viscous scalesiasrgby:z; = v/u.>. ForRe < 10, the
wall shear velocity can be estimateduas (Upf /8)Y? with f = a Rg™, m= 0.25 anda =
0.316; see Hinz&¥ 7 is roughly 28 ms.

*** Kolmogorov length-scales for a fully developeihgle-phase pipe flow &g, =
10300 as computed from the DNS code developed byad'®: ~ 0.60 mm at pipe
centerline ané 0.23 mm close to the wall.

The terminal velocity specified in Table 5.1 isa@ted in quiescent fluid when

gravitational and drag forces are in equilibrium:

Urv = {(4 (pp—pr) dp @) / (3Co pi)} (5.2)

whereg is the gravity acceleration arg}, the drag coefficient. The latter is a function of

the particle Reynolds numbéRg, = dy|Un/|/v, which is based on the particle diameter and
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the terminal velocity. In the Stokes regint&, is given by Eq. (5.3). For 1Rg< 1000,
Schiller and Naumar proposed a correlation f@l, given by Eq. (5.4):

Cp = (24 /IRg); forRg < 1 (5.3)
Co = (24 IRg) (1 + 1/6Rg?); for 1 <Rg,< 1000 (5.4)

A value forU+y is obtained by an iterative computation using (&) and Eq.’s (5.3) or
(5.4). Since the bulk flow velocity)y, is approximately 100 mm/s, the ratig/Uty is on
the order of 10for seeding particles, see Table 5.1. Sibge>> Ury, 7,<r; anddy<l,, the
employed seeding particles work well as flow trac&orinertia particles the ratioU,/Ury
is on the order of 10,,>7 andd,>l,. Thereforejnertia particleshave significant inertial

characteristics to not behave as tracers.

53 Reaults

In this section, Lagrangian velocity and acceleratiesults of particle-laden pipe flow
atRg = 10300 and with a mean volume load equal to 10%ate presented. Similarities in
the Lagrangian results of tracers dndrtia particlesare required in order to validate a
modified Langevin approach for heavy particle dispm. The experimental analysis
required for inhomogeneous turbulent pipe flowas straightforward since particles move
during the time of observation to areas with otstatistical properties. Discretization in
space and time is necessary in such a way thatganiodependent data are collected in
each point. The computation of Lagrangian stasisiscdone separately for each class of
particles; see Table 5.1. The experimental analgpiglied follows closely the ones
presented by Oliveirat al’®'® and Walpotet al™” To determine Lagrangian statistics of
particles trajectories, the analysis method gattiata in discrete radial bands: Ar, with
Ar satisfying Ar > Ju|At. Here,u is a typical radial velocity value, e.g. the stami
deviation of radial velocity fluctuations. The pele trajectory sketched in Fig. 5.2
contributes to the Lagrangian correlations in bdidfrom tys0 to t550 Each particle
position from 150 t0 t550 S€rves as an initial position of a new trajectofhen these
additional trajectories are taken into account,ibenber of data available for short time

correlations is increased.
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Figure 5.2 Schematic of a particle trajectory which crosseseahkperimental band of grid

wn o,
|

point "i". The circles represent particle positions trackeéda frequency of 50 Hz. The
particle trajectory contributes to Lagrangian clatiens at grid pointsi” in a way explained
in the text.

Lagrangian velocity auto- and cross-correlatiores @efined by Eq. (5.5), while Eq.

(5.6) defines Lagrangian acceleration correlations:

PrlTr) = Uilto)um(to + )> (5.5)
Binlz,) = <ato)am(to+7)> (5.6)

The termty, denotes an arbitrary initial time aathe correlation time span. The termand

B denote Lagrangian velocity and acceleration cdioela, respectively. The variables
anda represent the fluctuating velocity and acceleratiespectively. The subscriptsand
m indicate cylindrical coordinate componentsZ, ). The calculation of the correlations
pe(z,F) @andpBin(z,r) is done by averaging over all particles thatsigated inside a discrete
band centered at a radial positiorin a certain time which is then markedfor that
particle. These correlation functions depend onr#iuial coordinate but are independent
of to. Lagrangian velocity correlations are sought teedwrine the damping tensor in
Langevin stochastic moddfé%
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Presently, DNS computations are performed in whidid garticles (with diameter 0.8
mm and mass density 1050 kd)jrim water flow are represented by point particlEisese
computational results will be compared with thesprag experimental findings in another

paper.
5.3.1 Velocity correlations

Two dimensionless radial positions are chosen tesemt results of Lagrangian
velocity auto- and cross-correlations, as defingdef. (5.5), for both classes of particles:
one close to the pipe comR=0.5, and another not far from the walR=0.7. These radial
points are sufficient to depict the main inhomogerrseturbulent features of the given
particle-laden pipe flow. Errors of time-averagealues of a measured quantityare
estimated with the aid of the so-called standardres,,. Confidence intervals of 95% are
considered. For a quantity which is measunetimes, with instantaneous resulksand
mean >, the standard error is given by:

n
Om= [i§1 (x -<) /(n (n 1) (5.7)

Figure 5.3a shows normalized velocity autocorretatimnctions for the axial
component. Normalization is done with the starfmjnt of the correlations; = 0. Solid
lines represent DNS data of Veent3rat the sam&e, Diamonds and circles represent
3D-PTV data of flow tracers (FT) aridertia particles(IP), respectively. Error-bars are
indicated only for tracers atR=0.5 and have similar sizes for other experimergslilts.
Figure 5.3b shows the corresponding total numbepwoklation samples measured.
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Figure 5.3 Comparison of measured autocorrelation functiansttie axial component at
r/R=0.5 andr/R=0.7 with DNS data of Veenmd! Diamonds and circles represent 3D-
PTV data of flow tracers (FT) andertia particles(IP), respectively. Dashed lines indicate
error-bars. At/R=0.5, values of g1 (0)> and <€ (0)> are 8.1 and 9.3 mm/s, respectively.

At r/R=0.7, values of g1 (0)> and <p (0)> are 9.6 and 10.1 mm/s, respectively.

Lagrangian axial velocity statistics of flow traseare similar to the ones of a single-
phase fully developed pipe flow represented by DN8I & time lag,z/z;, of about 24.
Here, z; is the fluid time-scale given by/u? It represents an average estimation for the
Kolmogorov time-scale, which is a function of thedial coordinate in inhomogeneous
turbulent pipe flows. At other radial positions)aaty correlations of flow tracers are also
similar to the ones computed by DNS. Flow tracerltesre in agreement with the single-
phase flow measurements performed by Olivetral’® at the sam®&a,. In a particle-laden
flow with a mean volumetric concentration iokrtia particlesof 1.4x10° and with St=
2.3, Lagrangian statistics of flow tracers are hadifferent from those in single-phase
flow.

For #/t; >24, there is a sudden increase in the velocityetation function. This
increase happens for both classes of particlessaredated to a reduction in the number of
correlation samples, which is shown in Fig. 5.3leréasing the band widthr from 0.5 to
1.5 mm does not improve the results for longer tlags. It just increases the amount of
data for correlation time spans in the range3; < 18 without significantly changing the
Lagrangian velocity results faf; >24. A further increase iar can induce significant

changes on final results due to the differencetoim statistical properties along the radial
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coordinate. A smaller band width results in a daseeof correlation samples for time lags
in the range & 7/t:<18. The bandwidth selected is therefore considerdx optimal. The
evaluation of Lagrangian velocity autocorrelatiagifferent radial positions with various
bandwidthsAr reveals that reliable results are obtained foh btmw tracers andnertia
particles if a number of correlation samples exceeding ahcdix1d is available. A radial
band width,Ar, of 0.5 mm and a camera frequency of 50 Hz sutficebtain negligible
bias for velocity Lagrangian statistics of bothsslas of particles &g, = 10300. A similar
requirement for the minimum number of correlati@mples was observed by Oliveiea
al.l

Axial velocity correlations of flow tracers decayre slowly than the correlations of
inertia particles For inertia particlesin ¢ = 24 z, the normalized autocorrelations are
roughly: p,/<u0y>> =~ 0.62 atr/R=0.5 and 0.58 at/R=0.7. For flow tracers in the same
time lag, these values are 0.8 rd&R=0.5 and 0.7 at/R=0.7. The slower decay for
correlations of flow tracers is also observed fatial, azimuthal and cross-components as
will be shown below. The faster decay in the catiehs ofinertia particlesalso holds at
other radial positions. A discussion about theedé#hces in the velocity de-correlation
process of both classes of particles is provideskation 5.4.

Figures 5.4 and 5.5 show 3D-PTV results for nornedlimdial and azimuthal velocity
autocorrelations, respectively, #R=0.5 andr/R=0.7. Normalization is done with the
starting point of the correlations at 0. Solid lines represent DNS data of Veenffiaat
the samdRg,. Diamonds and circles represent 3D-PTV data of timeers (FT) anthertia
particles(IP), respectively. Error-bars, indicated by thehdad lines and with size equal to
+20y, are only plotted for one dataset and have similagmitude for the remaining 3D-
PTV results.
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Figure 5.4 Comparison of measured autocorrelation functiamstie radial component at
r/R=0.5 andr/R=0.7 with DNS data. Diamonds and circles repres&nP3V data of flow
tracers (FT) andnertia particles (IP), respectively. Dashed lines indicate erroisbat
r/R=0.5, values of &r,(0)> and <p,(0)> are 5.2 and 5.4 mm/s, respectively.r/R=0.7,

values of €ier,(0)> and wp,(0)> are 5.7 and 5.8 mm/s, respectively.

For inertia particlesin = 24 ;, the normalized radial autocorrelations are royghl
prr/<ur(0)2> =~ 0.34 atr/R=0.5 and 0.19 at/R=0.7. For flow tracers in the same time lag,
these values are 0.52 @R=0.5 and 0.43 at/R=0.7. For the tangential correlations of
inertia particlesin r = 241, values ofpg/<u,(0)>> are roughly: 0.37 afR=0.5 and 0.31 at

r/R=0.7. For flow tracers in the same time lag, thesleas are 0.66 atR=0.5 and 0.50 at
r/R=0.7.
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Figure 5.5 Comparison of measured autocorrelation functiengte tangential component
atr/R=0.5 and/R=0.7 with DNS data. Diamonds and circles represBPaP3V data of flow
tracers (FT) andnertia particles (IP), respectively. Dashed lines indicate errosbaikt
r/R=0.5, values of g14(0)> and €py(0)> are 5.8 and 5.7 mm/s, respectively.r/=0.7,

values of €7 4(0)> and €p,(0)> are 6.8 and 6.9 mm/s, respectively.

At radial positions closer to the pipe centaVR€0.5), a slower decay of
autocorrelation values is observed for both clasggzarticles. The presence of the wall
causes the velocity correlations of particles toagefaster nearby the wall than in the pipe
core. In the time intervat = 24 7;, the ratios of autocorrelations ofertia particles at
r/R=0.5 to the ones atR=0.7, [okk/<uk(0)2>]r,Rzo_gj[pkk/<uk(0)2>]r,R:o], for axial, radial and
tangential components are 7, 79 and 20 %, respdgtiFor flow tracers, these values are:
14, 20 and 32 %. For both particles, the axial aretations decay more slowly than
tangential and radial ones.

3D-PTV and DNS results of the only non-zero crossetation functionsp,, andp,;,
are shown for/R=0.7 in Fig. 5.6. The statistical error in the 3D-Pi@gults is indicated by
the dashed lines with size equal tos#2see Eqg. (5.7). Cross-correlations involving the
tangential component are equal to zero, sincecthisponent is uncoupled to the other two
components. This has also been foundrertia particles
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Figure 5.6 Comparison of measured cross-correlation functigpgndp,,, atr/R=0.7 with
DNS data. Diamonds and circles represent flow tea¢e) andinertia particles (IP),

1/2 and

respectively. Dashed lines indicate error-barst/Rt0.7, values of ger(0)ugr A0)>
<U|p'r(0)U|pyz(0)>1/2 are 4.8 and 4.5 mm/s, respectively. The startimjntpof cross-

correlations is equapi,(0) =p,(0).

Cross-correlationg,, decay considerably faster than cross-correlatigng-or inertia
particlesin t =24z, p,/<u,(0)u;(0)> is 0.41 angh../<u,(0)u,0)> is 0.76. Particles which
move towards the wall usually retain their origiaalal velocity for a while and will most
likely be found at larger values ofR with a relatively large value af,. The opposite
conclusion is drawn for particles moving towards tiore of the pipe. As a consequence,
the average product of andu, is positive. An inertia particle moving in radidirection
tends to retain its original total axial velocityrfa while,u,(ty +7) = uL(tg), resulting in an
average increase of the absolute value of the itglflactuation. The average product
<U(to)u(ty +7)> is larger thanu(tg)u,(to)>. The same cannot be said abawftg)u,(to+7)>,

since up=0 everywhere.
5.3.2 Velocity structure function and Kolmogor ov constant

The second order Lagrangian velocity structure tiong Dy (z), is defined by Eq.
(5.8):
Di(1) = <[k () —uc(0) I>> (5.8)
Values ofDy, atr/R=0.7 are presented in Fig. 5.7. The solid line regmés DNS data &s,

= 10300. Diamonds and circles represent flow td&T) andinertia particles (IP),
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respectively, in particle-laden pipe flow at thengeRg,. Dashed lines indicate error-bars,

as before.

Figure 5.7 Comparison of measured structure functions for tdreential component at
r/R=0.7 with DNS data. Diamonds and squares repredewt ttacers (FT) andnertia
particles(IP), respectively. Dashed lines indicate errorsbar

The slope of velocity structure functions is bigder inertia particlesthan for flow
tracers; see velocity tangential components in &ig. At r/R=0.7, values oD,” in the
ranget/t =4 tot/t; =24 increase from 0.02 to 0.06 m/s iieertia particlesand from 0.015
to 0.05 m/s for flow tracers. Similar trends in tesults of Fig. 5.7 are found at other radial
positions and for radial and axial structure fuorasi.

Lagrangian velocity structure functions as wellLagrangian velocity correlations of
tracers, whose results are among those shown inlatste subsection, are important
guantities in Lagrangian stochastic models ableptedict turbulent dispersion. The
guantities,pkr(z,r) and Dy(z), determine the Kolmogorov consta@ and the damping
coefficients in the Langevin model for fluid pattiovelocity®®*® Kolmogorov theory of
local isotropy gives a scaling rule connecting théd structure functions with the
universal Kolmogorov constant,Gee Pop&® The scaling rule is given by Eq. (5.9):

Dw () = Co<e>r (5.9)

wheree is the dissipation rate given by= 20S..2. v is the kinematic viscosity anm the
rate-of-strain tensor. The last one is given &= (1/2)(QU/0Xn + 0U/0Xy), with U the
instantaneous fluid velocity antthe space coordinate. Eq. (5.9) is valid in thestial sub-
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range for timer in the interval:izy, << 7 << z.. The Kolmogorov time-scaleg, is
representative of dissipative scales, while the rélagian correlation timeg., is
representative of large energy-containing scafeturbulent flowsgz, is related ta. by the
Reynolds numberz, = 7, Re"2 Since turbulent pipe flows are inhomogeneous diata
direction, 7, and 7. are function of the radial coordinate. In sect®®2.2, an average
estimation forr, was computed, roughly 28 ms. Aee, = 10300, that would result in the
following average estimation of 2.8 s.

Due to the hypothesis of local isotropy, turbulestaistics are invariant to rotations
and reflections of the coordinate system. The lasatropy assumption implies that the
structure functions in the three principal direnicare equal and therefdZg is a constant.
At the level of second order statistics, the lotaitropy assumption for very large
Reynolds numbers has been very successful, seeatdkiland Warhaft®” However, the
present Reynolds number is far from this limit. Simakes it necessary to introduce a
direction-dependen€,*, wherek represents, z, 6. This was proposed by Péfein a
linear stochastic model for homogeneous shear flater, Walpotet al®® followed the
same proposal for the definition @ for an inhomogeneous pipe flow. According to
Kolmogorov similarity, one should observe a plate#uC, in the inertial subrange.
However, for the limited Reynolds numbers studiedeh the inertial subrange has finite
width. For finite Reynolds numbers, the plateau€gimay be short or exist only as bumps,
see Lien and D'asaf®!! Therefore, the value @, will be determined from the maximum
in the function oDy (z)/ <¢>t.

Lagrangian structure functions for the radial v@élocomponent scaled withexz are
presented atR=0.7 in Fig. 8. The solid line represents DNS Haf@iamonds and circles
represent flow tracers (FT) andertia particles(IP), respectively, in particle-laden pipe

flow at Rg, = 10300. Dashed lines indicate error-bars, asrbefo
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Figure 5.8 Comparison of measured structure functions foralaéal component scaled with
<e>r atr/R=0.7 with DNS data of Veenmaf?! Diamonds and squares represent flow tracers
(FT) andinertia particles(IP), respectively. Dashed lines indicate errorsbar

Trajectories of tracers have been registered lovaygh to achieve the time interval
where the maximum occurs; see Fig. 5.8. The valug,ofs the value oD,, /<>t at the
maximum. Similar results are found at other radiagifion and for tangential structure
functions. For axial structure functions, the Lagjian correlation times are bigger and the
time interval where the maxima occur cannot beeaghd due to the limited axial length of
the measurement volume. For this case, the axiaitate functions are fitted with a linear
function in a time interval that is assumed to i¢hie inertial range (roughly fromf ~ 4
to the longest measured time laky; ~ 24). This approach was also done by Wagial®
Results for the direction-dependefy thus obtained are provided in Fig. 5.9. For tracers,
values ofC¢ are roughly 3 in the pipe core/R < 0.8) and decrease with decreasing
distance to the wall. The decreaseCgf with decreasing distance to the wall is for tracer
also found by Choét al?? for turbulent channel flow. This result is in goagreement to
single-phase experimental results of Walpbal® and to the numerical computations of
Veenmart*” Application of Lagrangian stochastic models tddlparticles immersed in a
particle-laden flow with a mean volumetric concatiobn of inertia particles equal to
1.4x10°and withSt= 2.3 seems feasible.

In Fig. 5.8, a maximum is also found for the velpdtructure functions oinertia
particles when they are scaled withe>t. The same trend is observed at other radial

positions and for other structure functions. Foliogvithe same procedure as for flow
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tracers, the modified direction-depend€it have been determined forertia particles

see Fig. 5.9.
o - o -i=r (IP)
5 g’ﬁfgtgjgjﬁ\ - o -i=0 (IP)
o, o - & -i=z (IP)
A An o', e i=r (FT)
~ Y- & N\ .
‘o 4 o . m %\\q\ = !_e (FT)
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Figure 5.9 Ratios of Eulerian acceleration varianceradrtia particles(IP) to flow tracers
(FT). Subscriptkk stand for normal components in cylindrical cooat@s:zz rr and 66.

Error-bars are computed by the standard error % 68nfidence intervals.

Values ofCy andC,’ are about 6 foinertia particlesatr/R < 0.6, while values ofy*
are about 4. Values of the direction-dependent Igionov constantCy*, decrease with
decreasing distance to the wall féR > 0.6; see open symbols in Fig. 5.9.

The determination of Lagrangian correlations andicstire functionspy.(z,r) and
D7), is necessary to develop Lagrangian stochastidetsli®'°! The development of a
model to predict turbulent dispersion of heavy ipl$ is a challenging topic. The
existence of a maximum when the structure functiohmertia particlesis scaled with
<¢>7 allows the determination of a modified directiorpdedent Kolmogorov constant, as
done above. By means @ and Lagrangian velocity correlations, computatiofisa
modified damping tensor as needed for a Langevidainare also possible, if such a model
is applicable at all. Zaichik and Alipchenktl; for example, proposed a statistical model
for the dispersion of heavy particles immersed faraulent fluid flow.

In order to facilitate the development of quanitatstochastic models for particles
with significant inertia, Lagrangian velocity coagons and structure functions have been

presented. We now proceed with the descriptiorcoélgration results.
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5.3.3 Eulerian acceleration variance

The evolution of the acceleration variance of iiaénparticles in turbulent flows has
been subject of research in recent years; see ¥l for example. Most of the
experimental results (if not all) were reportedflmws where the turbulence is close to
homogeneous, isotropic or with zero mean velotiéy,Qureshet al®® or Brownet al®®
For pipe flow, which is more important for practi@id industrial applications, there is a
lack of experimental results.

In the present study, the mass density ofitlegtia particlesalmost matches the fluid
mass densityp,/pr = 1.05. For neutrally buoyant particles witlh > » (the Kolmogorov
length-scale), Calzavarirét al®”! showed that the acceleration variance decreages fo
increasing particle size. Moreover, when the acastmn variance of a neutrally buoyant
particle is scaled with the one of a flow tracep%/<as>, the decrease is expected to be in
the form:

@ap>l<apr>= (dy/n) 186)

In order to investigate the acceleration of almmattrally buoyant particles in pipes,
ratios of Eulerian acceleration variance inértia particles (IP) to flow tracers (FT),
BipkndON)BerkndOF), are presented in Fig. 5.10. Results are shownalioacceleration

components in cylindrical coordinates; rr andé0.

Figure 5.10 Ratios of Eulerian acceleration variancdandfrtia particles(IP) to flow tracers
(FT). Subscriptkk stand for normal components in cylindrical cooat@s:zz rr and 66.

Error-bars are computed by the standard error % 86nfidence intervals.
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The ratios of acceleration varianca§%>/<&T2>]kk, increase with decreasing distance
to the pipe walls for all normal acceleration comgats. Tangential and radial ratios are
roughly equal to 0.3 at the pipe centerline andvagéies of order 1 in the vicinity of the
pipe wall. Streamwise ratios are 0.25 at the pipgerne and increase to nearly 0.5/&
~0.98.

Flow geometries such as Von Karman flows and wimahéli turbulent flows showed a
reduction in the acceleration variance with inciregparticle sizé?* According to Vothet
al.”® pressure forces which are the main cause of tgomof particles, are averaged
over an increasingly large area with increasingtigar size. Thus, one expects the
acceleration variance to reduce with increasindigarsize. This decrease is consistent
with the power law apd/<asr>= (do/n)?3. In turbulent pipe flows, viscous scales are
smaller near the wall than in the pipe core. ThdniGgorov length-scales for a fully
developed single-phase pipe flowR# = 10300 have been computed by the DNS code
developed by Veenmaf?! The ratiody/n increases from roughly 1.3 at pipe centerline to
3.5 at the wall surroundings. Plotting the accelenatariance ratio according to the power
law -2/3 with the present particle diameter of théh and withy as given by the DNS
results yields an unexpected behavior, see pemesgraFig. 5.11. Notice that the results in
Fig. 5.10 increase with decreasing distance to thik while the pentagrams in Fig. 5.11
present opposite trend. A discussion about the agliged results for the Eulerian

acceleration ratios is given in section 5.4.
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Figure 5.11 At the left side, ratios of Eulerian accelerati@iance ofinertia particles(IP)

to flow tracers (FT) as given by the power layf)** see Volket al® At the right side,
ratio of particle diameter to the Kolmogorov lengttale;, as obtained by the DNS code of
Veenmari!®

5.3.4 Acceleration autocorrelations

Normalized autocorrelation functions for the axdaateleration component €R=0.5
are shown in Fig. 5.12. Squares and triangles repr&&-PTV data of flow tracers (FT)
andinertia particles(IP), respectively. Error-bars have about the ssizeeas symbols.

zz

—_— FT,Tp/Tf: 0.14

—h— IP,Tp/Tf =23

0.8

0.6

[<a(t+T)a(t)>/<a(0f>]

0.4 R =0.5
0.2
0
0 2 4 6

Figure 5.12 Normalized autocorrelation functions for the axaateleration component at
r/R=0.5. Squares and triangles represent 3D-PTV dat#owf tracers (FT) andnertia
particles(IP), respectively.
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The decay of fluctuating acceleration correlatitiappens in shorter time intervals
than the decay of velocity correlations. While tingt ones de-correlate in periods of time a
few times bigger than the smallest fluid time-ssaleharacterized by, the second ones
de-correlate in intervals associated with the bégdlow structures or energy-containing
eddies,z.. In section 5.3.2, estimations af and 7, were given: about 28ms and 2.8s,
respectively. The de-correlation of Lagrangian sme¢ion statistics for both categories of
particles takes place it ~ 3 to 4 (about 0.084 to 0.112 s). Therefore, it wassible to
track particles untifyy(z,r) = 0. This result is similar for axial acceleratiorrredations at
other radial positions as well as azimuthal andatagicceleration autocorrelations. If all
normal accelerations are taken into account forradlial positions, the de-correlation
period ratio ofinertia particlesto flow tracers is about 1.25. The increase in diee
correlation period with increasing particle inertgain accordance with findings in Von
Karman and wind-tunnel turbulent flow experimersise Volket al*¥ In the next section,
the differences in the acceleration correlationagleof both classes of particles are

discussed.

5.4  Discussion

The decay of Lagrangian velocity auto and crossetations ofinertia particlestakes
place in shorter times than the velocity decaylafftracers (section Il1-A). This feature of
the decay of velocity correlations was attributedthie effect of crossing trajectories by
Wells and Stock® According to them, a heavy particle, influenced d&y external
potential force field such as gravity, falls fromeoeddy to another at a rate faster than the
average eddy-decay rate. In contrast, a lightgarfor a fluid point) will generally remain
within an eddy until the eddy decays. As a reshi, heavy particle tends to lose velocity
correlation more rapidly than a light particle.

Many in depth analytical and numerical studies ada@ that an indication of the
degree of interaction between particles and turtidlew structures is given by the ratio of
a characteristic root-mean-square (RMS) fluid véjotd the particle terminal velocity,
UmdUTv; see Senet al% and Spelt and Biesheu{&, for example. Here, the RMS fluid
velocities are a function of the radial coordinated are given by the starting point of

velocity correlationsurms:<pkm(0,r)2>°'5. Foru,,JUty << 1 little interaction with vortices is
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expected, whereas far,, /Uty >> 1 the turbulent motion of particles with low itia is
governed by intense interaction with flow eddiesthe last situation, particles shall behave
as fluid particles. In the present particle-ladeawf the ratiou,,dUry is of order 1 for
inertia particlesand of order 10 for the flow tracers. These valndgate that the applied
flow tracers are expected to behave as fluid desgjcwhile theinertia particles are
expected to interact partially with the turbulelotf structures. As a consequence, velocity
correlations ofinertia particles decay faster than the velocity correlations oftdra.
However, the fast decay in the velocity correladiaf heavy particles in turbulent flows
only seems reasonable if the particle is able wdighy interact with the flow eddies
(umdUry=1). Particles with high inertia do not interact witlvbulent structuresug,dUry

— 0) and are expected to keep their velocity coreeldor longer periods. Particles with
high inertia cross turbulent eddies with hardly armgraction.

In opposite trend to the velocity correlationse thecay of Lagrangian acceleration
correlations is slower foinertia particlesthan for flow tracers (section 5.3.4). Here, the
particle inertia acts in maintaining the previoualyained acceleration in response to the
evolving flow conditions. The increase in the deretmtion period of the fluctuating
acceleration with increasing particle inertia isatcordance with findings in Von Karman
and wind-tunnel turbulent flow experimeff8.While the inertia of a flow tracer is small
and its acceleration is quickly modified in order follow the biggest turbulent flow
structures, the inertia of a heavy particle is ificgmt, keeping “memory” of previous
pressure and velocity distributions over the phasicsurface. As a result, the acceleration
correlations ofinertia particlesdecay more slowly than the acceleration correlatiof
flow tracers. Thusjnertia particles are not able to completely follow large energy-
containing eddies.

It was shown that the particle Eulerian acceleratiariance increases towards the wall
where viscous scales are smaller (section llI-® Tatio of the acceleration variance of
inertia particlesand the fluid ones does not obey the power la® a2/ observed in other
flow geometries such as Von Karman and wind-turingdulent flows. In homogeneous
turbulent flows without shear, turbulent fluctuatiaighe pressure gradient in the vicinity
of the particle are the main responsible forcetlfi@r particle motion. For these flows, the
acceleration variance of neutrally buoyant parsiéseproperly accounted for by the second
moment of pressure increments at the particle scae Brownet al®® When the

acceleration variance of a neutrally buoyant plarite scaled with the one of a flow tracer,
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@p>laer>, the decrease is consistent with the power lai® k2 the form: ap®/<asr>~
(dy/n) 2", see Calzavarirét al??”!

In inhomogeneous shear flows as in pipes, the ghartmotion analysis is more
complicated. In the presence of shear and forgbestiwith relevant size, general forms of
lift need to be accounted for in the particle motié-or pipe flows aRg=10300, the
gradient of average axial velocity in the radiatedtion, 6U/dr, is of order 60§ at the
pipe walls, see Oliveirat all®*® In the wall region, ratios of acceleration variamd order

1 are found for tangential and radial componentsrédver, the turbulent flow field in
pipes is inhomogeneous. Once particles move imdtii@l direction, they shift to areas with
distinct pressure and velocity distribution chagaistics. Particles with relevant inertia
maintain information about the evolving flow conalits from different areas (acceleration
correlations decay slower). Not surprisingly, thealig law (-2/3) behavior fails to

represent the acceleration variancéneftia particlesfor the present turbulent pipe flow.

55 Conclusions

3D-PTV has been applied to particle-laden pipe flatvRg=10300 with mean
volumetric concentration oinertia particles equal to 1.4x1®. Fluid statistics of flow
tracers have been found to be similar to the oiies single-phase fully developed pipe
flow. Velocity and acceleration Lagrangian statisthave been determined forertia
particles with Stokes numberSf) equal to 2.3, based on the particle relaxatioretand
viscous scales. To the best of our knowledge, nasomements of Lagrangian statistics of
inertial particles in a pipe flow have been repotefore.

The minimum amount of data in a discrete time sapar needed for the description
of Lagrangian velocity correlations has been deiteenh for Rg, =10300. Appropriate
results are found if the number of correlation sspxceeds 1.5x10

The decay of Lagrangian velocity correlations istda forinertia particles(St= 2.3)
than for flow tracers due to the crossing trajgemeffect. On the other hand, the decay of
Lagrangian acceleration correlations is about 25l8wer forinertia particles Here, the
particle inertia acts in maintaining the prior decation while the flow conditions evolve.
Velocity correlations for both classes of partictetay in periods of time associated with
the biggest flow structures or energy-containindiesl For acceleration correlations, the

de-correlation takes place in periods of time afieves bigger than the Kolmogorov time.
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In inhomogeneous turbulent pipe flow, the accelenavariance ofinertia particles
normalized by the fluid acceleration variance doet obey the power Iavxd,(/r/)'z’S, as
observed for neutrally buoyant particles in otHewfgeometries such as Von Karman and
wind-tunnel turbulent flows. In the presence ofahand for particles with relevant size,
general forms of lift need to be accounted fotia particle motion.

All necessary ingredients of a Langevin model foertia particles have been
quantified for turbulent upward concurrent flow affluid with p; ~ 1000 kg/mi and
particles withp, =~ 1050 kg/mi, diameter of 0.8 mm, Stokes number of 2.3 and with
volumetric concentration of 1.4xP0The maximum observed in the velocity structure
function ofinertia particleswhen scaled with &>z allows the determination of a modified
direction-dependent Kolmogorov constaft*. With the measured Lagrangian velocity
correlations forinertia particles a modified damping tensor can be also determikad.

examination of such a Langevin model is beyonddtepe of the present experimental

study.
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Conclusions

This work aimed at experimental clarification oktlessential physics of turbulent
particle-laden pipe flows with a characteristidgoaf turbulent carrier-phase RMS velocity
and terminal velocity of inertia particlesd/Ury, Of order one. An experimental setup has
been arranged in such way that the liquid and gartihree-dimensional velocities in
upward and downward vertical flows could be measuvéith bulk flow Reynolds number
equal to 10300, particle-laden flows with volumetnads of inertia particles ranging from
0.5x10° to 1.7x10" have been tested. Two categories of inertia pestigvith Stokes
number, based on the relaxation time for partisiestationary flow and on viscous scales,
equal to 2.3 and 3.3 have been measured. By meaB®-®TV, both Eulerian and
Lagrangian velocity characterizations have beererdeénhed for both flow tracers and
inertia particles.

An overview of main results and conclusions is emsd in section 6.1.

Recommendations for future work are given in seci®.
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6.1 Summary of main results and conclusions

A 3D-PTV experimental setup has been validated bynpasing Eulerian and
Lagrangian results of a single-phase pipe flowuityfdeveloped conditions &g,= 10300
with literature results (chapter 2). New experins¢nhethods have been explored and
presented, paving the way for measurement of Laimarparticle statistics, be it tracers or
be it inertial particles, at bulk Reynolds numb20s000 and higher.

Two analysis methods of Lagrangian trajectory stias as proposed by Walpet
al.! have been revisited (chapter 2). One of the meatiag been successfully applied to
the trajectory analysis of flow tracers and inepsaticles in particle-laden flows (chapter
5). Velocities derived by straightforward interpadas of consecutive 3D positions of a
particle trajectory have been found to yield actumpe flow statistics d&g,= 10300, if a
maximum triangulation error of the order of 40 usnallowed in the particle detection
algorithm. There is no need to correct the spai@dition of particles with smoothing
filters, as has been done by Walmatal™ The application of a Savitz-Golay low-pass
smoothing filter to correct the spatial positionpafrticles with a third order polynomial and
a filter span of 17 points is found to be unneasssdth the measurement accuracies
specified above. Naturally, such low-pass filteringundesirable because of thepriori
unknown cut-off frequency.

To analyze the impact of flow turbulence level amtigle behavior, different stages of
flow development have been tested. Transient statgdpe flows atRg, = 10300 have
been characterized by the characteristics of thmitence. By quantifying the cross-section
averaged diagonal components of the Reynolds stees®r, linear fits distinguish flow
conditions from the fully developed state in a cemient way. Turbulent pipe flows close
to fully developed conditions exhibit linear inhogemeous behavior in the pipe core. At
Reg, = 10300, ratios of the diagonal components of tlegriRlds stress tensor increase
linearly from r/R = 0 to r/R = 0.8. When the terminal velocity of particles and a
representative RMS turbulent flow velocity are ofmsaorder, i.e.u,d/Un| = O(1), the
time-averaged mean relative velocity decreases iwitteasing level of flow turbulence. A
correlation between axial relative velocity andwfleurbulence level has been proposed.
With the observed trends being opposed to thosgrllent bubbly flows, it is conjectured
that particles heavier than fluid and with.JUr, = O(1) possess longer residence times in
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the upward side of eddies. This explains the oleskmeduction of the mean relative
velocity.

Flow orientation with respect to gravity has a sfyeffect on the concentration profile
of particles if {mdUn = O(1), with wall peaking in downflow and core peakin upflow.

It is hypothesized that a fluctuating componenthef lift force on particles is responsible
for these trends. Iful,dUr] — 0O, particles cross turbulent eddies with hardly an
interaction because of their high inertia. The tredéavelocity approaches the terminal
velocity and in the presence of enough shear, anritaforce will be dominant in the
determination of wall-normal concentration profjlesee results of Suzuldt all?, for
example. In this situation, the magnitude of atflating lift component is not relevant. If
lumdUn >> 1, the terminal velocity of particles with lamertia is not significant and the
relative velocity is also small. Particles act asdrs. In this situation, the turbulent motion
of particles is governed by the interaction witbwl eddies and lift force does not play a
role. Mean concentration profiles of the low-inargparticles will not be far from a
homogeneous distribution.

When the volumetric concentration of particles fogiven radial position exceeds
about 3x1d, particle and fluid flow statistics experiencersfigant changes, i.e. in the
concentration profiles of particles. In this sitoat the average inter-particle distance is
smaller than the expected wake downstream of despagticle in an inhomogeneous flow.
Two-way coupling seems to come into play. Referaradees of the wake length behind a
particle are taken from literatuf.

Turbulence augmentation is observed with increasiegn concentration of particles
with St= 2.3 or 3.3,ymdUn| = O(1), particle Reynolds numbdrg, less than 12 and mass
density ratio of particles to fluighy/ps, roughly 1.05. Criteria based only &g, ratio of
turbulence and particle length and time scalesvahdne load do not suffice to predict the
turbulent modulation found. Apparently, one or mpegameters of influence are missing.
It is conjectured that the ratio,}4/Un/ is also relevant to predict turbulence modulation

The effect of particle feedback on the fluid isgmeted withd-forcing. It is shown that
the applied mean concentrations, 0.5%10 1.7x10", are too low to affect the frictional
pressure drop. For example, particle feedback ofiufeeyields roughly 5.7x16 N/kg for
upflow with St= 2.3 and mean volumetric concentration of 1.4%M@hile the frictional
pressure drop yields about 7.5%1R/kg for a fully-developed pipe flow &g = 10300.

Only mean concentrations over Wil affect the axial pressure drop for similar ditions
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(same category of particles and velocimetry rekultsthe pipe core region (0r¢R < 0.8),
drag forces are dominant on the coupling term ffigr streamwise direction. In the wall
region (0.8 <t/R < 1), drag forces reduce with decreasing distdaodbe wall. There, the
gravity term, which only affects the particle feadk via an added mass term, is the

dominant contribution for the present flows.
6.1.1 Considerationsabout thetransport of inertia particles

The distribution of particles in a cross-sectionyrba crucial in determining collision
frequency, breakage efficiency, reaction rates,odigipn and entrainment. As shown
above, several parameters can be relevant in theeotration profile of the dispersed
phase, such as flow orientation with respect taigrathe ratio §idUm|, the presence of
shear etc. Break-up of particles is related toulent stresses and turbulent dissipation. In
inhomogeneous turbulent pipe flow, turbulent diagm is more pronounced at the pipe
walls. Apart from the small viscous region near tall, turbulent dissipation is of the
same order of magnitude as turbulence produétidrhe latter has been measured in the
present work together with the direction-dependésitnogorov constantCo*. With these
measurements, a correlation for critical Weber amation of radius has been determined.
Different break-up criteria can be evaluated fginen radial position aRg, = 10300.
Turbulence production has also been measured msi¢nat states of particle-laden pipe
flows atReg = 10300. In the measured development stages, &t production is larger
than in fully developed flow. Apparently, turbulenproduction is enhanced for particle-
laden flows with§;mdUm] = O(1) and inertia particles witht= 2.3 or 3.3, and even more

so if the volumetric concentration is higher othié level of turbulence is higher.
6.1.2 Lagrangian statistics of particle-laden pipe flow

Flow tracer and inertia particle velocity and accien Lagrangian statistics were
analyzed in a particle-laden pipe flowRe=10300 with mean volumetric concentration of
inertia particles equal to 1.4x¥tand St= 2.3. To our knowledge, no simultaneous
measurements of Lagrangian statistics of flow nsead inertial particles in a pipe flow
have been reported before. Flow tracer statistige baen found to be similar as in single-

phase fully developed pipe flow.
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The Lagrangian analysis method was successfulllieapio the trajectories of inertia
particles as well as flow tracers. A radial bandtjAr, of 0.5 mm in a pipe diameter of
0.1 m and a camera frequency of 50 Hz sufficedttimin negligible bias aRg=10300.
The minimum amount of data in a discrete time wdkmneeded for the description of
Lagrangian velocity correlations (be it tracersimertia particles) has been determined.
Appropriate results are found if the number of elation samples exceeds 1.5%10

The decay of Lagrangian velocity correlations istda for inertia particlesSt = 2.3)
than for flow tracers§t= 0.1) due to the crossing trajectories effectopposite trend to
velocity correlations, Lagrangian acceleration elations of inertia particles decay more
slowly than for flow tracers: about 25 % more slpiflall normal accelerations are taken
into account and all radial positions. While therira of a flow tracer is small and its
acceleration is quickly modified in order to follaall turbulent flow structures, the inertia
of a heavy particle is significant, keeping “memioof previous pressure and velocity
distributions over the particle surface. As a reghle acceleration correlations of inertia
particlesdecay more slowly than the acceleration correlatiminflow tracers. Thus, inertia
particles are not able to completely follow largeemgy-containing eddies. Velocity
correlations for both classes of particles decayéniods of time associated with the
biggest flow structures or energy-containing eddigsFor acceleration correlations, the
decay takes place in periods of time a few timemdai than the Kolmogorov time.
Average estimations of, and z, at Rg = 10300 were given: about 28ms and 2.8s,
respectively.

The Eulerian acceleration variance of inertia pletinormalized by the fluid one does

not obey the power lawdgy)*?

, as observed for neutrally buoyant particles meotlow
geometries such as Von Karman and wind-tunnel tertiiflows! In the presence of
shear and for particles with relevant size, genferahs of lift need to be accounted for in
the particle motion. Moreover, the turbulent floigld in pipes is inhomogeneous. Once
particles move in the radial direction, they shiflareas with distinct pressure and velocity
distribution characteristics. Particles with relelvarertia maintain information about the
evolving flow conditions from different areas (aleration correlations decay more
slowly). Not surprisingly, the scaling law (-2/3glmavior fails to represent the Eulerian
acceleration variance of inertia particles for ské&cted turbulent pipe flow.

All necessary ingredients of a Langevin model farfia particles have been quantified for

turbulent upward concurrent flow of a fluid with~ 1000 kg/ni and particles withp, =
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1050 kg/mi, diameter of 0.8 mm, Stokes number of 2.3 and wallametric concentration
of 1.4x10°. The maximum observed in the velocity structunecfion of inertia particles
when scaled with the product of mean dissipatide emd correlation time spang><,
allows the determination of a modified directiorpdrdent Kolmogorov constan€*.
With the measured Lagrangian velocity correlatidos inertia particles, a modified
damping tensor can be also determined. Full exammmatf such a Langevin model is

beyond the scope of the present experimental study.

6.2 Recommendations

Experimental analysis of particle-laden flows ituations where the particle feedback
on the fluid can affect the frictional pressuremrgould complement the contents of the
present study. This can be achieved in differenyswauch as increasing the mean
volumetric concentration of applied inertia pae&ISt= 2.3 or 3.3) to larger than T@r
changing the particle properties. In this situatiparticle and fluid statistics may differ
from the ones obtained in this work. Other inténgsphenomena can be relevant in the
analysis, i.e. particle-particle and particle-walllisions. If higher mean volumetric
concentrations are applied, the stronger effeth@fset of wakes behind particles will also
be relevant in flow and particle statistics.

The evaluation of Lagrangian approaches to modethrey dispersion of inertial
particles suspended in turbulent flows is also allehge. In the present work, the
necessary ingredients of a Langevin model for iagparticles withSt = 2.3 have been
guantified. However, a more extensive study is iregluto further develop and validate

such a model.
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