Proceedings of ENCIT 2012 14" Brazilian Congress of Thermal Sciences and Engineering
Copyright © 2012 by ABCM November 18-22, 2012, Rio de Janeiro, RJ, Brazil

EFFECTS OF THE GRANULAR MOBILITY ON A TURBULENT FLO W

Fabiola Tocchini de Figueiredo, fabiolatdef@yahooam.br

Eugénio Spano Rosa, erosa@fem.unicamp.br
Universidade Estadual de Campinas, Faculdade denBaga Mecanica, Departamento de Energia, Rua Meyekeln° 200,
13083-860, Campinas, SP, Brazil.

Erick de Moraes Franklin, erick@unifei.edu.br
Universidade Federal de Itajubd, Instituto de Ehgeia Mecanica, Rua BPS, n° 1303, 37500-903, Itajumtiz, Brazil.

Abstract. The transport of granular matter by a fluid flosvfrequently found in nature and in industry. Thegemce of
bed-load, a mobile granular layer which is in cocttavith the fixed part of the bed, may affect tindtlent liquid

flow. This phenomenon is known as feed-back effbet.experiments were performed on a closed-cowrtiainnel of
rectangular cross section where the grains weredported as bed-load. The employed fluid was water a PIV
(Particle Image Velocimetry) device was employednéasure the turbulent liquid flow. The turbul&rly-developed
velocity profiles over fixed and mobile granulardsewere measured for two differents diameters aingtr 160um

and 360um, for roughly the same water flow rates, in coratis near the threshold of the bed-load. The fluana
profiles were obtained in order to obtain the effeaf bed-load on the turbulent flow.
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1. INTRODUCTION

The transport of granular matter entrainecalfjuid is frequently found in nature and in indystt is present, for
example, in the erosion of river banks, in the ldispment of desert dunes and on the transportnaf sahydrocarbon
pipelines. A better knowledge of this kind of tsport is of great importance to understand natack ta improve
human activities.

Among the possible two phase liquid/solidMés one common case is the horizontal liquid flovaiclosed-conduit
channel of rectangular cross section in the preseha granular bed. Usually, the bed is constitatesand. When the
shear stress of the fluid exceeds a threshold \falude mobilization of grains, a mobile layergrhins known as bed-
load takes place in which the grains stay in cdnigith the fixed part of the granular bed. When shear stress exerted
by the fluid flow is capable to move some graing, &re relatively small compared to the grains Weithe flow is not
able to transport grain as a suspension. Thuswbtie threshold for the mobilization the grainsg jranular bed

remains fixed.
Therefore, the bed-load existence dependhebadlance of two forces:
a) An entraining force, of hydrodynamic nature, prajmral totd?, wherer is the shear on the bed and d is the
mean grain diameter;
b) A resisting force, in this case related to the mgaiveight, proportional topg —pp)gd3, wherep; is the
specific mass of the fluigh, is the specific mass of the grains @nid the gravitational acceleration.
One relevant dimensionless parameter is the Shieidberd, which is the hydrodynamic force to weight ratio

T
- 1
(pr—pplgd (1)

and bed-load takes place 0(0.01) <6 < O(1).

In the case of a fully-developed, two-dimensioturbulent boundary-layer over a granular bbd, ghear stress is
T = pu,?, whereu, is the shear velocity. Near the bed, near-wabeity holds

ut =1/, In(y*) +B 2

wherek is the Karman constant (we consider here 0.41), u™ = u/u*(u is the velocity profile)y*t = yu*/v is the
transversal distance normalized by the viscoustlefgis the kinematic viscosity) arfl is a constant. In the case of
hydraulic rough regimes, Eq (2) is usually writen

ut =1/, ln(y/yo) 3)

wherey, is the roughness length. The other relevant paenie the Particular Reynolds numbke,, which is the
Reynolds number of the fluid at the grain scaleeliites the fluid inertia to the fluid viscosigrins at the grain scale
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whereu, also represents the characteristic velocity offilid at the grain scale (shear velocitg)is the characteristic
length at the grain scale (grain diameter) ansl the liquid dynamic viscosity.

The Shields number and the Reynolds numbeactezize bed-load. On the other hand, the preseinte mobile
granular layer affects the fluid flow, an effectokim as feed-back.

2. EXPERIMENTAL SET-UP
2.1 Experimental Device

To study the effects caused on a turbulentemwatream by the bed-load an experimental loop &k, To
characterize this perturbation, the water flow disexd and mobile granular beds was measured, iditions near the
bed-load threshold (Bagnold,1941; Raudkivi ,1B@éffington and Montgomery ,1997).

The experimental device consisted of a tramspahorizontal closed-conduit channel of rectaagaross section,
160 mmwide, 50 mmhigh and5 mlong of which the las2 mcorresponded to the test section. Access windowsre
the introduction of grains and the formation of thebile and fixed granular beds. Two types of teste run to
characterize the feed-back effect: the first typeplyed a fixed granular bed throughout the chareegth by
introducing plates in the channel (side by side) envering the entire channel bottom; In the sedypd, the plates
were removed (only) in the test section, beingaegdl by grains of same granulometry, forming adaranular bed of
same thickness. Water was used as the liquid @rasglass beads as the granular media composirmpthe

The employed grains consisted of glass sphexbibiting specific mass qf,=2500 kg/m? and classified in two
populations. One population had its size spanniommfd = 300 um to d = 425um, and it is assumed that the mean
diameter isis, = 360um; the other population had its size spanning fromi®6um to d = 212um, and it is assumed
that ds, = 160um. For the construction of a static granular bedCRMates 250 mmlong by 155 mmwide) were
sandblasted, and the glass spheres were glueceorstiiface. The averaged thickness of theses lgraplates was,
approximatelyy/ mm

The tests were performed at ambient condifios,, atmospheric pressure of 1 atm and temperatu5°C. It was
necessary to apply an increasing water flow ratrder to determine the bed-load threshold . Themim water flow
rate took place when the beginning of the movenwngrains was observed (Bagnold, 1941; Buffingtord a
Montgomery, 1997; Raudkivi, 1976; Yalin, 1997). Tingper limit for the flow rate was imposed by tleenfiation of
ripples on the bed surface. The tests’ nominal flates were o6, 5.5 6, 6.5 and7 m3/h corresponding to mean
velocity U of, respectively0.17, 0.19, 0.21, 0.23and0,24 m/sand to Reynolds numbeR¢ = pU2H,,,/u) in the

range 16000 < Re < 28000, whéig,, is the distance from the granular bed to the tafh.w
2.2 Measurement Device

A PIV (Particle Image Velocimetry) device wased to obtain the instantaneous field velocitiethefwater stream.
The instantaneous velocity field and the time agedavelocity field were obtained, respectively, ibyage cross-
correlation and average operators built in thevgmi¢ Davis. Fluctuations fields were also obtaibgdhe software
Davis. Matlab scripts were written to further preg¢he averaged velocity and the field of fluciai

The PIV device employed light source of duality Nd:YAG Q-Switched laser, capable to emi2at 130 mat15
Hz pulse rate. The thin laser beams were controlledhle Davis software and by a synchronizer wiith nstime
resolution. The laser power was fixed betw86fb and75%in order to assure good balance between imagesasi
and light reflection from the granular bed. The &ypd PIV tracers (seeding particles) were the sasion of
particulate already present in city water, togethi¢gh hollow glass spheres @b um andS.G. = 1.05A CCD (charge
coupled device) camera with spatial resolutior2@48px x 2048pxas employed to acqui00 pairs of images for
each test.

The total field employed w&9mm x 80mnfor the tests with fixed beds a@@mm x 70mrfor the tests with mobile
beds (note that in the transversal direction dilynmcorrespond to the channel height). The employtatrogation
area was8px x 8pxcorresponding then 256 interrogation areas @f.28mm x 0.28mnThe computations were made
with 50% overlap, which increases the number of interragatireas t®12, and corresponds to a resolutiorDaf4mm
x 0.14mmThe time interval between a pair of frames wadceorrespond to a computed displacemeiat px

2.3 Evaluation of the apparent roughness, of the ogtant B and the shear velocity

The experimental data was fitted accordingdo(3) and the values of, andB were obtained iteratively:
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wherey, is the roughness length and for a given fluid flow
We can identify the constams= u: andC = (u*/K)ln (¥9)- When plotted in the log-normal scales, the iratiion

of Eg. (5) is proportional ta, and the intersection between Eq. (5) and thedimeO givesy,. For each water flow
condition, the experimental data was fitted to E%). in the region70< y* <200, and the shear velocity and the
roughness length were found. The consBaist obtained directly from Eq. (2).

3. RESULTS

PIV measurements of the velocity fluctuations waseained and the Reynolds stresses for the casedived and
mobile beds were compared, whareis the velocity fluctuation in the longitudinal dation, v’ is the velocity
fluctuation in the vertical direction and the o\er corresponds to an average in time.

Figure 1.a presents the profile of Reynolds steesseau'v’ for the water stream over the fixed bed compoded o
dso, = 360 um grains and the Reynolds stresses are normalizétebghear velocity and the vertical coordinatais
dimensional form. Figure 1.b presents the profidsthe mean velocities over fixed and mobile granubeds,
normalized by the internal scales (shear velocitgt @iscous length), for glass beads of mean dianmat@60 um.
Table 1 presents the valuesufand ofB computed from data of Fig 1.b.

The profiles over the mobile beds and over a fiked (Fig. 1.b) have a logarithmic region above bieel.
However, the profiles over mobile beds are displaie higher locations (the same velocities are hredcat higher
transversal coordinates), and this displacemerndsteéa increase as the granular mobility is incréagenis can be
interpreted as follows: the ratio of mobile gratosstatic ones increases with the water flow rateich increases the
momentum transfers from the water to the granutal Bhe vertical displacement of the mean flowifgsfis then due
to the feed-back effect.

The profiles showed in Fig. 1.a have a high norsthis noise stems from the higher errors reltdeskcond order
momentum measurements. Even with this noise, tinemsionless profiles showed in Fig. 2 are almogéosed and
have the expected form (Schlichiting, 2000): theydtto zero at the walls, reach their maxima iegian close to the
walls, and tend to zero in the center of the chianne

It is expectedu'v'/u? ~ 1, instead of the obtained value @5. However, the deviation from the unity can be
explained by some uncertainties, like the smaleomf magnitude of fluctuations, and deviationgha adjustment of
u,. For instance, if it is supposed thal 3% bias has occurred in the determinatiorugfand if this deviation in,
(Tabs 1) is discounted;u'v'/u? ~ 1 is obtained. In this work, the authors preferrecavoid further fittings and to
present the obtained data without more adjustments.
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Figure 1 — (a) Normalized Reynolds stress profiletained for flows over the fixed bed composed@f= 360 um
grains. The Reynolds stresses are normalized bgttbar velocity and the vertical coordinate isimehsional form.
(b) Profiles of the mean velocities over fixed anadbile granular beds, normalized by the internalesc(shear velocity

and viscous length), for glass beads of mean demoé860um.
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Table 1 - Computed shear velocity, roughness lengtjy, and constarB, for the mean diameter 860um, according
to the water flow rates, Q.“Fix” stands for fixeddand “mob A”, “mob B” and “mob C” stand for, respively, the
three series of tests with mobile beds, called AnB C.

Q(m%h) |B Yo |u.(m/s)| Re’
5.0 5.30 |d/37]0.0117 | 0.03

5.6 5.70 |d/47|0.0126 | 0.03

2| 61 6.00 | d/57|0.0134 | 0.03
6.8 5.20 |d/47|0.0150 | 0.04

7.3 5.20 |d/50 ] 0.0161 | 0.05

5.3 4.40 |d/28]0.0130 | 0.03

<[ 58 |[5.00 |d38]0.0136 ] 0.03
2| 61 | 410 |d/i29]|0.0145 | 0.04
6.8 2.90 |d/21)0.0171 | 0.05

5.3 3.90 |d/240.0133 | 0.03

m| 59 3.40 |d/22|0.0149 | 0.04
S| 63 5.30 |d/46 | 0.0145 | 0.04
E| 67 3.00 |d/210.0168 | 0.05
7.3 | -0.50 | d/7 | 0.0228 | 0.10

5.4 5.10 |d/37]0.0126 | 0.03

©[ 59 |500 |d3s]|0.0136] 0.03
e 6.4 4.30 |d/32]0.0153 | 0.04
6.8 3.80 |d/27]0.0162 | 0.05

4. CONCLUSION

This article presented an experimental studtherperturbation of a turbulent boundary-layea difjuid by a mobile
granular bed, in conditions close to incipient mntiin a closed-conduit flow. A PIV (Particle Tramug Velocimetry)
device was used to measure the perturbation caustte turbulent stream by bed-load.
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