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A biralt mii: Faitli Jézsef , Kontinuitasi elmélet és ipari alkalmazasai durva diszperz rendszerek
viselkedésének a jellemzésére” cimi MTA doktori értekezés

Tisztelt Biralo!

Els6ként szeretném megk&szonni a biralat elkészitését és a raforditott id6t, illetve azt, hogy a
biralat konstruktiv és pozitiv kicsengést és hogy a téziseim esetében azokat Uj tudomanyos
eredménynek fogadija el. Altalanossagban szeretném lefrni, hogy a féleg a formai szempontokkal
kapcsolatban megfogalmazott kritikai észrevételeket elfogadom, és a j6vében igyekszem olyan
irasos muveket alkotni, amelyekben ezeket mar nem kell észrevételezni. A kovetkezSkben
valaszolok a feltett kérdésekre és a fontosabb észrevételekre.

Eszrevétel: Az értekezés logikusan felépitett, de talin az egyes fojezetek arinydban lehetett volna jobban
balanszirozott. Itt arra gondolok, hogy a Szakirodalmi dttekintés és az Anyag és modszertani résy egyiittesen a
114 oldalnyi fobb részbol egyiittesen kozel 50 oldalnyit tesg ki, sgemben az eredmeények és exek dsszefoglaldsdt
bemmutatd kicsit tobb mint 60 oldallal.

Vlasz: 1gen, ezzel az észrevétellel egyetértek, azonban szeretném azt hangsilyozni, hogy abbdl az
50 oldalbdl 27 oldal azt a 11 altalam fejlesztett méréberendezést, mérési modszert, ill. szoftvert
mutatja be, amely szintén a sajat munka része. Azért szerkesztettem igy az értekezést, mert
szerettem volna kévetni a tudomanyos publikaciok altalanosan elfogadott szerkezetét.

Kérdés: Az 50. oldalon az, értekezés tilsdgosan roviden ismerteti a kisérletekbes hasgnalt anyagokat. Egy oldal
terjedelmet szin ag dsszes ag értekexésben sgerepld anyagra, igy a tucatnyi szén és lignit erdmiihoz kothetd
pernyére és salakra, a virds iszapra, a homokra, a perlitre, a bulladékokra és a Balatonbil és a Bodroghil
sxarmazd isgap mintakra. Bovebb ismertetés és ag anyagok 0ss3eg0 leirdsa az értekezés exen pontiaban célszersi
lett volna. Kiilonbségek az dsszetételben, fizikai tulajdonsdgokban sth. Mutassa be a vigsgdlt erdmiivi pernye és
salak tipusok nébany fobb jellemzdjét, térjen ki arra, hogy milyen fobb kiilinbségek vannak azg; eltérd orsgdgokbil
sgarmazd pernyék-salakok kiott? (pl. dsszetétel sgemeloszlds, viszRozitds).

Vlasz: Igen, egyetértek a megjegyzéssel — kérdéssel kapcsolatban. Az értekezés irasakor ezzel
kapcsolatban nagy dilemmadban voltam. Nyilvan kévetni szerettem volna a mar emlitett
publikacios szerkezetet, ahol sziikséges az ,,anyagok™ kulon fejezetben vald leirasa. Viszont az
értekezésem harom eléggé eltéré tématertiletnek egy vezérl6 elvre valo felfizése és ugy itéltem
meg, hogy a kézositett anyagok fejezet rontotta volna az érthetéséget. Ezért egy valdjaban csak
felsorolasszer csonka ,,anyagok™ fejezetet irtam és az egyes témateriiletek targyalasakor roviden
jellemeztem a vizsgalt anyagokat. Az anyagok jellemzését a terjedelmi okok miatt is szdkre
szabtam, csak annyit k6zoltem, amennyi a megitélésem szerint szitkséges volt. Ez abbdl is fakadt,
hogy szamomra a kisérleti berendezés készités és a modellalkotas nagyobb 6r6mé6t okoz, mint az
anyagvizsgalat. A vizsgalt erémavi pernye és salak tipusok kért anyagjellemzéinek - az
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Abstract. The behavior of shurnes and suspensions made by mixing solid particles and hquids ts very important for
wvarious industrtal applications. The katest accidental fatlure events at tailings facilittes (Kolontar, Bata Mare) have fio-
cused public Interest into this field. Mowadays, environmental practice Is turning to wse dry deposition technlgues
or at least as high concentration sharrles or pastes as possible, to avold large spills in case of an acchdental fallure of
an embankment. High concentration shorres are becoming widely accepted In many environmentally related opera-
tions such as underground backfilling or simple tallings deposition. However, the hydraullc transport of pastes or
high density sherries requires higher energy input via pumps, and, in addition, the energy requirement or pressure
loss caboulation methods are also diferent because the rheology of pastes difers from that of dilute slurries. At the
Untversity of Miskolc, Institute of Faw Matenials Preparation and Environmental Processing, Miskolc, Hungary, this
toplc has been studled for many decades. The fine suspension - coarse mixture flow model was introduced, and 1t has
been determined that the flow behavtor of fine suspensions made of solid particles smaller than a lmnt particle size
can be mezsured and Interpreted In almost the same way as for single phase clear Bguids. Based on these measured
rheologlcal parameters of fine suspensions, the friconal energy koss can be caboulated. The alm of this paper 1s to give
a summary and data base about the rheokegical behavior of diferent industrial materials based on pilot scale hydraulic
loop measurements. An Anton-Paar rotational viscometer 2and a tube viscometer with three measuring pipe sections,
- developed by our Institute — were used for testing. The results of measurements of vadous granular materials, such
as gands, fly ashes, perlite. tallings and red mud are presented in connection with environmental applications. Based
on these reselis, empirical relationships are presented, where the parameters are determined by simple function fitting
into the data of measurements carried out at discrete concentration values. The rhealogy of fine suspensions of any
concentration up to the measured maximum can be caloulated by these relationships.

Keywords: fine suspension theology, dense slurrles, paste technology, environmental sclences.
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Introduction

The flow behavior of single phase or clear liquids is descri-
bed by the constitutive equation (Govier, Aziz 1972 [2004]).
‘The constitutive equation is the relation between the velocity
of deformation (shear rate tensor) and the shear stress (stress
temsor). Generally, it is a tensor equation. One dimensional

the absohute viscosity. Newtonian fluids, such as air or wa-
ter flow according to the Mewtonian constitutive equation.
There is a group of fluids in which flow behavior changes
with shear time or the shear itself. At a constant shear rate,
the resistance of the internal friction of some fluids decre-
ases, and this is called thixotropy. Others have increasing

constitutive equations (the relation between the shear rate
and shear stress is analyzed only in one specific direction)
are used for engineering applications. The constitutive equ-
ation of Newtonian fluids was determined by Newton, using
flows between parallel plains - one plain was steady, one was
maving at a constant velocity - and found that the flow ve-
locity profile was linear, thus shear rate and shear stress are
proportional and the propartionality factor between them is

resistance of internal friction ower time, and these fluids
are theopectic. Viscoelastic liquids show elastic features, as
they regain some of their original shape after the deforma-
thon forces cease; however they possess viscous properties as
well. Usually, suspensions of fine solids in the practice of me-
chanical processing do not show elastic behavior, and their
flow properties are generally constant over time; however in
higher concentrations they behave as non-Newtonian fluids.
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MNon-Mewtonian fluids are viscous fluids, at constant shear
rate the shear stress is also constant, but their flow cannot
be described by the Newtonian constitutive equation. The
following (Table 1) engineering flow models (nonphysical
models) were applicable for the test materials used in our
investigations.

Table 1. Engineering flow models have been used for all tests
described In this paper

Rheological
Flow model  Constitutive equestion P ters
du — absolute
-n — H-2
Newtonlan T "[d!] N
du 1, - yleld-siress
Bmgham plastic T-1|7.+|'1[d—] - coefficlent of
d righdity
Power law K - conslstency
nx1- K du" index
pseadoplastic, =M n - flow behavior
n < 1 - dilstant Index

The three most important devices for measuring
theology of single phase liquids are the falling sphere,
capillary, and the rotational viscometer.

Mechanical processing deals with coarse disperse
systems. The disperse part contains particles, bubbles
and drops larger than 0.1 pm dispersed in a solid, liquid
or gas phase. If solid particles are mixed with liquid
{dispersed, for example, in water), the description of the
flow behavior of these mixtures is more difficult than the
one for single phase fluids described earlier. What is flo-
wing? The solid particle itself is not deforming and there
is mo shear stress inside it. Is only the liquid flowing? In
resting liquids, dense particles larger than 0.1 um are
settling down. Multiphase flow was early investigated by
several authors (Newitt ef al. 1955; Condolios, Chapus
1963; Wasp et al. 1977; Hill ef al. 1986; Hanks 1930). Re-
cently, scientific interest has been focused on suspension
rheology related to wet grinding (He ef al 2004, 2006;
Johnson et al. 2000; Matijasic et al 2008). In the case of
ultra-fine grinding, both of the two different approaches
should be applied: colloid chemistry (<0.1um), where
physical-chemical surface phenomena are dominant and
mechanical processing (>0.1um) where mechanical for-
ces are the most important. In the mechanical proces-
sing industry, the most important application is the flow
of solid - liquid mixtures in pipelines, - namely hydrau-
lic transport - and this basic phenomenon can definitely
be described by the rheological behavior of the flowing
materials. In Hungary, the biggest pipelines transport
coal power plant fly-ashes, and this is our primary in-
terest. According to the Tarjan-Faitli fine suspension -
coarse mixture flow model (Tarjin, Faitli 1998; Bohm

et al. 2007), a limit particle size can be determined for
every solid material. Solid - liquid mixtures made by
particles smaller than the limit can be transported as
fine suspension flow in pipelines. For example, the limit
particle size is 160 wm for fly ashes and 50 um for sands.
Such small particles are able to penetrate into the boun-
dary layer near the pipe wall. The integral of the shear
stress on the particle surface is a take-off the wall force
and it is negligible for small particles; therefore the par-
ticle is able to alter the flow behavior of the boundary
layer and indirectly the rheology of the fine suspension
also changes. The fine suspension flow can be conside-
red as single phase liquid flow with its own density and
rheology. Flow behavior of such mixtures can be measu-
red with viscometers, and on the basis of the measured
rheological parameters the pressure loss can be calcu-
lated for any flow rate. The described Tarjin-Faitli fine
suspension flow model is consistent with the Sengun
and Probstein (Sengun, Probstein 1989, 1989b) bimo-
dal model. Based on the bimodal model the fine fraction
can be subdivided into a submicron - colloidal - and a
micron range fraction. The colloidal size range is res-
ponsible for non-Newtonian behaviour and the relati-
vely course - some 10 microns-size particles contribute
to the viscosity rise through hydrodynamic dissipation.

If the transported particles are coarser than the
particle size limit, particles do not fit into the boundary
layer, the surface integral of the shear stress results in
a considerable take-off force for higher flow rates. This
model explains the often measured fact, that at high flow
rates the pressure drop of coarse sand - water mixtu-
res flow is almost the same as just the water flow alone,
but at lower flow rates coarse particles are sliding along
the pipe wall, and the pressure drop is high, - much
higher than the water’s - because of the mechanical, not
flow friction between the particles and the pipe wall. In
this coarse mixture flow case, the fluid is the only pha-
se which flows and the particle movement and particle
friction on the pipe wall are purely the consequence of
mechanical forces. The force of mechanical friction does
not depend on the velocity of the moving bodies, but on
the normal force and the coefficient of friction. Contra-
ry to mechanical friction, flow frictional loss highly
depends on the flow velocity of the fluid According to
the model, the rheology of the coarse mixture cannot be
interpreted, only the rheology of the liguid. In extreme
conditions - when a river is rolling huge rocks - it is
expedient that only the fluid is flowing while the mowve-
ment of the solid rocks is the result of various mechani-
cal forces due to the flow. This paper does not deal with
this coarse mixture flow.

The most important equipment for measuring the
rheology of fine suspensions is the tube viscometer.
The principal of the measurement is that in straight
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horizontal pipes, stable laminar flow has to be established
and the pressure loss as a function of the flow rate has
to be measured. The tube viscometer developed by our
Institute (Fig. 1) has three pipe sections, each six meters
long, while their diameters vary at 16; 21 and 27 mm. The
mixed suspension (120 liter) is circalated by a rigid cha-
racteristic screw pump. Another device for measuring
the rheology of fine suspensions is the rotational visco-
meter. There is an Anton-Paar rotational viscometer at
our institute (cylinder-cylinder and cone-plate test sys-
tems, 50 cm* sample volume, 0.007-7 Pas viscosity and
40-1200 1/s shear rate measuring range). Measuring the
rheology of fine suspensions, the cylinder - cylinder ge-
ometry is used with a 0.5 mm gap in the Couette ring.
The tube viscometer is a large laboratory instrument,
but at the same time it is a small pilot scale industrial
hydraulic transport system and therefore, its test data
is reliable for industrial size design. Contrary, test data
of rotational viscometer measurements can be used for
verifying only; however the results of the two devices
generally do correspond. Measurement temperatures
were 22 *C room temperature for both viscometers.
The rotational viscometer is equipped with a thermos-
tat. The tube viscometer — however - is equipped with a
casing pipe section where cooling water was circulated
to stabilize the temperature. There are vertical up and
down pipe sections built into the tube viscometer to mix
the transported suspension. In addition there are sepa-
rate sampling points in the main tube where samples
can be taken from the upper half, lower half and full
cross sections of the pipe. In addition, any accidental
sedimentation can be monitored based on the measu-
red pressure loss. In such case the revolution number of
the screw pump must be switched into maximum. Both
viscometers were calibrated by calibrating the sensors.
In the case of the rotational viscometer the revolution
number and the torque sensors, in the case of the tube
viscometer the pressure sensors were calibrated. The
flow rate measuring technique - filling a tank and me-
asuring the time - is absolute technique, no additional
calibration was necessary.

In the following the results of some rheological tes-
ts with different materials are presented. Based on the

Tarjin - Faitli fine suspension - coarse mixture flow
model (Tarjin, Faitli 1998; Béhm et al. 2007) - the rhe-
ological properties of only the fine fraction were measu-
red in the tube viscometer. The full granular materials
were tested in a hydraulic test loop - 400 liter sample.
There are many working coal power plant fly-ash depo-
sition system installations worldwide (Jacksonville Po-
wer Plant — USA, Craiova 2, Isalnita, Rovinari, Turceni
Power Plants - Romania, Matra Power Plant - Hungary,
etc...) which were designed on the basis of the model and
measurements presented.

1. Materials and methodology

1.1. Flow behavior of fine suspensions,
‘measurement results

Before starting a rheological test the physical properties
of the materials had to be measured. The particle den-
sities of the solid materials were measured by laboratory
picnometers. Particle size distributions of all the tested
bulks had been determined by laboratory sieving using
200 mm laboratory sieve and micro sieve series. The
measured particle size distribution of most of the tested
materials can be seen on Figure 2. The rheological tests
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presented here were carried out mainly with fine suspen-
sions. Coarse fractions were removed by sieving at the
limit particle size before the tests.

The tube viscometer measurements were started using
pure water firstly, and then the required masses of the solid
for different concentrations were added into the system step
by step. By this method discrete concentration suspensions
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Fig. 3. Flow curves of sand glass from Fehérvarcsurgo

Table 2. Flow properties of sand glass from Fehervarcsirgo
(5 ... 30 pm, p, = 2644 kp/m?)

were tested gradually. The device & equipped by a propeller
mixer. After the feeding of a solid portion some time was
waited while the suspension was continuously circulated at
high speed by the pump until pressure loss equilibrium.

This paper reports shout many rheological tests, it
summarizes the results of almost a hundred shear curves. It
is not possible to show them here, just two shear curves of
tube viscometer tests are shown in Figure 3 as an example.

Sand glass is mined at Fehérvircsurgs as a basic raw
material for glass production. During mineral processing,
the raw material is also classified, thus fine, narrow par-
ticle size classes can be achieved. These narrow particle
size fractions are really good test materials for testing flow
behavior. Sand glass with a particle size less than 50 Wm
can be hydraulically transported as a fine suspension flow.
Fine sand glass has been frequently tested (Tables 2 and 3)
and it behaves as a Newtonian fluid below 20% volume-
tric concentration, and generally becomes pseudoplastic
at higher concentrations.

The most important industrial application of hydran-
lic transport in Hungary, as previously mentioned, is slag
and fly ash transport from coal fired power plants to tai-
lings areas. Fly ash particles with a size less than 160 pm
can be transported as fine suspensions in normal size pi-
pelines. During the last decade flow properties of several
fly ash samples were analyzed from all over the world
These tests were carried out with particles finer than the
limit particle size of fly ashes — 160 jtm, and they were sie-
wved if it was necessary. It was determined that all the high

Volumetrie | M2bsolute concentration fly ash fine suspension samples behaved as
concentration Flow behavior a Bingham — plastic fluid (Tables 4-8).

[mPas] Some of the tested fly ash samples (Tsbles 4-8) had
0.1 299 Newtonian moderate friction resistance with increasing concentration
02 463 Wewtontan and they became Bingham plastic over 20% volumetric
03 847 Wewtonlan concentration and the coefficient of rigidity remains under

K m flow 100 mPas up to 30% volumetric concentration.
Conststency  behavior

Index Index
035 19.3 mPas®™* 0916  pseudoplastic Tzble 4. Flow properties of Matra Power Plant, Fly Ash:
0.4 755mPas™™ 0713 pseudoplastic (%, = 160 pm, p, = 1900 ky/m’)

Tahle 3. Flow properties of sand glass from Fehérvarcsingo
(% = 20.4 pm, p, = 2734 kp/m*)

& absolute
© Violumetric
cocenimtion viscosity Flow behavior
[mPas]
0082 468 Newtonian
0,196 5 Newtonian
0.26 ] Newtonlan
K m flow
beehavior
index Index
0.33 30 mPas™" 0915  pseudoplastic

1 absolute
C Volumetric )
. viscoslty Flow behavior
[mPas]
013 5 MNewtonlan
016 3.5 Newtonlan
0.2 7 Newtonlan
n coefficlent T, Yield
of rigudity Stress
| mPas | [Pa]
023 9 o8 Bingham plastic
0.27 17 1.1 Bingham plastic
0.33 51 15 Pingham plastic
0.35 102 23 Bingham plastic
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Table 5. Flow properties of Matra Power Plant, Fly Ash from
electrofilter: (x,, = 200 pm, p, = 1984 kg/m’)

C Volumetnc n ooetfictent 1 Yield

Flow
:unceﬂ.;:uuu odl'r:%gry 5;;?5 behaviar
016 34 124 Bingham plastic
0325 1.3 1.8%  Bingham plastic
031 &0 363 Pingham plastic

Table 6. Flow properties of Ashtech - Indua, Fly Ash
(xg = 110 pm, p, = 1974 kg/m*)

C Volumetric & absolute viscostty Flow

cOncentration [mPas] behavior
ol [ Newtonlan
01w & Newtonlan
0.26 10 Newtonlan
o3 13 Newtonlan
036 16 Newtonlan

C Volumetric  nooefficlent of 7, Yield
concentration  rigidity [mPas]  Stress [Pa]

Bingham
o4 42 1 lastic

Bingham
o3 B 4 lastic

Table 7. Flow properties of Neyvell - India, Fly Ash:
(x;, = 160 pm, p, = 2492 kg/m*)

[
Volumetric | absolute viscosty
concent- [mPas] Flow behavior
ration
0.1 9 Newinnkan
C
-  coefficient of T Yield
Volumetric rigidity Siress
concent- PH.S] |pﬂ|
ration [m
025 12 075  Bingham plastic
03 15 105 Bingham plastic
036 n 4.5 Bingham plastic
038 BS 15 Bingham plastic
0.43 140 29 Bingham plastic

Table 2. Flow properties of Mikola Tesla B Power Flant -
Serbaa, Fly Ash: (x,, = 160 pm, p, = 1630 kg/m*)

;\;MMT:I::E ’ zbso[luu:.;:.;::mm Flow behavior
0.1 11 Newinnlan
| mPas | [Pa]
0195 15 086 Bingham plastic
0336 4 L% Bingham plastic
0448 99 [ Bingham plastic

The fly ash samples (Tables @ and 10} were originally
generated by another type of combustion method. The wa-
ter mixing of these fly ashes was much more difficult and
they had higher friction resistance. The measuring range
of our tube viscometer is 1 to 250 mPas; this is determined
by the differential pressure transducers and the drive sys-
tem of the screw pump. These types of fly ashes reached a
level of approximately 250 mPas, around 35% volumetric
concentration; therefore, there is no measured point indi-
cated in the tables over this concentration.

The base metal mine near GyGngydsoroszi, Hunga-
ry was decommissioned a long time ago; however final
closure work is still continuing. One of the problems was
to handle the former froth flotation tailings deposited
on the tailing facility. The planned method of handling
was to utilize these tailings for abandoned underground
mine backfilling. This tailing material has a very fine par-
ticle size range and contains a high amount of clay mine-
rals. These material features are good to make paste state
mixtures. Using this tailing for tests, it was determined
that it becomes Bingham plastic over 18% of volumetric
concentration with extreme high coefficient of rigidity
and yield stress corresponding to increasing concentration
(Table 11). For testing this material, a pilot scale kydrau-
lic transport test loop was built applying a high capacity

Table 9. Flow properties of Marva Pow. Flant N°8. Balt CFB
Furnace, Fly Ash: (x, = 160 pm, p, = 2701 kg/m’}

n coetficlent of 1, Yield

C Volumetric

rigldi Stress Flow behavior

concentration r;TPa?I] [Pa]
0.1 ] 04 Bingham plastic
022 1z 06  Bingham plastic
03 44 75 Bingham plastic
034 190 2 Bingham plastic
0.37 230 3 Bingham plastic

Table 10. Flow properties of Eren Pow. Plant - Turkey, Fly Ash:
(%, = 160 pm, p, = 2148 kg/m’)

C Vohemetric 1 absolute viscosity

concentratlon |mPas] Flow behavior
01 &5 Mewtonlan
L8 & 2 Newtonlan
02 i Newtonlan
02z 26 Mewtonlan
Concemtration [mPas] [Pa]
028 70 & Bingham plastic
03 130 10 Bingham plastic
034 125 16 Bingham plastic
035 220 18 Bingham plastic
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Mono type screw pump able to produce a high pressure
head and sble to transport paste like suspensions over the
test loop. Pressure transducers were changed as well to be
able to measure extreme pressures in the system. The test
material was considered to be paste by a standard Slump
Cone Test (Phasias ef al. 1996; Gombkitd, Faitli 2008),
over 48% of volumetric concentration.

Tests were carried out for perlite - water mixtures as
well (Table 12). It was determined that perlite suspensions
remain Newtonian fluids up to 40% of volumetric concen-
tration.

The flow behavior of all of the previously presented
granular materials was time independent. This means that
during the tube viscometer tests, the pressure loss of a gi-
ven concentration fine suspension flow, at a set constant
flow rate, remained the same for over an hour, while the
suspension was circulated in the cdlosed loop.

The following two samples showed rheopectic be-
havior. These tests were carried out in the rotational
viscometer, where the rheology of the suspensions was
determined during the first minute of the test by chan-
ging the shear rate. The initial results of the rheology
tests are presented. The time dependency of resistance
against shear was analyzed using the same revolution for
the rotor of the viscometer over a long time interval
The torque of the rotor became two - three times higher
than the initial valoe over a few minutes, and thus the
apparent viscosity become higher as well. Fly ash ori-
ginating from the hazardous waste treatment facility in
Dorog (Table 13) behaved as Bingham plastic over 10%
of volumetric concentration and it was a time dependent
rheopectic fluid.

Table 11. Flow properties of base metal tailing,
Gyongytsoroszl: (x, = 50 pm, p, = 2701 kg/m’)

n coefficlent of 1, Yield

gm rigidity Stress  Flow behavior
| mPas [Pa]

018 30 %6 Bingham plastic

026 &0 32 Bingham plastic

04 a5 122 Bingham plastic

0.485 285 308 Bingham plastic

0.525 490 638 Bingham plastic

Table 12. Flow properties of perlite — water mixtures.

C Volumetric  p ahsolute viscosity Flow
concentration |mPas] behaviour
[i8 ] 8 Mewtonkan
0.2 15 Mewtonkan
03 in Mewtonkan
0.4 59 Mewtonkan

The other sample that had rheopectic behavior was
red mud from an Indian bauxite operation (Table 14).
Even though the Dorog fly ash was Bingham plastic, In-
dian red mud was determined to be Mewtonian over a
short time period; however its shear resistance was incre-
ased owver time as well.

Table 13. Flow properties of fiy ash, Dorog hazardous waste
treatment facility (xg, = 60 pm, p, = 2429 kg/m’), 1* minute

C Volumet-  w coefficlent

T, Yield Flow

rlc concent-  of rigldity
ratioa |mPas] Stress [Pa) behaviour
0.1 338 021 Bingham plastic
02 6.5 046 Bingham plastic
03 150 75 Bingham plastic
Table 14. Flow properties of red Mud, India:
(% = 1250 pm, p, = 3680 kg/m), 1* minute
C Volumetric 1 absolute viscosity
concentration [mPa | Flow behaviour
035 3 Newtonlan
04 13 Newtonlan
045 40 Mewtonlan
a5 &3 Mewtonlan
055 145 MNewtonlan
2. Results and discussion

It can be seen that in the cases of the presented solid -
liquid fine suspensions, viscosity is slightly increasing
in a nearly linear way over concentrations from C = 0
(clear water) of i = I mPas. Generally, these suspen-
sions become non-Newtonian fluids over 20% of volu-
metric concentration and the viscosity like parameter
{absolute viscosity - Newtonian, coefficient of rigidity -
Bingham plastic, consistency index - Pseudoplastic) gets
exponentially higher. The highest tested concentration
was 55% by volume. Parameters of rheology can be cal-
culated by function fitting over the measured domain.
Viscous flow of suspensions is possible up to the the-
oretical maximum concentration C_, - solid particles
are placed with the greatest amount of space filled in.
Experimental determination of C__ is difficult. In the
case of fly ash tests, samples were put into settling co-
lumns - Batch settling test - in order to determine the
final concentration the settled solid can reach over time.
It was experienced, that higher final concentration was
achieved using higher initial concentration.

The following well known relation between concen-
tration and viscosity is taken from the literature:
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n=pg | I+ ———1. (1)
2[1__5 ]
Cma:
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The Einstein equation can be recognized in it,
W = W {1+2.5C) which is valid only at low concentra-
tions (C < 2% by vol), and viscosity becomes infinite at
C_,- However, this equation does not describe our expe-
riences! At low concentrations viscosity slightly increases
almost linearly, but at higher concentrations it starts to
increase exponentially. To better describe the phenome-
non, the following equation was introduced. It consists of
a lingar and an exponential part.

n=pn(|+xjc+x3c¥a], 2)

where |1, - viscosity of the carrier liquid.

Viscosity should be written on the left side of the
equation in the case of perlite - water mixtures, because
they are Newtonian fluids at even high concentrations
too. The coefficient of rigidity (1) and the consisten-
cy index (K) should be involved in case of Bingham
plastic - fly ashes - and pseudoplastic - sands - fluids.
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Most of the tested materials behaved as Bingham -
plastic fluids. For yield stress the following equation
can be used:

Tyl Pal= K e, (3}

Equation 3 is not a physical relation. If the concen-
tration is substituted as a non-dimensional value, the
yield stress can be calculated in Fa units. The rheologi-
cal measurements should be carried out at some discrete
concentrations of a given material, as was shown earlier.
Then, the K,-K, constants in Equations 2 and 3 can be de-
termined by curve fitting, and rheological parameters can
be calculated for any concentration — within the measu-
red range. Figure 4 summarizes the measured rheological
parameters and the fitted curves (Egs 2 and 3) of all the
presented tests.

The constants for each tested material can be seen
in Table 15. Using these constants and equations 2 and 3,

Wolumie comcanination C |- ]

Fig 4. Corresponding measurement results (symbols) and caloulated functions {continuous Hnes) according to Egs 2 and 3

Table 15. Collected constants comparison of all the tested materlal

Matertal uﬂf"’f&:’: K, K K,  Rsqued K, K,  Resquared
FE*IJ!I’\II.‘CS!.I.L‘EO. :mdglass 04 12 ZRO0,000 9 0.9E8 - - -
Matra, ﬂ} ash 035 0 1, 1060, M 9 D985 ooz 21 .86
Ashtech, fly ash 0ns 30 30,000 9 0.930 0000 198 0980
Neyvell, fly ash 043 30 220,000 9 0517 0002 2 0955
Mikoda, fly ash 045 50 110,000 9 0999 o4 114 n.as1
Marva, fly ash 037 50 1,700, 00 9 0.903 000z el a5
Eren, ﬂ.} ash 035 1w 2,100, 040D 9 D.B75 ooz 265 081s
Gyangyosorns, tailing 053 190 120,000 'l 0.598 1 122 097
Perlnte 04 BS B3,000 9 0.9%95 - - -
Dorog, fiy ash (15t minute) [ i} 7 M0 N 9 0999 DS 2 0956
Fed med (15t mimste) 055 1 35,000 9 .989 - - -
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rheological parameters can be calculated for any concen-
tration. This is a simple engineering method, but it is also
a very powerful method to design industrial sized appli-
cations. In Table 15 the coefficient of determination - R-
squared - values of curve fittings are also shown, and they
indicate good fit. The underground backfilling possibili-
ties of the abandoned base metal mine near Gyongyoso-
roszi were also investigated. For this purpose mixed solids
were chosen to be used The tested mixtures were made of
Miatra fly ash (x_ = 160 pm, p, = 2355 kg/m?), sand (x,_ =
160 pm, p, = 2720 kg/m"), and Mitraszele bentonite (x, =
160 wm, p, = 2574 kg/m®). For these materials, detailed
flow parameters are not presented, but the K, - K, para-
meters can be found in Table 16. The fine suspensions of
these mixed materials (bentonite was added to fly ash and
sand to alter the hydraulic conductivity of the backfill ma-
terial} were Bingham plastic fluids, even sand - bentonite
mixtures oo

Tabde 16. K -K, Constants of Matra fiy ash (x, = 160 pam,
P, = 2355 kg'm’), sand: (x, = 160 pm, p, = 2720 kg/m'), and
bentonite (Matraszele): (x,, = 160 um, p, = 2574 kg/m’}

Measured
Material max. K K, K, K K
Conc.

fly ash - bentonite - -
(%) - waler 035 3 18500 5 001 26
ily ash — bentonite - -
{10%) - water 035 30 3900 5 00l 26
sand - bentonite - -
(5%) — water 035 50 14000 5 001 26
sand - bentonite . - -
(10%) - water 035 50 17000 5 ool 26
Conclusions

Systematic slurry testing has been done in the last decades
on the basis of the Tarjan-Faitli fine suspension - coarse
mixture flows model. This paper summarizes the results
of the rheological testing of the separated fine fractions.

The empirical equations of Equation 2 and 3 were in-
troduced based on the presented results of many different
particulate materials from many places of the world. The-
se equations better characterize the presented test results
than the well-known Equation 1.

The rheological parameters of any feasible concentra-
tion and any kind of solid/liquid mixtures can be determi-
ned by using these equations. However, these equations
are empirical ones and the K, - K, parameters in them
should be determined by curve fitting. They are really po-
werful for the engineering design of shurry handling, and
hydraulic transport systems. This knowledge and practice
are also important for fields where environmental aware-
ness is required.

The described method, using the Tarjin-Faitli model
to determine pressure loss of hydraulic transport pipeli-
nes using measured rheology of given concentration fine
suspensions is a practical approach. The application of this
method necessitates a concentration - viscosity function.
The most important advantage of the introduced method
against theoretical concentration — viscosity equations in
the literature is that equation 2 aptly describes the first,
almost linear, part (0 - ~20%) and also the second expo-
nential part (~20% - C__).
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