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ABSTRACT

The Effect of Pipe Roughness on non-Newtonian Turbulent Flow.
FRITZ PETER VAN SITTERT

Department of Civil Engineering, Cape Technikon, P.O. Box 652, Cape Town 8000,
Republic of South Africa.

November, 1999

Pipe roughness is known to greatly increase the turbulent flow friction factor for
Newtonian fluids. The well-known Moody diagram shows that an order of magnitude
increase in the friction is possible due to the effect of pipe roughness. However, since the
classical work of Nikuradse (1926 -1933), very little has been done in this area. In
particular, the effects that pipe roughness might have on non-Newtonian turbulent flow

head loss, has been all but totally ignored.

This thesis is directed at helpmg to alleviate this problem. An experimental investigation
has been implemented in order to quantify the effect that pipe roughness has on non-

Newtonian turbulent flow head loss predictions.

The Balanced Beam Tube Viscometer (BBTV), developed atthe University of Cape Town,
has been rebuilt and refined at the Cape Technikon and is being used for research in this

field.

The BBTV has been fitted with pipes of varying roughness. The roughness of smooth PVC
pipes was artificially altered using methods similar to those of Nikuradse. This has enabled
the accumulation of flow data in laminar and turbulent flow in pipes that are both
hydraulically smooth and rough. Newtoniar and non-Newtonian fluids have been used for

the iests.

The data have been subjected to analysis using various theories and scaling laws. The
strengths and problems associated with each approach are discussed and it is concluded that

roughness does have a significant effect on Newtonian as well 25 non-Newtonian flow.
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NOMENCLATURE

Svimbol Description
A constant

cross sectional area
Al area ratio
b constant
B constant

roughness function
c constant
C concentration
d particle diameter
D internal pipe diameter
E error function

rheological parameter
E. shear stress prediction error
f Fanning friction factor
g gravitational acceleration
G pseudo shear rate
H head
He Hedstrdm number
i hydraulic gradient
k constant

hvdraulic roughness
k, sand roughness
K fluid consistency index
K’ apparent fluid consistency index
L nipe length
m slope

rheological parameter
M Mass
n flow behaviour index
n’ apparent flow behaviour index
N number of items
p pressure

Unit

wm

m(water) m{pipe)

wm
pm
Pa.s"

Pas

b
nQ
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Q volumetric flow rate of slurry Pa

r radius ar a point in the pipe m’/s
correlation coetficient m

R radius of the pipe m

Re Reynolds number

Re . non-Newtonian Revnolds number

Re. roughness Revnolds number

Re. non-Newtonian Revnolds number (Slatter & Lazarus)

S relative density

t tume $

u point velocity nmy/s

u dimension less velocity

\ average sturry velocity nv's

v, shear velocity m's

V. particle settling velocity nm/s

X unknown quantity

abscissa value

v distance from the pipe wall m
k dimenston less wall distance
Y ordinate value
Z stability function
o shear stress ratio

proportional to
o viscous sub-laver thickness um
A increment
€ deviation
K stabilitv function
u dynamic viscosity Pas
' apparent dvnamic density Pas
p slurry or fluid density kgm’
T shear stress Pa
e vield stress Pa
6 function of

rheological parameter
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Chapter 1

Introduction

1.1 Introduction

The design of hydrotransport systems has historically been done by scaling the energy
gradient and mixture flow rates obtained from a model or prototype pipeline. In the last two
decades academic research has advanced substantially, as seen in the proceedings of the
numerous hydrotransport conference series, although the use of empirical design equations

continues in industry.

Models have been developed for predicting the flow of Newtonian and non-Newtonian
fluids. These models contain many variables that include slurry and pipe properties. Slurry
properties can be determined very accurately in laboratories. Pipe properties are unique to
the type of piping used for the specific application. One of the most important pipe
variables is the pipe roughness. Despite the importance of pipe roughness, very little

research has been done in this area.

There is a more fundamental need for research on non-Newtonian sturry fiow in rough
pipes. Slatter (1994) proposed a particle roughness effect which increases the turbulent flow
frictton factor in a similar manner o pipe roughness in Newtonian rurbulent flow. The two
mechanisms - the particle roughness and pipe roughness - compete for dominance, and
Slatter proposed that if the pipe roughness size exceeded the representative particle size,
then pipe roughness would dominate. This was based on very limited experimental

evidence, and more experimental investigation is called for.

At present problems still remain in the precise modelling of non-Newtonian fiuids. This
thesis documents an experimental investigation that has been done in order to determine
~ the effect that pipe roughness has on non-Newtonian turbulent flow behaviour. The
balanced beam tube viscometer has been fitted with pipes of varving roughness. The
roughness of these pipes has been artificially altered using methods similar 1o those of
Nikuradse (1933). This has enabled the accumulauon of flow data in laminar and turbulent

flow in pipes that are both hvdraulically smooth and rough. Newtonian and non-Newtonian

The effect of pipe roughness on non-Newtonian wrbulent flow F. P.Van Sittert
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tluids have been used for the tests.

1.2 Aim and Objectives:

The primary aim of the thesis is to investigate experimentally the effect of pipe roughness
on non-Newrtonian turbulent flow, especially in the early turbulent flow region and to assess
the turbulent flow models in the region.

The secondary objectives of this thesis are:

L. To manufacture a set of test pipes of varying roughness for the Balanced Beam

Tube Viscometer (BBTV).

2 To calibrate the test pipes using water.

]

To perform experiments on various Newtonian and non-Newtonian fluids using

smooth and rough pipes to establish fundamental behaviour.

‘.L-

To anaiyse the results and compare them with various theoretical model predictions.

1.3 Stating the Problem

Pipe roughness is known to greatly increase the turbulent flow friction factor for the flow
of Newtonian {luids in pipes. Most of the pipes used in engineering structures cannot be
regarded as being hydraulically smooth. especially at higher Revnolds numbers
(Schlichting. 1960). To account for the effects of pipe roughness on head loss, correction
factors are generally used for the design of a hvdraulic pipeline {Schlichting, 1960). Most
of these correction factors are derived empirically and are approximate. In some cases the
correction factors work well, but when dealing with non-Newtonian fluids, with many
variables. it becomes much more difficult to predict turbulent flow behaviour accurately.
In such cases. over-design can prove 1o be costly and under design could have disastrous

effects.

The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert
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This thesis quantifies the behaviour of fluids tested in rough pipes and how Newtonian and
non-Newtonian fluids behave in rough pipes. Different models are applied for predicting
the roughness Reynolds number and the friction factors. None of these models produces
consistently accurate predictions. Although no solution to this problem is presented, this
experimental investigation highlights the problems experienced in dealing with pipe

roughness.

1.4 Assumiptions and Limitations.

The scope of this research is limited to using smooth PVC pipes and rough pipes simular

to those of Nikuradse.

The following research limitations apply:

1. Only non-settling Newtonian and homogeneous non-Newtonan fluids and slurries

have been tested.

2. Measurements have been limited to flow rate and pressure drop. No internal flow

measurements have been made.

3. The maximum slurry volumetric concentration investigated is approximately 40%.

4. Compressed air is used as the prime mover instead of an in-line pump.

3. It 15 assumed that no slip occurs between the fluid and suspended particles.

6. No slip occurs at the pipe wall (wall fluid velocity is zero).

7. Constant refative density is assumed for all particles in a mixture.

8. Only rough pipes of 28mm and 46mm diameter and smooth pipes of Smm, 13mm,
28mm and 46mm diameters are considered.

9. The BBTYV 1s the only instrument used for testing purposes.

The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittent
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1.5 Methodolegy

1.5.1 Literature Review (Chapter 2)

Pipe roughness has not been fully researched. The most important work done in this field
is by Nikuradse (1933). The author has used this work as the basis for experimental work
and analvsis. Despite an extensive literature search the author could not find any work done
on non-Newtonian turbuient flow in rough pipes. However, there has been some work done
on Newtonian fluids as well as fracturing gels. The theoretical models and literature are

discussed in Chapter 2.

1.5.2 Experimental Work {Chapter 3)

All experimental work has been done using the Balanced Beam Tube Viscometer (BBTV).
The instrument was developed at the University of Cape Town and further developed and
retined at the Cape Technikon (Slatter, 1993). The BBTV isin fact a miniature pipeline and
it has been shown that it 1s capable of producing valid turbulent flow data and indicating
the laminar/wrbulent transition region in the eight tubes used. The instrument is the biggest
viscometer referenced in the literature and its uses extend bevond viscometry. The BBTV
apparatus has been calibraied using water and glycerol. The non-Newtonian investigation

was done using CMC. Kaolin and tailings slurries at different concentrations.

1.5.3 Analvsis of the Data {Chapter 4)

The dara obtained in the test work were analysed using the approach developed by
Nikuradse for rough pipes. Newtonian as well as non-Newtonian fluids were tested and the

analvses of these results are presented.

1.5.4 Discussion (Chapter 3)

The results in Chapter 4 are discussed using the predictions of Nikuradse as well as the

limitations in these predictions when dealing with non-Newtonian fluids.

The effect ¢f pipe roughness on non-Newtonian turbulent flow F.P.Van Sitert
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1.6 Conclusion

This research comprises a detailed investigation into pipe roughness. It identifies and
evaluates many of the phenomena present in the flow behaviour of Newtonian and non-
Newtonian fluids in rough pipes. The work done is evaluated, conclusions are drawn and

further research recommendations are made.

The effect of pips roughness on non-Newtonian turbulent flow F. P Van Sittert
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Chapter 2

Theory and Literature Review

2.1 Introduction

The theory and literature relevant to the pipe flow of time independent non-Newtonian

slurries is presented.

A large body of literature is available on estimating friction loss or friction pressure
gradients for laminar and turbulent flow of Newtonian fluids in smooth pipes. Although not
as extensive as for Newtonian fluids, there is a g eat deal of literature on non-Newtonian
fluids for the estimation of friction {oss in laminar ind turbulent flow in smooth pipes. It
has long been known that for laminar flow past solid boundaries, surface roughness has no
effect (at least for certain degrees of roughness) on the friction loss of either Newtonian or
non-Newtonian fluids (Schlichting, | 960); In turbulent flow however the nature of the flow
1§ intimately associated with the_s“u_rface roughness. Significant increases in friction loss in
turbulent flow over rough surfaces have Been reported. Extensive studies have been
conducted to quantify the effect of pipe roughness on friction loss in turbulent flow of

Newtonian fluids in rough pipes. The phenomenon of turbulent flow of non-Newtonian

fluid in rough pipes has received very little attention to date,

2.2 Pipe Roughness

The resistance to flow offered by rough walls is larger than that implied by equations for
smooth pipes (Schlichting, 1960). Consequently the laws of fric.ion in rough pipes are of
great practical importance and experimenial work on them began very early (Reynolds,
1883; Stanton, 1911; Stantorn and Pannell, 1914; Nikuradse 1933; Senecal and Rothfus,
1953 and Laufer, 1953). It is difficult to explore the laws of friction in a systematic way

of geometric forms possible. [magine for instance a pipe wall with identical protrusions,

how would you describe the roughness? The drag would depend on the density of
distribution of such roughness, i.e. on their number per unit area as well as on their shape,

height, type (steel pipe 1o PVC pipe) and also in the way in which they are distributed over

The effect of pipe roughness on non-Newtonian wrbulent flow F.P. Van Sittert
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its surface. [t took. therero -2, a long time 1o formulate concise laws 1o describe the flow of

ruids in rough pipes.

L. Hopf (1923 reviewed earlier experimentul results and found two types of roughness in
relation 1o the resistance formula for rough pipes and open channels. The first kind of
roughness causes a resistance which 1s proportional to the square of the velocitv. This
means that the coerficient ol resistance is independent of Reyvnolds number and corresponds
to relasivelv coarse and tightly spaced roughness elements such as coarse sand grains glued
on the surrace. cement or rough cast iron. In such cases the narure of the roughness can be
expressed with the aid of a single roughness parameter k R, known as the relative
rolzhness, where K is the height of a protrusion and R denotes the radius or the hvdraulic
radlas o the conduit in which the.fluid 15 conveved. From considerations of similitude we
may conelude that nthis case the restsianee coetticient depends on the relative roughingss
oulv. The acreal refation ¢an be determined experimentally by performing measurements
on pipes or channels of dirtering nvdraulic radi: bur or the same absolute roughness. Such

mccsurgmments were carried out by Ko Fromm (1923 and W Fritsch (1923),

Thesecond ivpe orresistance formula occurs when the protrisions are more gentle or when
wsmal number of them is Qistnibuted over & relanvely large area. such as those in wooden

or comerervit sweel pipes Inosuch cases the resistance coetficient depends both on the

Rexnoids number und or the relative rovghress (Schlichiing, 1960

From the pnysrcal point of view it must be concluded that the ratio of the height of

1

protrusions to the boundary laver thickress shou'd be the determi ning factor (Schlichtn

G

1

1960). In particuior, the phenomenon is expected to depend on the thickness or'the viscous
sub-laver 0. so that k & must pe regarded a8 an importani dimensioniess number which is

1

characrerisiic of the tvpe o' roughness. Tae pipe wall mavbe considered o be hndraulically
SMOOMN In Cases were X < 6 Or where 1he boundary laner is 50 thick thar all the roughness

articles are contained wirmin the faminar sub-laver. This s similar o the abserce afthe

IMIuernce of rouganess on resisiance in Hagen-Poisziille flow,

Verysystemalic, exiensive. and careiul measuremen:s on rough pipes haye bean carried our

1

pv i Nixuredse 1933 who

|

sedoirctiar pipes covered onthe Inside o3 tigntiv as possible

[

PR PR T - : -, I 1 R R i . . ~ .
ST SUN OT & CeINTN e graln 5172 giuel on (o the walt By choosing nipes of vaning
TrnzePaoiofToerc.CrrEsT on Tor-Nesizn T T Len fizy, F P 'ign Soar
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diameters and by changing the size of grain, he was able 1o vary the relative sand roughness
k, R from approximately 1.300 1o | 15. The regularities of behaviour discovered during the
course of these measurements can be correlared with those for smooth pipes in a simple

rmanner.

2.3 Viscometry

Viscomertry can be derined as the collection of physical data from tests on a sample of the
fluid under investigation for the purpose of establishing the relationship between shear
stress and shear rate. The instrument used 10 measure viscous properties is called a

viscometer. There are two main tvpes of viscometers - rotational and rube.

Anvpical rotational viscometer consists of a concentric bob and cup. one of which 1s rotated
to produce shear in the test tluid contained in the gap berween the bob and cup. The shear
stress is determined by measuring the 1orque on one ol the clements. and the shear rate is
determined from the relative angular velocity berw een the elements andthe measuring gap.
A wbe viscometer is essenually a smuall duameter pipeline. The test tluid tlows at a
controlled, measured rate through e tube and the pressure drop over a known length of

the tube is measured.

Although there are many advaniages 10 using the rortional tipe. for ron-Newtontan
slurries the mbe tvpe ispreferred s Wilsoner ¢ 1997 Thie main ditficultics associated with
the rotational tvpe is that relats elv low shear rates are echieved and centrifuge action can

occur in the measuring gap (Johrson. 19820 Slatter. 1936 and Shook & Roco. 1991
Centrifige action causes the readmgs o decay wiih tme. resulting in the erroneous
identification of 1ime dependernt (thinotropte: behaviour, Inierpretation is further
conmplicated bv end eftects. Onthe athernand. the tube viscometer s mecnanicallv simpler.

15 geomertrically simitar 1o a pipe. end 13 in foct a minature nineting iSlaver & Lazures.
& A P P

1983).

[deativ. testwork rorthe predictior of tursulentencrgy gradienis [rom rheclogy shonld be
perrormed so that the wall shear siress 1or the 1esis 13 10 sume as the wall shear stress in
the protonvpe. This is ustally 2ot possioe us e flow 2ecomes turbulent ar these higher

hpar sresses and Dow rotes. evenn seiall diamerer mbe viscomaters {dhcok & Roco.
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1991). Therefore. the rheology obrained is extrapolated. sometimes by several orders of
magnitude. 10 arrive at the required shear stress. The accuracy of the rheological
measurements and characterization 1s therefore of utmost umportance. For this reason it is

very important that tests are conducted in as many tbes as possible,

2.4 Rheoloov

In order 1o do anv kind of analvsis the rheology of the fluid must be known. Within the
conrext of this thesis, rheology means the viscous characieristics of a fluid. Specifically,

rheolozy s the relationship between shear rate and shear siress, as portrayved on a rheogram.

For Newrtomun tluids the relarionship between shear siress and shear rate is linear and the
Viscosity of the [tuid Is determined orly by the slope of the Hine. The viscosity alone is
sutticlent 1o characterise the fluid flow, Where this i3 not the case, the fluid is non-
Newtonan and additional parameters such as the apparent viscosity. the vield stress,
dyvnamic and elaste properties. and the flow behaviour index 1s required 1o characterise the

fluid,

Non-Newtonian shurries cenbe modelled using the veneralised vield pseudo plastic (Govier
& Azizo 1972 and Hanks, 1979 or Herchel-Bulkley rhcotogical model. The constimutive

rhenlowica! equanion is;

The generzlised vield pseudoptasiic model is sensitive o small variatons in the rhealogical

parameters and a reasonable amount of good data in the laminar flow regime is necessan

iramieters. Tre vield pseudop.astic model dozs not
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very high shear rates (Hanks, 1981). This phenomenon is rarely encountered in practice.

The model remains the most widely used correlation for non-Newtonian slurries.

Figure 2.1 below shows a rheogram with various non-Newtonian tluids and the shape of

the rhecgram for each fluic on a linear axis.

Yield Dalutant

Bingham Plasue

Yield Pscudo plastic
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|
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4OT

Wall Shear Stress [Pa]

10 _—F [nieant
T Nzwlonlan
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T Pieuwdo plustie
10 — S [ ——
| — 1
T |
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JE+00 1E+0S 2z+03 3E+05 -3 EE+CS

Psezude Stear Ree [0 s)

Figure 2.1 Rheological Moedels

The instrument used for 12sts In this nesis 13 & twbe viscometer and 1s called a Balancad
Beam Tube Viscomerer (BBTV). All the experiments pertormed and presented in tals
thests were done using thiz instrument. The instrumentation will be described in detaii in

Chapter 3.
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[E¥)

.5 Rheological Variables

-3

5.1 Fluid Consisteney Index (K

The flutd consistency index (K} of a fluid 1s a measure of its fluidity. The larger the value

ot K the fess purricle mobilin or thiicker or more viscous the tluid (Sive, 1988).

The rluid consistency index 15 aftected by the following (Sive. 1988):

Poruele Size

Decreasing particle size increases the degree of non-Newtonian behaviour of a
mixture aftecting both the fuld consistency index and the flow behaviour index.
Thez resistance 1o the tlow increases as particle size decreases, Only the -74 um
portion playvs an important roie in the viscous properties of the fluid even though

e rluld mgy consists of a large particle size distripution.

Particle Solid Densin

Particie densiny is significant und smaller particle sizes and higher concenirations
dre nevessary mr homogeneous Mow os particie density increases. This required
INCTRAsS 1N MINTIre CONCSRITtion results inincreased values ofthe fluid consistency

mdex whnich means the uid hecomes more viscous or “thick™

N
Yz
[
I

Particle shape combined with the slurry relative densitv has the single greatest
niluence on K. The rotation or non spherieal particles in2 velocity gradient causes
an increase in rie reguency of inter particle conters and an apparent increase in
e erfective corceniztion and hence rluid consistency. AU low concenirations

wiere hvdrodynamic efraels predominate. this eivect is smail,
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4. Particle Roughness

Rough grains do not slip or roll easily over one another. The effect of adding a
lubricant {e.g. soap) to the mixture demonsirates this. The lubricant will cause a
subsrtansial change in K for rough particles but will have a limited effect on smooth

spheres.

5 Particle Size Distr'bution
The addition of a relatvely small quantity of fine particles to a mixture ot coarse
particles will result in a significant decrease in K. Addition of a small quantity of
coarse particles to a mixture of fines will produce very little change in the value of
K

6 Particle Interactions
Particle interactions cause discrete particles 1o be sporadically retarded and
accelerated. [n both stages. inertia afrects the amount of energy required by the
interaction. This dissipanion of energy is manifest as an mcrease n the fluid
consistency’ index.

2.5.2 The Flow Behaviour Index in)

The flow behaviour index naes some phyvsical meaning where the 1loc radius in o misture
can be related to the particle radius, The deviation of fae flow behaviour index rmom unity
indicates the degree of curvature of the rheogram. K and n thus define the shape ot the

rheogram.

2.3 3 The Yieid Srress (7.}

of particles and hence rtocculation. The existence o a vield stress 15 meretore exclusive 1o

floccuiared muxtures 1Sive. 1938 The vield siress 13 a direlt consequence of a tioc

SN 1N @ Tine particle rmixture. Some addithves are avatlaple on the marker that can. by
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2.5 Rheological Variables

2.5.1 Fluid Consistencv Index {K)

The fluid consistency index (K) of a fluid is a measure of its fluidity. The larger the value

of K the Jess parricle mobilin or thicker or more viscous the fluid (Sive, 1988).

The fluid consistency index is affected by the following (Sive, 1988):

I.

Particle Size

Decreasing particle size increases the degree of non-Newtonian behaviour of a
mixture affecting both the fluid consistency index and the flow behaviour index.
The resistance to the flow increases as particle size decreases. Only the -74 um
portion plays an important role in the viscous properties of the fluid even though

the fluid may consists of a large particle size distribution.

Particle Solid Density

Particle density is significant and smaller particle sizes and higher concentrations
are necessary for homogeneous flow as particle density increases. This required
Ierease in mixture concentration results in increased values of the fluid consistency

index which means the fluid becomes more viscous or “thick”.

Shape

Particle shape combined with the slurry relative density has the single greatest
influence on K. The rotation of non spherical particles in a velocity gradient causes
an increase in the frequency of inter particle contacts and an apparent increase in
the effective concentration and hence fluid consistency. At low concentrations

where hydrodynamic eftects predominate. this effect is small.

The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert
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4, Particle Roughness

Rough grains do not slip or roll easily over one another. The effect of adding a
lubricant (e.g. soap) to the mixture demonstrates this. The lubricant will cause a
substantial change in K for rough particles but will have a limited effect on smooth

spheres.

5 Particle Size Distr'bution
The addition of a relatively small quantity of fine particles to a mixture of coarse
particles will result in a significant decrease in K. Addition of a small quantity of
coarse particles to a mixture of fines will produce very little change in the value of

K.

6 Particle Interactions

Particle interactions cause discrete particles to be sporadically retarded and
accelerated. In both stages, inertia affects the amount of energy required by the
interaction. This dissipation of energy is manifest as an increase in the fluid

consistency index.

2.5.2 The Flow Behaviour Index (n)

The flow behaviour index has some physical meaning where the floc radius in a mixture
can be related 1o the particle radius. The deviation of the flow behaviour index from unity
indicates the degree of curvature of the rheogram. K and n thus define the shape of the

rheogram.

2.5.3 The Yield Stress (<)

Yield stress 1s a phenomenon closely associated with electrical attractions { Zeta potential )
of particles and hence flocculation. The existence of a vield stress is therefore exclusive to
flocculated mixtures (Sive, 1988). The yield stress 1s a direct consequence of a floc

structure in a fine particle rmixture. Some additives are available on the market that can, by

The effect of pipe roughness on non-Newtcnian turbulent flow F. P. Van Siten
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addition of small quantities, change the yield stress of a fluid without changing the particle

size dismbution of that mixture.

2.6 Laminar Flow

There are a number of different rheological models that can be used to describe non-
Newtonian mixtures. Models that describe the laminar flow of time independent fluids
includes the Casson (1959) mode! and the Herschel-Bulkley (1926} model, which describes
a wide variety of different fluids. Non-Newtonian fluids can also be time dependant and
viscoelastic (Govier and Aziz, 1972), in which case the models become exceedingly

complex. Time dependant and viscoelastic slurries will not be discussed in this thesis.

2.6.1 Time Independent Slurries

Figure 2.2 depicts the various different time independent and time dependant non-
Newtonian slurries and the shape of the rheogram for each slurry on linear axes. It is
necessary to have a reasonable amount of good data in the laminar flow regime to
accurately determine the parameters for the yield pseudo-plastic model. The model is
sensitive to small variations in the rheological parameters and requires careful analysis to

ensure reproducibility of the model to different data sets.

[t 1s seen in Figure 2.3 that the viscosity of a Newtonian fluid is a constant. In the case of
non-Newtonian flurds however, the viscosity changes as the shear rate changes. The fluid
consistency index, K, is used to account for the variation in viscosity and mathematically
defines the shape of the rheogram. It corresponds only to the steepness of the rheogram and
has no physical basis. The flow behaviour index, n, indicates the degree of curvature of the

rheogram (Paterson & Cooke, 1997).

The affect of pipe roughness on non-Newtcnian turbulent flow F. P. Van Sittert
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NON-NEWTONIAN SLURRIES

TIME INDEPENDANT SLURRIES
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Figure 2.2: Classificatton of Time Independent and Time Dependant non-Newtonian
Slurries. (Paterson and Cooke, 1997)
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Figure 2.3: Variation of Viscosity in non-Newtonian Slurries (Paterson & Cooke, 1997)

Bingham plastic fluids, vield pseudoplastic fluids and yield dilatant fluids have a yield
stress. These fluids have an internal structure that is capable of preventing movement when
the applied shear stress is less than the yield stress. The Bingham Plastic model is the most

well known and otten used (Paterson & Cooke, 1997).

Shear thinning slurries, such as kaolin and coal, have n values less than unity. The
progressive shearing of the fluid results in a decreasing interaction between particles and

a consequent reduction in apparent viscosity (Paterson & Cooke, 1997).

Dilatant slurries, such as quicksand and some kimberlites, are recognized by an increase
1 apparent viscosity with increasing shear rates and are known as shear thickening slurries.
The flow behaviour index n is greater than unity. They also tend 1o increase in volume as
the shearrate increases and the particles disperse to leav

filled with liquid.

e the interstitial spaces only partly

The effect of pipe roughness on non-Newtonan wrbulent flow F. P, Van Sittert
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For laminar pipe flow, volumetric discharge, Q, and average mixture velocity, V, can be

determined using the equation (Govier & Aziz, 1972);

where; T,= DAP /4L
V=0Q/A.

It is important to note that this approach can accommodate both the pseudoplastic model

(by setting t, = 0) and the Newtonian model (by setting t, =0, K=pandn=1).

The different slurry types that can be described by the generalized yield pseudoplastic

equation are given in Table 2.1.

Table 2.1 Time Independent Rheological Models.

Fluid Yield Stress Flow Behaviour Constitutive Equation
Index
T, n
_ du
Newtonian 0 I T=p| -
dy
_ du’
Bingham Plastic >0 1 T=1tv+ K| - -—J
dy
) | du)’
Pseudoplastic 0 <] 1=K - —
. dy
Yield [ dul’
>0 <1 T=1+ K -—
Pseudoplastic \ dy/
| ([ dut”
Dilatant 0 > 1=K - —j
L dyJ

The effect of pipe roughness on non-Newtonian turbulent flow F. P.Van Sittert
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Fluid Yield Stress Flow Behaviour Constitutive Equation
Index
T, n
. . du)’
Yield Dilatant >0 >1 T=1y+ K| ——
dy

2.6.2 Time Dependant Slurries

Time dependant slurries are those slurries in which the shear stress is dependant upon both
the shear rate and the duration of the applied shear. The rheogram relating the shear stress
to the shear rate is not unique but depends upon the history of the shear rate. This study

does not investigate time dependant slurries,

2.7 Rheological Characterization

The rheology of'the slurries used for this investigation was obtained from laminar tube flow
data. The rheological constants (t,, K and n) are determined from the data in the laminar
region and using Equation 2.2 (Lazarus & Slatter, 1986, 1988 and Slatter, 1994). For
Newtonian and Pseudoplastic {(power law) models, the characterization procedure is much

simpier, and the data can be fitted by linear regression.

2.8 Research on Pipe Roughness

The effect that pipe roughness has on turbulent flow behaviour was first investigated by
Nikuradse (1933) and Colebrook & White (Colebrook, 1939). Nikuradse performed
experiments with pipes that had been purposely roughened by gluing sand particles onto
the inner surface. The roughness of these pipes was uniform in size and spatial distribution.
Colebrook & White used pipes that were commercially produced and had a more random

distribution of roughness,

In the region of laminar flow for Newtonian fluids, Nikuradse found that rough pipes have
the same resistance as smooth pipes (Nikuradse, 1933). The critical Reynolds number is
equally independent of roughness in both smooth and rough pipes. In the turbulent region

there is a range of Reynolds numbers where the rough pipes behave the same as smooth

The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert
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pipes. In this region the rough pipes are considered to be hydraulically smooth. This range
of Reynolds numbers is limited by the relative roughness of the rough pipes. The rougher
the pipe the smaller the range in which the rough pipe is considered to be hydraulically
smooth. In this region where the pipes are considered to be hydraulically smooth, the
friction factor depends on the Reynolds number only. Beginning with a definite Reynolds
number whose magnitude increases as k/R decreases, the resistance curve for a rough pipe
deviates from that for a smooth pipe and reaches the region of the quadratic resistance law
at some higher value of Reynolds number, where the friction factor, f, depends on k/R
only. Figure 2.4 presents the resistance to flow for pipes roughened with sand as presented

by Nikuradse (1933).
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Figure 2.4 Flow Resistance for Rough Pipes (Schlichting, 1960).
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2.8.1 Work Done by Nikuradse (1926-1933)

Nikuradse is responsible for the most comprehensive studies of turbulent flow in pipes of
well defined roughness, prepared by cementing sand grains to the inside of the pipe walls.
Nikuradse obtained both velocity profile and pressure gradient data. The velocity profile
data are correlated according to Prandtl’s (1927a) modification in which the distance from

the pipe wall, y, is made dimensionless by the use of k.

Actual data covering D/k, values from 30 to 1014 are reasonably well correlated by a value

of B = 8.5,

It is therefore necessary to consider the three regimes within turbulent pipe flow, eg.

Hydraulically smooth, transitional and completely rough regimes.

1. The hydraulically smooth regime;

0< < 5:.f = J(Re), (2.3)

where;

(2.4)

and:

(2.5)

<
I
o) |1:

where; p = density
v = kinematic viscosity
k,= sand or grain size

R = radius of cross-section.

The effect of pipe roughness on non-Newtonian turbulent fiow F. P. Van Sittert
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In this region the viscous sub-layer is thicker than the roughness height or the roughness

1s so small that all protrusions are contained within the viscous sub-layer thickness.

2. The transition regime;

ks
5¢ <70 = @(B,Re) (2.6)

In this region some of the protrusions are higher than the viscous sub-layer and some are
smaller. This causes additional resistance to flow and is mainly due to the form drag

experienced by the protrusions in the boundary layer.

3. The completely rough regime:

»

> 70:f = D(ks/ D). (2.7}
v

In this region all the protrusions break through the viscous sub-layer and the dominant

resistance to flow is due to the form drag which acts on them. The law of resistance

becomes quadratic.

The velocity distribution for Newtonian turbulent flow in rough pipes is presented by

Schlichting, 1960.
u Y
—\;‘—zAinE + B (2.8)

where; A = 1/y; ¥=0.4 (von Karmdn's constant)
B = roughness function
k = roughness size
y = distance from pipe wall

u = point velocity.

The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert
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2.8.1 Work Done by Nikuradse (1926-1933)

Nikuradse 1s responsible for the most comprehensive studies of turbulent flow in pipes of
well defined roughness, prepared by cementing sand grains to the inside of the pipe walls.
Nikuradse obtained both velocity profile and pressure gradient data. The velocity profile
data are correlated according to Prandtl’s (1927a) moditication in which the distance from

the pipe wall, y, is made dimensionless by the use of k.

Actual data covering D/k values from 30 to 1014 are reasonably well correlated by a value

of B=8.5.

It is therefore necessary to consider the three regimes within turbulent pipe flow, eg.

Hydraulically smooth, transitional and completely rough regimes.

I. The hydraulically smooth regime;

0¢ < 5.f = @(Re), (2.3)

where;

(2.4)

and;

where; p = density
v = kinematic viscosity
k,= sand or grain size

R = radius of ¢ross-section.
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In this region the viscous sub-layer is thicker than the roughness height or the roughness

is so small that all protrusions are contained within the viscous sub-fayer thickness.

2. The transition regime;

*

ks
5< <T0:f = @(B,Re] (2.6)

In this region some of the protrusions are higher than the viscous sub-layer and some are
smaller. This causes additional resistance to flow and is mainly due to the form drag

experienced by the protrusions in the boundary layer.

3. The completely rough regime:

ksV.

v

> 70:f = O (ks/ D). (2.7)

In this region all the protrusions break through the viscous sub-layer and the dominant
resistance to flow is due to the form drag which acts on them. The law of resistance

becomes quadratic.

The velocity distribution for Newtoman turbulent flow in rough pipes is presented by

Schlichting, 1960.

I

oS

5
TS
N

+

ov]

u
v, (2.8)

where; A = 1/y; x=0.4 (von K&rman’s constant)
B = roughness function
k = roughness size
y = distance from pipe wall

u = point velocity.
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The velocity gradient near a rough wall is less steep than that near a smooth one

(Schlichting, 1960), as can be seen from Figure 2.5.

e

ojw

Figure 2.5 Velocity Distribution in Rough Pipes (Nikuradse 1933)

The mean velocity can be obtained by integrating over the cross section of the pipe

yielding;
v R
f{ = 25[n[-—] +B-3.75. (2.9)

k

B can be correlated using a roughness Reynolds number;

R, - (pv‘k]_ (2.10)

The roughness function correlation is shown in Figure 2.6. Generally speaking B is a

function of the roughness Reynolds number Re,. The oblique asymptote in Figure 2.6 is the

The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert
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line which represents smooth wall turbulent flow and can be expressed as (Schlichting,

1960);

14
12 =
| . Smaooth wall turbulent flow
10
4] /’—Wﬁon
p i .
= .
= Rough walt turbuient flow p
T g S
=
§ . dlebrook & White
c
£ 64
o
=
Q -
o
4 —3
2 —
0 — e m— — ——
0 ! 10 100 1000

Roughness Reynolds number [Rer]

Figure 2.6 Roughness Function Correiation.

The top curve is the locus of data for pipes with uniform roughness from the experiments
with sand roughed pipes by Nikuradse. The lower curve represents the locus of data for
commercially available (randomly rough) pipes as investigated by Colebrook & White

(1937).

The horizontal asymptote in Figure 2.6 is the line B = 8.5 which represents fully developed

or rough wall turbulent flow and the velocity distribution can be expressed as;

- ——
-

u o iyVe (2.11)
7:3.7310g = 8.5.
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For fully developed rough wall turbulent flow (B = 8.5) the velocity distribution can be
integrated over the cross sectional area of the pipe to give the mean velocity and can be

expressed as (Schlichting, 1960);

- 2_51{—@ + 475, (2.12)

<]«

Thus from this equation it can be seen that the behaviour for fully developed rough
turbulent flow of Newtonian fluids in pipes is totally independent of the viscous

characteristics of the fluid.

Nikuradse’s friction factor data for rough pipes reflects all three regions of turbulent flow.
He correlated the data in the fully developed rough wall turbulent flow regime empirically

through the equation;

1 DJ
—_— = g ——| + 248. 2.13
410"(21{ 8 (2.13)

NG

where; D = internal diameter of pipe

k = relative roughness.

The von Kéarmén equation is essentially the same;

! (DY, 5,
U_; = 4.06 log\ EE} + 3.36. (2.14)

The difference between artificially roughened and naturally randomly rough pipes can be
seen as the difference between the two data loci in Figure 2.6. The locus of the naturally
random pipes {Colebrook & White, 1938) shows a gradual and smooth transition berween
the two asymptotes, while the artificially roughened (Nikuradse, 1933) locus shows a

distinct maximum value in the roughness, B. However, the asympotes apply equally to

The effect of pipe roughness on non-Newtonian turbulent fiow F.P. VVan Sittert
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both cases.

2.8.2 Newtonian Fluids in Rough Pipes (Colebrook 1938).

The velocity distribution for Newtonian turbulent flow in rough pipes is;

u y
7.: Aln[ﬂ + B, (2.15)

where; A = constant

B =roughness function.

The logarithmic law for velocity distribution is valid in rough pipes except that the constant

of integration must reflect the roughness size (Schlichting, 1960).

B can be correlated using a roughness Reynolds number

Re, = ; (2.16)

The oblique asymptote in Figure 2.6 is the line;

B = 2.5InRe, +5.5, (2.17)

which represents the equation for smooth wall turbulent flow.

The horizontal asymptote is the line B = 8.5 which represents fully developed rough wall

turbulent flow.

The top curve is the locus of data for pipes with uniform roughness from the experiments

with sand roughened pipes by Nikuradse (Schlichting,1960).
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The lower curve is the equation of Colebrock and White (1939) and represents the locus
of data for commercially available (randomly rough) pipes. This equation is widely used

for the design of Newtonian pipelines.
For fully developed rough wurbulent flow (B = 8.5) the velocity distribution can be

integrated over the cross sectional area of the pipe to give the mean velocity;

\ R
— =251 (,_) + 475, 2.18

It can be concluded that the behaviour for the fully developed rough wall turbulent flow of

Newtonian fluids in pipes is totally independent of the viscous characteristics of the fluid.

Equation 2.18 may be expressed in Reynolds number - friction factor format as;

1 k
N —41og{37Dj. (2.19)

2.8.3 Work Done bv Moody (1944)

The turbulent flow friction factor relations for smooth pipe or smooth wall turbulence,
partially rough wall turbulence and fully rough wall turbulence are presented graphically
in Figure 2.8 as presented by Moody (1944).

These relations and their graphical counterpart represent our best current knowledge of the
effect of Re and k/D on the turbulent friction factor (Govier and Aziz, 1972). We must
remember, however, that k, is the equivalent sand grained roughness and that natural
roughness must be expressed in terms of the sand grain roughness, which would result in
the same friction factor. This is not easily achieved, in fact the only way it can be done is
by comparison of the behaviour of a naturally rough pipe with a sand roughened pipe
(Govier and Aziz, 1972).
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Moody (1944) has made such comparisons, and his widely used chart giving the absolute
and relative sand grained roughness of a variety of pipe wall materials is reproduced in
Figure 2.9. Moody’s roughness is typical of the materials indicated, but we cannot expect
them to be precise for any given material (Govier and Aziz,1972). When it is possible to
obtain the results of a flow test through a pipe of identical or closely similar material to that

to be used, one may calculate the friction factor, and hence the effective k/D directly.
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Figure 2.8 Pipe Friction Factors for Turbulent Flow. (Moody, 1944)
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Figure 2.9 Relative Roughness of Pipes. (Moody, 1944)

2.8.4 Work Done by Torrance (1963)

Torrance derived a model for fully developed rough wall turbulent flow for non-Newtonian
fluids in pipes using the yield pseudoplastic rheological model as the starting point. The

mean velocity is given by;

vV 25 ’R] 375
o 1.1{—1(- +85- . (2.20)

The von Karman constant is now assigned the value of 0.4n. The Torrance model for the
fully developed rough wall turbulent flow of non-Newtonian fluids in pipes indicates that
the behaviour is dependant on the viscous characteristics of the fluid. Torrance makes 1o

comment on partially rough wall turbulent flow.
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2.8.5 Work Done by Govier and Aziz (1972)

Govier and Aziz define the roughness Reynolds number as:

k f
Re, = BRe 5 (2.21)

They predicted that as long as the roughness was “buried” in the laminar sub-layer (Re, =
<5) it would be ineffective. In fact it is found (Schlichting, 1960) that roughness makes
itself felt at Re, > 3, and to a value of Re, of about 70 the friction factor depends upon both
the relative roughness, k/D, and the Reynolds number. Above Re, = 70 the Nikuradse data,
and other recent data, show that the friction factor is dependent upon the relative roughness

alone. Thus, they present three regions of turbulent flow in a pipe;

a. Smooth wall turbulence
b. Partially rough wall rurbulence
c. Fully rough wall turbulence

Figure 2.10 shows the boundaries between smooth wall and partially rough wall given by
Re, = 3, and the boundary between partially rough wall and fully rough wall turbulence
given by Re, = 70. The region of laminar flow and the transition from laminar to turbulent
flow, the transition region, is also presented in the figure. This graph can be used for all

pipe diameters and all smooth and rough pipes.
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Figure 2.10 Regions of Laminar and Turbulent Flow (Govier and Aziz, 1972)

2.8.6 Work Done by Wilson & Thomas (1983)

Wilson & Thomas based their work on the enhanced microscale viscosity effects of non-
Newtonian fluids. The model uses an area ratio A, based on postulated thickening of the

viscous sub-layer. The area ratio is given by;

ol (2.22)
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The viscous sub-layer thickness is;

5 =AS5.. (2.23)

nn r 0

Where: d, = Newtonian viscous sub-layer thickness

& = Non-Newtonian viscous sub-layer thickness

The velocity distribution is given by;

»

- 25111( p:l[. y] +55+116(A, ) - 25In(A,). (2.24)

+

u =

2
V-

The mean velocity is calculated as;

<

- 116{A, - 1)- 25hA, - 0 2.25
V. V.. T ’ (22

V, is the mean velocity for the equivalent Newtonian fluid based on a secant viscosity from

the yield pseudoplastic rheogram.

) accounts for the blunting of the velocity profile caused by the yield stress and is given

by;

”(1705“}, (2.26)

o To

( Ty T
Q=-25n1--—X-25
\ J

0

T

Pipe roughness can be accommodated in the mode! by using the appropriate roughness
when determining V.. This is only approximate since the interaction between the pipe
roughness and the laminar sub-layer will clearly be different when the thickened laminar

sub-layer is present.
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2.8.7 Work Done bv Berman (1986)

Berman studied the effect of pipe roughness on drag reduction for commercially available

rough pipes on polymer solutions and his findings is as follow;

The transition from smooth to rough wall turbulent flow occurs at k™~3 and results in a

minimum value of the friction factor. He defines a dimensionless roughness as;

k™ =kV./v. (2.27)

Where: k = roughness height
v = kinematic viscosity

V. = friction velocity

As the Reynolds number is increased, the roughness height becomes much larger than the
height of the viscous sub-layer and the Fanning friction factor becomes a constant in the
completely rough regime. Berman piedicts that the Fanning friction factor becomes a

constant where k> 50.

In non-uniform roughness such as commercial pipes and tubes, the friction factor vs
Reynolds number behaviour can be matched with the uniform roughness data to give an
apparent k. The Colebrook-White equation as already discussed represents all friction

factor vs Reynolds number data for both smooth and rough pipes for Newtonian fluids.

Berman examined evidence that the maximum drag reduction corresponds to the transition
from smooth to rough wall turbulent flow behaviour where k™ is a constant for all the fiuids

tested.
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2.8.8 Work Done by Slatter (1994)

To correlate the roughness function B, Slatter formulated a roughness Reynolds number
in terms of the yield pseudoplastic model. By analogy with the Newtonian approach, the

roughness Reynolds number for a yield pseudoplastic slurry can be formulated as follows:

8p V.
© A (2.28)
TN D

The mean velocity can be obtained by integrating over the cross section of the pipe

yielding:

h‘(i} + B- 375 (2.29)

where; ¥ = von Karman'’s constant

d,; = 85% particle roughness

The roughness function B was correlated against the roughness Revnolds number in the

same way as for Newtonian turbulent flow.
2.8.9.1 Smooth wall turbulent flow is summarised as follow:

IfRe. <3.32 then B=2.5 In Re, +5.5. This is analogous with smoorh wall turbulent flow

and;

>

\% [ R)
—= 2,51ntd—; +25InRe, + 175, (2.30)

85/
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2.8.9.2 Fully developed rough turbulent flow:

If Re > 3.32 then B = 8.5. This is analogous with fully developed or rough wall turbulent

flow and will yield a constant value for the Fanning friction factor f;

v 25111[—R—} r 4,75 2.31
V. TT\d) T (231
which reduces to;
_1_ _ 4071 334D
F og d, (2.32)

The average percentage error when calculating the roughness function, B, using this
correlation is 9.2% with a standard deviation of 7.8%, and a log standard error of 0.0024%

when compared to kaolin data (Slatter,1994).

This correlation produces an abrupt transition from the smooth to the rough flow condition.

2.9 Some Conflicting Arguments by Researchers in the Past

For Newtonian fluids in turbulent flow, a rough pipe coniributes to a larger friction factor
for a given Reynolds number than a smooth pipe does. The friction factor is a function of
both Reynolds number and the relative roughness, k/D. Nikuradse’s (1933) roughness
criterion k, seem to be problematic and some authors (Kamphuis, 1974) have a problem
using this roughness criteria to correlate to relative roughness and to describe the flow in
rough pipes. According to these authors (Kamphuis, 1974) this roughness must be a factor

of not only the sand grain size but the particle angularity, shape, density etc.

Since Nikuradse’s (1932) experiments on flow in sand roughened pipes, several
investigators (Colebrook, 1938; Churchill, 1973; Chen, 1979; Zigrang, 1982; Serghides,
1984) have suggested correlations for fully turbulent flow of Newtonian fluids in rough
pipes. Serghdes (1984) recently compared the accuracy of several equations. Some of these

correlations are not explicit and thus are relatively difficult to use. Chen’s (1979) equation
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1s explicit and correlates friction factor, pipe-roughness parameters, pipe diameter, and
Reynolds number for transition and turbulent flow regions. The phenomenon of turbulent
flow of non-Newtonian fluids in rough pipes has not been explored fully and flow data in

rough pipes are extremely rare.

A relationship analogous given to that by Dodge and Metzner has been provided by Dodge
(1957} for the case of turbulent flow of non-Newtonian fluids. Virk (1971) summarized the
work on the drag-reduction phenomenon in rough pipes since Dodge’s findings. In his
experimental investigation, Virk examined the physics of drag reduction in rough pipes,
emphasizing the flow regimes associated with incipient and asymptotic maximum drag
reduction., Virk used polymer solutions such as polyetholeneoxide (PEO) and
polyacrylamide (PAM). Durst and Rastogi (1977) developed a model that accounts for low
Reynolds number effects in the immediate vicinity of the wall and the influence of the
polymer additives in smooth and rough pipes in accordance with experimental resuits
available in the literature. Bewersdorff & Berman (1987) recently reported the effects of

pipe roughness on drag reduction in commercial pipes.

Few studies have dealt with the effect of pipe roughness on friction loss of non-Newtonian
fluids, particularty with more “concentrated” solutions. Using hydraulic fracturing fluids,
Shah (1984) showed that the friction factor of non-Newtonian fracturing fluids in turbulent
flow in rough pipes is a function of both Re (generalized Reynolds number) and k/d, while
Dodge’s proposed equation gives friction factors as a function of k/d only. Because rough

pipe data was limited, no satisfactory correlation was developed.

2.10 Conclusion

The literature relevant to the flow of Newtonian and non-Newtonian slurries in rough pipes

was reviewed, and the relevant theoretical models presented.

2.10.1 Lamimar Flow

The yield pseudoplastic model has mainly been reviewed for the flow of non-Newtonian
slurries. This model is not restrictive and allows for both a yield stress and rheogram

curvature. Although the model is sensitive to small changes in the rheological parameters,
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laminar flow in different diameters can be used to verify the results. The viscometry of non-
Newtonian slurries is best performed using a tube viscometer (Balanced Beam Tube
Viscometer). Rheological characterization can be accurately performed using the Lazarus
& Slatter (1988) method. The accuracy of the rheology of a slurry is more important for

turbulent flow predictions than in laminar flow.

2.10.2 Turbulent Flow

Smooth wall Newtonian turbulent flow can be modelled using the classical universal
logarithmic velocity distribution. Rough wall Newtonian turbulent flow can be modelled
using a logarithmic velocity distribution with a roughness function and a roughness
Reynolds number to correlate the roughness function. Partially rough wall Newtonian
turbulent flow can be modelled using the Colebrook-White relation which is a combination

of the smooth and rough turbulent flow laws.

To model non-Newtonian turbulent flow parameters such as apparent viscosity, the yield
stress, dynamic and elastic properties, and the flow behaviour index are needed to

characterise the fluid.

There are a number of models that can be used to describe non-Newtonian mixtures.
Models that describe the laminar flow of time independent fluids include the Casson (1959)
model and the Herschel-Bulkley (1926) model which describes a wide variety of different
fluids. The best known model to characterise the laminar flow are the generalised yield

pseudoplastic model and is the most widely used by industry.

There are a lot of models available that predicts the turbulent flow of non-Newtonian fluids
in pipes. Some of the best known models are the Dodge and Metzner (1959), Torrance
(1963), Wilson (1985), and the Slatter model (1994). All these models are dependant on
the rheological characterisation of the fluid which can be obtained using the Casson (1959)

or Herschel-Bulkley (1926) model in the laminar flow region.

Non-Newtonian fluids can also be time dependant and viscoelastic (Govier and Aziz,
1972), in which case the models become more complex. Time dependant slurries are those

slurries in which the shear stress is dependant upon the both the shear rate and the duration
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of the applied shear. These types of slurries were not tested in the thesis and will not be
discussed further.

2.10.3 Roughness Effect

The surface roughness of the pipe wall affects the relationship between wall shear stress
and velocity, or friction factor and Reynolds number. As portrayed in the Moody diagram,

the effect of pipe roughness is to increase the friction factor over that for a smooth pipe.

Roughness may be attributable to the nature of the wall substance and the method of its
manufacture as in the case of new steel, cast iron, and cement-asbestos pipe. Further, itmay
be influenced by erosion and corrosion. Such roughness is referred to as natural roughness
and has a random size distribution. In addition, roughness may be artificially created,
usually for experimental purposes, as by the attachment of sand grains or other objects to

the pipe wall surface.

A full description of roughness would require a complete definition of its geometry,
including the height, length, width, and shape of any protrusions or indentations and their
distribution. This is seldom possible, and it has become customary to think of roughness
either as natural or artificial and to measure artificial roughness in terms of the mean height
of the sand grain, or other protuberance, and finally to relate natural roughness empirically

to the artificial roughness.

Additionally it is recognized from dimensional analysis considerations that the effect of
roughness is not due to its absolute dimensions but rather to its dimensions relative to that
of the pipe. Thus a relativ: roughness 1s defined as k/D, where k is the mean protruding
height of relatively uniformly sized, uniformly distributed, tightly packed sand grains. In
the case of naturally rough walls, k is the height of the uniform sand grains which would

give the roughness effect observed.

The effect of wall roughness in turbulent flow has been found to depend not onily on the
relative roughness, k/D, but also on the Reynolds number. This is attributed to the viscous
sub-layer which exists in contact with the wall. If the sub-layer is sufficiently thick to cover

the wall roughness (as at low Reynolds numbers), the roughness will not be effective,
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however, if the sub-layer is thin compared with the roughness of the wall (as at high

Reynolds numbers) the roughness will be effective.

2.11 Research Aspects Identified

It is clear from the conclusions that there is a definite need for further research in this field.

Aspects requiring further research are identified below.

2.11.]1 Experimental Work

Very little experimental work on pipe roughness has been performed since the work of
Nikuradse (1926-1933) Or.ly a few sources could be found which deal with non-Newtonian
fluids. Clearly there is a need to quantify experimentally the effect of pipe roughness. The
first main objective of this thesis is to design and execute experiments to accumulate data

on the behaviour of non-Newtonian fluids in rough pipes.

2.11.2 Analvtical Work

Apart from the work of Slatter (1994) there has been no theoretical analysis which has
focussed on roughness effects in non-Newtonian turbulent flow. The model of Torrance and

Wilson and Thomas will however allow for roughness effects to be analysed.

There has been no work published which focusses on the evaluation of these analytical

models for rough wall non-Newtonian turbulent flow.

The second main objective of this thesis is to evaluate these analytical models against the

experimental data which has been accumulated.
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Chapter 3

Apparatus and Experimental Work

3.1 Introduction

The apparatus and methods used to gather data for determining the effect of pipe roughness

on non-Newtonian turbulent flow are presented in this chapter.

The BBTV was fitted with pipes of varying roughness. The roughness of the pipes was
artificially altered using a method similar to that of Nikuradse (1933). This enabled the
accumnulation of flow data in laminar and turbulent flow in pipes that are both hydraulically

smooth and rough. Both Newtonian and non-Newtorian fluids were tested.

The apparatus used for the tests was developed specifically with the following objectives

in mind:

. to measure the rheology accurately

. to test over as wide a range of flow rates and diameters as possible

. to test over as wide a range of slurries and slurry relative densities as possible

. to do test work using artificially roughened pipes

. to compare the test results to the classical work of Nikuradse in order to gain

confidence in the instrument and procedures

. to accumulate a data base to evaluate the effect of pipe roughness on non-
Newtonian turbulent flow

. to prove to industry an instrument that is a useful tool for te: . work when designing

a slurry pipeline system.

Fluids tested for this thesis range from Newtoman (water, glycerol) to non-Newtonian
slurries (CMC, Kaolin and tailings). Full details of all the fluids tested are presented in
Table 4.4 and Appendix A. Pipe diameters range from 5 mm to 46 mm nominal bore with
mean velocities ranging from 0.01 nv's to 24 m/s. An important aspect of the experiments
is that exactly the same slurry was used for each test set. A test set is a serious of tests using

different pipe diameters and surface roughness for the same slurry at the same relative
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density.

3.2 Apparatus/Description of the BBTV

The lack of a database for non-Newtonian fluids has initiated an enormous amount of
research (Slatter, 1994) and there is consensus that the viscous characteristics of a fluid

must play an important role in the flow behaviour.

The BBTV was originally developed by Hydrotransport Research at the University of Cape
Towt, South Africa in the 1980's (Lazarus & Sive, 1984, Lazarus & Slatter, 1986 and
Neill, 1988). Figure 3.1 shows a schematic diagram and Figure 3.2 shows a photograph of
the new BBTV, which has been built and refined at the Cape Technikon.

IE; £
/Pressure Vessels\ —

l‘/ Pressure Tappings ﬁ
2

Beam

T oad Cell /\

-

Knife Edge Fulcrum

Figure 3.1: Schematic Diagram of the BBTV.

The viscometer consisted of two 224 litre pressure vessels rated at 24 bar and mounted on
a steel I-beam 10 m long. The pressure vessels are manufactured from 500 mm diameter,
24 bar glass reinforced (GRP) pipes, with specially manufactured flanges at both ends. The
total height of each vessel is 1.14 m which includes a volume safety factor of 25 percent.

The wall thickness of the tank is 3 mm.
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On the top cover plate provision is made for a fill port, a vent with a silencer, a pressure
gauge and a 50 mm diameter galvanised steel pipe for compressed air supply. The bottomn
cover plate is provided with a drain valve for sampling and cleaning. Two outlets, 25mm
and 50 mm nominal bore galvanised steel pipes are provided to the test tubes. The cover
plates are bolted to the flanges using thirty-six bolts of 12 mm diameter. The bolts run the
length of the vessel and narrow face rubber gaskets are used for the seal and are 2 mm

thick.

The BBTYV is balanced on a knife edge as can be seen on Figure 3.1. The left-hand side of
the BBTV is fixed to a load cell and the right-hand side is cantilevered. The load cell
prevents the BBTV from moving and measures the mass transfer of the test fluid between
the two pressure vessels. The load cell output is logged at regular time intervals and the
average slurry velocity is obtained from the mass transfer rate. The pressure drop across a
known length of the tube is measured using a difterential pressure transducer. A test
comprises a series of “runs” where a run is defined as the collection of a set of mass, time
and pressure readings. This data is processed and a run will yield a single co-ordinate of
{V;ap}. Test section entry lengths can be changed to detect undeveloped flow or time
dependency. The BBTV is supported at each side with side bracing to prevent the
instrument from falling over. The side bracing is fixed to the BBTV with hinges in such a

way that it does not interfere with the load cell reading.

The two pressure vessels are connected with four clear reinforced PVC pipes of nominal
diameters 53 mm, 13 mm, 28 mm, 46 mm respectively. Baker et a/ (1979) recommends that
at least two diameter test pipes should be used to ensure that time dependancy and wall
shear stress anomalies can be detected. The tubes are transparent to allow the operator to

observe the change in flow patterns from laminar to turbulent flow or settling in the pipe.
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Figure 3.2: Photograph of the BBTV.

Rough pipes were made to fit between the unions at either side of the BBTV. Only rough
pipes of nominal diameters of 28 mm and 46 mm were made. The 5 mm and 13 mm pipes
were too small to be able to make rough pipes. A table of all the pipe details is presented
in Chapter 4 and Appendix A. The precise diameters of the various pipes were determined
by filling the pipes up with water and weighing them. This precision is required since a
rheogram point inherently contains the fourth power of the diameter. All the pipes on the
BBTV are isolated by valves on either end of the pipe. To seclect a pipe for test work
requires only the opening of the right “set” of valves. Air pressure is provided by the air
compressor seen in Figure 3.2. The air compressor is connected to the pressure vessels by
a 50mm galvanised steel pipe. The valves on the 50mm steel pipe are connected in such a
way that the one half of the SOmm steel pipe could be used to pressurise the one vessel and

the other end could be used to act as a vent to atmosphere for the receiving vessel
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The flow rate of the fluid in the selected tube is measured directly from first principles by
weighing the fluid transported through the tube over a given time interval. This has two
advantages. Firstly, the problems and errors inherent in the calibration and use of a
secondary transducer such as a magnetic flux flow meter is eliminated (Heywood er al,
1993) and secondly, theoretically there is no quantitative limitation on the flow that can be

measured.

The BBTV has a set of pressure tappings on each pipe for determining the head loss or wall
friction loss during a test run. The pressure tapping is situated at least 50 diameters away
from any up stream disturbances and 20 diameters from any down stream disturbances
(Govier & Aziz, 1972 and Hanks, 1981). This avoids the effects of entrance losses, exit
losses and hydraulic grade line curvature due to developing flow. The hydraulic effective
length is thus equal to the physical distance between the tappings (L). The pressure
tappings are connected to solids collection pods filled with water. These pods collect any
air or solids that end up in the pressure tappings during a test run. The solids collecting
pods are connected on the one side to a pressure tapping and on the other side to a
differential pressure transducer cell (DPT cell). An in line flushing/bleeding facility is
connected to the pods and DPT cells to tlush the line from any air or solids collected by the
solids collecting pods. The DPT cell is also connected to a water over mercury manometer

board for calibration purposes.

The primary output from the viscometer consists of successive voltage readings
representing load cell input (power supply voltage), load cell output and DPT output. These
are converted into volumetric flow rate and differential pressure for analysis. The operator
has the facility to manually reject the non-steady state flow readings taken during

acceleration. These are distinguishable as nonlinear differential pressures.

The viscometer is capable of rheological characterising fluids such as water and slurries
(Slatter 1986, Lazarus and Sive 1985). The viscometer is also a miniature pipeline and is
capable of collecting turbulent flow data and indicating the laminar-turbulent flow

transition (Slatter 1986).
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3.3 Instrumentation

3.3.1 Flow Measurement

A load cell is used to determine the slurry mass distribution between the two vessels. A
typical flow measurement consists of 20 (minimum) to 60 (maximum) readings of mass

versus time.

A least square linear regression on this data yields the mass flow rate (dm/dt). Q,, and V,

can be calculated from (dm/dt) as follows;

dm

Qu=gr
dr 3.1)

Pm

and
d
V, = “Ql‘: RETRE
A ! (3.2)
PnA

The load cell can operate in both tension and compression and has a resolution of IN and

arange of = 5500N (combined error of 0.03%).

Four strain gauges are bonded in the positions of maximum strain. The strain gauges are

connected in a Wheatstone Bridge.

A Voltage regulator power supply is used for the input voltages and is set at a norminal 12V.
The output voltage of the bridge varies linearly with applied force and is proportional to
the input voltage. The output voltage is divided by the input voltage, giving a non-
dimensional load cell reading (V/V) which is independent of input voltage and temperature

fluctuations.
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3.3.2 Differential Pressure Measurement

A Gould PDH 3000 series differential pressure transducer (DPT) is used. The DPT has an
accuracy of 0.25% and a maximum range of 30 Psi (210 kPa} and is connected to a 24V
power supply. The output is 4-20 mA and is linear with the pressure differential across the
two halves of the cell. The current output is converted to a 40 - 200 mV output over a 10

Q series resistor.
The range and the span on the DPT are manually adjustable.
3.3.3 Computer Hardware
The computer hardware used for high speed data acquisitioning and processing consists of;
1. An HP-87C computer with;
(1) an HP82901M double flexible disc drive

(il)  a HP3421A data acquisition unit (analogue to a digital converter).

The HP-87C is a 128k RAM basic computer with I/O and Advanced Programming ROM’s

and an interface loop (IL) peripheral.

The data acquisition unit (DAU) is equipped with a 10-channel multiplexer and is used as

a software controlled digital voltmeter to read various analogue input channels.

The computer is connected to the data acquisition unit by an interface loop and to the other

three peripheral devices by an interface bus.

3.3.4 Pressure Tappings

The BBTV measures mass transfer rates from a load cell and differential pressure from a

DPT. The accuracy of the DPT depends mainly on two factors;

l. The DPT calibration

2, The geometry of the pressure tappings
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The calibration of the DPT is straight forward because the operator has direct control of the
calibration and is able to accept or reject the calibration even before testing has started. The

calibration procedure is discussed in Section 3.11.

Figure 3.3 shows a typical pressure tapping. The only way to find out that the pressure
tappings were made properly is to do a clear water test. Provided that the DPT cell and load
cell calibrations are good, any gross errors in the clear water test analysis will be due to

poor pressure tappings.

— PuC SCLVENT WELDED (TYP)

Figure 3.3: Typical Pressure Tapping.

The author found that a 40mm diameter solid PVC rod is of adequate size for making most
pressure tappings. A pressure tapping in the pipe wall is normally made at 45° from the
horizontal. The length to diameter ratios of the hole drilled in the pressure tapping is very
Important, The tappings must have length to diameter ratios greater tnan four to ensure

accurate readings (Hanks, 1981). The diameter of the tappings should not be too large, and
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generally 3 mm to S mm diameter holes are used. Great care must be taken to remove any
burrs from the inside edge of each tapping. The hole must be drilled at low speed with a
new steel drill bit to ensure that the hole is evenly cut on the inside. Drilling at high speed
causes burrs on the inside of the pressure tapping. It is important to glue the tapping onto
the pipe and only when the glue is dry to drill the hole in the pressure tapping. Tappings
cut in-siti using grinders or cutting torches are not acceptable and can lead to large pressure

measurement errors.
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Figure 3.4: Typical Solid Collection Pod.

Each tapping is fed through a valve to an isolating pod which collects any solids that may

enter the pressure tapping. Each pod has a valve at the top and the boitorn., The top valve
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is for flushing away the air and the bottom valve is for flushing away the solids collected
in the pods. Clear water lines connect the pods to the manometer and differential pressure

transducer. Figure 3.4 shows a typical design of a solid collection pod.

3.3.4.1 End effects

One of the greatest advantages of the BBTV is that end effects are quickly detected because
of the method used for testing. The BBTV is constructed in such a way that every second
data point is taken from the fluid flowing in the oppostte direction in the pipe. For instance
the first data point would be taken pumping from the left-hand vessel to the right-hand
vessel. The second data point would then be taken the other way around. Because of this
way of testing an end effect would be picked up within the first few test runs. Figure 3.5
shows how a typical end effect would look taken from real data from the BBTV. This test
data is taken from clear water tests done on the BBTV in the Smm pipeline. It is important
to note that an end effect in a pipeline 1s not always given by scattered data but could be

found from actual test data as shown in Figure 3.5 which shows two definite patterns.
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Figure 3.5: Typical End Effects Caused by Bad Tappings.
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3.4 Analvsis Techniques

Govier & Aziz, (1972) recommends that tube viscometer data be transformed using the
Rabinowitch-Mooney relationship. This method has been found to have practical problems
(Lazarus & Slatter, 1988). The technique used to fit the laminar pipe flow equation directly
to the tube data (Lazarus & Slatter, 1986 and Neill, 1988) using least squares regression

analysis will be used in this study.

3.5 Rough Pipes

One of the most difficult problems of constructing the test apparatus was to produce the
rough pipes. The criteria were well defined, and the length of the pipes (5m) as well as the
internal diameters of the pipes (46 mm and 28 mm) made it difficult. Various samples were
made and compared with each other in order to find the best artificially made rough pipes
able to maintain a uniform roughness throughout the pipe wall. The author found that a

mixture of PVC glue and acetone was the best solution to glue the sand to the inside of the

pipes.

Sand was sieved out in two different grades. Two sieves of 300pum and 600um were used
to sieve out the sand grains of the roughest pipes. The sand grains captured between these
two sieves were used to make the rough pipes. The same procedure was used for the 250pum
and 150um sieves. In both cases two rough pipes were made of nominal diameters of 50

and 28mm.

A slurry of PVC glue, acetone and sand were made up and poured through the pipe. The
pipe was then systematicully rolled to ensure that the slurry evenly covered the whole
surface of the pipe. The pipe was then stood vertically and all excess slurry was poured off.
Air from the compressor was then used to blow through the pipe to ensure that the pipe
dried quickly. During the drying process the pipe was rolled horizontally every 10 minutes
for the first hour to ensure that the slurry mixture would not accumulate at the bottom of
the pipe. These procedures were repeated for all the rough pipes with the different grading

of sand.

After the pipes had sufficiently dried, the tappings were put on 50 diameters from any
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disturbance in the pipeline. The diameter of the pipes was determined by using water and

weighing the pipes.

Clear water tests were done on the various pipes to determine the hydraulic roughness of
the test pipes. All the rough pipe details are listed in Table 4.2 of Chapter 4 and the clear

water tests presented in Appendix A.

3.6 The BBTY Manometer and DPT Circuit

The fluid circuit diagram of the BBTYV DPT and manometer board is shown in Appendix
D. For a test run the pods are connected to the pressure tappings. The circuit is used to flush
air and solids from all lines and to set up a differential mercury/water head for calibration
of the DPT. The high pressure water supply is passed through an air trap to clear the water

from any air while bleeding the lines.

The following operations are performed from the manometer board;

. Air and solids are flushed from all tubes and pods and through the DPT.

. A variable differential of water over mercury head is set up in, and read off, the

manometer tubes for calibration purposes.

. The DPT 1s connected to the pressure tapping for data logging.

. The water over mercury manometer tube head is visible during testing to provide
a visual confirmation of head loss measurements in the 5 mm and 13 mm diameter
tubes. Time constraints for a run in the 28 mm and 46 mm pipes make it very

difficult to apply this method for these pipes.

3.7 Operating Procedure

Instrumentation used and the operational procedure for performing a test run are discussed

in this section.
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3.7.1 Data Acquisition and Processing Technigues

Data from the BBTV are collected electronically via a Data Acquisition System. The data
are then processed to give the final measured variables of average velocity and differential

pressure over a known length of pipe.

3.7.2 Data Acquisition System

The data acquisition system consists of a computer, data acquisition unit (DAU) and
transducers as shown in Appendix D. The DAU measures the flow rate via the load cell and
the differential pressure via the differential pressure transducer. Thus, the primary output
from the viscometer consists of successive voltage readings representing load cell output
and DPT output. These outputs are logged at regular time intervals. These time intervals

could be changed to suit the needs of the operator.

3.7.3 Processing Techniques

The load cell is used to determine the slurry mass distribution between the two vessels. A
typical flow measurement consists of a number of readings of mass versus time. The slope
of a least square linear regression on these data yields the mass flow rate. The volumetric

flow rate and velocity can be calculated from the mass flow rate.

The differential pressure transducer output is logged each time the load cell output is
logged. The average of the pressure differences computed from these readings is taken as

the pressure difference across a known pipe length.

3.8 Measured Variables and Calibration

The measurement of force (mass) and differential pressure is done using transducers. The
load cell and DPT give a 4 to 20 mA output. The DAU converts this signal to a voltage
reading. The load cell are calibrated using different known weights. For each weight
applied the DAU will display a different voltage reading. The response from the transducer
is a linear relationship. The load cell a DPT is each calibrated using the voltage reading

output. A calibration procedure 1s required to establish the functional relationship between
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transducer signal and measured quantity.

3.9 Linear Regression

The response from the transducers used for the experimental work was linear. The linear
relationship arises from the difference in voltage output from the DAU and the difference

in pressure or force (load) applied to the transducers.

Calibration equations derived from least square’s linear regression are used to process
transducer readings (Spiegel, 1972). The correlation coefficient, r, provides an objective
measure of how well the line represents the data (op cit). A value of r =1 implies a perfect

fit. Calibrations done on the BBTV were accepted for r values in the range 0.9999 <r < 1.

In general the fit is not perfect and at each point there remains a small but finite difference
or residual error. The highest residual error from a calibration provides a measure of the

maximum absolute error involved in the use of the transducer under test conditions.

The least square’s regression line of a set of N physically observed measurements, Y on the

corresponding set of N transducer readings X is (Spiegel, 1972);

Y=mX+c (3.3)
where
CNIXY - (ZX)(EY)
CONZ(XY)- (2X)? (3.4)
and

L IYI(XP)- IXI(XY)
S ONI(XH)- (EYY
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The regression coefficient, r, is calculated from;

NIXY - (EX)ZY)

r= 5 - - = (3.6)
JINZ(X?) - (EX)°JINZ(Y?) - (£Y)']
The residual error E ,, is defined by;
Eres = Yobs - (mXT C)I (3.7)

3.10 Load Cell

The load cell on the BBTV is calibrated by applying an external force on the instrument
using standard weights (Slatter, 1986). The load cell is used to calculate the mean mixture
flow rate (Q,,). Calculations are derived from first principals. During a test run a graph is

plotted of the difference in mass versus time.

The equations to determine the mean velocity V ; 1s as follows;

dM / dt
m = (3.8)
Pm
where;
Q.
V_=— 39
sy (3.9)

This is the most accurate way of determining the mean mixture flow rate (Q_) and are
derived from first principles. Figures 3.7 displays typical calibration results for the load

cell.
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Figure 3.6: Load Cell Calibration Data and Linear Regression Analysis.

The following steps are followed to calibrate the load cell;

1. Check the load cell output from the DAU. The voltage reading should be constant
and should only change when an external load is applied on either side of the
BBTV. If the voltage reading is zero, a weight on the left-hand side of the BBTV
should display a positive reading and a load on the right-hand side a negative

reading.
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2.

Start the programme for load cell calibrations. It is important to thoroughly inspect
the instrument to check that there is no other equipment that could interfere with the
calibration. It is also preferred that the instrument is empty when a calibration on

the load cell 15 dore.

Always start with no load placed on the BBTV and take a reading. This would be
the first data point.

Take the first standard weight and place it on the left-hand vessel where the
centroid is marked out. Put the value of the weight into the programme and take a
reading. This would be the second data point. The voltage reading should display

a positive reading.

Repeat step four on the right-hand vessel after removing the first weight from the

left-hand vessel and vice versa for each data point.

A standard number of nine readings are required to do a proper calibration. After

the calibration procedure is finished, remove all the weights from the instrument.

The programme will take ten readings for each applied force, and do a least square linear

regression which yields the calibration equation:

where;

(Applied load) = mX(Transducer output) +c , (3.10)

m = gradient of the calibration line

¢ = ordinate intercept of the calibration line.

The load cell calibration procedure can be performed again at any time during a test series.

Tips on the load cell calibration;

l.

At least one day before the calibration takes place the load cell must be taken off

the BBTV to release it from internal strain.
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2. When the load cell is put back on the BBTV check the voltage reading from the
DAU. Turn the screw that attach the load cell to the BBTV up or down until the
Voltage reading from the DAU displays = zero. In this way the BBTV is balanced
against the load cell to dispiay a 0-Voltage reading at 0 mass differential between

the two pressure vessels.

3. When calibration procedures are in progress, close all windows in the laboratory as

any draught may influence the output readings of the load cell,

4. After a load has been placed on the BBTV allow sufficient time for the load cell to

absorb the weight oefore a data point is taken.

5. Putting the weight precisely on the centroid of the vessel is of critical importance

for obvious reasons.

6. After the load cell has been calibrated, no tampering of the load cell is allowed as
it may influence the readings and the calibration of the load cell. (Eg. adjusting the

screws on the load cell after the calibration).

7. After the load cell has been calibrated, the power supply to the load cell must stay
on at all times. Once the power supply has been switched off the load cell needs to

be calibrated again.

8. The range of weights used to calibrate the load cell must cover the hole range of the
minimum to the maximum weight initiated on the load cell at any time. Eg. The
maximum density of the slurry tested will probably be 2000 kg/m’. The volume of
the vessel =224 litres. The maximum weight placed on the load cell = 448kg. The
range of weights used for the calibration must range from zero to 450kg (also make

sure that the maximum weight is within the range of the load cell).

3.11 Differential Pressure Transducers (DPT)

The differential pressure transducer is used to measure the head loss in a given length of
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pipe using the pressure tappings. It is important to calibrate over the full range of the DPT.
The span of the DPT must also accommodate the highest pressures achieved in the 5 mm
pipe and the lowest pressures achieved in the 46 mm pipe for the hole range of velocities.
This is not always possible depending on the density of the slurry tested. Sometimes the

range needs to be adjusted during a test series which results in recalibration of the DPT.

It would be preferable to have two DPT’s, one for operating at high range and one for
operating at low range. When operated at high range the low range DPT could be isclated
on the manometer board and when operating af low range the high range DPT could be
isolated on the manometer board. Figure 3.8 shows typical calibrations results and linear

regression analysis from the DPT.
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Std Err of Y Est 120.6705
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Degrees of Freedom 8

X Coefficient(s) 25761.3562
Std Err of Coef. 70.0623

Figure 3.8: DPT Calibration Data and Regression Analysis.
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The following procedure is used to calibrate the differential pressure transducer (DPT) on

the BBTV;

l. Air and solids are tlushed from all the lines.

2. Isolate the DPT and close the valves on the tappings. Put the manometer board
under pressure by opening the high pressure water supply. Check all the pipes for

any leakages and repair if necessary before any calibration takes place.

3. Release the pressure in the line and open both sides of the DPT to vent to
atmosphere. Check if the DP cell output is 4 mA (zero pressure). If the DP cell
output is not 4 mA the zero span must be changed until the output of the DPT is
reading 4 mA.

4, Close the high pressure discharge side of the DPT. Set up a differential head in the
glass water/mercury manometer board equal to the maximum pressure differential
needed for the tests. Check the DPT output. If the reading is not 20 mA the range
of the span must be changed until the output of the DPT is 20 mA. Make sure that
the low pressure side of the DPT is open the atmospheric pressure and only the high

pressure side of the DPT is open to the manometer board.

5. Calibrations can start by entering the appropriate prograrmme for calibrating the
DPT. Start calibrating by applying the maximum pressure differential first and
working to zero differential pressure for the last reading. A minimum of 10 readings

is needed for a proper calibration.

6. At each pressure differential sufficient time must be allowed for the DPT to give

a constant output.

7. The head differential is physically measured with a tape measure and the DPT

output is logged at the same time.

8. The differential head is changed and the process repeated. Always try to end the last

reading with zero differential pressure.
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The pressure difference on the water/mercury manometer board is given by;

Ap= (5, - S, )p.gH. (3.11}

The calibration equation is obtained by performing a linear regression on the pressure

difference and transducer Voltage output.

3.12 Measured Variables

Physical properties of the slurry were measured and will be discussed in this section.

3.12.1 Slurry Relative Density

The relative density of the slurry (mixture) is the ratio of the mass of the mixture to the
mass of an equivalent volume of fluid (water). The relative density of the slurry is related

to the volumetric concentration as follows;

Sm =3, +C.(5,-8,) (3.12)

Determining the slurry relative density is a very important variable. It is used to determine
the mixture velocity V, from the mass transfer rate and needles to say it must be done very

accurately.

In homogeneous non-Newtonian slurries the density and concentration are assumed to be
uniform. Density (p) and relative density of the mixture (S_ ) are determined by performing

the following steps;
L. A clean, dry one litre volumetric flask is weighed to the nearest 0.01g (M,).
2. A slurry sample was taken in the volumetric flask at the sampling point in the pipe

line while pumping from the one vessel to the other. The volume of the slurry taken

is approximately 950 ml.
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3. The flask plus slurry is weighed (M,).

4, The flask is filled with water up to the graduated mark and weighed (M,).

5. The flask is emptied, filled with clear water and weighed again (M,).

The mixture relative density S, is defined as;

o
g

§_ ==& (3.13)
Pw
which can be restated as;
S - mass of slurry sample ~ M, - M, (3.14)
™ mass of equal volume of water M, -M)-(M,-M)) ’
P,, is calculated from;
P =SuPu- (3.15)

3.12.2 Solids Relative Density

The relative density of the solids (S ) is determined using test method 6B for fine-grained

soils trom BS 1377 (1973).

3.12.3 Volumetric Concentration

The volumetric concentration is the ratio of the volume of solids to the total volume of the

mixrure;
8. -S,)
¥ = (S —Sw) . (316)
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3.12.4 Internal Pipe Diameter

The internal pipe diameter (D) is determined by measuring the mass of water (M, ) required

to fill a known length of pipe (L). The diameter is calculated from;

4M
L 3.17
b np,L G-17)

3.12.5 Slurry Temperature

The temperature of the slurry is measured by dipping a mercury thermometer into the slurry
through the filling valve on top of the left-hand vessel of the BBTV. The BBTV is unique
in the sense that even after extensive tests the temperature of the slurry does not change
significantly. The reason for this is that there is no in line devices (pump etc.) that can
cause the temperature to rise during testing. Only pipe friction causes a slight increase in

temperature during testing.

In the case of a pipe loop with an in-line pump, the energy input by the pump causes the
slurry temperature to rise significantly. The prime mover on the BBTV is compressed air
from a compressor. The pressure vessels are pressurised and the slurry is forced through
the pipe from one vessel to the other. The BBTV is also built inside an air-conditioned
laboratory. The temperature of the slurry is mainly affected by the external room
temperature which is usually 25 °C. The temperature during a whole test series on the
BBTV would thus be limited to a temperature variation of = 2 °C. In all the tests presented

in this thesis no significant flow behaviour variance was found due to temperature effects.

3.12.6 Particle Size Distributions

For fluids like water, CMC and Glycerol no particle size distributions were done as these
fluids are single phase liquids and the material dissolves completely in water. In the case
of kaolin and the tailings slurry, the particle size distributiens were done and are presented
in Figure 3.8 and 3.9.
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Figure 3.8: Particle Size Distribution for Kaolin.
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Figure 3.9: Particle Size Distribution for Tailings.

The particle size distributions were determined using a Malvern 2600/3600 Particle Sizer

The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert



Chapter 3: Apparatus and Experimental Work 3.25

VF.6. The calibration of the instrument was confirmed using standard calibration particles.

It should be noted that the particle size distributions produced by the Malvern instrument
do not necessarily agree with those obtained by other methods. Any comparison of particle
size distributions using different measuring techniques should therefore be undertaken with

caution.

3.13 Derived Variables

The following variables are derived from the measured variables and will be discussed in

this section.

3.13.1 Average Slurry Velocity

As stated before the average slurry velocity is derived from the mass distribution vs time
graphs produced by the load cell. The formula is derived from first principals and is the

most accurate way of determining the average slurry velocity.

The average or mean slurry velocity (V) is defined as the volumetric flow rate (Q,)

divided by the cross sectional area (A) of the pipe and is calculated from;

V_ =

m

Q 4Q  4M
" (3.18)

T aD®  ap tD?

where;
M = mass of slurry derived from the load cell
p,, = mixture density

t = time 1n seconds

3.13.2 Wall Shear Stress

The wall shear stress (t,) is determined from the water/mercury manometer head difference

(aH) over a known length of pipe (L), ie, the test section, as follows;
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DAp
TU - 4L . (3.19)
where;
Ap= pngH(SHg - Sw) (3.20)

The head loss in meter of water per meter of pipe length can be derived from;

gAH
Ap = pr . 321

3.13 .3 Pipe Wall Rouchness

The hydraulic pipe roughness (k) of the smooth pipes is determined from tests using clear
water in each pipe size. Mean velocity and wall shear stress are measured for velocities
over the full test range and roughness is determined using the Colebrook White equation
(Colebrook and White, 1939). For partially rough wall turbulent flow the friction factor can

be calculated from:;

—= = —4log

1
~

126 } 622
37D " Re+f 22)

ol

and k is calculated from;

126 }
(3.23)

[
= 37D) 100+ - =2
K L Re\/?

This procedure establishes the Colebrook White equation as the standard for calculating
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smooth pipe roughness.

For the rough pipes the equation of Nikuradse (1933) was used to determine the pipe
roughness for fully developed rough wall turbulent flow and the friction factor calculation

changes to;

3'7[)} (3.24)

1
L - atog]
JE TR

The pipe roughness is calculated using equation 3.23.

3.14 Instrument Measur:ment Errors

Whenever scientific experimental work is done, it is important to quantify the magnitude
of the errors associated with the measured data and computed results. The expected error
for a particular measurement can be determined if the functional relationship which defines

the measurements is known. These errors are presented below.

3.14.1 Differential Pressure Transducer (DPT)

The error in the measurement of head using the DPT was taken as the largest residual error

from the calibrations, which was | mm of mercury/water head.

3.14.2 Density and Relative Density Measurements

A standard of three relative density measurements was taken on each slurry tested. If the
difference on the three measurements varied by more than 1%, the procedure was repeated.

In general the density difference did not vary by more than 0.5%.

The errors in the individual measurements of relative density using a mass balance that read
to the closest 0.001 g were extremely small and were not taken as representative of the true

errors involved in this measurement.
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3.14.3 Slurrv Temperature

The error in the measurement of slurry temperature using the mercury thermometer was

less than 0.5 °C.

3.14.4 Force Measurements

The maximum combined error to be expected from the load cell output was given in the

spectfications as 0.03%.

3.15 Linear Reoression Analvsis

The calibration equation for the various transducers is derived from a linear regression

analysis.
The linear regression method (Lipson and Shetch, 1973) of least squares is employed. The
sum of the squares of the deviations (g) is minimised in the y-direction. This is done since
the random variation exists in the y values while the x values are held constant.
The resulting equation is;

y=mX+c+e¢ (3.25)

where ¢ is the measure of deviation of the data points in the y-direction.

3.16 Correlation Analvsis

The correlation coefficient (1) is defined as the quantitative measure of association between

two variables x and y, where;

r = |, perfect correlation

r =0, no correlation
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and;

Iained variali
- \/ explaine \farlla ion (3.26)
total variation
In terms of variables;
r= (3.27)
where;
y - actual measurement
¥ - mean value of y
Y. - correlation estimates of y
Expanding;
_ nz Xy - Z xz y
N E (3.28)

(oS (X iy - )]

The value of r is significant in r” of the total variation in y and can be accounted for by the
least square line, and (1 - ) is unaccountable. Therefore, physical (explained) variation is
r* while random (unexplained) variation is (1 - ).

This error analysis has been used to quantify the following errors.

3.17 Combined Errors

When a quantity involves more than one independent measurement, then the errors will
combine in the following way. Errors are assumed to be randomly distributed following the

Gaussian distribution and can be quantified using the procedure recommended by
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Brinkworth (1968). The highest expected error can be determined using a root mean square

approach.

In general for a given quantity X which is a function of several variables (measurements)

the quantity X is a function of n other quantities ie,

X=®(a,b,c,eeiiinnnnn.... n) (3.29)

The error in X due to measurement n (i.e. (aX),) can be found by;

SX, _(5X) 00
X Gn/ X (3.30)
or expanding;

E_(BJEJEEE

X \én/ X n 33D

The maximum possible error in X is given by the sum of the errors of the n contributory

measured quantities;

SIS @

max
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The expected highest error is given by the square root of the sum of the squared values of

each term ensures that all contributions will be positive and can be expressed as;

S s

where;

X - overall result

aX - error in the overall result

n - quantity measured (e.g. flow, weight, etc.)

an - error in the quantity measured in units of measurement.
3.17.1 Errors in Measured Parameters

Fluctuations of the analogue outputs of the transducers occur in any measurement system.
The discrete readings of the data acquisition unit may be taken at an extreme analogue
fluctuation value. This could be accounted for by using statistical techniques. Systematic
errors will appear in the mean value of any measurement and statistical methods will not

disclose them. These errors are in the following form;

. Scale errors

. Static response

. Dynarnic response errors
. Interference

. Personnel error.

Clear water tests, in which experimental results and theoretical predictions can be
compared, were performed in each tube diameter to ensure that sysiematic errors were

minimised.

3.17.2 Pipe Diameter

The internal pipe diameter is determined by measuring the mass of water that fills a section
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of pipe of length L using the equation given by;

4M

) (3.34)
p,nl

The maximum error is given by;

>

(Qz_(l 2 }E(MW)Q(AMW}Z (—l 4MW = Lz(é_li)z
\D) 2 VmpoM L) A D/ UM, ) T 2y (D) L) @3

Possible errors which exist in the measurement of L and M, where;

L - length of pipe

M,, - mass of water contained in the pipe.

The highest expected errors in the pipe diameter for the BBTV are give in Table 3.1

Table 3.1: Highest expected error for pipe diameters on the BBTV.

Description Pipe Diameter Highest Highest Expected
D Expected Error | Measurement Error
[mm] in Diameter aD/D
[mm] [ %}
Smooth pipes 5.78 +0.1945 + 6.3646
Smooth pipes 13.12 +0.1620 + 1.2345
Smooth pipes 28.34 =0.1018 +0.3593
Smoaoth pipes 46.04 +0.0455 + 0.0989
28-2515 Rough 27.03 +0.3678 +0.7197
pipes
28-6030 Rough 27.18 =0.1950 =0.7174
pipes
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Description Pipe Diameter Highest Highest Expected
b Expected Error | Measurement Error
[mm] in Diameter aD/D
[mm] (%]
45-2515 Rough 44,73 +0.1174 +0.2626
pipes
45-6030 Rough 45.44 +0.1583 +0.3385
pipes

Notes;
I. Water temperature : 23 °C
2. Water density : 998 kg/m’
17.3 Error in Mean Velocity Measurements
Velocities between 0.01m/s and 22my/s are measured using the equation;

4

v -4
nD”
= 4M—m (3.36)
tp nD”
~2F
tp, 1D’g’

The mass distribution between the two vessels is measured using the load cell. The load cell

is calibrated using the equation given by;

F=miv/il+c. (3.37)
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The slope of the calibration curve is determined by a least square linear regression shown

in Figure 3.7. The slope is given by;

(3.38)

and the maximum error may be approximated as;

(2 J{_ (V/Fv)z (v;v)((zsvv//v\?]z+\/((T}7)£A—;)z. (3:39)

The largest error in the measurement of the dimension less load cell output is 0.03%. The
largest error in the measurement of applied force AF/F is 0.0274%. Therefore the maximum

error in slope Am/m is 0.057%.

‘The maximum error in F is given by;

R R e R

The maximum error in V,, calculated using the slope of the graph of mass versus time is

approximated by;

(3.41)
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The largest error in the measurement of time At/t is 0.10 %. The largest error in the

measurement of mixture density Ap,/p,, is 0.50 %. The maximum errors in velocity are

presented in Table 3.3,

Table 3.2: Maximum Expected Errors in Velocity.

Nominal Diameter Maximum Percentage Error
[mm] in Velocity
[%]
46 0.053
28 0.14
13 0.655
5 3.376

3.17.4 Differential Pressure Transducers

Shear stresses between 1 and 600 Pa 1s measured. This involves the measurement of

differential pressure between 1 and 250 kPa. The error in differential head is given by the

accuracy of the pressure transducers and the accuracy with which the calibration

manometers can be read.

The calibration curve for the DPT is given by;

p=mV+c

where;
p - differential head output

V - transducer output voltage.

(3.42)

The errors in the measurement of the differential pressure are calculated in the same way

as for the load cell. The accuracy of the DP cell is 0.250 %. The largest error in the

measurement of applied pressure is 0.070 %. The maximum error in the calibratior slope

am/m is calculated to be 0.320 %.
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The equation used to calculate the shear stress at the wall is given by;

_Dap
To= 4 (3.43)
The maximum error in 1, is given by;
a,  |[apDADY | D Apaap)® |(-Dap L aL)’
— = ZE-—_D_ + Z‘"‘__"'_ ' YR (3.44)
T, T, T, Ap 47 =, L

The largest error in the measurement of the length between pressure tappings AL/L is
0.200 %. The maximum errors in shear stress are presented in Table 3.3. and the highest

expected error at different shear stresses are presented in Figure 3.10.

10

0.1

Error (%)

0.01

4.001

0 20 40 &0 80 100120 140 16C 180 200 220 240 260 280 300 320 340 360 380 400
Wall Shear Stress (Pa)

50-46 mm NB —=— 32-28mm NB —e— 16-13mm NB —=— 8-5mm NB

Figure 3.10: The Highest Expected Error Calculated Using the DPT at Different Shear

Stresses.

The effect of pipe raughness on non-Newtonian turbulent flow F.P. Van Sittert



Chapter 3: Apparatus and Experimental Work

3.37

Table 3.3: Maximum Expected Error in Shear Stress.

Nominal Diameter

Maximum Percentage Error in

{mm] Shear Stress
[Pa]
46 3.728
28 4.184
13 2.641
5 4.305

The maximum error in the above experimental measurements is within acceptable limits.

3.17.5 Pipe Roughness

The pipe roughness was determined using clear water tests over the full velocity range. The

errors are summarised in Table 3.4.

Table 3.4: Errors in Pipe Roughness Using Clear Water Tests.

Pipe Diameter Roughness | Standard Average Maximum
description deviation error error
(mm] [pm] [%o] [Vo] (%]

Smooth 5.78 1.4 2.198 2.588 7.674

Smooth 13.12 0.81 3.87 5.962 10.126

Smooth 28.34 5.59 1.169 1.851 3.863

Smooth 46.04 1.04 2.558 3.741 9.218

28 2515 27.03 136 1.277 4.294 6.608
Rough pipe

28 6030 27.18 266.4 2.607 4.904 8.14
Rough pipe

46 2515 44.73 48.3 1.545 3314 5977
Rough pipe

46_6030 45.44 656 2237 2.892 7.918
Rough pipe
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3.18 Experimental Procedure

The experimental procedures pertaining to tests on the BBTV are presented in this section.

3.18.1 The BBTV

The following procedure is followed to run a test on the BBTV.

I. One day before testing is started, all the instrumentation is switched on to warm up.

2. All the piping connected to the BBTV is pressurised by the main water supply. The
system is left for half an hour and then all the pipes are systematically checked for
leaks. The valves on the manometer board are also isolated individually and

pressurised to check for any leakages through the valves.

3. Flush all the lines connecting the manometer board to the pressure tappings and
DPT to make sure no air is present in these lines. Close the lines at the isolating

valves after flushing to make sure no air is introduced during the preparation period.

4. Make sure that both vessels are completely empty before attaching the load cell to
the BBTV. Calibrate both the load cell and DPT as described in sections 3.10 and
3.11.

5. Fill ofily the left-hand vessel completely full of slurry and make sure the right-hand
vessel is completely empty. Pump the siurry from one vessel to the other for at least
20 minutes to ensure good mixing. The 28mm pipe is used for the mixing process
at velocities greater than 6 m/s. This procedure was found to be the optimum for
mixing and is a combination of time used to pump from one vessel to the other and
the velocity of the slurry introduced in the receiving tank that helps with the mixing

proses within the vessel.

6. After the mixing process the slurry 1s pumped from the one vessel to the other in
the 28 mm pipe at a velocity of approximately 2m/s. While the fluid flows from the

one vessel to the other, a sample 1s taken from the sampling point in the line, This
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10.

1.

12.

13.

14.

Tips;

procedure is repeated three times to have a total of three samples for relative density

measurements.

Determine the relative density and slurry temperature before tests are started and
enter the variables into the computer programme set up for testing. The relative

density and temperature should be checked frequently during the test period.

Make sure all the test tube valves on the BBTV are closed. Set the appropriate

pressire to be tested and pressurise the vessel containing the slurry.

Select the pipe to be tested and open the valve on the receiving side. Make sure the

air vent on the receiving vessel is also open. All the other valves must be closed.

Open the isolating valves on the pressure tappings and make sure the cross over

section on the manometer board is set correctly depending on the direction of flow.

Open the valve on the high pressure side of the pipe slowly to make sure that the
pipe is filted with slurry. Open the valve fully to reach stable flow. Wait for a few
moments to reach stable flow before data logging is started on the computer. The

dara logger will collect readings from the load cell and DPT at specified time

intervals.

At the end of the run, the valve is slowly closed, avoiding water hammer. This is

very important because water hammer can be severe on the BBTV.

Choose the correct data logging points on the computer and plot the data point.

All these previous steps are taken to get one data point. Repeat the procedure from

point 8 10 get the next data point.

When testing always try to start from the middle velocity range £ 5 m’s. Test to the

top velocity range and then test the low velocity ranges.
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. When starting a run always fill the pipe with slurry first (by opening the valve
slowly and letting the pipe fill with slurry) before completely opening the valve to
reach stable flow. This will minimise the amount of air introduced into the solids

collecting pod and minimise the times the pods need to be flushed during a test

series.

. To test laminar flow select an adequate pressure to pressurise the vessel, usually
Ibar. The flow rate is then controlled by opening and closing the pinch valves and

keeping the pressure constant at {bar.

v One run produces a data point (V; ap). The run is repeated until sufficient data

points have been acquired (normally 40 data points).

3.19 Material/Fluids Tested

The following fluids were tested in the BBTV. Appendix A contains a table of all the fluid

properties.

3.19.1 Water

Ordinary tap water was used for all the clear water tests. The temperature of the water was

measured carefully because it affects the viscosity and the density of the fluid.

3.19.2 CMC {Carbonvl Metbv] Cellulose)

CMC (used in wall paper glue) originally is in a powder form. The BBTV was filled three
quarters with tap water and then the CMC was added. CMC was added to water to the
desired concentration and then air was bubbled through the mixture to speed up the mixing
process. This mixing process would continue for at least a day before any testing would
commence. CMC dissolves naturally in water and even after the mixture was left for days
no settling occurred. Before testing started the mixture is pumped around for at least 15
minutes. Relative density measuremenis were taken before testing commenced.

Temperature measurements were taken regularly throughout testing.
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3.19.3 Glycerol

Glycerol naturally comes in liquid form. 100 % Glycerol was mixed up with tap water to
achieve different relative densities. The same mixing process was used for Glycerol as for

CMC.

3.19.4 Kaolin

Kaolin slurry was prepared from dry kaolin pellets. The mixture was prepared by mixing
kaolin pellets and tap water in a concrete mixer to the desired concentration before the
mixture were poured into the BBTV. Kaolin settles out over time and very good mixing

must occur before a test is conducted.

3.19.5 Tailings

The mine tailings were received in slurry form. The slurry was poured into the BBTV and
diluted to the desired concentration. The tailings also settle out with time and the same

mixing procedure occurs as for kaolin slurry.

3.20 Results and Discussion

The results are presented in Chapter 4 and Appendix A. Each pipe test is presented by

plotting the data on various graphs.

3.20.1 Pressure Gradient Tests

Test data from the BBTV can be grouped into test sets. A test set can be defined as a group
of tests (different diameter pipes) that were performed on the same slurry (same relative
density). A pseudo shear diagram of each test set is plotted which displays the wall shear
stress (DaP/4L) on the y - axis and the pseudo-shear rate (§V/D) on the X - axis. A typical

pseudo-shear diagram is shown in Figure 3.11.
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Figure 3.11: Typical Pseudo Shear Diagram of Kaolin Slurry, 5% by Volume.

The diagram shows graphically the change in behaviour between the laminar and turbulent
regimes. The locus of the viscous data in the laminar region is coincident for the different
tube diameters and the rheological constants (1,, K and n) can be determined from the data

in the laminar region (rheological characterisation).

The change from laminar to turbulent flow is visible by observation of the slurry particles
in the transparent tubes during testing. In laminar flow the slurry particles move gradually
along the pipeline in the direction of flow. In turbulent flow the slurry particles move in all

directions although the net flow of the particle would still be in the direction of flow.

The change from laminar to turbulent flow can also be seen by connecting the manometer
board to the pressure tappings. In laminar flow the differential head displayed by the
manometer would be stable with very little vanation. In turbulent flow the head produced
by the flow would vary much more and would not be as stable as produced by laminar

flow. The differential pressure transducer cutput also shows significantly more variation
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in the transition region during a test. This evidence supports the notion that true turbulence
1s indeed occurring. The critical point at which turbulence begins for each pipe size can be
clearly seen on the pseudo-shear diagram. The bigger the pipe the earlier the transition from
laminar to turbulent flow occurs. The critical velocity occurs at the intersection where the

flow changes from laminar to turbulent.

3.20.2 The Influence of Diameter

Figure 3.11 shows that pipe diameter has no influence on the wall shear stress at a given
pseudo-shear rate in the laminar regime for the same concentration. This is an indication
that the slurry is time independent and that the slurry properties have not changed during
a test series. With very high concentration slurries only laminar flow was achieved in the

smaller pipes.

As mentioned before the laminar/turbulent critical point occurs at lower pseudo-shear rates
for larger pipes than for smaller diameter pipes (Bowen, 1961). Roughness has no effect

on the transition or critical point and is only governed by the pipe diameter.

3.20.3 The Influence of Concentration

The influence of concentration on pipe flow behaviour can be seen in Figure 3.12. Only the
data sets of the two roughest pipes the R45_6030 and the R28 6030 are presented. This
figure shows that for a given pipe diameter the increase in relative density would cause the
wall shear stress to increase for the same pseudo shear rates. The kaolin data presented in
Figure 3.12 shows that for a pseudo shear rate of 500 1/s the wall shear stress increases

from 10 Pa at a relative density of 1.080 to 50 Pa at a relative density of 1.177.

The transition point from laminar to turbulent flow for the same diameter pipe increases as
the concentration increases. At the lowest relative density the transition of the R45 6030
data set occurs at a pseudo shear rate of approximately 480 1/s. At the highest relative

density of 1.177 the transition occurs at a pseudo shear rate of approximately 800 1/s.

In the fully developed rough wall turbulent flow region the pressure gradient is practically

the same for the same diameter pipe irrespective of the solids concentration of the fluid. At
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a pseudo shear rate of 16350 1/s the wall shear stress is approximately 450 Pa’s for all the

concentrations presented.

The 1nitial turbulent flow region however, gave quite different results. Pipe roughness
seems to have the greatest influence in this region. This is also the core of the thesis as this
region is the region in which designers are the most interested. The reason for this is that
most pipelines are designed to operate in this region. This region has proved to be the most
economical for pipeline design. The data however shows that the most variances occur in
this region which makes it difficult to gave accurate predictions in this area. For a pseudo
shear rate of 800 1/s in the R46 6030 data set the wall shear stress varied from 150 Pa’s
at the lowest relative density to 50 Pa’s for the highest relative density. The reason for this
change in behaviour is because the viscous forces increase with an increase in relative
density. The data presented in Figure 3.12 confirms the findings of Bowen (1961) and
Harris & Quader (1971).
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Figure 3.12: The Effect of the Increase in Concentration for Kaolin.
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3.20.4 Settling and Homogeneity

Fluids such as water, CMC, and Glycerol homogeneity were not a problem. Fluids such as
kaolin and the tailings slurry were slow settling slurries and settling did occur if the slurry
was left to stand for several hours. Great caution was taken when these slurries were tested
to ensure they were very well mixed before any testing was started. It was therefore

assumed that all the slurries tested could be analysed as homogeneous suspensions.

3.20.5 Particle Size Distributions

Particle size distributions were only done on Kaolin slurry and the Tailings. The results are
presented in section 3.12.6. The particle size distributions were done according to the

Malvern 2600/3600 Particle Sizer VF.6.

The particle size distribution is a very important physical property of a slurry. For the same
slurry a difference in particle size distribution would cause a difference in the slurry flow
behaviour. The -74um part of the slurry plays an important role in the viscous
characteristics of the slurry (Gillies, 1984). Degradation of the slurry in the pipe loopis a
problem and measurement of the particle size distribution during a test Is very important
as the slurry degrades during the test series. In a pipe loop slurry degradation is a serious
problem as the pump would break down the slurry and change the flow behaviour. One of
the biggest advantages of the BBTV is that physical degradation caused by pumps is not
a problem. In all the tests done on the BBTV no significant degradation of the slurry was
detected.

3.21 Discussion

The accuracies of the velocity and pressure measurements are dependant on the accuracy
of the response of the processing technique used, and are not only dependent on the
accuracy of the transducers; and their calibrations. This means that the accuracy of the final
velocity value is influenced by the accuracy of the mass/time linear regression. The final
pressure differential value is influenced by the standard deviation of the individual values
used for the average. These two factors must be taken into account when developing

operational procedure for standard pressure gradient tests. The maximum number of
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individual data points sheuld be taken during a run to eliminate this problem. If this is

done, it will minimise the above two sources of error.

The following precautions have been accumulated from operational experience;

1. The right-hand vessel is on a cantilever and may be set into oscillatory motion when
disturbed during a run. This will show up as an inclined sine wave on the mass
versus time graphs and the data should be discarded.

2. Make sure no slurry leaks through the tubes that are not in use.

3. Make sure that no valves on the manometer board leak as this will influence the

pressure readings.

4, Allow a short time (+ 5 seconds) for the flow to stabilize before taking
measurements.
5. If the slurry insolation pods fill up with slurry above the outlet or get air in them,

they must be flushed.

6. At high concentration the pressure tappings may become blocked by solids causing

an error in the pressure reading.

7. At the end of a run air may be drawn into the pipe. This should be avoided because

it aerates the slurry and sets the viscometer into oscillatory motion.

8. Test the rough and smooth pipes randomly so that the laminar pipe data overlaps

and any error in one of the pipes could be picked up immediately.

The BBTV has several advantages in comparison with pumped pipe loop test rigs;

* Often relatively large pilot plants have to be built in order to provide a

representative scale of the original plant.
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L

Normally the pipe test rig is limited to two pipe diameters. This is due to the fact

that a good range of velocities must be obtained for testing purposes.

Before tests can commence, the pipeline conditions must first reach steady state.

The time to reach steady state can be anything from 4 to 8 minutes.

The velocity of the slurry is measured by means of flow meters. Several flow
meters are normally required on a pilot plant for the different test sections. Some
flow meters perform better on different kinds of slurry than others. Ideally two
different kinds of flow meters should be placed into one line to verify their correct

operation. This is usually very costly.

During the test run the slurries is recycled numerous times and both the pump
action and pipeline length adversely affect the slurry temperature. The temperature

rise necessitates the installation of heat exchanges.
Pumps are used to drive the slurry through the pipe system. The pump action results
in degradation of the particles and it is only fair to doubt the correctness of the final

data.

A relatively large sample of slurry is needed for a pump loop test which is costly

to transport to the test facility.

Operational cost of such a installation is high, for example pump and motor

maintenance.

The cost of installing 2 pump test facility compared to that of the BBTV is high.

The disadvantages of the BBTV are;

The instrument is limited to a large pipe size of 50 mm diameter.

The instrument requires a slurry sample of at least 250 litres. Care must be taken

that a representative sample of the slurry 1s tested.
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. It is unlikely that the BBTV would be able to detect time dependent behaviour

which has a relarively long time constant.

. Only homogeneous slurries can be tested in the BBTV.

Despite these disadvantages, it is a versatile instrument and accurate head loss and visual
flow data can be collected over wide ranges of diameter and velocity for laminar,
laminar/turbulent transition and turbulent tube flow. It is rare, if not unique to be able to
combine all of these features on a single instrument. The BBTV is therefore useful not only
for routine rheological analyses and characterisations - as its name implies - but it is also

a valuable and versatile research tool.

3.22 Conclusions

. Apparatus for the reliable collection of pipeline test data for non-Newtounian slurries
over wide range of pipe diameters and velocity in both the laminar and turbulent
regimes was constructed and commissioned using clear water tests. The BBTV was
used to test all the fluids presented in this thesis and has been shown to be a useful

instrument to test over the full range of laminar and turbulent flow.

. The calibration and test procedures for the EBTV are well established and provide

for valid and accurate pipeline data measurement.

. The experimental errors have been shown to be within acceptable limits to give

accurate and reliable data.

. The solid materials used for slurry preparation were kaolin slurry and the tailings.

These slurries were tested over as wide a range of concentrations as possible.

. Homogeneous fluids tested were water, CMC and glycerol.

. These slow settling and homogeneous mixtures were tested to cover as wide arange

of different fluids as possible to establish their different kind of behaviour in a
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pipeline. All the results are presented in Appendix A.

. This data base is used against Nikuradse’s findings (1933) to compare the

behaviour of the different fluids tested in smooth and rough pipes.

. Smooth and sand roughened pipes has been shown to behave significantly

differently in a given diameter pipe for the same concentration of slurry.

. Good clear water tests presented in Appendix A verified the correct operation of the

instrument to ensure accurate data.
. It can be concluded that the BBTV is a reliable instrument and can be used to

generate accurate data for homogeneous aad slow settling mixtures over wide

ranges of laminar and turbulent flow.

3.23 Recommendations

. A differential pressure transducer that can read both positive and negative pressures
should be implemented on the BBTV. This will eliminate the cross over section on

the manometer board and make the operation of the BBTV easier.

. The computer and data acquisition unit need to be updated to make it easier for the
operator to analyse the results immediately and reduce the time needed to complete

a test.

. The compressor needs to be placed outside the laboratory to eliminate noise

pollution during testing.

. Adequate drainage must be provided around the BBTV as the floor becomes

slippery when wet.

¢ The pressure vessels must be modified to make more space to put the weights on

the instrument when the load cell 1s calibrated.
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. A permanent thermometer should be installed in one of the pressure vessels.
3.24 Future Work
. Test work on rough pipes should continue to further the understanding of the

behaviour of different fluids in turbulent flow.

. The test programme should continue to support the validation of the instrument and
refinement of the operation procedure and processing techniques using Newtonian

and non-Newtonian fluids.

. Different kinds of roughness needs to be investigated such as mixing kaolin with

sand or differed particle size distributions of the same slurry.

. A proper data base needs to be set up so that the data base would be readily

available for research purposes.

. Larger rough pipes (>50mm diameter) need to be investigated on 2 pipe loop driven

by a pump and the data compared with the BBTV test results.

The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert




Chapter 4: Analysis and Discussion of Results 4.1

Chapter 4

Analvsis of Results

4.1 Introduction

This Chapter presents the analysis of the test data. The measured test data is presented in
detail in Appendix A. The author will start by discussing the clear water test results and

then the data obtained for the various fluids tested.

4.2 Clear Water Tests, Nikuradse and Colebrook & White

It is very important to do clear water tests to confirm the operation of any instrument. If the
clear water tests are acceptable, the instrument can be used to determine the behaviour of
any other fluid. The BBTV was used to test all the different fluids presented in this thesis.
The BBTV was first fitted with smooth pipes with nominal internal diameters from 6 mm
up to 46 mm. After the clear water tests were completed using smooth pipes, the BBTV

was fitted with rough pipes of the same diameter.

Clear water tests are very important for the following reasons:

. Clear water tests are used to calibrate the instrument.

. If something is wrong with the differential pressure transducer (DPT) or the load

cell calibrations, it will be evident from the clear water tests.

. The Colebrook & White equation is used to determine the roughness of the smooth

pipes and the equation of Nikuradse is used to determine the roughness of the rough

pipes.

. Clear water 1s a Newtonian fluid which is well documented (Nikuradse, 1933 and
Colebrook & White, 1938-1939) and we know how it behaves in a pipe. It is good
practice to start testing a known fluid before testing a non-Newtonian fluid of

unknown properties.
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4.3 Clear Water Test Analvsis

All the clear water tests for the smooth and rough pipes are presented in Appendix A. The

smooth pipe properties are presented in Table 4.1,

Table 4.1: Smooth Pipe Properties

Pipe Internal Diameter Hydraulic Roughness
[mm] [um]
8x6 mm Clear PVC 5.78 1.07
16x13 mm Clear PVC 13.12 0.87
32x28 mm Clear PVC 28.34 5.9
50x46 mm Clear PVC 46.04 1.33

The smooth pipes show typical roughness values expected for a clear PVC pipe. The
roughness ranges from 0.8 um to almost 6 pm which is well within the ranges (0 to 20
microns) documented for clear PVC pipes (Govier & Aziz, 1972). The smooth pipes were
tested at velocities from O to 12 mV/s for the 5.78 mm, 28.34 mm and 46.04 mm smooth pipe
and up to 18 m/s for the 13.12 mm smooth pipe. The data corelates very well with
Colebrook & White.

After the smooth pipes were tested and the author was satisfied that the BBTV and
instrumentation gives accurate results, the BBTV was fitted with a series of rough pipes.

A summary of the rough pipe properties is given in Table 4.2.

Table 4.2: Rough Pipe Properties

Pipe Internal Sand Hydraulic k/D
Diameter Roughness Roughness
. {mm] [nm] [pm]
R28 1525 27.03 150 to 250 136 0.0050
R28 3060 27.18 300 to 600 291 0.0098
R46 1525 44.73 150 to 250 42 0.0011
R46 3060 45.44 300 to 600 672 0.0144
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The procedure of how the rough pipes were made is described in detail in Chapter 3.
Essentially the author tried to simulate the process Nikuradse (1933) used to make sand
roughened pipes. Appendix A shows the roughness of the different pipes using the clear
water test data and Colebrook & White. The roughness of the sand roughened pipes varies

from about 42 pm to 672 pm.

The author expected the rough pipes which were made from the same sand grain sizes, to
be more or less of the same hydraulic roughness. After the clear water tests were
completed, it became evident that this was not the case. Still, the data from the clear water

tests were in good agreement with Nikuradse’s predictions for hydraulic roughness.

4.3.1 Friction Factor Revnolds Number Analysis for Water

The Colebrook & White friction factor was plottew against the Newtonian Reynolds
number in Figure 4.1. The formulae are presented in Chapter 2.The solid line which runs
along the smooth pipe data represents the Prandtl equation for smooth wall turbulent flow.
This also verifies that the data presented from the smooth pipes are correct. The solid line
on the left of the figure represents laminar flow where the friction factor equals 16/Re.
Laminar flow for water was only achieved in the 5.78mm pipe. The region between the
laminar flow line and the smooth wall turbulent flow is called the transition region, where
the flow is neither fully laminar nor fully turbulent. The different flow regions have been

discussed in more detail in Chapter 2 using the Moody diagram.

The smooth pipe data shows very good agreement with the smooth wall correlation as
shown in Figure 4.1. The resuits presented in Figure 4.1 represent all smooth and rough
pipe data obtained from the clear water tests. All the smooth pipe data seem to group
themselves on one curve, showing typical smooth pipe behaviour. These data are only
slightly separated depending on the difference in hydraulic roughness between the smooth
pipes. As the diameter increases the data also shifts from the left to the right of the graph
as the Newtonian Reynolds number increases with increase in diameter. Even at high
Reynolds numbers, greater than 500 000, the friction factors of the smooth pipes are still
decreasing which indicates that the flow has not yet developed to fully rough wall turbulent
flow. At fully developed rough wall turbulent flow the friction factor become a constant

irrespective of the viscosity of the fluid.
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Figure 4.1: Colebrook & White Friction Factor vs Newtonian Reynolds Number for
Water.

in Figure 4.1 the effect of roughness is clearly shown by the sudden increase in the friction
factor for the rough pipes. All the smooth pipe data lie on one curve where the rough pipe
data already start to separates in the early turbulent flow region. The R45 1525 pipe which
has the lowest roughness of 42 pm, settles on the lowest k/D value for the rough pipes and
the R45 3060, which is the roughest pipe of 672 pum, settles on the highest k/D value. The
two 28 mm pipes which have intermediate roughness also settle between these two pipes

with their friction factors separated by their differences in roughness.

Table 4.3; Constant Friction Factor Values for Fully Developed Rough Wall Turbulent

Flow for Rough Pipes.
Pipe k/D Re Rer f
ratio [Newtonian] [Colebrook & White|
R28 1525 0.0050 295 850 94 0.00769
R28 3060 0.0098 309 061 229 0.00975
R45 1525 0.0011 530 287 26 0.00496
R45 3060 0.0144 562 458 612 0.01089
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Table 4.3 shows the friction factor for the rough pipes at the highest Reynolds number
tested. It is clear from Figure 4.1 that the greater the roughness of the pipe, the sooner the
fully developed rough wall turbulent flow is reached. In the case of the data set R45_1525,
fully developed rough wall turbulent flow has not been fully reached and the friction factor
keeps changing as the Reynolds number increases. At low Reynolds numbers the rough
pipe data deviates from the smooth wall turbulent flow curves and starts at values lower
than predicted for their respective k/D values. As the Newtonian Reynolds number
increases the friction factor value of the rough pipes increases until it eventually settles on

the respective k/D curves predicted for those rough pipes.

4.3.2 Roughness Function Correlation

In Figure 4.2 the roughness function B versus the roughness Reynolds number is plotted.
The different lines on the curve have been explained i1. detail in Chapter 2 and will only be

discussed briefly again.

The top curve is the locus of data presented by Nikuradse for pipes roughened with sand.
The lower curve represents the locus of data by Colebrook & White for commercially
available rough pipes. For fully developed rough wall turbulent flow the roughness function
B approaches the value of 8.5 which represents the horizontal line on the curve. The

oblique asymptote is the line which represents smooth wall turbulent flow.

The rough pipe data is in good agreement with the transition curve of Nikuradse. There is
good agreement between the data where the roughness function B = 8.5 and where the
friction factor becomes a constant at fully developed rough wall turbulent flow. Comparing
Figure 4.1 and Figure 4.2 it is clear that the data in the transition zone on Figure 4.2 are the
same data points in Figure 4.1, where the friction factor is still changing as the Reynolds

number changes.
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Figure 4.2: Roughness Function B vs Roughness Reynolds Number for Water.

4.4 Non-Newtonian Test Analysis

4.4.1 Introduction

After the clear water test analysis was finished, the author tested a variety of non-
Newtonian fluids. Detailed figures are presented of all the non-Newtonian tests in

Appendix A. Table 4.4 is a summary of the slurry properties.

4.4.2 Rheological Characterisation

All the slurries tested by the author are characterised as homogeneous slurries. In other
words, a two phase solid mixture in which the solids do not settle out. This is strictly not
true because with the most homogeneous slurries the solids will settle out with time. This
may take a couple of days or even months. Some authors use the term “slow settling

slurries”.

Only the fluids that contain solids like the kaolin slurry and the tailings’ slurry are not pure

homogeneous mixtures. Glycerol and CMC are considered to be pure homogeneous
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mixtures as the different mixtures do not contain any solid particles and the mixture is

homogeneous.

The rheological characterisation procedure consists of using the data points in laminar flow
to extract the rheological constants t,, K and n. These parameters are important because
they are used in all the formulas to analyse roughness behaviour, as discussed in Chapter

2.

Table 4.4: Non-Newtonian Slurries Properties.

Sturry Type Slurry Solids Viscous Properties
Relative Density
Density
S, S, T, K n
Glycerol 1.0906 N/A 0 0.00274 1.000
1.1433 0 0.00802 1.000
1.0129 0 0.84959 0.026
CMC 1.0269 N/A 0 0.12106 0.827
1.0372 0 0.37011 0.787
1.0803 5.505 0.28786 0.463
Kaolin 1.1460 2.65 14.286 0.87945 0.443
1.1779 35.789 0.27887 0.617
Tailings 1.7309 3.7 2.584 0.00287 1.202
1.8012 4.960 0.01689 1.001

4.4.3 Turbulent Flow in Rough Pipes

In this section the turbulent flow of the non - Newtonian fluids in the rough pipes will be
discussed. The different models are applied and the effect of the roughness will be shown.
The transition region will also be looked at, as well as the influence of pipe roughness in
the transition region. In this section only the modelling of the rough pipes will be shown.

The smooth pipe data is shown in Appendix C.
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Figure 4.3: Glycerol at a Slurry Relative Density of 1.0906
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Figure 4.4: Glycerol at a Slurry Relative Density of 1.1433

In both cases the models seem to fit the turbulent flow rough pipe data for Glycerol very
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well. All three models that have been used predict the turbulent flow data very accurately

and there are very little differences between these models at the various densities.

4.4.3.2 Turbulent Flow Data and Modelling for CMC.
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Figure 4.6: CMC at a Slurry Relative Density of 1.0269
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Figure 4.7: CMC at a Slurry Relative Density of 1.0372

As the relative density of CMC increases from 1.0129 to 1.0372, the models become
increasingly inaccurate. At a relative density of 1.0129 all the models tend to over predict
slightly. As the relative density increases the Torrance rough wall turbulent flow model
start to under predict the turbulent flow where the Slatter and the Wilson model consistently

over predict the turbulent flow.

As the relative density increases from 1.0129 to 1.0372 more smooth wall turbulent flow
data is achieved and less fully developed rough wall turbulent flow over the same velocity
range. The increase in relative density causes the smooth wall turbulent flow to dominate
at higher pseudo shear rates. Only when fully developed rough wall turbulent flow is

reached, does the roughness start to dominate and the smooth and rough pipe data separate

from each other.

Inall cases the models predict the smooth pipe turbulent flow data very well (Appendix C).
The transition from laminar to turbulent for the same diameter smooth and rough pipe seem

to be occurring at the same pseudo shear rate.
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4.4 3.3 Turbulent Flow Data and Modelling for Kaolin
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Figure 4.8: Kaolin at a Slurry Relative Density of 1.0803
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Figure 4.9: Kaolin at a Slurry Relative Density of 1.146
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Figure 4.10: Kaolin at a Slurry Relative Density of 1.1779

The models did not perform that well predicting the turbulent flow for kaolin in the rough
pipes at different relative densities. The Slatter and Wilson model tend to over predict the
turbulent flow in the rough pipes. The Torrance rough wall turbulent flow model seems to
under predict the turbulent flow of kaolin in the rough pipes. In general all the models

perform badly in the early turbulent flow region. As the data reaches fully developed

turbulent flow the models generally perform better.

The transition from laminar to turbulent flow for rough pips occurs at the same pseudo
shear rates as for the smooth pipes. The models accounts for the roughness effects by
shifting to the left of the sinooth pipe turbulent flow prediction. This causes the models to

be inaccurate in the early turbulent flow region as the transition from laminar to turbulent

flow for the smooth and the rough pipes are the same.

All the models fit the smooth pipe data very well and the results are presented in Appendix
C.
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4.4.3.4 Turbulent Flow Data and Modelling for Tailings
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Figure 4.11: Tailings at a Slurry Relative Density of 1.7309
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Figure 4.12; Tailings at relative density of 1.8012

Tailings were tested at relative densities of 1.7309 and 1.8012. In both cases the models
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tend to over predict the 45mm rough pipe. The models performed slightly better when
predicting the turbulent flow of the 28mm rough pipes. In general the models performed

better at the higher relative density.

In the smooth pipe range the models performed fairly well with accurate predictions in the
28mm and 45mm nominal diameter pipe range. The models did not perform well in the
Smm to 13mm diameter pipe range and tend to over predict the turbulent flow. The models
seem to perform the worst at the low concentration and a better fit was achieved at the

higher concentration.

The transition from laminar to turbulent flow for the smooth and the rough pipes of the

same diameter occurs at the same pseudo shear rates, and the models predict this very well.

4.4.4 Roughness Function Correlation

In this section the roughness Reynolds number formulated by Slatter (1994,1995a) will be
used and correlated against the roughness function B (Nikuradse, 1933). The different test

fluids will be presented and discussed in this section.
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4.4.4.1 Glycerol Test Results
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Figure 4.13: Roughuness Function B vs Roughness Reynolds Number for Glycerol at a

Slurry Relative Density of 1.0906
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In both cases there is a very good correlation in the prediction of the roughness function B

and the smooth and rough pipe data.

It is clear that at both densities the B-value of the data is separated by pipe roughness. All
the smooth pipe data follow the oblique asymptote which represents smooth wall turbulent
flow. The rough pipe data start at the top curve which represents Nikuradse’s transition
curve for sand roughened pipes. In both cases the rough pipe with the lowest roughness
start at the lowest B-value on the transition curve and as the Reynolds number increases the
data follows the shape of the curve. The roughest pipe in both cases settles on the
horizontal asymptote which represents fully developed rough wall turbulent flow with a B-
value of 8.5. The rough pipe data is also separated from the left to the right of the curve as
the roughness increases. There 1s no diameter effect as it is incorporated in the roughness

Reynolds number.

Most of the rough pipes have a short “tail” which starts off with B-values higher than the
transttion curve and migrates downwards until it lies on the transition curve. This data is

in the critical flow zone area where the flow is neither laminar nor turbulent.

4.4.4.2 CMC Test Results
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Figure 4.15: Roughness Function B vs Roughness Reynolds Number for CMC at a
Slurry Relative Density of 1.0129
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Figure 4.16: Roughness Function B vs Roughness Reynolds Number for CMC at a
Slurry Relative Density of 1.0269
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Figure 4.17: Roughness Function B vs Roughness Reynolds Number for CMC at a
Slurry Relative Density of 1.0372
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CMC was tested at three relative densities ranging from 1.0129 to 1.0372. As the relative
density increases the amount of measured turbulent data decreased. The smooth pipe data

in all cases follows the oblique asymptote for smooth wall turbulent flow.

The B-values of the smooth pipe data consistently falls below the smooth wall turbulent
flow line. This could be due to the theological characterisation as the roughness Reynolds
number is sensitive to change in the rheological parameters. However, good correlation is

achieved in the rough pipe data.

The rough pipe data represents a very good fit for all relative densities tested. The B-values
of the different rough pipes are separated again by the difference in hydraulic roughness
between the pipes. In this case fully developed rough wall turbulent flow was not achieved
and all the rough pipe data accumulates on the top transition curve which represent the
transition between smooth wall turbulent flow and fully developed rough wall turbulent

flow for sand roughened pipes.

4.4.4.3 Kaolin Test Results
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Figure 4.18: Roughness Function B vs Roughness Reynolds Number for Kaolin at a
Slurry Relative Density of 1.0803
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Figure 4.19: Roughness Function B vs Roughness Reynolds Number for Kaolin at a
Shurry Relative Density of 1.146
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Figure 4.20: Roughness Function B vs Roughness Reynolds Number for Kaolin at a
Slurry Relative Density of 1.1779

Kaolin was tested at three relative densities. The smooth pipe data accumulates on the
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bottom curve which represents Colebrook & White’s curve for commercially available
rough pipes. In this case the roughness of the smooth pipes were taken as 15pm which is
the dg; percentile particle of the kaolin slurry. All the smooth pipe data lie on top of each
other and there is very little difference in the B-values. The increase in relative density

causes the smooth pipe data to shift from the right of the curve to the left.

The rough pipe data behaves distinctly different. At the different relative densities the
rough pipe data are mainly separated by the B-values where the roughness Reynolds
number range for all sets of data is approximately within the same range. As the relative
density increases the data shifts to the left of the curve as the roughness Reynolds number
decreases for the same velocity range. The increase in relative density also seems to alter
slightly higher B-values. The rough pipe with the lowest hydraulic roughness is shifted to
the left of the curve and as the hydraulic roughness of the rough pipes increases the data are

shifted to the right of the curve.

In all the tests for kaolin, the B-values are higher than predicted for rough pipes in the
transition zone where the pipe with the greatest hydraulic roughness has the highest B-
values. As the hydraulic roughness of the rough pipes decrease so do the B-values. The

shape of the rough pipe data curves is the same as Nikuradse’s transition curve, but the B-

values are higher.

The B-values seem to be insensitive to change as the relative density increases. The

roughness Reynolds number range changes for each data set as the relative density

increases.

The effect of pipe roughness on nan-Newtonian turbulent flow F. P. Van Sittert



Chapter 4: Analysis and Discussion of Results

4.21

4.4.4.4 Tailings Test Results
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Figure 4.21: Roughness Function B vs Roughness Reynolds Number for Tailings ata
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Tailings were tested at two relative densities of 1.7309 and 1.8012. At a relative density of
1.7309 the smooth pipe data lies very high on the oblique asymptote which represents
smooth wall turbulent flow. The slope of the data points seems to be the same as this
oblique asymptote but the B-values of the data are slightly higher than this line. The results
indicate that there are a lot of smooth pipe data that falls within the critical flow zone and
the dara lie well above the smooth wall turbulent flow line. At a relative density of 1.8012
the smooth pipe data fitted the smooth wall turbulent flow line better but there are still
some data that falls in the critical flow zone. The representative pipe roughness of the

smooth pipe data was taken as 85 pum that was the d percentile particle size of the tailings.

At both relative densities the rough pipe data agrees very well with top transition curve
although the B-values are slightly higher. The data again seems to be separated by the pipe
roughness from the left of the curve to the right where the roughest pipe data would be
shifted to the right. In both cases fully developed rough wall turbulent flow was not
achieved and all the rough pipe data lies on top of the top transition curve for sand

roughened pipes. The data indicates that an increase in slurry relative density also slightly

increases the B-values.

Both smooth and rough pipe data are grouped quite closely together where most of the
smooth pipes data would lie to the left of the curve and the sand roughened pipes to the

right of the curve. Very little of the rough pipe data falls within the critical flow zone where

this is not the case for the smooth pipes.

4.4.5 Friction Factor vs Non - Newtonian Reynolds Number

In this section the Fanning friction factor will be correlated against the non-Newtonian

Reynolds number of Slatter & Lazarus (1993). All the test fluids will be presented and
discussed in this section.
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4.4.5.1 Glycerol Test Results
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Figure 4.23: Fanning Friction Factor vs non-Newtonian Reynolds Number for Glycerol

at a Solution Relative Density of 1.0906
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Figure 4.24: Fanning Friction Factor vs non-Newtonian Reynolds Number for Glycerol

at a Solution Relative Density of 1.1433
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The smooth pipe data of glycerol behaves as expected. As pipe diameter decreases, more
laminar flow is achieved and is clearly seen from the Smm smooth pipe data. The smooth
pipe dataare grouped closely together and follow the same pattern at both relative densities.

The rough pipe data behaves quite differently than the smooth pipe data.

All the laminar smooth pipe data falls on the 16/Re line. The rough pipe data behaved quite
differently and no data followed the 16/Re line. At low Reynolds numbers the data would
start at low friction factor values and would steadily increase as the Reynolds number
increases. At the higher Reynolds numbers the friction factors settle on the different k/D
values predicted for those rough pipes. The transition from laminar toturbulent flow occurs
inthe critical zone for the smooth pipes. There seems to be no definite pattern for the rough

pipes.

In both cases of different relative densities the friction factors of the rough pipes are still
increasing until fully developed rough wall turbulent flow is reached. Once fully developed

rough wall turbulent flow is reached the friction factor stops changing and follows a

straight line.
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4.5.5.2 CMC Test Results
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Figure 4.25: Fanning Friction Factor vs non-Newtonian Reynolds Number for CMC at
a Solution Relative Density of 1.0129
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Figure 4.27; Fanning Friction Factor vs non-Newtonian Reynolds Number for CMC at
a Solution Relative Density of 1.0372

CMC was tested at three slurry relative densities, [n all cases the smooth and rough pipe
data behave similar except at high Reynolds numbers. At all three slurry relative densities

the laminar flow data of the smooth and rough pipes falls on the 16/Re line.

The transition from laminar to turbulent flow in the critical zone occurs at the same

Reynolds numbers for the smooth and the rough pipes.

The smooth and rough pipe data start to separate in the smooth wall turbulent flow region.
The smooth and rough pipe data separate at the same Reynolds numbers irrespective of the
relative density. As the relative density increases the data shifts to the left of the curve as
the Reynolds number decreases for the same velocity range. No fully developed rough wall

turbulent flow was achieved and it is difficult to predict if the data would settle on their

respective k/D curves in this region.

All the friction factor data lie slightly below the smooth wall turbulent flow line. This may
be due to drag reduction in the smooth and the rough pipes where the friction factors is less

than predicted for smooth wall turbulent flow.
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4.5.5.3 Kaolin Test Results
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Figure 4.28: Fanning Friction Factor vs non-Newtonian Reynolds Number for Kaolin at
a Slurry Relative Density of 1.0803
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Figure 4.29: Fanning Friction Factor vs non-Newtonian Reynolds Number for Kaolin at
a Slurry Relative Density of 1.1146
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Figure 4.30: Fanning Friction Factor vs non-Newtonian Reynolds Number for Kaolin at
a Slurry Relative Density of 1.1779

Kaolin was tested at three relative densities that ranged from 1.0803 to 1.1779. In all of the

cases laminar flow for the smooth and rough pipes behaved the same and fall slightly above
the 16/Re line.

Inall the cases of different slurry relative densities, the transition from laminar to turbulent
flow occurs outside the critical zone. This could be due to the Reynolds number used for
this analysis. The separation of the smooth and rough pipe friction factors occurs at

approximately within the same Reynolds number rang.

All the data in the early turbulent flow region lies well below the smooth wall turbulent
flow curve. This is again a case of drag reduction in the smooth and the rough pipes. As the
Reynolds number increases the friction factors of the different pipes increases as well. As
the slurry relative density increases the range of Reynold numbers, which the data covers,
decreases. The slope at which the friction factors increases in the smooth wall turbulent
flow region also decreases as the slurry relative density increases. At the highest slurry
relative density it is difficult to tell the difference between the smooth and the rough pipe

friction factors. No fully developed rough wall turbulent flow was achieved in all the test

Cdses.
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4.5.5.4 Tailings Test Results
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Figure 4.31: Fanning Friction Factor vs non-Newtonian Reynolds Number for Tailings
at a Slurry Relative Density of 1.7309
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Figure 4.32: Fanning Friction Factor vs non-Newtonian Reynolds Number for Tailings
at a Slurry Relative Density of 1.8012
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Tailings were tested at two different slurry relative densities of 1.7309 and 1.8012. The

smooth and rough pipe data behaved similarly at both relative densities.

At both slurry relative densities the laminar data of the smooth and rough pipes settled

slightly above the [6/Re curve.

The transition from laminar to turbulent flow for both the smooth and the rough pipes occur

in the critical zone and over the same Reynolds number range.

Baoth the smooth and the rough pipe data fall on the smooth wall turbulent flow line, Only
at higher Reynolds numbers do the friction factors of the rough pipes start to increase and
deviate from the smooth wall turbulent flow line. As the slurry relative density increases
the split of the smooth and rough pipe friction factors occur at lower Reynolds numbers.
The slope at which the friction factor increases become less as the slurry relative density

Increases.

No fully developed rough wall turbulent flow was achieved at both slurry relative densities.

4.6 Conclusions

. The clear water test results correlate well with the established correlations

documented in the literature for Newtonian analysis.

. In most cases the transition from laminar to turbulent flow occurs at the same

Reynolds number for the same diameter pipes for all the test fluids.
. The transition from laminar to trbulent flow for the smooth and the rough pipes
did not always occur inside the critical zone. This could be due 10 the Reynolds

number used for analysis.

. Roughness does have a significant effect on the turbulent flow hydraulic gradient,

and consequently on the friction factor.

. All the models performed badly predicting the early turbulent flow region of the
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slurties tested.

. The roughness function B-values for slurries, with solid particles present, behaves

differently than predicted by Nikuradse for Newtonian fluids.
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Chapter 5

Discussion

5.1 Introduction

In this chapter all the result’s presented in Chapter 4 are discussed. The emphasis in this
Chapter would specifically be on the turbulent flow and how it is being influenced by pipe

roughness.

5.2 Rheological Characterisation

Only smooth pipe data were used for rheological characterisation purposes. For each test
fluid at least two different models were used to predict the laminar flow. In each case the
best fit to the laminar data was used for the modelling purposes. In Appendix B the

rheological characterisation results will be presented and discussed in more detail.

The generalised pseudo plastic model (Govier & Aziz, 1972) has been used for all
rheological analysis. In some cases, like kaolin the laminar data at low pseudo shear rates
deviated from this model. In these cases the low pseudo shear rate data were rejected for
the rheological characterisation. This approach works as there was good agreement between
the data and the models used for analysis purposes. This analysis technique was adopted
in all the cases where the laminar flow deviated from the general pseudo plastic type of

behaviour.

5.2.1 Laminar Flow in Rough Pipes

In all the tests conducted only the laminar flow obtained by the smooth pipes were used for
rheological characterisation. The reason for this is that some of the rough pipez data did not
behave the same as the smooth pipe data. Specific references are section B3 in Appendix
B. These differences in behaviour were picked up for Glycerol, CMC and Kaolin. No
sufficient data for the tailings could not be picked up because at these low flow rates the

tailings started to settle out in the test pipes and consequently the laminar data achieved

were not reliable enough.
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It was not the objective of this thesis to test at such low flow rates and the amount of data
accumulated at these low pseudo shear rates are to little to quantify precisely what happens
at these low pseudo shear rates. The data are sufficient to predict accurately that roughness
in some specific applications does effect the laminar flow of fluids in rough pipes. Research

in this specific field of interest must continue.
5.3 Transition From I.aminar to Turbulent Flow

The transition from laminar to turbulent flow is an important parameter as the flow
behaviour of the test fluid changes drastically after this region. It is important to compare
the rough pipe results to the smooth pipe results to see if there is any significant change in

behaviour between the smooth and the rough pipes.

The transition from laminar to turbulent flow for the smooth pipe data and the rough pipe
data are consistent in all the fluids tested. The rough pipe transition agreed well with the
smooth pipes and in all the tests the transition from laminar to turbulent flow for the
smooth and the rough pipes occurred within the same Reynolds number range. [t was not
the objective of this thesis to investigate this further but further research in this field must

£0 On.

5.4 Particle Roughness and Pipe Hvdraulic Roughness

In all the tests done either the dg; percentile particle roughness of the shurry or the pipe
roughness was used. In the tests done for Water, Glycerol and CMC the pipe roughness has

been used for analysis purposes as the fluid did not have any solid particles present.

For tests done with kaolin and tailings, the d, percentile particles size was used when this

number was greater than the pipe roughness (Slatter, 1994).

The author could not find any comparison between the hydraulic roughness, k, determined
in the clear water tests and the representative sand roughness k, Table 5.1 presents the
comparison between the hydraulic roughness determined by the clear water tests and the

representative sand roughness, k..
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Table 5.1: Hydraulic Roughness vs Representative Sand Roughness.

Pipe Internal Sand Hydraulic k/D
Diameter Roughness Roughness
[mm] [nm] {pm]
R28 1525 27.03 150 to 250 136 0.0050
R28 3060 27.18 300 to 600 291 0.0098
R46 1525 44.73 150 to 250 42 0.0011
R46 3060 45.44 300 to 600 672 0.0144

The author tried to simulate the method Nikuradse used to make sand roughened pipes as
already discussed in section 3.5 of this thesis. There are however a lot of problems

associated with the analysis method used to analyse the rough pipes.

Nikuradse used the representative sand particle size k, for analysis purposes. There are a
lot of problems associated with the use of this method and are already discussed 1n section

2.2 of this thesis. Some of the important facts will be highlighted in this discussion again.

Nikuradse assumed that the representative roughness of the sand roughened pipes were a
function of the average height of the representative sand particle alone. Table 5.1 indicates
that there is no comparison between the average representative sand particle size and the
hydraulic roughness. A lot of research has gone into finding a proper comparison method
between the representative sand particle size and the hydraulic roughness as already

discussed in section 2.9.

Some of the important reasons why the author could not find any relationship between the
hydraulic roughness and the representative sand particle size is summarised below

(Schlichting, 1960):

. The hydraulic roughness is not a function of the representative height, h, of the sand

particle alone.

. The hydraulic roughness is a function of the concentration of the sand particles per

unit area.
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. The shape and angularity of the particle plays an important role in determining the

hydraulic roughness of the pipe.

. The average representative sand particle size cannot be used as representative for
determining the hydraulic roughness. Colebrook & White (1937) concluded that
only a few big particles that are not representative of the pipe physical roughness

can have a significant change in the hydraulic roughness.

. The method used to attach the sand to the inside of the pipe influences the sucface

roughness of the pipes greatly.

Taking all of the above parameters into account 1t is understandable that the author could
not find any comparison between the representative average sand particle height and the
hydraulic roughness. The rough pipes with similar sand grading also did not compare well
with each other for the same reasons as discussed in the above summary. For this reason

the author decided to use the hydraulic roughness for analysis purposes.

5.5 Roughness Does Have a Sienificant Effect

Pipe roughness definitely has a significant effect on the pressure gradient in a pipeline.
Figure 5.1 presenis kaolin Jata at a relative density of 1.080 for the 46 NB clear PVC pipes

of different roughness.

This figure is very important as it shows the effect of pipe roughness in all three classic
regions viz.; laminar flow, smooth wall turbulent flow and fully developed rough wall

turbulent flow.

5.5.1 The Laminar Flow Region

The results indicate that pipe roughness has no influence on the laminar flow region. This
is however not true for all cases as roughness does influence the laminar flow for certain

fluids tested. This is discussed in detail in Appendix B section B3 and will not be repeated

in this section,
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Figure 5.1: The effect of pipe roughness on the same diameter pipe for kaolin at a relative
density of 1.080.

5.5.2 Smooth Wall Turbulent Flow Region

This is one of the most important regions as this is the area in which most designers are
interested in. The reason for this is that it is the most economical region to design a pipeline
in. In laminar flow there is the danger that solids can settle out in the pipeline and in the
fully developed turbulent flow the energy loss in the pipeline is to high which leaves the
smooth wall turbulent flow region as the optimal for design purpose-.

It is important to notice that for the smooth wali furbulent flow region all the pipe follows
the same pressure gradient. The smooth wall turbulent flow region starts approximately at
a pseudo shear rate of 250 1/s. At a pseudo shear rate of 500 1/s the roughest pipe reach
fully developed rough wall turbulent flow and the pressure gradient of this pipe increases
rapidly. The smooth wall turbulent flow region continues until a pseudo shear rate of

approximately 1300 1/s where the last rough pipe reaches fully develop rough wall
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turbulent flow and the pressure gradient increases more than that of the smooth pipe. The
results indicate that for the smooth wall turbulent flow the pressure gradient is the same for

all the pipes irrespective of the pipe roughness.

5.5.3 Fully Developed Rough Wall Turbulent Flow.,

For the fully developed rough wall turbulent flow there is a significant change in the
pressure gradient and the pressure in the pipe increases drastically in this area. The reason
for this is that the friction factor is a function of the pipe roughness alone irrespective of
viscous properties of the fluid. As the pipe roughness of the pipe increases so does the

effect on the pressure gradient as can be seen from Figure 5.1.

5.6 Viscous Sub - Laver Thickness vs Rough Wall Turbulent Flow

In this section the viscous sub-layer thickness is compared to the pipe roughness size at the
transition from smooth wall turbulent flow to rough wall turbulent flow. In classical pipe
flow theory it is assumed that the viscous sub-layer thickness is the same thickness as the
height of the pipe roughness at the transition between the smooth wall turbulent flow and
fully developed rough wall turbulent flow (Massey, 1960). Figure 5.2 shows the relationship
between the pipe roughness of the roughest pipe of 672um and the viscous sub-layer
thickness when the flow changes from smooth wall turbulent flow to fully developed rough
wall turbulent flow for ali the fluids tested.

Itis clear that there is a very good comparison between the data and the pipe roughness. It
is important to note that the data is interpolated by visual inspection of the pseudo shear
diagrams. The viscous sub-layer prediction is also highly dependant on the rheological
characterisation and needless to say, this must be done as accurately as possible. The results
show some scatter but could be due to the error in the visual inspection and interpolating

data from the pseudo shear diagrams.
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Figure 5.2: Viscous sub-layer thickness vs pipe roughness

5.7 Turbulent Flow Modelling of the Smooth and Rough Pipes

Turbulent flow and turbulent flow modelling have been discussed in Chapter 4. In general
the models performed badly for predicting the rough pipe turbulent data. The models
performed the worst in the early turbulent flow region. The models accurately predicted the
turbulent flow of the smooth pipes, as shown in Annexure C. This highlights the need for

a turbulen: flow model which accommodates pipe roughness accurately for pipes of higher

roughness.

This is also the core of this thesis as the early turbulent flow region is very important for
reasons discussed earlier in this chapter. None of the models produced accurate and
consistent results which highlights the need for a model that can predict the early turbulent
flow region accurately for rough pipes as most of the pipes used in industry cannot be

considered as being hydraulically smooth.
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5.8 Roughness Function B vs Roughness Reynolds Number

The roughness function B seems to be sensitive to change in the rheological
characterisation. A small change in the rheological parameters seems to significantly

change the position of the data sets on the roughness function B graph (Chapter 4).

The increase in relative density does not seem to have a significant effect on the test fluids.
For Glycerol and CMC the increase in relative density grouped the rough pipe data closer
together. Inthe case of kaolin and tailings, where solid particles were present in the mixture

the roughness effect separated the data sets more as the viscosity of the fluid increased.

The pipe roughness separates the data and as the relative roughness of the pipe increases
the data shifts from the left of the curve to the right. In the case of kaolin and tailings the
roughness also affects the height of the data above the transition curve. As the pipe
roughness increases the data would have higher B-values in the transition region for the

same Reynolds number as for the equivalent pipe of lower roughness.

In the fully developed rough wall turbulent flow region the data of all the fluids tested tends
to settle at values close to 8.5 which confirms the predictions of Nikuradse (1939). This
also supports the fact that in general the turbulent flow models performed better in the fully

rough wall turbulent flow region where the data correlates well with the value of 8.5.

In the transition region however there were great differences between the transition curve
of Nikuradse and the data. This only happened with fluids with solid particles present such
as kaolin and tailings. The turbulent flow models also performed the worst in this area
which is to be expected as all the models are a function of the roughness function B-value,
If the data correlated well with the roughness function B graph, the turbulent flow
modelling were accurate but if the correlation was bad the turbulent flow modelling also

did not correlate very well with the data.

5.9 Fanning Friction Factor vs Non-Newtonian Revnolds Number

In Chapter 4 the Fanning friction factor was plotted against a non-Newtonian Reynolds
number Re, (Slatter & Lazarus, 1993).
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There seems to be no difference in the friction factor for the smooth and the rough pipes
in the laminar flow region except for a few isolated cases which are discussed in detail in

Appendix B.

The change in the friction factor for the smooth and the rough pipes in the critical zone
seems to be random and no definite pattern is established. The change in friction factors for

the smooth and the rough pipes seems to be similar for the same diameters in this region.

In the turbulent flow region the rough pipes behaved significantly differently from the
smooth pipes and have larger friction factor values than for smooth pipes. All the smooth
pipe data followed the smooth wall turbulent flow curve accurately where the rough pipes
would separate from the smooth pipe data and follow their respective k/D curves. Fully
developed rough wall turbulent flow was rarely achieved in the tests done and the friction

factor for the rough pipes continued to increase at the high Reynolds numbers.

5.10 The Effect of The Increase in Relative Density

The increase in relative density has the biggest influence on the turbulent flow modelling
ofthe rough pipes although it does not significantly effect the roughness function B-values.
Figure 5.3 clearly illustrates this problem. The models discussed in Chapter 2 are a function
of a lot of variables which the Reynolds number and the Roughness function B are of the

important ones.

Figure 5.3 present different data sets of kaolin and tailings in the R45_ 6030 rough pipe.
The data is presented at different relative densities for the same diameter pipe with the same
hydraulic roughness. It is clear that the B-values for the kaolin and tailings slurry does not
follow the relationship as displayed by the solid lines predicted by the different models.
Only at high Reynolds numbers do the data and the models correlate well.

The turbulent flow models are inaccurate at predicting the turbulent flow of the rough pipes
in the early turbulent region. It is also the area on the roughness function B graph where the
data and the prediction line are separated the most. The turbulent flow models are also
sensitive to the increase in relative density where the data shows that the increase in relative

density does not significantly affect the B-values.
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All the data for the same fluid at the different relative densities are grouped close together

and indicate that the Reynolds number used for analysis is correct.
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Figure 5.3: The Effect of the Increase in Relative Density on Kaolin and Tailings Slurry
for the R45-6030 Pipe.

5.11 Conclusions

Laminar Flow

. Only the smooth pipe data were used for rheological characterisation, as the

rough pipe laminar flow was unpredictable.

. Roughness does have some effect on laminar pipe flow but the data
obtained from the different tests is not enough to establish a definitive
pattern.

Transition Region

. The transition from laminar to turbulent flow for the same diameter smooth
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and rough pipes occurs within the same velocity range.

Turbulent Flow
. Pipe roughness does have a significant effect on the pressure gradient.
. The data indicates that the effect of pipe roughness is the same for a

Newtonian as well as a non-Newtonian fluid.

Viscous Sub-Layer Thickness

. The viscous sub-layer thickness correlates well with the height of the
hydraulic pipe roughness of the R46 3060 pipe at the point where the
smooth and rough pipe data separates in the fully developed rough wall
turbulent flow region.

Friction Factor

. In laminar flow the smooth and the rough pipe friction factors were the

same except for the 1solated cases discussed in Annexure B.

. The friction factors for the smooth and the rough pipes were similar for the

smooth and the rough pipes in the critical zone for the same diameter pipes.

. The smooth and the rough pipes gave significantly different friction factors
in the turbulent flow region.

Roughness Function B-Values

. Slurries with solid particles (kaolin and tajlings) scem to have a significant

effect on the B-values in the transition region.

. The B-values are sensitive to rheological characterisation and viscosity.
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. In the cases where the data and the roughness function B values correlate

well the turbulent flow modelling also agreed well with the data.

The Effect of The Increase In Relative Density

. The increase in relative density does have a significant effect on the
turbulent flow models but does not significantly affect the roughness
function B-values.

Rheological Characterisation

. The roughness function B and the turbulent flow models are sensitive to

changes in the rheological parameters T,, K and n.
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Chapter 6

SUMMARY AND CONCLUSION

6.1 Summaiv

»

The effect of pipe roughness on non-Newtonian turbulent flow has been investigated and
presented. Roughness is a real problem and none of the pipes used in engineering structures

can be considered as being hydraulically smooth.

This thesis investigates the effect that pipe roughness has specifically on turbulent flow for
Newtonian and non-Newtonian fluids. Newtonian fluids were used to confirm Nikuradse’s
findings and to verify the correct operation of the rough pipes. The author simulated the
method used by Nikuradse to manufacture the rough pipes. The data obtained from the

rough pipes were correlated against Nikuradse’s findings and presented.

Very little work could be found that dealt specifically with this area of interest and only
Nikuradse’s findings could be used for the Newtonian fluids tested. The non-Newtonian
test results are also presented and discussed in this thesis, It is hard to believe that research
in this field has been negiected for so long as the results show significant errors in the

turbulent flow models for predicting the turbulent flow head loss in rough pipes.

The main area of interest and also the core of this thesis is the prediction of the turbulent
flow for non-Newtonian fluids in the early turbulent flow region. It is important to predict
the early turbulent flow accurately as most pipelines are designed to operate in this area.
The test results show that the biggest error between the turbulent flow models and the data
oceurs in this region. This necessitates the development of @ mode. that can predict the

turbulent flow of non-Newtonian fluids in rough pipes accurately.

Research in this field must continue as there are still many “unknowns” to explore and will

be discussed at the end of this chapter.
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6.2 Conclusions

The conclusion of all the chapters will be discussed in this section.

6.2.1 Chapter 1: Introduction

In Chapter | the problem was stated and the aims and objectives set out. The main

conclusions of Chaprier 1 are;

. Pipes used in engineering structures cannot be considered as being hydraulically

smooth and we have got to allow for a roughness effect in the design of a pipeline,
. Pipe roughness 1s a problem and predictions of the roughness effect is inaccurate.
. There 1s a need for experimental work in this area.

6.2.2 Chapier 2: Theory and Literaiure Review

In Chapter 2 the theory of pipe roughness has been evaluated and the available literature

reviewed. The main conclusions of Chapter 2 are;
. There is not sufficient literature available on pipe roughness.

. The greatest research on roughness (Nikuradse, 1933) was on Newtonian fluids.

Very little have been done on non-Newtonian fluids.

. There are models that allow for a roughness effect in predicting the turbulent flow

of non-Newtonian fuids.
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6.2.3 Chapter 3: Experimental] Investigation

In Chapter 3 the experimental investigation is documented. The main conclusions of

Chapter 3 are,

The BBTV can be used for determining accurate rheology.

. The BBTV is a versatile instrument in which turbulent flow in smooth and rough

pipes can be tested for the same fluid under the same conditions.

. Both laminar and turbulent flow were achieved in the same instrument (BBTV).

. The error analysis is within acceptable limits for accurate analysis of the data.

6.2.4 Chapter 4: Analysis

In Chapter 4 the analysis of the test results was done. The main conclusions of this Chapter

were;

. The clear water test results correlate well with the literature documented for
Newtonian analysis.

. Nikuradse’s formula for calculating the friction factor for fully developed rough
wall rurbulent flow was used to calculate the pipe roughness of the rough pipes.

. The Colebrook & White friction factor was used to calculate the pipe roughness of
the smooth pipes.

. In most cases the transition from lamirar to turbulent flow occurs at the same
velocity for the same diameter pipes irrespective of the roughness of the pipes.

. The transition from laminar to turbulent flow for the smooth and the rough pipes

did not always occur inside the critical zone. This could be due to the Reynolds

number used for analysis.
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. Roughness does have a significant effect on the turbulent flow friction factor.

. All the models performed badly in predicting the early turbulent flow region of the

fluids tested.

. The classical roughness function B-values for slurries behaves differently than

predicted by Nikuradse for Newtonian fluids.

6.2.5 Chapter 5: Discussion

In Chapter 5 the analysis of Chapter 4 was discussed. The conclusions of this Chapter are

as follow;
Laminar Flow

. Only the smooth pipe data were used for rheological characterisation as the

rough pipe laminar flow was unpredictable.

. Roughness does have some effect on laminar pipe flow but the data
obtained from the different tests are not enough to establish a specific
pattern.

Transition Region

. The transition from laminar to turbulent flow for the smooth and the rough

pipes occurs within the same Reynolds number range.

. The non-Newtenian Reynolds number Re, is appropriate for all the analysis

used in this thesis as it incorporates the yield stress.
The Early Turbulent Flow Region

. The smooth and rough pipe data are co-linear on a pseudo shear diagram for
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the same diameter.

Turbulent Flow

. Pipe roughness does have a significant effect on the pressure gradient.

. The data indicates that the effect of pipe ronghness is similar for a

Newtonian as well as a non-Newtonian fluid.

. For fully developed rough wall turbulent flow the smooth and the rough
pipes gave similar wall shear stresses for the same pseudo shear rate

irrespective of the concentration and rheology of the fluid.

Viscous Sub-Layer Thickness

. There seems to be good correlation between the viscous sub-layer thickness
and the height of the pipe roughness at the point where the flow changes
from smooth wall turbulent flow to fully developed rough wall turbulent

flow,

Friction Factor

. In laminar flow the smooth and the rough pipe friction factors were the
same.
. The friction factors for the smooth and the rough pipes were similar in the

smooth wall turbulent flow region for the same diam- ter pipes.

. The smooth and the rough pipes gave significantly different friction factors

in the rough wall turbulent flow region.

Roughness Function B-Values

. Slurries with solid particles (kaolin and tailings) seem to have significant
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different B-values in the tramsition region from true homogeneous

Newtonian to non-Newtonian fluids.

. The B-values are sensitive to rheological characterisation and viscosity.

. For fully developed rough wall turbulent flow the data of ALL, the test

fluids gave results close to 8.5.

. Smooth wall turbulent data from both the smooth and rough pipes

correlated well with the smooth wall turbulent flow predictions.

The Effect of the Increase in Relative Density

. The increases in the relative density do not have a significant effect on the
roughness function B-values but significantly affect the turbulent flow
models.

Turbulent flow modeling

. The turbulent flow models performed consistently accurately in predicting

the smooth pipe turbulent flow for all the fluids tested.

. The turbulent flow models gave reasonable results predicting the fully

developed rough wall turbulent flow for the rough pipes.

. The turbulent flow models performed badly inpredicting the turbulent flow

of the rough pipes in the early turbulent flow region.

. When the rheological characterization was close to a Bingham plastic the

turbulent flow models performed better.

6.3 Future Work

1. Research in this specific field of interest must go on.
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2. Rough pipes of bigger diameters need 10 be made and tested in a pump test

Tg.

The effect of pipe roughness on laminar flow needs to be further

(8]

investigated.

4. Differed kinds of roughness need to be explored.

5. A new model needs to be developed to accommodate pipe roughness
accurately.
6. More slurries with solid particles need to be tested with rough pipes to

establish the flow behavior accurately.

7. A more reliable method needs to be established to correlate sand roughness

to hydraulic roughness accurately.

The effect of pipe roughness an non-Newtonian turbulent flow F. P. Van Sittert
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APPENDIX A

CLEAR WATER TEST RESULTS

Test Fluid Solids Conc. | Nominal test Description Page
(C.) diameters ID
(mm)
5.78 5 Smooth AS
13.12 13 Smooth Ab
Water N/A
28.34 28 Smooth A7
46.04 45 Smooth AR
27.03 R28 1525 A9
27.18 R28 3060 AlOD
Water N/A
44.73 R45 1525 All
45.44 R45_3060 Al2
TEST RESULTS
Test Fluid Solids | Slurry Relative Solids Pipe Name | Page
density Density Concentration
(S, (S,) by Volume
(C)
Glycerol N/A 1.090 /A 5 Smooth Al3
13 Smooth Al4
28 Smooth AlS
45 Smooth Alb
R28 1525 Al7
R28 3060 Al
P45 1525 Al9
R45 3060 A20
Glycerol N/A [.143 N/A 5 Smooth A2l
13 Smooth A22
28 Smooth A23
45 Smooth A24
R28 1525 AZ25
R28 3060 A26
The effect of pipe roughness an non-Newtonian turbulent fiow F. P. Van Sittert
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Test Fluid | Solids | Slurry Relative Solids Pipe Name | Page
density Density Concentration
(Sy) (S,.) by Volume
(C,)

R45 1525 | A27
R45 3060 | A28

CMC N/A 1.013 N/A 5 Smooth A29

I3 Smooth A30

28 Smooth A3ll

45 Smooth | A32
R28 1525 | A33
R28 3060 | A34
R45 1525 | A35
R45 3060 | A36
CMC N/A 1.027 N/A 5Smooth | A37

13 Smooth | A38
28 Smooth | A39
45 Smooth | A40
R28 1525 Adl
R28 3060 | A42
R45 1525 A43
R45 3060 | A44
CMC N/A 1.037 N/A 5 Smooth A45

13 Smooth Ado6

28 Smooth | A47
45 Smooth | A48
R28 1525 A49
R28 3060 A50
R45 1525 A5l
R45 3060 A52
1.080 4.85 % 5 Smooth AS3

N
jod
wn

Kaolin

13 Smooth A54
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Test Fluid Solids Slurry Relativ: Solids Pipe Nameﬁ Page
density Density Concentration
(5) S,) by Volume
(C,)

28 Smooth | ASS5

45 Smooth | AS56

R28 1525 | A57

R28 30660 A58

R45 1525 A59

R45 3060 | A60

Kaolin 2.65 1.146 8.85 % 5 Smooth A6l
13 Smocth | A62

28 Smooth | A63

45 Smooth A64

R28 1525 A65

R28 3060 | A66

R45 1525 A67

R45 3060 A68

Kaolin 2.65 1.177 10.73 % 5 Smooth A69
13 Smooth | AT0

28 Smooth | A7l

45 Smooth | A72

R28 1525 AT73

R28 3060 A74

R45 1525 A7S

R45 3060 AT6

Tailings 3.70 1.731 27.07% 5 Smooth AT7
13 Smooth | A78

28 Smooth | A79

45 Smooth | A80

R28 1525 A8l

R28 3060 A82
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Test Fluid Solids Slurry Relative Solids Pipe Name | Page
density Density Concentration
(S,) (5.) by Velume
(C)

R45 1525 A83
R45 3060 A84
Tailings 3.70 1.801 29.67 % 5 Smooth A8S5
13 Smooth | A86
28 Smooth | AB7
45 Smooth | A8
R28 1525 A9
R28_3060 A90
R45 1525 A91
R45_3060 A92
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. P. Van Sitte
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CLEAR WATER TEST ANALYSIS

APPARATUS
Facility BBTV
Pipe name 5 Smooth
Diameter (mm) 5.78
Pipe roughness (um) 1.1
Material Clear Water
Operator FvS
Supervisor PTS
Clear water data vs Colebrook White
Test:CW5D=578mmk=1.07 um
20000
215000 1
3 —
‘06 =
eI
210000 T
& 1
= <
& 5000 T
0;;_”_ 4+ttt
0 2 4 6 8 10
Velocity [m/s]

—— Colebrook & White X Data
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APPARATUS
Facility BBTV
Pipe name |3 Smooth
Diameter (mm) 13.12
Pipe roughness (um) 0.87
Material Clear Water
Operator EvS
Supervisor PTS
Clear water data vs Colebrook White
Test: CW13 D =13.12 mm k = 0.87 um
25000
20000
= T
E I
£ 15000 L
E I
£ T
2 10000 -~
© -+
o 1
8 T
+ 5000
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Velocity [m/s]

Colebrook & White X Data
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APPARATUS -
Factlity BBTV

Pipe name 28 Smooth

Diameter (mm) 28.34

Pipe roughness (jum) 5.9

Material Clear Water

Operator FvS

Supervisor PTS

Clear water data vs Colebrook White
Test:CW 28D =28.34 mmk=5.90 um

Head loss [mm/m of water]
S
(]
[an)

—_
=
(=]
o

5000
4000
3000

0

Velocity [m/s]

—— Colebrook & White X Data
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APPARATUS
Facility BBTV
Pipe name 45 Smooth
Diameter (mm) 46.04
Pipe roughness (pm) 1.33
Material Clear Water
Operator FvS
Supervisor PTS
Clear water data vs Colebrook White
Test: CW45D=46.04 mmk =133 um
2500 T

F2000 £

[44] 4

z I

5 1

E 1500 T

£ 4

é =

% 1000 -

Q -+

5 I

!U ——

D .

+ 500

0% —_—
0 2 4 6 8 10 12
Velacity [m/s]
—— Colebrook & White X Data
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (um)
Material

Operator

Supervisor

BBTV
R28 1525
27.03

136

Clear Water
FvS

PTS

Clear water data vs Nikuradse
Test: CW 1525-286 D =27.03 mm k=135

8000

7000 —+

6000

5000

4000

3000

Head loss [m/m of water]

\%]
2
[]
o

1000

Velocity [m/s]

—— Colebrook & White X Data
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APPARATUS
Facility BBTV
Pipe name R28 3060
Diameter (mm) 27.18
Pipe roughness (um) 291
Material Clear Walter
Operator FvS
Supervisor PTS
Clear water data vs Nikuradse
Test : CW 3060-28 D = 27.17 mm k = 291
12000
10000
B
]
Z 8000
o
E
E 6000
g
T 4000
@
L
2000
0 S+
0

Velocity [m/s]

—— Colebrook & White X Data

The effect of pipe roughness on nan-Newtonian {urbulent flow F. P. Van Sittert



Appendix A: Test Results Page A1

APPARATUS
Facility BBTV
Pipe name R45 1525
Diameter (mm) 44.73
Pipe roughness (um) 42
Material Clear Water
Operator FvS
Supervisor PTS
Clear water data vs Nikuradse
Test:CW 152545 D = 44.73mm k = 41.96
3000 —
2500
T I
O —
32000
[w] 4
£ T
E 1500 -
I
T 1000 +
QO -+
T T
500 4
0 F—
0

Velocity [m/s]

—— Colebrook & White X Data
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APPARATUS
Facility BBTV
Pipe name R45 3060
Diameter {mm}) 45.44
Pipe roughness (pm) 672
Material Clear Water
Operator FvS
Supervisor PTS
Clear water data vs Nikuradse
Test: CW 306045 D = 4544 mmk =672
8000
7000 -4
86000 -+
[As]
S £
s 5000 +
g -4
E£.4000 4
gj} b
L3000 1
el
12} 4
T 2000 4
1000 =+
0 ——+—F—r+—+———t——F—Ft——+—++ ——
0 2 4 6 8 10 12
Velocity [m/s]
—— Colebrook & White X< Data
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GLYCERQIL TEST RESULTS S,_=1.090

APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (um)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density {S,,)
Volumetric Concentration
Viscosity (Pa.s)
Representative Particle Size

BBTV
5 Smooth

5.78
1.1

Glycerol

FvS
PTS

N/A

1.0906

N/A

00274

N/A

500

Wall Shear Stress [Pa]

100

au

l i
*

o ©
0 o aTe s s I }
0 2000 4000

6000

8000 10000

Pseudo Shear Rate [1/s]

Amm Smooth

T

12000

T

14000 16000
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APPARATUS
Facility BBTV
Pipe name 13 Smooth
Diameter (mm) 13.12
Pipe roughness (pm) 0.9
Material Glycerol
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density N/A
Fluid Relative Density (S,,) 1.0906
Volumetric Concentration N/A
Viscosity (Pa.s) 00274
Representative Particle Size N/A
800
600 —
g
‘@ T o
g .
L 400 1 o
[12] o
2 -
@ 1 o
g oo
200 - o
s
e S S T S P
0 2000 4000 6000 800¢ 10000 12000
Pseudo Shear Rate [1/s]
2 13mm Smeoth
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (pm)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,,)
Volumetric Concentration
Viscosity (Pa.s)
Representative Particle Size

BBTV

28 Smooth
28.34

5.9
Glycerol
FvS

PTS

N/A
1.0906
N/A
.00274
N/A

250

200 +

150

100 —

Wall Shear Stress [Pa]

O

! 4 ' J

83

RY

e oo

0 500

T T t t T
1000 1500 2000
Pseudo Shear Rate [1/s]

o 28mm Smooth

2500

3000

The effect of pipe roughness on non-Newtonian wrbulent flow

F. P. Van Sittert



Appendix A: Test Resulis

Page A16

APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (pm)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,)
Volumetric Concentration
Viscosity (Pa.s)
Representative Particle Size

BBTV

45 Smooth
45.04

1.3
Glycerol
FvS

PTS

N/A
1.0906
N/A
.00274
N/A

250

200

150 +

—_

(o]

o
i
1

Wall Shear Stress [Pa)

50 +

1 ] |

e

T H 1
500 1000
Pseudo Shear Rate [1/s]

= 45mm Smooth

1500
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APPARATUS

Facility BBTV
Pipe name R28-1525
Diameter (mm) 27.03
Pipe roughness (um) 136
Material Glycerol
Operator FvS
Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density N/A
Fluid Relative Density (S,) 1.0906
Volumetric Concentration N/A
Viscosity (Pa.s) 00274
Representative Particle Size N/A

400
350 +— o

300 .

250

Wall Shear Stress [Pa]
=
[sn) o
| ]
| T
)

-
(o]
o
%
]

[4)]
o
%

)]
%

ﬁi"x'_f-“ | 4 — } ] } | [ }

0 500 10C0 1500 2000 2500 3000
Pseudo Shear Rate [1/35]

= R28_1525
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (pm)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,)
Volumetric Concentration
Viscosity (Pa.s)
Representative Particle Size

BBTV
R28-3060
27.17

291
Glycerol
FvS

PTS

N/A
1.0906
N/A
.00274
N/A

500

4C0

w3

o

S
|
1

n

o

=]
]
I

Wall Shear Stress [Pa]

100

]
1

1 ! 4 Il H I |
T T

L T
1500 2000 2500

Pseudo Shear Rate [1/s]

> R28_3060

3000
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APPARATUS

Facility BBTV
Pipe name R45-1525
Diameter (mm) 44.73
Pipe roughness (tm) 42
Material Glycerol
Operator FvS
Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density N/A
Fluid Relative Density (S,) 1.0906
Volumetric Concentration N/A
Viscosity (Pa.s) 00274
Representative Particle Size N/A

250

200 +

150 +—

—
o
o
|
[
1
0

Wall Shear Siress [Pa)
O

50 - .

0 500 1000
Pseudo Shear Rate [1/s]

= R45_1525

2000
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (jin)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S_)
Volumetric Concentration
Viscosity (Pa.s)
Representative Particle Size

BBRTV
R45-3060
4544

672
Glycerol
FvS

PTS

N/A
1.0906
N/A
.00274
N/A

600

500 —++

N

o

(=)
|
I

300

Wall Shear Stress [Pa]

[a%)

o

(=}
|
I

100 -

1000 1500
Pseudo Shear Rate [1/s]

o R45_3060

2060
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GLYCEROL TEST RESULTS S =1.1433

APPARATUS
Facility BBTV
Pipe name . 5 Smooth
Diameter (mumn) 5.78
Pipe roughness (um) 1.1
Material Glycerol
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density N/A
Fluid Relative Density (S,,) 1.1433
Volumetric Concentration N/A
Viscosity (Pa.s) 00824
Representative Particle Size N/A
500
400 4 £
5 .
gé'; 300 + &
8 3
% 200 + L
z | -
100 4 5
0 “ﬁf}mfzfaw' —————— ———+—
0 2000 4000 6000 8000 10000 12000 14000

Pseudo Shear Rate [1/s]

> Bmm Smoath
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (pm)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S_)
Volumetric Concentration
Viscosity (Pa.s)
Representative Particle Size

BBTV

13 Smooth
13.12

0.9
Glycerol
FvS

PTS

N/A
1.1433
N/A
00824
N/A

900

800

700 -

o o o))

[ o

s 8 B8
| ! |
[ 1 [

Wall Shear Stress [Pa]
g

|

!

o @

0 Jommnoog® ~
0 2000

T T T ¥ T
4000 6000 8000
Pseudo Shear Rate [1/s]

o 13mm Smooth

10000
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (um)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (§,,)
Volumetric Concentration
Viscosity (Pa.s)
Representative Particle Size

BBTV

28 Smooth
28.34

59
Glycerol
FvS

PTS

N/A
1.1433
N/A
00824
N/A

300

Wall Shear Siress [Pa)

QO

O

— I — 1

T T T T 1
1000 1500 2000
Pseudo Shear Rate [1/s]

= 28mm Smooth

3000

The effect of pipe roughness on non-Newtonian turbulent flow

F. P. Var Sittert
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APPARATUS
Facility BBTV
Pipe name 45 Smooth
Diameter (mm) 45.04
Pipe roughness (pumy) 1.3
Material Glycerol
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density N/A
Fluid Relative Density (S,,) 1.1433
Volumetri¢c Concentration N/A
Viscosity (Pa.s) 00824
Representative Particle Size N/A
300
250 s
—_ - 8
& 200 -+
R
2 150
3 <
§ + o
100 + o °
50 ~~ o
=)
-~ o]
SRR — ; % ' —
0 500 1000 1500 2000
Pseudo Shear Rate [1/s]
= 45mm Smooth
The effect of pipe roughness on .»on-Newtonian turbulent flow F.P. Van Sittert



Appendix A: Test Results

Page A25

APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (um)
Material

Operator

Supervisor

BBTV
R28-1525
27.03

[36
Glycerol
FvS

PTS

SLURRY PROPERTIES

Solids Relative Density
Fluid Relative Density (S_)
Volumetric Concentration

Viscosity {Pa.s)

Representative Particle Size

N/A
1.1433
N/A
00824
N/A

500

400 +

w

o

(=1
]
I

Wall Shear Stress [Pa])
8
[aw]
| 1
[ ]

100 +

] } -
T

1500 200G 25G0 33000

Pseudo Shear Rate [1/g]

c  R28_1525

3500

The effect of pipe roughness on non-Newtonian turbulent flow

F. P Var Sittert
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APPARATUS
Facility

Pipe name

Diameter {mim)

Pipe roughness {um)
Material

Operator

Supervisor

SLURRY PROPERTIES

Solids Relative Density
Fluid Relative Density (S,)
Volumetric Concentration

Viscosity (Pa.s)

Representative Particle Size

BBTV
R28-3060
27.17

291
Glycerol
EvS

PTS

N/A
1.1433
N/A
00824
N/A

500
h <
400
[l
<
= 4+
o,
(e
& 300 —+
e
5 -
&
2 o
@200 1 ©
g o @
<
(=)
100 + =
= =
0 e S : : .l —— : +
0 500 1000 1500 2000 2500 3000
Pseudo Shear Rate [1/s]
= R28_3060
F. P. Van Sitternt

The effect of pipe roughness on nion-Newtonian turbulent flow
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APPARATUS
Facility

Pipe name

Diameter (mm})

Pipe roughness (jum)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,,)
Volumetric Concentration
Viscosity (Pa.s)
Representative Particle Size

BBTV

R45-1525

4473

42

Glycerol

EvS

PTS
N/A
1.1433
N/A
00824
N/A

300

250

o]

=]

a
[
I

100 +

Wall Shear Stress [Pa]
o
[
i
I

50 +

§ 1 —

+ ¢ — |

1000 1500
Pseudo Shear Rate [1/s}

> R45_1525

2000

The effect of pipe raughness on ngn-Newtcnian turbulent flow

F. P. varn Sittert
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APPARATUS
Facility

Pipe name

Diameter {mm)

Pipe roughness (um)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,.)
Volumetric Concentration
Viscosity (Pa.s)
Representative Particle Size

BBTV
R45-3060
45.44

672
Glycerol
FvS

PTS

N/A
1.1433
N/A
00824
N/A

600

[Pa]
o
e

f
T

Wall Shear Stress

00

1000 1500
Pseudo Shear Rate [1/s]

o R45 3060

2000

The effect of pipe roughness on non-Newtonian turbulent flow

F. P. Van Sittert
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CMC TEST RESULTS S =1.0129

APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (um)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,,)
Volumetric Concentration
Yield Stress, t, (Pa)

BBTV

5 Smooth

5.78

1.1

CMC

FvS

PTS
N/A
1.0129
N/A
0

Fluid Consistency Index, K (Pa.s")  0.02592
Flow Behaviour Index, n 0.84959
Representative Particle Size N/A
350
300 +
250 +
g
p +
2200
cn 1 .
@
2150 + -
9 -
5 T SR
=100 + L F
50 + G
- —~ [=] & >
0dee=P " 4 ,'
0 2000 4000 6000 8000 10000 12000

Pseudo Shear Rate [1/s]

2 5mm Smooth

14000

The effect of pipe roughness on nan-Newtonian turbulent flow

F.P. Van Sittert
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (pum)
Material

Operator

Supervisor

BBTV

13 Smooth
13.12

0.9

CMC

FvS

PTS

SLURRY PROPERTIES
Solids Relative Density
Fluid Retative Density (S,) 1.0129
Volumetric Concentration N/A

Yield Stress, T, (Pa)

N/A

0

Fluid Consistency Index, K (Pa.s”)  0.02592
Flow Behaviour Index, n 0.84959
Representative Particle Size N/A

1000

800

600 —+

400 -+

Wall Shear Stress [Pa)

200 ~+-

4]

-l 3 | } |

t T g T t T
4000 6000 8000
Pseudo Shear Rate {1/s]

o 13mm Smooth

T

10000

12000

The effect of pipe roughness & non-Newtonian turbulent flow

F. P. van Sittert
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APPARATUS
Facility BBTV
Pipe name 28 Smooth
Diameter (mm) 28.34
Pipe roughness (um) 5.9
Material CMC
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density N/A
Fluid Relative Density (S,,) 1.0129
Volumetric Concentration N/A
Yield Stress, 1, (Pa) 0
Fluid Consistency Index, K (Pa.s"y 0.02592
Flow Behaviour Index, nt 0.84959
Representative Particle Size N/A
300
250 + -
5 | .
£.200 - .
é i =
P 150
3
é —_—
cgu 100 4 ) =
50 4 . ’
0 -M —+ +——F ———t t f : +
0 500 1000 1500 2000 2500 3000

Pseudo Shear Rate [1/s]

> 28mm Smooth

3500

The effect of pipe roughness on non-Newtonian turbulent flow

F. P. Van Sittert
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (pm)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,,)
Volumetric Concentration
Yield Stress, t, (Pa)

BBTVY

45 Smooth
45.04

1.3

CMC

EvS

PTS

N/A
1.0129
N/A

0

Fluid Consistency Index, K (Pa.s”) 0.02592
Flow Behaviour Index, n 0.84959
Representative Particle Size N/A
300
250 | °
fol
= T
L.200 + ©
[%2]
[£2] o~
E - =
2150 1 s
Q fo]
= -
w o2
<100 + o
2 -
T ]
o
50 + s
- fe] ©
= @]
0 e ¥ .l | ; : ; | :
0 500 1000 1500 2000 2500
Pseudo Shear Rate [1/s]
o 4bmm Smoath
The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (pm)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,)
Volumetric Concentration
Yield Stress, 1, (Pa)

Fluid Consistency Index, K (Pa.s")

Flow Behaviour Index, n
Representative Particle Size

BBTV
R28-1525
27.03

136
CMC
FvS

PTS

N/A
1.0129
N/A

0
0.02592
0.84959
N/A

350

Wall Shear Stress [Pa]

= - o] N [4%]

[a] [4)] (] o [w]

[ae] (=] o] ] o]

| 1} i { |
1 1 1 I
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1500 2000 2500 3000
Pseudo Shear Rate [1/s]

1000

= R28_1525

3500

The effect of pipe roughness on Non-Newionian turbulent flow

F. P, Var, Sittert
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APPARATUS
Facility BBTV
Pipe name R28-3060
Diameter (mm} 27.17
Pipe roughness (um) 291
Material CMC
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density N/A
Fluid Relative Density (S,_) 1.012%
Volumetric Concentration N/A
Yield Stress, T, (Pa) 0
Fluid Consistency Index, K (Pa.s") 0.02592
Flow Behaviour Index, n 0.84959
Representative Particle Size N/A
400

300 + O

£

% —

P 200 + °

g o

5 | -

100 +- - °
L 8 o
0 oo P { + f—t + et
0 500 1000 1500 2000 2500 3000
Pseudo Shear Rate [1/s]
> R28 3080
F.P. Van Sittert

The effect of pipe roughness on non-Newtonian turbulent flow
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APPARATUS
Facility BBTV
Pipe name R45-1525
Diameter (mm) 4473
Pipe roughness (pm) 42
Material CMC
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density N/A
Fluid Relative Density (S_) 1.0129
Volumetric Concentration N/A
Yield Stress, T, (Pa) 0
Fluid Consistency Index, K (Pa.s") 0.02592
Flow Behaviour Index, n 0.84959
Representative Particle Size N/A
250
200 .-

@ 150 )

b7 T

s H 2

§ 100 +

50 + ®
04— ; + ‘ 5 4
0 500 1000 1500 2000

Pseudo Shear Raie [1/s)

= R45 1525

The effect of pipe roughness on non-Newtenian turbulent flow F. P. van Sittert
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (um)
Maternal

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density

BBTV
R45-3060
45.44

672

CMC
FvS

PTS

N/A

Fluid Relative Density (S,,) 1.0129
Volumetric Concentration N/A

Yield Stress, T, (Pa)
Fluid Consistency Index,
Flow Behaviour Index, n

0
K (Pa.s") 0.02592
0.84959

Representative Particle Size N/A
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500 1000
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The effect of pipe roughness en non-Newtonian turbulent flow

F. P. Van Sittert



Appendix A: Test Resuits

Page A37

CMC TEST RESULTS S = 1.0269

APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (pm)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S, )
Volumetric Concentration
Yield Stress, t, (Pa)

Fluid Consistency Index, K (Pa.s")

Flow Behaviour Index, n
Representative Particle Size

BBTV

5 Smooth

5.78

1.1

CcMC

FvS

PTS
N/A
1.0269
N/A
0

0.12106
0.82743
N/A
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The effect of pipe roughness on non-Newtonian turbulent flow

F. P. Var Sittert
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (pm)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,_)
Volumetric Concentration
Yield Stress, 7, (Pa)

BBTV

13 Smooth
13.12

0.9

CMC

FvS

PTS

N/A
1.0269
N/A

0

Fluid Consistency Index, K (Pa.s") 0.12106
Flow Behaviour Index, n 0.82743
Representative Particle Size N/A
600
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1 <
pc? O
o400 +— =
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T 200 4~ o =
= 1 S°
100 - o &
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. =0 o ©
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0 1000 2000 3000 4000 5000 6000 7000 8000
Pseudo Shear Rate [1/s]
©  13mm Smooth
F. P. Van Sittert

The effect of pipe roughness cn non-Newtonian turbulent flow
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APPARATUS -
Facility BBTV

Pipe name 28 Smooth

Diameter (mm) 28.34

Pipe roughness (nm) 59

Material CMC

Operator FvS

Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density N/A
Fluid Relative Density (S,) 1.0269
Volumetric Concentration N/A
Yield Stress, 1, (Pa) 0

Fluid Consistency Index, K (Pa.s”) 0.12106
Flow Behaviour Index, n 0.82743
Representative Particle Size N/A

350

300 —|—

Wall Shear Stress [Pa]
a2 8 X
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0 500 1000 1500 2000 2500 3000
Pseudo Shear Rate [1/s}

o 28mm Smooth

The effect of pipe roughness on non-Newtcenian turbulent flow F.P. Van Sittert
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APPARATUS

Facility BBTV
Pipe name 45 Smooth
Diameter (mm) 45.04

Pipe roughness (um) 1.3
Matenal CMC
Operator FvS
Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density N/A
Fluid Relative Density (S,,) 1.0269
Volumetric Concentration N/A
Yield Stress, 1, (Pa) 0

Fluid Consistency Index, K (Pa.s™) 0.12106
Flow Behaviour Index, n 0.82743
Representative Particle Size N/A

300

250
o

Woall Shear Stress [Pa]
&
[}
%
o]

0 500 1000 1500
Pseudo Shear Rate [1/s]

o 45mm Smooth

2000

The effect of pipe roughness on non-Newionian turbulent flow

F. P. Van Sittert
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (pmj)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,))
Volumetric Concentration
Yield Stress, 17, (Pa)

BBTV

R28-1525

27.03
136
CMC
FvS
PTS

Fluid Consistency Index, K (Pa.s")

Flow Behaviour Index, n
Representative Particle Size

N/A
1.0269
N/A

0
0.12106
0.82743
N/A

350
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e}

I i 1 ! n 1
T T ¢

1000

1500 2000 2500
Pseudo Shear Rate [1/s]

o R28_1525
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The effect of pipe roughness on non-Newtonian turbulent flow

F. P. Van Sittert
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness {um)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,,)
Volumetric Concentration

Yield Stress, T, (Pa)

BBTV
R28-3060
2747

291

CMC
FvS

PTS

N/A
£.0269
N/A

0

Fluid Consistency Index, K (Pa.s™)  0.12106

Flow Behaviour Index, n 0.82743
Representative Particle Size N/A
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T &
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g a
= o
w L <
3 o ©
= e
100 -+ o
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Pseudo Shear Rate [1/s]
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The effect of pipe roughness on non-Newtonian turbulent flow - F. P. Van Sittert
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APPARATUS

Facility BBTV
Pipe name R45-1525
Diameter (mm) 44.73
Pipe roughness (prmn) 42
Material CMC
Operator FvS
Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density N/A
Fluid Relative Density (S,) 1.0269
Volumetric Concentration N/A
Yield Stress, t, (Pa) 0

Fluid Consistency Index, K (Pa.s™) 0.12106
Flow Behaviour Index, n 0.82743
Representative Particle Size N/A

300

250 +

& 8
o (o]
| |
1 1
a
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=
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I
1
O

Wall Shear Stress [Pa)

v 500 1000
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The effect of pipe roughness on non-Newtonian turbuient flow

F.P. Van Sittert
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness {(pm)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,,)
Volumetric Concentration
Yield Stress, t, (Pa)

Fluid Consistency Index, K (Pa.s")

Flow Behaviour Index, n
Representative Particle Size

BBTV
R45-3060
45.44

672

CMC
FvS

PTS

N/A
1.0269
N/A

{
0.12106
(0.82743
N/A

400

Wall Shear Stress [Pa}
]
o
]
I

1000
Pseudo Shear Rate [1/s]

o R45 3060

The effect of pipe roughness an non-Newtonian turbulent flow

2000

F. P. Van Sittert
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CMC TEST RESULTS §_=1.0372

APPARATUS
Facility BBTV
Pipe name 5 Smooth
Diameter (mm) 5.78
Pipe roughness {pm) 1.1
Material CMC
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density N/A
Fluid Relative Density (S,) 1.0372
Volumetric Concentration N/A
Yield Stress, 1, (Pa) 0
Fluid Consistency Index, K (Pa.s™) 0.37011
Flow Behaviour Index, n 0.78749
Representative Particle Size N/A
500
400 + c
E | O .
%300 + . C
g < =
% 200 + _o°©
100 ¢+ %o g
§§ 3 ! 1 —4 4
0 — T L T ¥ T — t t
0 2000 4000 6000 8000
Pseudo Shear Rate [1/s]
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The effect of pipe roughness on non-Newtonian turbulent flow

F. P. Van Sittert
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APPARATUS
Facility BBTV
Pipe name 13 Smooth
Diameter (mm) 13.12
Pipe roughness (um) 0.9
Material CMC
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density N/A
Fluid Relative Density (S,) 1.0372
Volumetric Conceniration N/A
Yield Stress, T, (Pa) 0
Fluid Consistency Index, K (Pa.s”) 0.37011
Flow Behaviour Index, n 0.78749
Representative Particle Size N/A
800 -
+ &
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g | S
? 400 - o
5] 1 c “
K o
- ., 2 °°
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e
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10000

The effect of pipe roughness on non-Newtonian urbulent flow

F. P. Van Sittert
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (pum)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S, )
Volumetric Concentration
Yield Stress, 1T, (Pa)

BBTV

28 Smooth
28.34

5.9

CMC

FvS

PTS

N/A
1.0372
N/A

0

Fluid Consistency Index, K (Pa.s”)y 037011
Flow Behaviour Index, n 0.78749
Representative Particle Size N/A
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The effect of pipe roughness on non-Newtonian turbulent flow

F. P. Van Sittert
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APPARATUS

Facility BBTV
Pipe name 45 Smooth
Diameter (mm) 45.04

Pipe roughness (um) 1.3
Material CMC
Operator FvS
Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density N/A
Fluid Relative Density (S,,) 1.0372
Volumetric Concentration N/A
Yield Stress, T, (Pa) 0

Fluid Consistency Index, K (Pas") 0.37011
Flow Behaviour Index, n 0.78749
Representative Particle Size N/A
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The effect of pipe roughness on non-Newtonian turbulent flow F.P. Van Sittert
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APPARATUS

Facility BBTV

Pipe name R28-1525

Diameter (mm) 27.03

Pipe roughness (um) 136

Maierial CMC

Operator FvS

Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density N/A

Fluid Relative Density (S,) 1.0372

Volumetric Conceniration N/A
0

Yield Stress, t, (Pa)

Fluid Consistency Index, K (Pas”) 0.37011
Fiow Behaviour Index, n 0.78749
Representative Particle Size N/A
350
300 + Cy
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?5'250 T <
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The effect of pipe roughniess on non-Newtonian turbulent flow F. P. Van Sittert
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APPARATUS

Facility BBTV
Pipe name R28-3060
Diameter (mm) 27.17
Pipe roughness (nm) 291
Material CcMC
Operator FvS
Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density N/A
Fluid Relative Density (S,_) 1.0372
Volumetric Concentration N/A
Yield Stress, 1, (Pa) 0

Fluid Consistency Index, K (Pa.s™y 0.37011
Flow Behaviour Index, n 0.78749
Representative Particle Size N/A
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The effect of pipe roughness or. non-Newtonian turbulent fiow F. P. Van Sittert
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APPARATUS

Facihty BBTV
Pipe name R45-1525
Diameter (mm) 4473
Pipe roughness (pm} 42
Material CMC
Operator FvS
Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density N/A
Fluid Relative Density (S,) 1.0372
Volumetric Concentration N/A
Yield Stress, 1, (Pa) 0

Fluid Consistency Index, K (Pa.s™y  0.37011
Flow Behaviour Index, n 0.78749
Representative Particle Size N/A

350

Wall Shear Stress [Paj
s a 8 B 8
o [ o o o
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The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert
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APPARATUS

Facility BBTV

Pipe name R45-3060
Diameter (mim) 45.44

Pipe roughness (um) 672
Material CMC
Operator FvS
Supervisor PTS
SLURRY PROPERTIES

Solids Relative Density N/A
Fluid Relative Density (S,) 1.0372
Volumetric Concentration N/A
Yield Stress, 1, (Pa) 0

Fluid Consistency Index, K (Pa.s") 0.37011

Flow Behaviour Index, n

0.78749

Representative Particle Size N/A

400

Wall Shear Stress [Pa)

500 1000 1500
Pseudo Shear Rate [1/s]

o R45_1525

2000

The effect of pipe roughness or. non-Newtonian turbulent flow

F. P. Van Sittert
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KAOLIN TEST RESULTS S, = 1.0803

APPARATUS
Facility BBTV
Pipe name 5 Smooth
Diameter (mm) 5.78
Pipe roughness (pm) 1.1
Material Kaolin
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density 2.65
Fluid Relative Density (S,)) 1.0803
Volumetric Concentration 4.85 %
Yield Stress, 1, (Pa) 5.50494
Fluid Consistency Index, K (Pa.s™)  0.28786
Flow Behaviour Index, n 0.46263
Representative Particle Size, dg; 15 pm

500

400 +

% 300 1 s ©
% 200 + s L=
100 + s ° }
) CQ h
00D C0 © TUTRETS 2
0 ; { ] bt { t -+ 1 { t { —
0 2000 4000 6000 8000 10000 12000 14000 16000

Pseudc Shear Rate [1/s]

o 5mm Smooth

The effect of pipe roughness on non-Newtenian turbulent flow F. P. Van Sittert
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APPARATUS
Factlity BBTV
Pipe name 13 Smooth
Diameter (mm) 13.12
Pipe roughness (pm) 0.9
Material Kaolin
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density 2.65
Fluid Relative Density (S, ) 1.0803
Volumetric Concentration 4.85%
Yield Stress, 1, (Pa) 5.50494
Fluid Consistency Index, K (Pa.s™) 0.28786
Flow Behaviour Index, n 0.46263
Representative Particle Size, dg; 15 pm
800 -

_ 600 + .

E.ci (=)

5 T 3 o

© 400 + =

g o

[£3] 1 ]

T o5

= ©

200 o °
< < ° " i
0 pemmgRT : : — | ——t %
0 2000 4000 6000 8000 10000 12000

Pseudo Shear Rate [1/s]

o 13mm Smooth

The effect of pipe roughness 1 non-Newtonian turbulent flow F.P. Van Sittert
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (um)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,.)
Volumetric Concentration
Yield Stress, 1, (Pa)

Fluid Consisiency Index, K
Flow Behaviour Index, n

Representative Particle Size, dgs

BBTV

28 Smooth
28.34

5.9

Kaolin
FvS

PTS

2.65
1.0803
4.85 %
5.50494
0.28786
0.46263
15 um

(Pa.s")

Wall Shear Stress [Pa]

oo

| —— 3 s !

0 500

1 T T ¥ ¥

1000 1500 2000
Pseudo Shear Rate [1/s]

o 28mm Smoocth

2500

3000

The effect of pipe roughness on non-Newtonian turbuient flow

F.P. Van Sittert
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APPARATUS
Facility BBTV
Pipe name 45 Smooth
Diameter {mm) 45.04
Pipe roughness (um) 1.3
Material Kaolin
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density 2.65
Fluid Relative Density (S _) 1.0803
Volumetric Concentration 4.85 %
Yield Stress, T, (Pa) 5.50494
Fluid Consistency Index, K (Pa.s")  0.28786
Flow Behaviour Index, n 0.46263
Representative Particle Size, d;, 15 pm
250
200 + .

% 150 R

g as

& 100 + o

3 ge

= T o

50 - L C l
N 5 H&D «©
o o o @O
0o =0 ; , ; . | ,
0 500 1000 1500 2000
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The effect of pipe roughness o nan-Newtonian turbulent flow F.P. Van Sittert
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APPARATUS

Facility BBTV
Pipe name R28-1525
Diameter (mm) 27.03
Pipe roughness (nm) 136
Material Kaolin
Operator FvS
Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 2.65
Fluid Relative Density (S,) 1.0803
Volumetric Concentration 4.85%
Yield Stress, 7, (Pa) 5.50494
Fluid Consistency Index, K (Pa.s") 0.28786
Flow Behaviour Index, n 0.46263
Representative Particle Size, dg; 15 pm
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The effect of pipe roughness on non-Newtenian turbulent flow F. P. Van Sittert
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APPARATUS
Facility BBTV
Pipe name R28-3060
Diameter (mm) 27.17
Pipe roughness (um) 291
Material Kaolin
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density 2.65
Fluid Relative Density (S,,) 1.0803
Volumetric Concentration 4.85 %
Yield Stress, T, (Pa) 5.50494
Fluid Consistency Index, K (Pa.s™) 0.28786
Flow Behaviour Index, n 0.46263
Representative Particle Si:e, dg; 15 um
400

300 + co

g

2200 Lo

73] 1 o co

100 55 %
—-—— V) @ﬁg
=
I L — |
0 500 1000 1500 2000 2500 3000
Pseudo Shear Rate [1/s}
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The effect of pipe roughness on non-Newtonian turbulent flow F.P. Van Sittert
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APPARATUS

Facility BBTV

Pipe name R45-1525
Diameter {mm) 44.73

Pipe roughness (pm) 42

Material Kaolin
Operator FvS
Supervisor PTS
SLURRY PROPERTIES

Solids Relative Density 2.65
Fluid Relative Density (S_) 1.0803
Volumetric Concentration 4.85%
Yield Stress, t, (Pa) 5.50494

Fluid Consistency Index, K (Pa.s")
Flow Behaviour Index, n
Representative Particle Size, dg;

0.28786
0.46263
15 pm
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The effect of pipe roughness on non-Newtonian turbulient flow

F. P. Van Sittert
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APPARATUS

Facility BBTV

Pipe name R45-3060
Diameter (mm) 45.44

Pipe roughness (um) 672

Material Kaolin
Operator FvS

Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 2.65
Fluid Relative Density (S,) 1.0803
Volumetric Concentration 4.85%
Yield Swress, 1, (Pa) 5.50494
Fluid Consistency Index, K (Pa.s™)  0.28786
Flow Behaviour Index, n 0.46263

Representative Particle Size, dg; 15 um

600

500 5 (=]

p.y
o
o
%
o}

Wall Shear Stress [Pa)

0 500 1000 1500 2000
Pseudo Shear Rate [1/s]

o R45_3080

The effect of pipe roughness or non-Newtonian turbulent flow F.P.Van Sittert
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KAOLIN TEST RESULTS S =1.146

APPARATUS

Facility BBTV

Pipe name 5 Smooth

Diameter (mm) 5.78

Pipe roughness (pm) 1.1

Matenal Kaolin

Operator FvS

Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 2.65

Fluid Relative Density (S,) 1.146

Volumetric Concentration 8.85 %
14.28570

Yield Stress, t, (Pa)

Fluid Consistency Index, K (Pas”) 0.87945
Flow Behaviour Index, n 0.44337
Representative Particle Size, dg; {5 pm
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The effect of pipe roughness on non-Newtonian turbulent fiow
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APPARATUS

Facility BBTV
Pipe name 13 Smooth
Diameter (mm) 13.12

Pipe roughness (pm) 0.9
Material Kaolin
Operator FvS
Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 2.65
Fluid Relative Density (S, ) 1.146
Volumetric Concentration 8.85 %
Yield Stress, T, (Pa) 14.28570
Fluid Consistency Index, K (Pa.s") 0.87945
Flow Behaviour Index, n 0.44337
Representative Particle Size, dg; [5 um

o

Wall Shear Stress [Pa]
5
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0 2000 4000 6000 8000 10000 12000
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The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert
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APPARATUS -
Facility BBTV

Pipe name 28 Smooth

Diameter (mm) 28.34

Pipe roughness (pm) 59

Material Kaolin

Operator FvS

Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 2.65
Fluid Relative Density (S ) 1.146
Volumetric Concentration 8.85 %
Yield Stress, T, (Pa) 14.28570
Fluid Consistency Index, K (Pa.s™)  0.87945
Flow Behaviour Index, n 0.44337
Representative Particle Size, dgs 15 um

300

o] [\o]
[ S
o o
] |
T I
o
0
0

s
[4)]
<
3
I
o]

Wall Shear Stress [Pa]

0 500 1000 1500 2000 2500 3000
Pseudo Shear Rate [1/s]

o 28mm Smooth

The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert
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APPARATUS

Facility BBTV

Pipe name 45 Smooth
Diameter (mm} 45.04

Pipe roughness (pm) 1.3

Material Kaolin
Operator FvS
Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 2.65
Fluid Relative Density (S, ) 1.146
Volumetric Concentration 8.85 %
Yield Stress, T, (Pa) 14.28570

Fluid Consistency Index, K (Pa.s”) 0.87945

Flow Behaviour Index, n

0.44337

Representative Particle Size, dgs 15 pm
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The effect of pipe roughness on non-Newtanian turbulent flow F. P. Van Sittert
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APPARATUS

Facility BBTV
Pipe name R28-1525
Diameter (mm) 27.03
Pipe roughness (um) 136
Material Kaolin
Operator FvS
Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 2.65
Fluid Relative Density (S,) 1.146
Volumetric Concentration 8.85 %
Yield Stress, t, (Pa) 14.28570
Fluid Consistency Index, K (Pa.s™) 0.87945
Flow Behaviour Index, n 0.44337
Representative Particle Size, dg; 15 um
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APPARATUS

Facility BBTV

Pipe name R28-3060
Diameter (mm) 27.17

Pipe roughness (i) 291

Material Kaolin
Operator FvS
Supervisor PTS
SLURRY PROPERTIES

Solids Relative Density 2.65
Fluid Relative Density (S, ) 1.146
Volumetric Concentration 8.85 %
Yield Stress, T, (Pa) 14.28570

Fluid Consistency Index, K (Pa.s")  0.87945
Flow Behaviour Index, n 0.44337
Representative Particle Size, dg; 15 um
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The effect of pipe roughness o non-Newtonian turbulent flow
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APPARATUS

Facility BBTV

Pipe name R45-1525

Diameter {(mm) 4473

Pipe roughness (um) 42

Material Kaolin

Operator FvS

Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 2.65

Fluid Relative Density (S,) 1.146

Volumetric Concentration 8.85 %
1428570

Yield Stress, 1, (Pa)

Fluid Consistency Index, K (Pa.s")
Flow Behaviour Index, n
Representative Particle Size, dys

0.87945
0.44337
15 pm
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Wall Shear Stress [Pa]
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The effect of pipe roughness on non-Newtenian turbulent flow

F.P. Van Sittert
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APPARATUS

Facility BBTV

Pipe name R45-3060
Diameter (mm) 45.44

Pipe roughness (num) 672

Material Kaolin
Operator FvS

Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 2.65
Fluid Relative Density (S,) 1.146
Volumetric Concentration 8.85 %
Yield Stress, T, (Pa) 14.28570
Fluid Consistency Index, K (Pa.s™)  0.87945
Flow Behaviour Index, n 0.44337

Representative Particle Size, dg; [5 pm
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KAQLIN TEST RESULTS S, =1.1779

APPARATUS
Facility BBTV
Pipe name 5 Smooth
Diameter (mm) 5.78
Pipe roughness (pm) 1.1
Material Kaolin
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density 2.65
Fluid Relative Density (S,) 1.146
Volumetric Concentration 10.73 %
Yield Stress, T, (Pa) 35.7885
Fluid Consistency Index, K (Pa.s”)  0.27887
Flow Behaviour Index, n 0.61650
Representative Particle Size, dg; 15 um
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2 T s
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% T S coe® 5=
= oS 7
100 -t e w @
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The effect of pipe roughness on non-Newienian turbulent flow F. P. Van Sittert
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APPARATUS
Facility BBTV
Pipe name 13 Smooth
Diameter (mm) 13.12
Pipe roughness (pm) 0.9
Material Kaolin
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density 2.65
Fluid Relative Density (S_) [.146
Volumetric Concentration 10.73 %
Yield Stress, T, (Pa) 35.7885
Fluid Consistency Index, K (Pa.s") 0.27887
Flow Behaviour Index, n 0.61650
Representative Particle Size, dg; 15 pm
1000
800 -+ ©
g T 58
4 600 + _ 9
3 | s
& 400 + o
200 4 P
,WO [
0 b — i —+ | + ; : —+ :
¢ 2000 4066 6000 8000 16000 12000
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The effect of pipe roughness on ..on-Newtcnian turbulent flow F. P. Van Sitteri
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APPARATUS

Facility BBTV

Pipe name 28 Smooth
Diameter (mm) 28.34

Pipe roughness (um) 59

Matenal Kaolin
Operator FvS

Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 2.65
Fluid Relative Density (S,_) 1.146
Volumetric Concentration 10.73 %
Yield Stress, T, (Pa) 35.7885

Fluid Consistency Index, K (Pa.s™) 0.27887
Flow Behaviour Index, n 0.61650
Representative Particle Size, dg; 15 pm
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250 °
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The effect of pipe roughness on non-Newtonian turbulent flow
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (um)
Matenal

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S_)
Volumeiric Concentration
Yield Stress, T, (Pa)

Fluid Consistency Index, K
Flow Behaviour Index, n

BBTV

45 Smooth
45.04

1.3

Kaolin
EFvS

PTS

2.65
[.146
10.73 %
35.7885
0.27887
0.61650

(Pa.s")

Representative Particle Size, dg; 15 pm
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The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert
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APPARATUS

Facility BBTV

Pipe name R28-1525
Diameter {(mm) 27.03

Pipe roughness (pm) 136

Material Kaolin
Operator FvS

Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 2.65
Fhud Relative Density (S,) 1.146
Volumetric Concentration 10.73 %
Yield Stress, T, (Pa) 35.7885

Fluid Consistency Index, K (Pa.s")
Flow Behaviour Index, n
Representative Particle Size, d;

0.27887
0.61650
15 pm
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The effect of pipe roughness on non-Newtonian turbulent flow

F. P. Van Sittert



Appendix A: Test Results

Page A74

APPARATUS

Facility BBTV

Pipe name R28-3060

Diameter (mm) 27.17

Pipe roughness {ym) 291

Material Kaolin

Operator FvS

Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 2.65

Fluid Relative Density (S.) 1.146

Volumetric Concentration 10.73 %
35.7885

Yield Stress, T, (Pa)

Fluid Consistency Index, K (Pa.s") 0.27887
Flow Behaviour Index, n 0.61650
Representative Particle Size, dg; 15 pm
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APPARATUS
Facility BBTV
Pipe name R45-1525
Diameter (mm) 4473
Pipe roughness (pm) 42
Material Kaolin
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density 2.65
Fluid Relative Density (S, ) 1.146
Volumetric Concentration 10.73 %
Yield Stress, t, (Pa) 35.7885
Fluid Consistency Index, K (Pa.s™)  0.27887
Flow Behaviour Index, n 0.61650
Representative Particle Size, dg; 15 pm
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (pum)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,)
Volumetric Concentration

Yield Stress, T, (Pa)

BBTV
R45-3060
45.44

672
Kaolin
FvS

PTS

2.65
1.146
10.73 %
35.7883

Fluid Consistency Index, K (Pa.s”) 0.27887

Flow Behaviour Index, n 0.61650
Representative Particle Size, dg 15 um
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TATLINGS TEST RESULTS S =1.7309

APPARATUS
Facility BBTV
Pipe name 5 Smooth
Diameter (mm) 5.78
Pipe roughness (um) 1.1
Material Tailings
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density 3.70
Fluid Relative Density (S,) 1.146
Volumetric Concentration 27.07 %
Yield Stress, T, (Pa) 2.5839
Fluid Consistency Index, K (Pa.s™)  0.00287
Flow Behaviour Index, n 1.20220
Representative Particle Size, dg, 85 pm
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The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert
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APPARATUS
Facility BBTV
Pipe name 13 Smooth
Diameter (mm) 13.12
Pipe roughness (um) 0.9
Material Tailings
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density 3.70
Fluid Relative Density (S, ) 1.146
Volumetric Concentration 27.07%
Yield Stress, T, (Pa) 2.5839
Fluid Consistency Index, K (Pa.s”) 0.00287
Flow Behaviour Index, n 1.20220
Representative Particle Size, dgs 85 pm
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The effect of pipe rougnness on non-Newtonian turbulent flow F. P. Van Sittert
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APPARATUS

Facility BBTV

Pipe name 28 Smooth
Diameter (mm) 28.34

Pipe roughness (pm) 59

Material Tailings
Operator FvS
Supervisor PTS
SLURRY PROPERTIES

Solids Relative Density 3.70
Fluid Relative Density (S,) 1.146
Volumetric Concentration 27.07%
Yield Stress, T, (Pa) 2.5839

Fluid Consistency Index, K (Pa.s") 0.00287
Flow Behaviour Index, n 1.20220
Representative Particle Size, dy; 85 um
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The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert
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APPARATLUS

Facility BBTV

Pipe name 45 Smooth
Diameter (mm) 45.04

Pipe roughness (um) 1.3

Material Tailings
Operator FvS
Supervisor PTS
SLURRY PROPERTIES

Solids Relative Density 3.70
Fluid Relative Density (S_) [.146
Volumetric Concentration 27.07 %
Yield Stress, 1, (Pa) 2.5839

Fluid Consistency Index, K (Pa.s")  0.00287

Flow Behaviour Index,
Representative Particle

n 1.20220
Size, dg; 85 um
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness {um)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,))
Volumetric Concentration
Yield Stress, T, (Pa)

BBTV

R28-1525

27.03

136

Tailings

FvS

PTS
3.70
1.146
27.07%
2.5839

Fluid Consistency Index, K (Pa.s”)  0.00287

Flow Behaviour Index, n

1.20220

Representative Particle Size, dg; 85 pum

500

Wall Shear Stress [Pa]

O

T T T T T T T
1000 1500 2000 2500
Pseudo Shear Rate [1/¢]

o R28_1525

3000
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness (pum)
Material

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density

Fluid Relative Density (S,)
Volumetric Concentration

Yield Stress, T, (Pa)

BBTV
R28-3060
27.17

291
Tailings
FvS

PTS

3.70
1.146
27.07 %
2.5839

Fluid Consistency Index, K (Pa.s™)  0.00287
Flow Behaviour Index, n 1.20220
Representative Particle Size, d; 85 um
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APPARATUS

Facility BBTV

Pipe name R45-1525
Diameter (mm) 44,73

Pipe roughness (upm) 42

Material Tailings
Operator FvS

Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 3.70
Fluid Relative Density (S,) 1.146
Volumetric Concentration 27.07 %
Yield Stress, t, (Pa) 2.5839
Fluid Consistency Index, K (Pa.s™) 0.00287
Flow Behaviour Index, n 1.20220

Representative Particle Size, dgs 85 um

Wall Shear Stress [Pa]

100 4+ <

0 % = t : —t —T — —1 .
0 500 1000 1500 2000
Pseudo Shear Rate [1/s]

= R45 1525

The effect of pipe roughriess on non-Newtonian turbulent flow F.P.Van Sittert
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APPARATUS

Facility BBTV
Pipe name R45-3060
Diameter {mm) 45.44
Pipe roughness (jm) 672
Matenal Tailings
Operator EvS
Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 3.70
Fluid Relative Density (S,) 1.146
Volumetric Concentration 27.07 %
Yield Stress, 1, (Pa) 2.5839
Fluid Consistency Index, K (Pa.s"™)  0.00287
Flow Behaviour Index, n 1.20220
Representative Particle Size, dg 85 um
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TAILINGS TEST RESULTS S = 1.8012

APPARATUS
Facility BBTV
Pipe name 5 Smooth
Diameter (mm) 5.78
Pipe roughness (um) 1.1
Material Tailings
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density 3.70
Fluid Relative Density (S,,) 1.146
Volumetric Concentration 29.67 %
Yield Stress, 7, (Pa) 4.9599
Fluid Consistency Index, K (Pa.s") 0.01689
Flow Behaviour Index, n 1.00129
Representative Particle Size, dg 85 um
500 a
400 =~ o
@300 4+ o
£ e
¥ 200 + z
] w}
= i g°
i o
100 - o o
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— OO § :)O o
03 7
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0 2000 4000 6000 8000 10000 12000
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The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert
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APPARATUS

Facility BBTV

Pipe name 13 Smooth
Diameter (mm) 13.12

Pipe roughness (um) 0.9

Material Tailings
Operator FvS
Supervisor PTS
SLURRY PROPERTIES

Solids Relative Density 3.70
Fluid Relative Density (S, ) 1.146
Volumetric Concentration 29.67 %
Yield Stress, t, (Pa) 4.9599

Fluid Consistency Index, K (Pa.s”) 0.01689
Flow Behaviour Index, n 1.00129
Representative Particle Size, d; 85 pm
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APPARATUS

Facility BBTV

Pipe name 28 Smoaoth

Diameter (mm) 28.34

Pipe roughness (pm) 59

Material Tailings

Operator FvS

Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 3.70

Fluid Relative Density (S,) 1.146

Volumetric Concentration 29.67 %
4.9599

Yield Stress, t, (Pa)

Fluid Consistency Index, K (Pa.s"}  0.01689
Flow Behaviour Index, n 1.00129
Representative Particle Size, dy; 85 pm
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APPARATUS
Facility

Pipe name

Diameter (mm)

Pipe roughness {um)
Matenal

Operator

Supervisor

SLURRY PROPERTIES
Solids Relative Density
Fluid Relative Density (S,,)
Volumetric Concentration
Yield Stress, T, (Pa)

BBTV

45 Smooth
45.04

1.3
Tailings
FvS§

PTS

3.70
1.146
29.67 %
4.9599

Fluid Consistency Index, K (Pa.s") 0.01689
Flow Behaviour Index, n 1.00129
Representative Particle Size, dg; 85 um
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APPARATUS

Facility BBTV

Pipe name R28-1525
Diameter (mm) 27.03

Pipe roughness (um) 136

Material Tailings
Operator FvS

Supervisor PTS

SLURRY PROPERTIES

Solids Relative Density 3.70
Fluid Relative Density (S,,) 1.146
Volumetric Concentration 29.67 %
Yield Stress, 7, (Pa) 4.9599
Fluid Consistency Index, K (Pa.s”) 0.01689
Flow Behaviour Index, n 1.00129

Representative Particle Size, dq; 85 um
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APPARATUS
Facility BBTV
Pipe name R28-3060
Diameter (mm}) 27.17
Pipe roughness (pum) 291
Material Tailings
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density 3.70
Fluid Relative Density (S,.) 1.146
Volumetric Concentration 29.67 %
Yield Stress, T, (Pa) 4.9599
Fluid Consistency Index, K (Pa.s")  0.01689
Flow Behaviour Index, n 1.00129
Representative Particle Size, dg; 85 um
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APPARATUS
Facility BBTV
Pipe name R45-1525
Diameter (mm) 44,73
Pipe roughness (pm) 42
Material Tailings
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density 3.70
Fluid Relative Density (S,) 1.146
Volumetric Concentration 29.67 %
Yield Stress, T, (Pa) 4.9599
Fluid Consistency Index, K (Pa.s") 0.01689
Flow Behaviour Index, n 1.06129
Representative Particle Size, dg. 85 um
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APPARATUS
Facility BBTV
Pipe name R45-3060
Diameter (mm) 45.44
Pipe roughness (um) 672
Material Tailings
Operator FvS
Supervisor PTS
SLURRY PROPERTIES
Solids Relative Density 3.70
Fluid Relative Density (S,) 1.146
Volumetric Concentration 29.67 %
Yield Stress, T, (Pa) 4.9599
Fluid Consistency Index, K (Pa.s™) 0.0168%
Flow Behaviour Index, n 1.00129
Representative Particle Size, d; 85 um
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APPENDIX B -

RHEOLOGICAL CHARACTERIZATION

B1 Iniroduction

The rheological characterization is the first step of analysis before the turbulent flow of the
simooth and rough pipes can be examined. It is therefore of utmost importance that the

rheological characterization is done properly, as the result will influence the turbulent flow

analysis.

In all the tests the laminar flow was analyzed using the geperalized pseudo plastic model
(Govier & Aziz, 1972). Inall the rheological analysis presented a table is provided showing

the best fit model, the rheological parameters and the error in the model fitted to the data.

Only the smooth pipe laminar flow data was used for the rheological characterization for

reasons discussed in Chapter 4 and Section B3 of this Appendix.

The effect of pipe roughness on non-Newionian wrbulent flow F. P. Van Sittert
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B2 Rheological Characterization

B2.1 Correlation Errors

A graphical and a analytical technique are used to compare the errors between

experimentally determined and analytically derived values.

The most meaningful analytical comparison was considered by Lazarus and Nielson (1978)

to be a log standard error rather than a correlation coefficient. The equation used is given

by;

\/ > ?:1 [log( observed) - log( calculated)]2

S= ool ; (B.1)

where S is the root mean square deviation of the log of observed points from the log of

calculated points.

Figure B.1 shows the value of S in the logarithmic domain and its transformation into the
linear domain. The value ¢ is the expected average error above (positive) and below

(negative) the actual value.

Logarithmic domain

o |

-8 0 +S

—e = (1-10"5) % 100 | +e=(1-10")x 100
Below | ‘ ‘Above

-’
-

Linear domain
Figure 1: Definition diagram for log standard error

The log standard error should be used with some care since the error values are average
values and not maximum expected values. Average error values of below 2% (Log Err

below 0.0095) should be considered the upper limit for a goed correlation of the data.

The effect of pipe roughness on non-Newionian turbuient flow F.P. Van Sittert
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B2.2 Glycerol Test Resulis

20

10 +

Wall Shear Stress [Pa)

< 5mm Smoeoth

1000
Pseudo Shear Rate [1/s]

— Newtonian Analysis

Glycerol at Solution Relative Density of 1.0906

2000

Glycerol at relative density of 1.0906 was analyzed as a Newtonian fluid. Because of the

low slurry relative density, laminar flow was only obtained in the 5.78 mm smooth pipe.

Laminar data was measured at pseudo shear rates between 150 to 1700 1/s, and the wall

shear stress ranged from 0.3 to 5 Pa.

Rheological Model Yield Stress Fluid Flow Log Std
Ty Consistency Behavior Error
(Pa] Index Index
K n
Newtonian Analysis 0 0.002736 1.000 0.0106
The effect of pipe roughness on non-Newtonian turbulent flow F. P. Van Sittert
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Il
T

y ] 3
— T

1000

Pseudo Shear Rate [1/s]

20
+
15 —+
'E oI
E__‘ 4
@ "
@ _
i L
? 40 +
I
Q -4
£
o =4
T 4 5
z 1 -
5 i Z
il <
T v,
O 1 L T T _t.'__fl
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o 5mm Smoocth v

13mm Smooth

Glycerot at a Solution Relative Density of Sm 1.1433

2000

Newtonian Analysis

Glycerol at relative density of 1.1433 was analyzed as a Newtonian fluid. The Newtonian

model was used and applied to turbulent flow analysis. Laminar data was obtained in both

the 5.78 mm and 13.13 mm smooth pipes. Pseudo shear rates ranged from 100 to 4150 1/s

and the wall shear siress ranged from I and 34 Pa in the laminar region.

Rheological Model Yield Stress Fluid Flow Log Std
Ty Consistency Behavior Error
{Pa] Index Index
K n
Newtonian Analysis 0 0.00500 1.000 0.0072
The effect of pipe roughness on non-Newtonian turbulent flow F_P. Van Sittert



Appendix B: Rheological Characterization Page B5

B2.3 CMC Test Results

50

N [5Y) $u
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Wall Shear Stress [Pa)

Y
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0 500 1000 1500 2000 2500 3000 3500 4000
Pseudo Shear Rate [1/s]

< 5mm Smooth v 13mm Smooth =  28mm Smooth

o 45mm Smooth ——— Pseudoplastic Analysis

CMC at a Solution Relative Density of 1.0129

CMC at relative density of 1.0129 was analyzed as a Pseudoplastic fluid. Pseudo shearrates
ranged from 30 and 3500 1/s and wall shear stress ranged between 0.2 and 28 Pa, Laminar
flow was achieved in all four smooth pies. Laminar flow was also achieved in the rough

pipes but was not used in the theological characterization.

Rheological Model Yield Stress Fluid Flow Log Sid
Ty Consistency Be aavior Error
[Pa] Index Index
K n
Pseudoplastic Analysis 0 0.84959 0.026 0.0046

The effect of pipe rougnness on non-Newtonian turbulent fiow F. P. Var Sittert
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= 28mm Smooth

CMC at Siurry Relative Density of 1.0269

CMC at a shurry relative density of 1.0269 was analyzed as a Pseudoplastic fluid. Pseudo

shear rates ranged from 10 to 16000 1/s and the wall shear stress ranged from 0.6 to 320Pa.

Laminar flow was achteved in all the smooth pipes as well as in the rough pipes. Only the

smooth pipes were used for the rheological characterization.

Rheological Model Yield Stress Fluid Flow Log Std
Ty Consistency Behavior Error
[Pa] Index Index
K n
Pseudoplastic Analysis 0 0.12106 0.827 0.0061
F.P. Van Sittert

The effect of pipe roughness or non-Newtcnian turbulent flow
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Cmc at a Slurry Relative Density of 1.0372

CMC at a slurry relative density of 1.0372 was analyzed as a Pseudoplastic fluid. Pseudo

shear rates ranged from 40 to 9200 1/s and the wall shear stress ranged between 5 and

500Pa. Laminar flow was achieved in both smooth and rough pipes. Only the smooth pipes

were used for rheological characterization.

Rheological Model Yield Stress Fluid Flow Log Std
TY Consistency Behavior Error
(Pa] Index Index
K n
Pseudoplastic Analysis 0 0.27485 0.816 0.0018

The effect of pipe roughness on non-Newtonian turbulent fllow

F. P. Van Sittert
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B2.4 Kaolin Test Results
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Kaolin at Sm 1.0803

Kaolin at a slurry relative density of 1.0803 was analyzed as a Yield Pseudoplastic fluid.
Pseudo shear rates ranged between 10 and 3100 1/s and the wall shear stress between 5 and
20 Pa,. Laminar flow was achieved in all the smooth and rough pipes. Only the laminar flow

obtained from the smooth pipes were used for rheological characterization.

Rheological Model Yield Stress Fluid Flow Log Std
Ty Consistency Behavior Error
[Pa] Index Index
K n
Yield Pseudoplastic 5.50494 0.28786 0.463 (.0028
Analysis

The effect of pipe roughness on nan-Newtonian turbuient flow F. P. Van Sittert



Appendix B: Rheclogical Characterization

Page B9

100

()] co
=] (=)

Wall Shear Stress [Pa)
P
fan]

20

0 1000 2000 3000 4000 5000 6000
Pseudo Shear Rate [1/s]
o 5mm Smooth v 13mm Smooth
x  28mm Smooth o 45mm Smooth

—— Yield Pseudoplastic Analysis

Kaolin at a Slurry Relative Density of 1.146

7000 8000

Kaolin at a slurry relative density of 1.146 was analyzed as a Yield Pseudoplastic fluid.

Pseudo shear rates ranged from 1 to 6000 1/s arnd the wall shear stress from 12 to 60 Pa.

Laminar flow was achieved in all smooth and rough pipes. Only the laminar flow from the

smooth pipes was used for the rheological characterization.

Rheological Model Yield Stress Fluid Flow Log Std
Ty Consistency Behavior Error
[Pa] Index Index
K n
Yield Pseudoplastic 14.28570 0.87945 0.443 0.0041
Analysis

The effect of pipe roughness on non-Newtonian turbulent flow

F. P. Var: Sittert
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Kaolin at a Slurry Relative Deunsity of 1.1779
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Kaolin at a slurry relative density of 1.1779 was analyzed as a Yield Pseudoplastic fluid.
Pseudo shear rates ranged between 10 and 9400 1/s. The wall shear stress ranged between

30 and 130 Pa. Laminar flow was achieved in all the smooth and rough pipes. Only the

smooth pipe [aminar flow data was used for rheological characterization.

Rheological Model Yield Stress Fluid Flow Log Std
Ty Consistency Behavior Error
(Pa] Index Index
K n
Yield Pseudoplastic 35.7885 0.27887 0.617 0.0013
Analysis

The effect of pipe roughness an non-Newtonian turbulent flow

F. P. Van Sittert
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B2.5 Tailings Test Results
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Tailings at a Slurry Relative Density of 1.7309

Tailings at a slurry relative density of 1.7309 were analyzed as a Yield Dilatant fluid

Pseudo shear rates varied between 30 and 900 1/s and the wall shear stress varied between

2 and 16 Pa. Laminar flow was observed in all the smooth and rough pipes. Only the data

from the smooth pipes were used for rheological characterization.

Rheological Model Yield Stress Fluid Flow Log Std
Ty Consistency E:havior Error
[Pa] Index Index
K n
Yield Dilatant Analysis 2.503 0.00653 1.100 0.0026
F. P. Van Sittert

The effect of pipe roughness on non-Newtanian turbulent flow
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Tailings at a Slurry Relative Density of 1.8012

Tailings at a slurry relative density of 1.8012 were analyzed as a Yield Dilatant fluid

Psecudo shear rates vaned between 40 and 7200 1/s and the wall shear stress varied between

4 and 140 Pa. Laminar data were achieved in all the smooth and rough pipes. Only the data

obtained in the smooth pipes were used for rheological characterization.

Rheological Model Yield Stress Fluid Flow Log Std
Ty Consistency Behavior Error
[Pa] Index Index
K n
Yield Dilatant Analysis 4.960 0.01689 1.001 0.0041
The effect of pipe roughness oi: non-Newtonian turbulent flow F. P. Van Sittert
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B3 Laminar Flow in Rough Pipes.

In most cases the laminar flow of the smooth and rough pipes were coincident. However,
there were cases where some variation was noted. Only the laminar flow in the smooth
pipes was used for rheological characterization. This variation in laminar flow will be

discussed further in this Section.

B3.1 Glycerol at Relative Density of 1.1433
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Glycerol at a Slurry Relative Density 1.1433

The laminar flow of glycerol in the rough pipes at a slurry relative density of 1.1433
behaved differently from the smooth pipe laminar flow. At the low pseudo shear rates the
rough pipe data were below the Newtonian prediction for laminar flc w of the smooth pipes.
The laminar flow data of the rough pipes also indicates that the data is separated by a
roughness effect. The rough pipe with the lowest hydraulic roughness is shifted to the left
of the curve and the rough pipe with the highest hydraulic roughness is shifted to the right
of the curve. In sufficient data was achieved in the R45_3060 rough pipe to determine its

) pattern. The rough pipe data in the early turbulent flow region also behaves differently from

the smooth pipe data.

The effect of pipe roughiness on non-Newtanian turbulent flow F. P. Van Sittert
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B3.2 CMC at a Slurry Relative Densitv of 1.1269
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The laminar flow of CMC in the smooth and rough pipes behaved distinctly differently
from each other. The laminar flow line on the graph shows the prediction of the smooth
pipe data. The laminar flow of the rough pipe data indicates that there is a roughness effect
and the data behaves distinctly differently from the smooth pipe data. In this case the
laminar flow seems only to be affected by the hydraulic roughness as the pipes with similar

hydraulic roughness are grouped together. No diameter effect was detected.

The transition from laminar to turbulent flow is the same for both the smooth and the rough

pipes.

The effect of pipe roughness on non-Newtonian turbulent flow F.P. Van Sittert
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B3.3 CMC at a Slurry Relative Density of 1.0372
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The laminar data of the rough pipes for CMC at a slurry relative density of 1.0362 deviates
from the smooth pipe data at very low pseudo shear rates. The data are separated by pipe
roughness where the pipe of the greatest roughness starts to deviate first. This phenomenon

seems to be independent of the pipe diameter.

B4 Conclusions

. Laminar flow for the smooth and the rough pipes was presented for all the test
fluids. All the smooth pipe laminar data is coincident in all the cases for the

different tesis.

. The rough pipe laminar flow data was not consistent. In some cases the laminar
flow of'the rough pipes behaved differently from the smooth pipe data. The laminar

flow in these isolated cases seems to be influenced by a roughness effect.

. Not enough data were achieved to quantify this phenomenon but there is certainly

scope tor more intensive research in this field.
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APPENDIX C
SMOOTH PIPE ANALYSIS
Test Fluid Solids density Slurry Solids Page
(S, Relative Concentration
Density (C,)
S %

1.060 N/A C2

1 1 N/A
Glycero 1.143 N/A 2
1.013 N/A C3
CMC N/A 1.027 N/A C3
1.037 N/A C4
1.080 4.85 C5
Kaolin 2 65 1.146 8.85 Cs
1177 10.73 Cé
1.731 27.07 C7

ili 3.70
Tailings 1.801 29.67 C7
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APPENDIX D

APPARATUS

=53

The load cell fixed to the I-beam of the BBTYV,

Differential pressure transducer (DPT) and manometer board.
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DPT calibration connection.

Data acquisition unit and computer.
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LOAD CELL OUTPUT

Data acquisition unit and computer connection diagram.

Water over mercury manometer board.
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The compressor supplying the compressed air to the BBTV.

The BBTV is balanced on a knife edge.
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