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ABSTRACT _
.Thie study describeS‘toe resulte of experFments _
on the pumping of non—Newtonian'bentonite.clay elurrlee.
The oata'were obteipeo‘from smooth tubes having‘interoal
diameters of 0.60scm, 1.27 cm®and 1.74 cm, for agqueous.
suspensmon concentratlons of 1.96, 4.0, 5.0, 6 0 and.
8.0% by welght. The flow Reynolds numbers varled to a |

-

maxlmum of about 6000. VR

Shear stress—shear rate curves were obtalned as

well as apparent v15coszty and generallzed Bingham plas—

‘tic plots. Spec1f1c power was plotted against Reynolds

number for- all concentratlons.' It was found in general

‘that the data of the shear curve agreed quite well with

that from other sources but that there were discrepahcies
for the Bingham plastic equatfon. The fact that Newtonian
friction factor curves for flow in smooth pipe can be
used in conjonction with bentonite slurries in an equil-

ibrium state .was also demonstrated.
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CHAPTER .1
INTRODUCTIQN AND

LITERATURE REVIEW

1.1 ~Introduction

. A fluié is said to bé'Newtonian if its viscosity is

solely a function of pressure and temperatgre, and non-

Ne 'onian otherwise. . Non-Newtonian fluids ﬁake.up a large

po:iion of those ‘handled by ihdusfry, yet the ﬁheory which
antifies tﬁei: characterjistics is still rather underdev-

eloped, a primary reason being the inability to produce a

generally accepted rheoclogical équation-of state which

satisfactorily describes the system and is convenient -to

-

work with.

Non-Newtonian fluids are subdivided into three
groups depending on the functional relation between shear
stress, shear rate and time. They are called time-inde—
pendent when the rate of shear is a2 function of shear
stress only, time-dependent Qhen the rate of shear is add--
itionally a function of the time for which the stress has
been applied and viscoelastic if the material exhibits
elastic recovery after being deformed.

With increased concern to minimize the energy in=-
put regquired to_ﬁgan5port various fluids in pipes it be-
comes especially necessary to understand and be able to

predict the behaviour of non-Newtonian fluid flow. It

1
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.was the purpose of this study to investigate the fhow of '
" non-Newtonian bentonite clay slurries in a model pipe
line system.

"1.2 Rheology of ‘Newtonian Fluids

Viscosity is defined by the slope of the sheér diagram
(plot of v vs..¥) and is constant for a Newtonian fluid pro-
vided the shéaring‘is done isothermally at constant pressure.
The: rélation between shear stress and shear rate in laminar

pipe flow can be expressed as follows:

. -

t = -pdu/dr = py (2.1)
»

The relationship between flow rate énd pressure
drop for the laminar flow.of Newtonian fluids En*ngBth
circul;r pipes can readily be derived from the Navier-
Stokes equation for the axial direction of the pipe in

cylindrical coordinates. This can be written as:

: 2
pDu, _ pX, _ ag A

Dt
This readily reduces to the familiar Hagen-Poiseuille
eguation:
- 4
g = na AP/8uL . (1.2)
The shearing stress at any radius r in Hagen-Poiseuille
flow can be shown to be: {P

T = rabP/2L

and at r = a, the pipe wall, the shear stress is denoted by



t, = atP/2L o (1.3)
Shear diagrams are generally plotted in terms of the
consistency variab}eSfaAb/ZL and 4q/na;.- The slope of this

line for a Newtonian fluid is now given by:

: . £ . ‘ : ‘ . '
J/ u = zatspreLg s (1.9)
Meé%urements made for the same fluid in pipes of various

lengths and diaméters should fall on the same curve if plot-
ted in this fasﬂ;on.(Reiner, 1949). Tﬁis result can be
used to a good approximation for non-Newtonian fluids prov-
ided they are not time dependent (Alves et al. 1952). |
Newtonian behaviour ié generally.exhiﬁited by
fluids comprised of comparatively small molecules whose
collisions/aré el;stic in nature rather than interactive.
Gases, liquidS‘and suspensiohs of low molecular weight are
included although there are exceptions of colloidal sus-
pensioné-and polymeric solutions where the molecular speciés
are lérge (Wilkinson, 1960). In most cases Newtonians are
one-phase systems and therefore often well defined and

easily reproducible (Hedstrom, 1952).

1.3 Rheologv of Time-Independent Non-Newtonian Fluids

i) Bingham Plastics

Bingham plastics are characterized by a shear diagram

which is linear and has an intercept Ty (Fig. 1.1} on the
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shear stress axis (Bingham and Green,1919). The yield o

~stress = is the stress which must be exceeded before flow '~

Y’ . .
commences. The rheological equation for & Bingham plastic

may be written as: ' . ' \3'

Y >t . (1.5)

where o is called the plastic viscosity or coefficient of

rigidity and is the sloée of. the shear diagram.

SHEAR
STRESS
SHEAR RATE
(/ Figure 1.l Shear diagrams for time-independent
non-Newtonian f£luids



Many real fluids!such’ag,slurries,‘drilling muds,
paints,'tootﬁpaste and sewage sihdges closely approximate
Bingham plaétics. At rest, thé structure of the material '
is sufficiently rigid to resist flow uﬁder any stress less
than ty; Once the yield stress is exceedgd,_thg structure
completely breaks down and the system behaves és if-i;‘were
a Newtonian £luid uAdef a shear.stréss ToTy-

For a Bingham plastic, eguation (1.5) can.be rewrit-

ten as:

-a?/dr = (T-ty)/up = £(1); Ty ST,

~8Since t = rAP/2L at any radius r, then (1.5} can be rearr-

anged to give: :

du = =1 |zsP _ Ty dr
Mp 2L

The velocity at any distance r from the center of the pipe

to the pipe wall is obtained by integration from r = a to

r |
r 'y
fdu:-_l‘[[rAP _ 'ry]dr
a 2L
. b
' a

.

r =r.

= u(r)-ufa) = 1 r25p _ T,T a
™ aL Y
p r

assuming no slip at the wall:

u{r) =1 [(az—rz)AP _ T (a—r)] (1.6)
- Y
up L —
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X
N4 , o
. ErS _ 6

is the veloc%}y”dist;ibution for flow in a tube of radius

a (Fig. 1.2).°

S ) i

S

Figure 1.2 Velocity profile for a Bingham plastic
flow :

In a viscous liguid the shearing stress vanisﬁes at .
the axis of the pipe and increases with distance from it.
Therefore, around the ‘axis there will be a cylinder of mat-
erial in.which r<ry.. The shearing stresses in this cylinder
will be elastic in néture and the cylinder will move as a

solid central plug, hence the term 'plug flow'. At the

I

surface of this central core, the shear will be egual to

the yield value ry of the material.

Let rp be the radius of the cent'ral core. Thus:

-

y = rpAP/ZL (1.7)

T

P
ment, there is no flow (flow regquiring .relative motion

Where r = r_, éu/dr = 0; thus for.r<rp while there is move-

between adjacent fluid layers). The velocity of the plug v,

is found by introducing into (1l.6) rP for r and for Ty the



value from_(l.?)l Thus:

- . _ ‘ 2 ' g
. - . = AP/4L - .8
: uP AP/ _%p'(a rp) . {1.8)

In principle, given the shear diagram, the relation -
between pressure drop and flow rate may be derived for any
fluid By the numerical integration of the empirical express-

ion for f(tr) using the following egquation (WiIiinson.lSSO):
< .

. w
q/xa> = 1/rwiI' 12£(#) dr | (1.9)

-

T | ., 0
In the case of non-Newtonian fluids it %5 the det- .
ermination of the functional dependence of t on ¥ which is
of primafy interest since the relations are usﬁally diff%—
cult to integrate (Thomas, 1962). However, for a Bingham
/ plastic, equation (1.9) is easily integrated if f(r1) is

)

given by (1.5); that is: -

w
q/xa’ l/uptw3 rztr—rgf dr

T

. .
SV [V ICWARE EICE R

substitution for Teg vields:

q = za‘ap [1 _ 4(2LTV) . _(ZLT ] ] (1.10)
- 8L“p . 3 aAP EYS3

Buckingham (1921) and Reiner (1949) and

This equation was developed indepesdently by both
;annown as the

Buckingham-Reiner eguation for Bingham plasticé. It re;



. >
‘duces to the Hagen-Poiseuwille equation for Newtonian flow:

when Ty = 0. ' ‘ . |

Caldweil'énd Babbitt (1941) have-successfuily app-

~ lied the Buckingﬁam-Reiner equation to the flow of muds &nd
sludges. They did a theoretical analysis. of flows in cir-
cular pipes and distinguished two types of £low termed-
'plastic' and 'turbulent' depending upon the flow rate. 'An_
equation for determining'the"critical'velocity‘ at which;

4 : .
plastic flow changes -to turbulent flow was also presented, -

along with equations for turbulent flow. The mean velocity

of the flow was developed in the form of the Buckingham-

Reiner equation to give:

.

i . . .
W, = gDt /8u [1-4/3(x /0 +1/3( /20" ] (1.1D)

Caldwell and Babbitt assert that thg last term may
be omitted wiEh little error whep Ty/1w< 0.5. McMillen
(1948) contends that this cannot be done without introduc-
ing signifigg;t errors since his values of ry/rw for

plastic gels of an aluminum soap dispersed in a petroleum

——t -

-fraction were all greater than 0.5 for flow conditions of

practical interest.

"

If r, is plotted versus 8u /gD, the slope of the 1

resulting curve gives up’ and the intercept will give a

[

value of Ty which is 4/3 of Ty'

McMillen (1948) simplified the computations for

-
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ﬁingham pléstié,flow by dé%eloping.the Buqkingham—Reiner

equation in terms of the centrél'unsheafed plug radius‘rp,

and the pipe radius a. The equations are then eXpressed in

terms dfldiﬁensionlesslquaqﬁities, (rp/a) and:(r/a) as well_;;“

other dimensionless parametérs‘aefived from these two.

Values of dimensionless quantities.which are functions.of

the relative plug radius,rrp/a, can be evaluated and present-
ed graphically for design purposes. A maximumn Reynolds

| number in terms of these dimenéionless groups was develop-

ed and is the basis.for determining the onset of turbulence.

The viscosity at the fluid layer ufder consideration,

rather than a mean viscosity for the plastic material from

the wall to that point was assumed to be the proper viscosity
to use in computiﬁg Reynolds number.

In order to make use of the various dimensionless
guantities in the equations, it is necessary to know T and
Mg fhese may be 6btained from linear pressure drop deter-
minations at two_flow"rates in a pipe of any diameter. Ob-
viously several deté;minatiohs would improve accuracy.

Wilhelm, Wroughton and Loeffel (1939) developed a
friction factor-Reynolds number diagram for cement rock
suspensions which yielded a series of straight lines with
sharp negative slopes: However, it was not until Hedstrom
(1952f published a paper on the flow of plastics in pipes
that their data were substantiated by a ﬁheoretical analysis.

Hedstromproposed a simple criterion for distinguish-
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N

- . . ""--..,__-_ ! . -

: ing'bétween iaminar and turbulent flows using dimensional -

analysis of the Buckingham~Reiner equation which produced

the following ﬁon—dimensional '‘Hedstrom' group:

He = Re*S =‘(Dpum/up)(ryn/upum)

= pTyDz/PP = constant .(l<?2)
He also prgéented values of 'He' for the cement rock data
of Wilhelm.et al. on a friction faéﬁor diagram. In the
laminar‘région, the élope.of the curves approached a valﬁe
of -2 as S approached infinity,_however,és S decreased they
éppfaﬁched.-l: S.;ndicates'the degree of plastic behavicur.
The He curves in all cases followed closely the experimental
curves for the laminar regiqgi;}ﬁaicating that the material
?appeared to be a Bingham plastic. .In the turbulent region
the‘data agreed closely with shandard Newtonian friction
factor curves for smooth pipes. Hedstrom postulated that the
turbulent friction curve is applicable for both Newtoniaﬂ
and plastic liguids and that turbulence commences at con-
ditions when the He and Newtonian Cg curves intersect.

In summary, although the Buckingham—-Reiner equation
cannot be solved for g or AP explicitly, several methods a;e

L

available for correlating pipe flow data of plastics either

graphically or in a non-dimensional haﬁner to simplify the

use of this eguation.



ii) .Pseuﬁopiastics | N |

-Psepdéplastid flﬁids have no apparent yield stress
an?:the typicai shear aiaé:am kFig. I:lr for&these qgterialé
indicates that the slope decreases contin?ously with shear
rate.un:il a,poin; is reached at hiéﬁer ratﬁg of sh;ar where
the curve becomes :linear. .\

In many éase§ the légarithmié plot o% the sheat

di;gram is linear with a slope less than gne and as a
result pseudoplastics can be characterized by a power law

relation of the form:

= k" C(1.13)

-

k being a méasure.of the consistency of.the:fluid; large
values of k indicate a viscous fluid and n is a measure of '
how nén-Newtonian the fluid iS (the greater n's divergence
from.unity, the more emphatic are the fluid's non-Newtonian
;haracteristiqs). Furthermore, n is not constant over all
possible ranges of shear, and a repfesentative value of n
for the range under consideration is usually used (Reiner,
1949). ‘

| From the definition of apparent viscosity (see
Appendix Alfor a brief discussion of viscosity) it is seen

that for a power law fluid:

and since n<l for pseudop}astics, it is obyious that the

0
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-t

apparent v15cos;ty decreases as the rate of shear increases.
- Suspen51ons of asymmetrlc partlcles or polymer sol—
:'.ntionsh_such as®cellulose derivatives exhibit proneunced
degrees of bseudoPIasticity- Wilkineon (1960),'gi§es a’
physical explanatlon of this phenomenon by pestulating that

as the shear rate lS lncreased " the asvmmetrlc particles

' or molecules become aligned with their longitudinal axes

[e

perallél te the direction of flow. The apparent viscosity
. will continue to decrease with increasing rate of shear

A

until no further particle alignment is possible at which

point the shear diagram will become linear. The align-
ment of molecules must take place 1nstantaneously (or at
least fast encugh to not be detected) or the fluld is no .

‘longer c;essified as time independent. : -

An elternative explanation for pseudoplasticity is
based on the distortion of an oriented structure under an
aéplied stress'(Winding et'al. 19471).“ Work must be done
to dlSlntegrate the structure and the molecules must rearr-
ange themselves when the stress is removed. Thls should not
be confused however withk the time depenaent phenomenon of
thixotropy.

Winding,;Baumann and Kranich (19471) used the

Williamsosf equation (Williamson, 1929) to model the flow of

pseudoplastic latex materials:
T = AY/(BHi}tu, ¥

This equation implies that the power sxrequired to shear a



13
" pseuvdoplastic is -comprised of the power requirgd-to caﬁse
ordinar& lamina; flow and an additidnai'amount to deform
and/or @éflocculate éggregateé. ﬁtrictly.spéaking, the
theoretical background for the equation was developged for
'shear between two infinite parallel pIaﬁés'whére the stress
.graaient is constant, but the form of the eguation is use-

!

ful for pipe flow. ¢

13

.They carried on to extrapolate data ffom capill-
ary tube viscometers fof the prediction of lamina; and turb-
ulent flow in commercial size pipes. (Winding et al. 19472).
Since the apparent viscosity varies with-rate of shear across
the flow as well as.with the overall volume rate of flow, it
must be realized thaEiggyﬁolds-numbé; has no true meaning
in pseudoplastic flow. Winding et al. found that when draw-
.ing the friction factor-Reynolds number diagram for highly

pseudoplastic materials in pipe. flow, it was best to use u

» -

in the calculation of Re ﬁq get feasonablf good correlations
in the laminar region; However in turbulent flow it was
found that the substitution of o into Re gave the best
correlations and data f¥om different size pipes fell closer

together near the Newtonian curve.

~ In summary, if a power law equation cannot be used

Q

conveniently, Winding et al. propose that for a.material of
. .

low pseudoplasticity, flow relations '‘may be computed using

the Hagen-Poiseuille oxr Fanning eguation if My is the sub-
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stituted‘Viscésity: If estiﬁatés to a-ﬁigher aegree'of,
accuracy ére‘required in the 1amiﬁgr region,‘ﬁhe Wi;iiamson
egquation can be applied. In the-turbuleﬂt'regioh, the
graph of Cf vs. Re can be constrﬁcted u@ing the limiting -
viscosity at infinite shear in the computation of Re.
iii) Dilatant Materigls _ ' . v
. Like pseudoplastics, dilatant materials show no
‘yield stress, but the épparent‘viSCOSity for these materials
increases with increasing rates.of.shear.' Once agéi;, the
power law félatiOn (1.13) is-6ften used to describe the -
flow characteristics of these-systems'ahd_the exponent n,
is now greater than unity. Dilatapcy was firs£ investigated
by dsborne Réynqlds (1896) as ‘he performed éxperimen;s on
concentrated sand~water suspénsious. Heiﬁbstulated‘that
when_thesé susgensions are sheared at.low rates, there is
sufficient lubrication of the particles past each othér by
the liguid medium +to maintain the‘shear stresses at a low
value. Upon increasing the shear rate, the tight packing
of the particles is disrupted and expansion or volumetric

. N *
dilation occurs subsequently increasing the voidage. There

is no longer enough liquid to completely fill the voids and <
- lubricate the flow of particles past each othex, thereby
magnifying the applied shear-stresses. This in turn causes

.a significant increase in apparent viscosity.

In general, the term dilatancy has been used inter-



changeably to describe-bdth.ok thg above phenaﬁéna, some-
ti@gs implfing that volumetric dilation uﬂ@er shear is acec-
ompanied by substantial increases in appareﬁt'viséosi;y.

It has beenﬁpointed out however (Metzner and Whitlock;l?SB)
that voluﬁetric dilation may'OCcur.quite separately from:
‘dilatancy.in the rheological sense (ie. increased apparent
viécosity).

Freundlicﬁ and Roder  (1938) had previously studied
starch-water and guartz-water suspensions which did not
dilate on sheéring.in the normal sense of the word but are
étill referred ‘to as dilatant because of the incréase in -
viscosity. Verwey and deBoer (1939) studied dilatant sus-
éensions of-metallic particles. Both investigatioﬁs é0n?
cluded that dilatant behaviour occurred only over very nar-
row concéntrations ranges. Verwey and deBoer present an

.

explanation for dilatancy based upon electrical attraction

of the particles. Wwhen a subs%aﬁce such as oleic acid was.
added to the suspension, the electrical ptoperties were
altered and the,suspension flowed more freely.

Metzner and Whitlock (1958) studied titania sus-
pended in water and agueous sucrése,.concluding that aill
systems exhibit dilatancy after reaching a certain titania
concentration (more dilute solutions were essentially New-
tonian in behd@iour). They found that shear diagrams for
many of the dilatant suspensions took the general form

shown in Fig. 1.3. This observation is supported by Hoffman

(1972).
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Figure 1.3 General shape of shear diagram for
dilatant suspensions (after Metzner
and Whitlock, 1958)

At low shear rates Newtonian behaviour is predom-
inant in the absence of sufficient forces to affect either
particle size or alignment. At moderate shear rates the
slope of the curve drops off as the flowing parﬁicles either
align (if asymmetric) or are deflocculated due to §he.im-
posing shear forces (pseudoplastic rénge). Two mechanisms
may account for the ipflection and subsequent increase in
slope of the curve:

1. Once the shearing forces have become large enough



that‘they reduce the flocculates t6 a mipimum sizé,

v .

~~ the viscosity should remain.fairly constant.

"

2. Agitation of the_partlclegmat hlgh shear stresses

does not allow them to remain close-packed (vol-
"metric expansion) hence the £low mechanism begins
to change to one in which entzre layers of particles

begin-to gllde over adjacent layers (Relner, 1929) .
b}

ime independent non-Newtonian fluids of the Blngham
plasglc and pseudoplaigfc tyge have b?en stud;ed guite ex-
tensively and most of the progress in characterizing these
fluids has been pade by extenﬁing simple Newtcnian flow con-
cepts to accoﬁhtufor the peculiarities of the particular.
© systems. Rheqldgical models of the Bingham plastic and
power law form are simple and fairly easy to work with.
More complicated models can be genefated to increase acc-

uracy of computations if the need arises.

1.4 Universal Pipe Line Correlations

In order to simplify engineering design procedures,
a universal pipe line correlation whiéh could be applied to
any‘time—independent fluid equally well has been sought.
Alves, Boucher and Pigford (1952) took advantage of
_the fact that for fluids with rheological properties inde-
pendent.of time the relationship between the consistency
variables aAP/%L and q/né3_in the laminaf region is unigue

\\?nd independent of pipe size (any discrepancy in the curves
A .. ‘
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may be due to anémalous'flowlbehaviour, slip at the wall
(Oldrovd, 1943) or time dependence). In the case of non-
Newtonian solutions and' suspensions they assert that the
Hagen-Poiseuille eqﬁation (1.2) may be used by replacing u
with an apparent viscosity u,. The difficulty arises in
determining ua'accurately'since it_is‘not constant. A °
plant?scalg pipé line can readily be sized once the shear
_diagram‘(ip terms of consistency variables) is obtained from
pipe line viscometer data provided the material is not
time depepdent. Thg Reynolds number (pDum/ua) for the design
case should be checked to see if it is greater than 2100
when the flow has become turbulent.

Correlagions of pipe”line and rotatiocnal viscometér'

data can also be made on the basis of comparing T, and y

¥
PR

P
-
T
-
&

_ the rotational viscometer. A plot of Ty VS. Y at the }ng:v/

at the pipe wall with those at the inner cylinder wall of

er cylinder wall--can be prepéred from a plot 0f T vs. w
(Reiner, 1929). For pipe line flow, a plot of DAP/4L vs.
Sq/::D3 is prepared first. The rate of shear.at the pipe
wall ié more difficult to evaluate. However, the following
expression, called the Mooney-Rabinoswitsch equation (Mooney,

1931) can be applied to pipe line data: e
- (au/dx) , = 3(3q/n93)+(nap/4L)
x d(8g7zD>) /& (DaP/4L) (1.14)

Thus, the rate of shear at the pipe wéll,-kdu/dr)w
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can be obtained‘from this eguation together with the plot
of DA@/dL against 8q/wD3; where values o§ the_abséissa'ang
the slope can be obtained for §elected Qalues of DAP/4L..
Both pipe-line and rotatiohal viscometer data for a given
material should. fall on a single common curﬁé when correlat-
ed in this manner, providing there is no time dependency;
Metzner(1954) has also proposed a géneral method
for prediéting the pipe line pressure drop reguirements

for laminar flow of time independent non-Newtonians. “The

. basic assumptions of this development were:

1. The shear rate in a pipe was assumed to be a
unigue function of the ratio um/D.

2. The shear rate in a rotational viscometer was
assumed to be a uﬁique function of its_rotatién&l
speed, w -

3. The functional forms of both the relationships
stated above are identical. If this is the case
then the ratio of the shear rate in a pipe to that
in a viscometer is a unigue function of the dimen-
sionless ratio um/mD (élthough this has not been
theoretically substantiated, Metzner does give éx—

perimental justification).

The viscosity obtained from the viscometer may be
used directly in the Hagen-Poiseuille equation to obtain a

calculated pressure drop AP This calculated pressure

calc”

-



20

_‘drop can then be Eonve:ted.to'the actualeressuré.drop in

tpe glpe line (Apactual)-by meaps of the ratio of the shear
rate in the pipe to that in the viscometer "as expressed by ~ ~
the ratio u /wD. The functional relationship between the’

two Q1men510n;ess ratios AP /APactual anq_um/mD is most

calc
conveniently detérmined graphically. 1In thig way-both-the
spress-stréin relationshipé of the fluid and the dimension-
less ratio um/mD are képt coﬁstan; during scale up from
model to prOtotype:‘ the former by using.the identical
£luid under identical conditions in both model and proto-
type, and the latter by operating the model Wwith the séﬁé‘
um/D as will be used in the prototype. .

Metzﬁer and Reed (1855) developed a more general-
ized method of correlating non-Newtonian pipe flow by re-

arranging the Mooney expression. Introducing the mean

velocity, u, = 4q/::D2 equation (l.1l4) can be rewritten' as:

( ) (Bu ) (Bu ) dln(8u_/D)
D | din(DaPF/4L)

Denoting the derivative by 1/n°',. thls becomes.

—(du/dr)w = (3n'+l)/4n'(8um/D) {1.15)

. - A
This form of the equation is an entirely genexal expression

of the relationship between rate of shear, (-du/dr) and bulk
flow rate of the fluid. It is preferable to the original
equation”for two reasons:

l. It is a simpler more compact form.
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:2. The derivative, p:.fepresepts the slope of-é

1ogarithmic.plot of DAP/4L vs. Bah/n andrﬁgs.bggn

found to be §er¥_pearly a constant over wide‘raﬁéés‘i;
. of shear stress for a great variety of noh—Newtdn;‘

.%an fluids and is.therefore easier to work with.

One may write over any range of shear stresses for

which n' is constant:

-

T, = DAP/4L’£‘k'(8um/D)n'

(1.163

' It has been found experimentally that for most-fluids k'
“and n' are constant over wide ranges of Bum/D or DaP/4L
{(Metzner and Reed, 1955). Thus from a %ogarithmic plot of
DAP/4L vs. Bum/D, n' and Bum{D can be dé!érminéd for select;
ed values of DaAP/4L. The correspondin§~rate of shear at

the wall then follows from (1.15).

Substitution for 8u /D in "(1.16) from (1.15) vields:

T, = k'(4n'/3n'+l)(-du/dr):. (1.17)

If n' is a constant with the value of unity, this becomes:

T, = k'(—du/dr)w (1.18)

- which 'is the familiar relation for a Newtonian fluid (k'
becoming the Newtonian viscosity) . )

If on the other hand, n' is lesg than one (pseudo-
plastic fluid) or greater than one {(dilatant)}, one obtains

an equation similar to the power 1aw'equation (1.13):



T - : | : -2 |
: T, = k(-du/dr)n  * -..11;19)/ffff\\\\\___
"and k' and n' are closely related to k and n.
Although equations (1.16) .and (1.19) are similar,

the former has some impdrtant advantages for engineering

‘applications. It is, in fact, a direct relation between the

pressure drop AP and the flow rate (or mean velocity) in-

- terms of the tubé dimensions and the characteristic para-
meters of the fluid k' and h'. Hence it may be used for é
rigourouslpipe line design provided k' and n' are known at
the appropriate values of Sum/D under consideration. How-
ever if the power law (1.1%) is used for pipe line design
i; must be integrated and this implies thﬁt the index n is
constant over Ehe whole range of shear stresses in the pipe
(from‘DAP/4L‘at the wall to zero at the center); This is
frequently not the case as pointed out previéusly (Reiner,
1949) ..

Metzner and Réed then go dn:to relate AP in equa-

tion (l.16) to the Fanning friction factor given as:

’ g =Dap /o 2 (1.20)

' 1I
2
In order to use the conventional friction factor
chart for Newtonian and non-Newtonian fluids alike in the
laminar region it is convenient to let Cg = 16/Re'. The
generalized Reynolds number (Re'} is then found by combin-
]

ing (1.16) and (1.20) to give:
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Re' = Dn'umz—n'p/ktan'—l ) . (1.21)

D

which is dimensionless.

It must be empﬁasizéd that all fluids must follow
the usual Cg Vvs. Re diagram in the 1amingr region whénlthe
generalized Reynolds number is used. If.perfeét céigsidence'
with-the‘laminar friction factor line is not achieved, either
the data or the calculations are erioneous or the fluid
exhibits time dependent behaviour.

In order to make use of these relationships, it is
‘necessary to obtafi k' and n' experimeﬁtally for a givén
fluid. The most suitable method is to measure a series of
preésure drops and flow rates in laminar flow through a
capillary tube viscometer and apply (1.16) to these data.

Weltmann {(1956) sﬁggests a similar correlation on
the friction factor diagram by -defining the Reynolds nﬁmber

as:

Re = oumD

‘viscosity'

the viscosity being the Newtonian viscosity u, for Newtonian
fluids, the‘plastic viscosity up, for Bingham plastics and
the apparent viscosity under the given flow conditions for
pseudoplastic and dilatant materials. The £riction factor
is related to Reynolds number in the conventional manner 1

(Cf = 16/Re) for laminar Newtonian flow and for a Bingham

plastic the friction factor is given by:



. where ¢ is the ratio of the yield value to the shearing

R -

Ce = (16/Re) (S/8¢) -

stress at‘theﬂpipe wall and- S is the plasticity number .
For pseuaoplastic and dilatant fluids for which the power

law relation holds the friction factor is given by:

Cf = 1_6. 3n+1l
Re 4n

whereﬁpon Cf is then plotted over a range of Reynolds num—

-bers for various values of S and n.

L)

This approach by Weltmann is based on the assump—
tion that the fluid is an ideal Bingham plastic or true,
power law fluid and is therefore not as applicable AS the
method of Metzner and Réed.

The various methods for predicting pressure losses
and flow rates of non-Newtonian syétems published to date
involve various degrees of theoretical rigour, coﬁputation-
al ease and accuracy of results. The method of Metzner and
Reed is theoretically rigourous for all time independent
fluids including Bingham plastics but ipvolves detailed
computations. Additionally, the fact that it is difficult
to reproduce results for non-Newtonian systems consistently
makes it hatd to know just exactly how well ;Hé prédictive
models agree with experimental results. ‘

/. ‘ :
\\h . -

A



[ &

'l 5 Turbulent Flow of TlnmrIndependent Fluids -in Plpes

¥ thtle work has been done to PIEdlCt the onset of

turbulernce oxr quantlfy the subsequent £flow characterlstlcs

of-non-Newtonlan‘flulds 1n Ccircular plpes- Many of the early

1nvestlgators took an emplrlcal approach to the study of
. R v

tu:bulence and in general it was viewed that at- hlgh enough"

Reynolds numbers the'apperent'viscosity_of the system re-
mainedtfairly constant due to the high shear rates which
suppressed non—Newtouian behaviour. Subseguently it was
felt that the conventional Newtonien friction factor dia-
gram sufficed to describe non-=Newtonian flows in the turb-
ulent reéion provided the viscosity used. in the Reynolds
number was chosen judiciously. . .
"Caldwell and Babbitt (1941) developed equations for

loWeruand upper'critical velocities at which turbulence

began and used' the vzscos;ty of theJdlsperSLOn medium of

the sludge under study to determlne a turbulent Re. The

friction factor correspondlng to Re is the same as if a true
/ .

fluid such as water were the flowing material. Wwhat they

failed to realize however was the unlikely chance that the

. i ~
limiting viscosity would be as low as that of the dispersion

'

medium. .
Wibding et al. (1947) and A;ues et al. (1952}

suggested - that the limiting viscosity at infinite shear rate

fiws 15 a more appropriate value to substitute into Re and

dbtained fairly successful correlations for non-Newtonians

5

3
W
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;_wlth the Newtonlan Cf curve in the turbulent reglon. Winding
et al. suggest that lamlnar to turbulent transztlon in pipes
occurs when the Reynolds number based on the v1sc031ty at
zero ‘shear reteluo,-reeches 2100. " Alves et/el. define turb-
ulence_as commencing”ﬁhen Re = pu D/u_ reaches 2100 since
the viscosity at zero shear rate will-not be meaningful at’
higher shears where turbulence sets in.

| Hedstrom (1952) proposed that the onset of turb-

ulence occurs when the lamlnar friction factor curve (a

'functlon of He) intersects the turbulent frlctlon curve for

B '\-C"‘

* Newtonian flulds.

. " Weltmann's (1956) work with Blngham plastics suggests
essentlally the same crlterlon as that of Hedstrom; namely
that the Reynolds nuber (pumD/u ) given by the lntersectlon
of the line in the laminar region for the partlcular flUld

" in question and the turbulent friction line for Newtonians
is the Re value at which turbulence begins.

Metzner- and Reed (1955) extended the concept of a
'generalized Reynolds number into the.turbulent region thus
avoiding the assumption of constant viscosity. They prop;-
osed a criterion for tne onset of turbulence based on the
friction factor and suggested that the transltion from lam-
inar to turbulent flow in pipes occurred when Ce fell below
0.008 on their generalized C. diagram. 3

A theoretical approach to the problem of correlating

L

turbulent friction factors for smooth pipes was taken by
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Dodge and Metzner (1859). The fihal resistance 1aw'cor—

relation they developed represents a generallzatlon of von
| Kdrman's equatlon for Newtonlan £luids in turbulent flow and
is appllcable to all tlme lndependent non-Newtonlans irre-
spective of rheological .classification.

By applying standerd methods of dimensional anel;
ysis to equation (1.19) déscribing a power law fluid, they
showed that:

Ce = £(Re, n)

-
-

where Re® has the form of a Reynolds number. They next
proceeded to calculate the form of this functional relation-
ship and came up with an equation of similar form to the
vgn Karman eqﬁaﬁion for turbulent Newtonian systems:

1 _ Rlog [Re°(cf)l'n/2 ]+G (1.22)
Ve,
where R is a coefficient, G a constant to be determined and:i

o

Re® = Dnumz-np/k

rRe® however is not so convenient a Reynolds numbexr
for_correlaticc purposes as the onelproposed by Metzner and
Reed (1955) since it does not result in a unigue relation-
. ship between C. and Re in the laminar flow region. The
generalized Reynolds number Re', does result in a unique

relatlonship in the laminar region for all values of n,

namely the familiar relatidnship C. = 16/Re’.
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. It can be'éhqwh that for power law fluids Re® and _
Re' are related as follows: -

¢ Re® = 1/8(6n'+2/n" )2 Re’ - .

. where k', n' and Re' are as defined previously.

Introduction of Re' in place of Re®’in (1.22) yields:

1 ' l"'n'/z 1 .
. === = Rlog | Re' (C) +G (1.23)
e S

_ﬁhere G' = Rlog [(l/B)(Gh“+2/n')n' ]+G -
If equation (1.23) is valid as postulated, it should

hold for the Newtonian cas€ where n' is unity. . For this
case, - the equation reduces to:

L

1 ' :
—== = Rlog| Du_pC; |+G'
1ﬁ5; Ym £

" .

Newtonian data agreed very well with such a relationship and

led to the wvon Karman'formula:

= = 4.0log Dumm[cf -0.40 (1.24)
C .
” _

Hh

Equation (1.23) is the form of the eguation relating
the friction factor and Reynélds number for the turbulent
flow of a power law fluid in a smooth pipe. It remains for
R and G' in the case of a power law fluid to be determiﬁéd
experimentally as functions of n'. To find R, i/ ICs is
plotted against Re'(Cf)l_n'/z. The slope of this plot as

seen from (1l.23) gives R.

-



-
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This_procedhre was carried ottrfo; a range. of pipe
sizes for ?luids of -various flow ihdices n' to give values
of Ré‘aé a fuhctioﬁ‘of n'. Thgdreticéi considerations ‘
suggest that these resulﬁs would be cérrélated by plothing
R against n' logarlthmlcally. When this was done bf‘fitt-
ing a line through the data ‘using the method of least squares,
the equation of the line was found to be:

R = 4.0/(n") 073 (1.25)

and the condition that R = 4.0 when n' = 1 was gatiéfied.
This function, besides fitting the;dataj satisfies the
theoretical restrictions imposed upon it.
The function G' is determined by substituting R
. ‘values given by (1.25) into eqguation (1.23) ahd plotting -G'
”f"/;gainst n' logarithmically. A straight line fitted through

this data yvielded the equation:

. N
G' = -0.40/(n")¥"2 ‘ (1.26)
Thié satisfies the Newtonian condition of G' = -0.40 when
n' = 1. The final proposed friction factor ‘correlation is

obtained by substituting for R and G' in (1.23). This

vields the general form of the von Karman equation given in

(1.24): ' -

L - 40 jogfrettcyt/2|. 240 (1.27)

£
'ch (n._)O.'IS (n*)

Although the above analysis is based strictly upon
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‘the power iaw model:of fluid.flow, équation (1.27) can be

used successfully with hon power law fluids, provided that
'ﬁhe fluid property parémete;s.(n' and k') afe evaluated at
the wall shear stress. Excellent agreement was found 5§4 .
ween predicted and exéerimental friétion factors when this

was done.

In general, thefhon—Newtohian friction cﬁrve in
turbulent flow agrees Quite well with the N;wtonian curve:
and the:latte;'caﬂ be used guite successfully for most
design purposes. This is because most non-Newtonian systems
appear to behdve as Newtonians at higher shear rates where
the structure is ééhpletely broken down. If increased acc-
uracy is required in determining Cf, the method of Dodge
and Metzner gives excellent results‘although the computations
are again tedious. ;

1.6 Time-Dependent Non-Newtonian' Fluids - Thixotropy

A thixotropic fluid (rheopectic fluids are rare
and therefore will not be discussed) has a yield stress and
viscosity thch significantly decrease.both reversibly-and
isothermally with 'a distinct time dependence on the appli-
cation of shear strain. Strictly speaking, thixotropic
fluids which show evidence of g yield stress are often term-
ed 'false bodies'. This distinction is made to separate
true thixotropic.materiéls which break down completely with
high shear stresses, from materials.(notébly Bingham plastics

which show thixotropic behaviour) which do not lose their
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 501id'§ropertiés entiré;y and still exhibit a field value
althcugh,iﬁ @ay‘be_diminished (Wilkinson: 1966). Goodeve
(1939)‘contends that a complete transformation from-a gel
to a sol is not a prerequisite-for.thi#otropy; A yield
" value may still be evident but the méteriél does become

-less élastic; a partial. transformation is all that is

necessary.

-

The term thixotropy was origingllf used to‘charagter-
jze colloidal suspensions of.irregular particle shape which
underwent isothermal gel-sol-gel transformations. These _
suspensions had sufficient rigidity to support tﬁeir own
weight when suspended in an inverted test tube, exhibiting
a yvield stress for no flow. When the §uspension_was:vigour7
ously shakeﬁ, its structure transformeé'to‘tbat of a freelf
flowing.%;quid with viscosity the order of the dispersing.
fluid. After a sufficient,périod of rest the structure
reverted back to its original gel form.

As an example of thixotropic-behaviour consider a
material confined in a co-axial cylinder rotational vis-
cometef- After the material has been restea for a suff-
iciept time to allow complete structural buildup to take
place, one of the cylinders is rotéted.at constant speed.
The torque indicated at the other cylinder would then de-
crease with time as shown in Fig. 1.4. The rate-of décrease

and the final torque both depend on the speed.

- . R
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Figure 1.4 Thixotropic behaviour as a function
of time

Similarly, thixotropic breakdowq_cén be shown im a
capiliary tube viscometer by plotting asP/2L agéinst q/na3
(Fig. 1.95}).

- The unique plot which was obtained for a time-in-
dependent material now becomes a series of curves which vary
depending on the dia@eter and length of the tube. Since
inc?egsed thixotropic breakdown occurs at prolonged and
higher rates of shear, it is more pronounced in longer pipes
of smaller diémeter. For this reasdﬁ, guantitative analysis
of thixotropic systems are usually made in rotatioconal in-

struments for which there are precise and uniform rates of

shear.
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Figure 1.5 Thixotropic behaviour in a capillary °
tube viscometer

Goodeve and Whitfield (1908) proposed a quantitative
theory of viscosity in which the magnitude of thixotropy was
expréssed by a single gquantity called 'the coefficient of
thixotropy', defined as the limiting slope of the viscosity-
reciprocal shear rate curve as y approaches a high value.
.Green and Weltménn (1944) feel tha£ it is impdgsible to
measure thixotropy from a sinéle consistency curve in this
manner and‘go about studying the hystetesis loop formed as
a thixotropic substance is sheared at various increasing
and then decreasing rates of shear in a rotational instru-
ment. They argué that to learn something of the extent and

nature of thixotropic change in breakdown or buildup, it is



necegéary to have data thaﬁlcoﬁef the before and after
state§ (Greeh and Weltmann, 1943)..

As the 'upcurve' {(curve OA in Fig. 1.6} is formed,
the material breaks down under the increased ?; Once a
maximum ¥ is attained a 'downcurve' may be started immed-
iately (line AO) resulting in a ratheér small loop or ¥ may
be maintained until the material breaks down sto an equilib-
rium value of shearcstress and then the downcurve is commen-.
ced, resulting in the'lafgest possible hysteresis loo§ (OACO) .
Regardless of where the downcurve is commenced (A, B or C),
it was always found to be linear and to pass roughly Fhrough
the same yield point. The area of the hysteresis loop was
used to indicate the degree of thixotropy as it depends on
the rates of increase and decrease of ¥. If the rate of ¥
throughout a cycle is such that equilibrium is always obtain-
ed betweén the breakdown and buildup of the structure, a \
single curve is obtaihed (curve 0AO}. This case represents
plasticity with no degree of thixbtropy evident.

From work on thixotropic materials of the Bingham

plastic type, Weltmann (1943) has developed the following

relationship:
exp [ -(.ul—uz)/J] = tl/tz
where u) and u, are plastic viscosities determined at two

times of shear duration, ty and t,. Plastic viscosity 1is

used as opposed to apparent viscosity because in non-thixo—
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Figure 1.6 Thixotropic hysteresis loops

tropic plastics it is a constant, being independent of
shear rate (up for a true Bingham plastic).. In thixotropic
- materials, the plastic viscosity decreases with agitation.
.J is the product of rate of breakdown of plastic viscosity
and time, that is, the time during which.the agitation at
constant rate of shear has been applied called the 'time

-

coefficient of thixotropic breakdown'.
J = (uy~u5) /In(t,/t,)

J is independent of the instrument and has the same dimen-
sions as viscosity. N
An analysis of the hysteresis loop (Green and Welt-

mann, 1944, 1946) also gave two coefficients M and V of
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thixotropic breakdown. M is the loss in shearing force_per
unit area per unit increase in velécity gradient. 'V gives
the change in yield value per unit change in plastic viscos-

- -

ity.
M =‘i(u -u.)/1n(w 2/0 2)
I § 2 2 1

v

Argmr)/tugmuy) o J ’

Other studies of thixotropic materials using the
hysteresis loep method include ‘that of Gabrysh et él; (1961)
who studied a colloidal suspension of thixot:opic attapul-
gite clay in water and Leonard and Hazlett (1966) who invéstw
igated flow behaviour of agueous @agnesium montmorillonite
suspensions. )

Unfortunately, the use of hysteresis loops to de-
scribe thixotropic systems is rather limited (Bauer and
Collins, 1567) since:.

1. They are gualitative and depeqd on the degree

of equilibrium reached. Thus unless équilibrium is

attained the results have little value:' as in the

case of transient flows, e.g., flow through short
pipes, valves or fittings.

2. They are difficult to interpret when the rebuild-

ing-of a structure from eguilibrium is extremely

fast.

Interpretation of these loops is of little guantita-

tive value, because the loop cannot separate the different
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factors involved in thixotropic change i.e., rates of

change, amounts of change, and changes in response at
different shear rates and with different past histories.
' . >

The hysteresis loop'methqd says little about the structure

~except that it is changing (Joye and Poehlein, 1971).

Although various mechanisms for thixotropic behav-
iéur-have-been'postulated none are'definitively écceptéd.
It is generally accepted that thikotropic méteriais at
rest have an internal structure which may arise due to
attractive forces at points oﬁ anisometric dispersed parficles.
The attractive forces between particles were found to be
electrostatic. To show thié, an electric field was applied
parallel to the axis of a rotational‘vi;cometer containing
an aqueous bgntonite solution. When the-field was switched
off, the torgque on the instrument decreased (Schultz-Grunow,
1962) . The flow properties of a thixotropic substance were
thought to be governed by two effects actingAadversely. On
one hand attractive forces acting between the suspenaed
particles generate clusters and on the other hand the clust-
ers are collapsiqg by the act;on of shear forces. When a
shear force is applied, breaking of the bonds which form the
network occurs since the kinetic energy of tﬁ% system in-
creases. due to the forward flow, and consequently'the part-
icles take up random orientation. Upon continued shear, if
the solution is sufficiently dilute, it may act as virtually

a Newtonian liquid with properties determined by -the sus-
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ﬁending‘medium; ‘dh deletion of the shearing,’ randomsBrown-
‘ian motion within the stationary{fluia allows attractive
sites ‘on different partlcles to adhere and form new llnkages
_and eventually re-establlsh the original network (Joye and

»

Poehleln, 1971).

.é ~ Hahn, Ree and Eyring (1959) proposed a quantitative
theery~of thlxotropy whlch predicts the v;scosztles of thixo-
tropic polymers and hydrocarboes under working conditions.

-

They assume that in a floﬁ system of thixotropic subs;ances-
(such as grease) thereyex;st g&b kinds of molecules, extended
entangled and coiled dieentangled,_the former. non-Newtonian -
in their flow nature and the latter Newtonian; The relative
amounts of the enfangled and disentangled moleeules as
determined by é%e equilibrium constant for entang].ec‘i;""";':h
disentangled states characterlzek the degree of thlxotropy
Fredrlckson (1970) presents a model for the rheo—
logibal behav1our of thixotropic systems exhibiting no elastic
or anisotropic effects. The medel is adyaneed for suspen-
sions of rigid, solid particles in-liquids-(sﬁch as clay
suspeneions) and is pot expected to be valid for.ﬁater%als
of polymeric constitution or for suspensions of elastic
deformable particies in ligquids.
. .Few attempts have been made to quantify the flow
of thixo;ropic materials in pipe lines since in most cases
they can be treated as time independent because theyv are

broken down by the high shear rates involved. It is also



© R

‘somewhat difficult to define the concentration at which a

pronounced Yieldfetress occurs. This makes it somewhat

awkward to'design'pipe'line systeﬁgﬁtor thixetropié-slurries.

In, 1965 Cheng, Ray and Valentin-published results

the pumplng of bentonite suspens;ons through ripes and

- pipe flttlngs. They presented data for concentratiens of

1.7%, 4.8% and 7. 8% and observed that for equilibrium con-

ditions the shear stress data obtalned-fo; laminar flow in

'small.ﬁore tubes agreed with that from laboratory viscometers

£

and thus deduced that equlllbrlum curves can be determlned
usmng laboratory i;scometers.. They also determlned that
"thixotropic behaviour became more prenounced at hlgher con-

centrations and that yield values increased signi%icantly

with concentration.

Most work on thlxotroplc systems has been aimed at

quantlfylng the degree to which thixotropy EXlStS and to-

-establlshlng a rheologlcal mechanism of thlxotropy. Thls

has been .done prlmarlly ln-concentrlc*cyllnder viscometers

' and few correlations with pipe line systems have been

»
-

;attempted since the material is usually pumped in its equil-

ibrium state. Methods such as the analysis of hysteresis

loops are of little value for the aesigner:bf‘thixqtropic-

systems. Studies such as those of Cheng et al. have shown

that the substances become more thixotopic as the sliurry

concentration inpipe line flows is increased, but a gen-

eral rheological model for time dependent fluids has not vet

been postulated.
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1. 7 Scope of. the Present Work -

: The purpose of thls work was to study the pipe 11ne

l’

£low of nOnrNewtonian flqlgs. Specifically, data are obtaln;
ed foe.aqueous benﬁenite siurries haviné qpncentratibns of
1.96%, 4.08, 5.0%, 6.0% and 8.0% by weight.which have been
pumped in a small scale plpe line. Pressure drops were
recorded for various flow rates of the suspensions through
three glass test sections of dlfﬁerent d;ameters- Three

. _tést sections are used so that‘experiﬁental data takery from

- any ohe may be used to predict flow eon@itiqﬁs-in the sec-
ond or third and subsequently compared*for accuracy with
fesults in these other tubes. Secon@lé, thixotroéic effecﬁs
can be detected in test sections of different length and
-dlameter. | ;\ ) .

~ The pipe line system was_ofiéinally designed solely
for the study of the laminar flow of these fluids, but the
experiments have been carried over into the turbulent region.
Data are presented in the form of shear diagrams for all‘ )
concentratlons studled The shear diagram ishthe rheologi-
cal thumbprimt of any fluld and is the ba51s for subseguent
analysis in the form of friction factor diagrams. Power
eonsumptioh in pumpipg the various concentratiens of slurries
wefe-calculeéed from pressure drop measurements per unit
Yength of pipe. “

In an age where energy is becoming an expensive and

ever diminishind®commodity, it - is necessary to continue the
‘ N -
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‘'study of poﬁ—Newtonian flow in pipes so that the most econ-_

omical design procedures tan be established. . ..
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. | CHAPTER 2
DESIGN AND DESCRIPTION
| OF ExPEEfQENTA; APPARATUS
2.1 General.“ /

!

The design of the model pipe line built to study the

LR

flow of non-Newtonian’suspensions was based on the viscosity
- /‘ Lot

and flow rates of agpeous: glycerol qolutions, a Newtonian

fluid. Three nomi%al diameters for the test sections were

‘chosen and the pressure drop per unit length‘of the three

pipes were determined using the Hagen-Poiséuille eguation.

- The viscoéity range of interest for the studies was to have

beeh between 0.00l and 0.1 Pa-s {or 1-and 100 centipoise) so

LY

that several conveni¥nt viscosities of agueous glycerol within

this range have been chosen for design calculations ..(Appendix

B) .- Since the work was originally intended to encompass only
.

. lJaminar flows, a minimum Reynolds number of 1000 and maximum

of 2000 wexre employed in the calculations.
Once approximate pressure drop# per unit length of -
pipe were determined, the test section lengths were approx-

imated depending upon the range and sensitivity of the

pressure measuring dev1ce which in this case was a liquid

'y’ tube manometer or a dlfferentlal pressure transducer.

Entrance lengths were then est;mate@ so that overall test

ﬁection-lepgths can be determined.

Appendix B gives a detailed description of the pro-

-

42



of the loop. The test section was supéorted independently =

43

cedure used to determine test'se¢tion configurations.

2.2 Description of the Flow Loop

- N : - . '
™ A schematic diagram of the apparatus is given in

-~

_Fig. 2.1. The fluid or sﬁspension to.be_pumped was.géneral;f

prem%ked';t a separate location and then added to the main
circulating tank éonstructed‘from~a-22.5 iite: drum. The
cirgulgting tank was supgorted by a 3.8 cm iniet pipe which
féd the mixture directly to the ‘pump inlet. A small gate

valve affixed to the bottom of the circulating tank was.used

to drain -the system. The pump was a progressing cavity

- Moyno . type FA-56, which has a capaéity of 4 liters per second

and a maximum output pressure of 0.17 MPa. The pump was
directly coupled to a 1.12 kW variable speed D.C. motor.
The motor and pump were mounted firmly_qp_a supporting base
made from welded anglé iron stock. A short flexiblg hose
cbnneéts the pump outlet to the remainder of the delivery
system so thét any ihherent pump noise was partially damped
from the'sygtem. A 9 L capacity surge tanﬁ situated in the
delivery tube just after tﬁe pump was %ound to be of signif-
icant importance in damping out oscillatory fluid motions‘in
the test section of the apparatus.

A 2.54 cm diaméter glass. pipe approximately 3 m long

connected the pump to the test section. Two bellows type

‘couplings joined the removable test section to the remainder

=,

from the remainder of the system and the bellows connectors
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damped out any vibration from the delivery or discharge

lengths. = , .

sections. The discharge section consisted entirelg of 2.54
cm copper tube and fittings and was divided into'ﬁwo-brahches.
The‘fi;st branch returneﬁ the flow directly to tﬁe circulat-
ing tank and the second was -a sampling line which was used

to collect a volume of the 'fluid over a known time interval

to determine the flow rate. A flexible hose connected to

the sampling line diverted the flow to the sampliqd jar and
back to the circulating tank after the sémple was taken.
The entire loop was supported by four angle iron
brackets bolted securely to the floor. Wooden split bear-.
ings supported the pipe at four different locations on'two
of these braékets. The test section as mentioned, was sup-—
ported independently from underneath by thé.other two brackets.

2.3 Description of the Test Section

The removable' test section was mounted independently#®
A
from the remainder of the flow loop to helpisolate it from .
. ™
pump noise and external vibrations. It was built upon a 1.9

cm plywood substrate approximately 2.5 m long énd-O;g‘m in
width which in turn was bolted to-two angle ‘iron supportlng
members. The piping network-was held flrmly onto tﬁe ply-
wood by wooden Spllt bearlngs, In thlS way the glass test
sections need not b supportéd 1ndependently along their ‘

“u

The flow entered the test section from the Bellows

coupling- and was directed into a three-way manifold system.
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The manifold was constructed of copper pipe and brass fltt—

ings because of its low cost, sxmpllc1ty of constructlon and

-ruggedness._ Directly opposxte to the lnlet, the 2.54 cm

network reduced down and flanged to the 1.74 cm diameter
gIass test seection. On either side of the'inlet, the flow
network was reduced down and dlrected to either. the 1. 27 em
or 0.60 cm glass test section. An approxlmate entrance

~

leﬁgth {appendix B) allowed the flow profile to develop oe—

fore it reached the glass tubes. - ' | :
’ The copper manifold s connected to the three glass

test sections by way of quick/fit connector flanges which

Bolted to a steel flange soldered to the manifold. The glass

seotions were bolted doﬁn approoriately tels) stoﬁ leaks after

the system was operating. The‘pipe manifold at the -dischargé

end of the test section was exactly.the same as the one at

theyinlet. A sufficient number of gate valves were included

in the system to dirdct flow through the desired test section.

2.4 Description of the Glass Sectiomns

The three glass test sections were fitted between
their respective manifold flanges and held secure "using guick
fit connectors. The 1.74 cm test section was purchased as

a standard 1.52 m pipe length and had only to be pressure

"tapped. The 1.27 and 0.60 cm sections were made up completely

by the glass blower. Glass tubing of fairly solid wall

thickness was molded right into the test sections for press-

ure taps. Tygon tubing of 0.63 c¢cm I.D. was siipped over
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these pressure faps to act as p#éssure transmission lines
.gna eaSily’héla in place with small hose clamps. The press= '
ure taps were molded'smoothiy inta the test sections so that
no prot}':usion was left to cause any disturbance to the flow.

- The test sections which were manufactured completely .

-

[

by the glass blower had a slight warﬁage in them due to heat-,

fact that the ends could not be molded on perfec . sqguare

ing when the quick fit ends were molded on and iz:yto the
with the éubes. Hence when the sections weré bolted between
the maﬂifoidé, the flanges had to be tigh¢ened carefully and
such that as little bowing as possible ;:ikired in fhe sec-
tioné; This\warpage did not céﬁse any out of roundness ox
change of internal diameter in the test section, but ‘the

secﬁions had to be torqued down carefully to ensure that

they were straight. A small spirit level was used to align

them horizontally.

2.5 Determination of Test Section Diameters

The mean internal diameter of each test section was
determined prior to having them pressure tapped by filling
each tube with a known volume (weight) of mercury and then
measuring the height éf theng column in each tube. The
diameter is easil& calculated from the equation for the vol-

ume of a right circular cylinder (see Appendix c) .
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C_HA‘PTER 3

éKPERIMENTAL -PROCEDURE AND ANALYSIS OF DATA
3 1 Procedure

The fluid to be tested in the model pipe llne was
prepared in-sufficient quantity before being poured iutb the.
circuiatdng_tank.‘ For the Newtonian tests a blend of equal
amounts of kerosene and lOW#d'motor 0il was used (section 4.1).

For the non-Newtonian tests five\clay slurries were
prodﬁced by accuratel& weighing out the required amount of tap
water and bentonite powdex to echieve‘the desired concentration
‘(see Table E.l of Appendix E).l The bentonite powder was then
premlxed with enough methanol to dlsoerse it into a highly
concentrated slurry which was then carefully poured inte the
container of water while stirring vigourously. This prevented
the clay powder from flocculating in the water, facilitating
preparation of the mixture. The suspension was allowed to
settle over night while it reached room temperature. ' The
residual water—-methanol mixture of the low concentration
slurries which did sett}e was syphoned off of the top and
replaced by an equiva;ent amount of fresh water. The mixture
was stirred well be%ore being introduced into the system which
had been previously cleaned and drained.

The fluid in the pipe line system was pumped around

at an intermediate flow rate prior to testing to establish

thermal equilibrium and allow air bubbles to dissipate out.

48
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Meanwhile, the manometer waé-carefﬁiiy‘placed into the éystém
acrosslthe presﬁuﬁe taps of the desired test section and the
tygon, lines were filled with the pressﬁre transmittigg flgié.r"
The approériate test section§ were then closeasbff,and the flow
rate was adjusted for\the‘first‘test in the remaining tube.
Sufficient fime wés allowed for the flow to stabilize before
-pressure drops and flow rates were recorded for each test.

The manometer fluid was either mer;ﬁry or carbon tetra-
chloride depending on the éressure ranée. Kerosene was used
as the pressuré transmitting fluid for the Newtonian mixture
'And water was used for all Sf the slurry tests. Initially a
dynamically responsive differential pressure‘transducer was
used to indicate that the flow instabilities were minimal, but
was not used for the majority of the experiments because of

the lack of precision. .
The Newtonian data are given in Tables D.1 to D.3 of
Appendix D and the bentonite data arg summarized in the data
sheets of Appendix E. All tests were repeated at léast twice
to ensure good agreement between the actual flow rates and .
each slurry conceq;rgtion was mixed and tested at least twice
as a check on results although complete data are not listed.
It was found that agreement between the .separate experiments
was quiEngood. -
| A flow rate wag determined, the pressure drop was read

- directly £rom the differential 'U' manometer and the temperature

of the sample was recorded in c. Average values of g, AP and’

-

[ Y
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B were computed from two samples for -each test. K‘sufficient
sample of the flula was retained after testing to determlne
the dens;ty of the mixture and stored for any addltlonal tests.

~

3,2 Analys;s of Data A

In order to 1nterpret the pipe line data, it had to be'
converted to the consistency ¥arigbles asP/2L ana 9q/ua3 SO
that a shear diagram could be plotted. The first step was - to
co'r:.:ect the differential pressure term AP, by subtraet-ing the
equivaleg; head of the_E;ansmitting fluid from the differential
reading gf the manometer f£luid which was recorded. As the
transmitping fluid was either water (specific gravitf = 1.00)
or keroeene (s.g. = 0.82), the equivalent head would be the
product of differential manometer reading and specific weight
of the transmitf?ng fluid. This was then converted to either

cm Hg'(s.g. = 13.60) or cm ccl, (s.g. = 1.59) and subtracted

from the original différential reading. The corrected pressure

in kPa was then diﬁided by the appropriate 1eﬁéthibetween the
pressure taps to yield a pressure drop per unit tube length
(aP/L) which ?hen multiplied by a/2 givee the shear stress at
.the wall. The correspbnding shear rate is found by substitut-
ing qavg from the data sheets into the equation ¥ = 4q/n;?.
The shear diagram is a smooth curve which best fits all of the
data points. The results are shown in‘Figs. 4.1 and 4.3 to
4.7 of Chapter 4.
The correlation of the data consisted of plotting

friction factor diagrams for each fluid for comparison with

<

‘\\



R ) .. .51

the standard Newtonian friction curves. Plotting the friction
- factor diagram for the Newtonlan oil was stralght forward and
"is -outlined in section 4.1. The slurry analysms consisted of

. first obtaining values of =z, for-varlous values of ¥ over its

range from the shear diagram. This was done rather than using
the orlglnal data due to the smoothing effect of the curve.
An apparent v1scoszty for flow in the 0.60 cm diameter tube

was computed by d1v1d1ngrtw by Y. The Fanning friction factor

was calculated in the usual mannner, i.e.,

. Cp =
,_\ - Cg aAP ‘Dum S
The mean velobity was found by interpolating tﬁe flow. rate

for each chosen shear rate from.a plot of q vs. y for the

avg
origihal data and dividing by the cross sectional area of the

tube. - -
The Reynolds number was calculated in all three tubes
by using the apparent viscosity, ué from the O.éo‘cm dianmeter

tube. L :' -

/.
Finally, the power reguirement per unit Iength_of tube

to pump the fluid was determined-by multiplying the flow rate
and pressdre.drop and dividing by the lengta ef tube over
which aP was measured.

A discussion of the experimental errors can be ‘found

in Appepdix H.
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-

EXPERIMENTAL PIPE LINE RESULTS

-

4.1 Newtonlan Results - . ' - s

[

In order. to aetermlne how well the. experlmental equip-

ment: functloned and how accurately it could be used a series
of tests were done Qn a Newtonlanl011 solution prior to test=
ing the hoanewtonian slurries. It waeldeeided to run a series
of tests on a mixture.composed ef qual amounts of kerosene
Iané SAE 10wW40 mote:'oil (denoted as 50/50 kerosene in 10W40) .
Such a blend yielded a fluid whose consistency would be compar-
able to thaﬁ of the non-Newtonian slurries to be tested. The
‘pipe.line eyseem was cleaned with a soap solution and ripsed
of all debris priof tq‘rﬁnning the tests. A sufficient guant-
ity of“SO/SO kerosene in 1l0W40 was introduced into ehe system
and data were taken as outlined in Chapter ‘3. The results: of
the experlment on this f£luid are tabulated in.Appendix D.

‘ The analysis of the data con51sted of plottlng the
shear dlegram in terms of the conSLSgﬁncy variables. The
-shear'siress and shear rate.celculatiqns are tabulated in
Tablee D.4 to D.6. Kerosene was used as the pressure tfans;l
mitting fluia in conjunction wiﬁh the mercury manometer.

.Qig plot‘cf shear stress against shear rate yielded a

linear relationship of approximately the same slope for all

.

.« three test sections (Fig. 4.1).
o 52

)
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- Figure 4.1 Wall shear stress vs. apparent shear rate
Tee S for 50/50 kerosene in 10W40 )
00.60 cm diameter tube - ¢
1.27 cm diameter tube
r 1.74 cm diameter tube

This was very encouraging as the linear shgar'aiagram
" indicated that the flow Qés§Néhtonian over the entiré-shear ,
‘rate range $§ would Be expected and the viscosity is'thergfore
constant for all Réynolds numbers.

A value.of‘viscosféy was obtained for each.of éhe

'three_;ubes,by calculating the slope of the shear diagram.
The results are summarized in Table 4.1.

-A samplelof the‘fluid wasiihen retrieved gfom the piﬁe
line §ys£em and its viscosity was deﬁérmined in a Brookfield
coné and plate viscometer at temperatures close to those of
the pipe line results. The comparison of viscosities is made

in Table 4.1. The agreement between viscosities obtained by

the two methods is quite good. A second sample of the f;uid

-~
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- Table 4.1 Newtonian oii_visbosifiés

3

.- | Tube Diameier Absolute,viséositg- Average
3 (cm) ' - (Pa-s} 1| Temp. 03|
Pipe line | Brookfield| - .= [ 1
0.60 0.018 o 21.5
. |7, .| o.0201 21.6
* 1.27 1 o020 | 20.8
- 0.0204 . 21.0 "
1.74 | o0.021 ’ - 21.9
- | o.owvs 22.0

.of Appendix D.

o S g _ o

was retained and i%ﬁ density was found to be 0.84 g/cm
To cqmpiete the analysis of the Newtonian flqid, a

friction factor-Reynolds number diagram was .plotted’ (Fig. 4.2).

The Reynolds number for each tube was computed using the value’

* s

of viscosity obtained for that tube from the shear diagram
< -

(Table 4.1). The computations are shown in Tables D.7 to D.9

Qy -

The data from all three tubes fit the curve Cg = IG/Bé .

quite well indicating that the system yields substantial results

for Newtonian fluids of fairly low viscosity. Since develop- -

. . Fi
ment lengths are usually shorter for non-Newtonian fluids, it

. can be postulated that non-Newtonian data gathered from the =

same system in the same manner should be an accurate representa-
. ;
tion of the flow conditions. Turbulent flow of the Newtonian

fluid was not studied.
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gf the slurries is given in Table E.l along with the density

I D W .

> ’ '

N

..

o

. Figure 4.2 Fri

Y

o3 —

©° : ﬁ(\
. Re

ction factor vs.
50 kerosene in 10wW40
0.60 cm diameter tube

s

Reynolds number for

N 1.27 cm diameter tube
O 1.74 cm diameter tube

4.2 Bentornite Slurry-Résults

Five'diffe:ent slurry

1.96%‘by weight to 8.0%.by weight were tested. The composition .

-

ncentrations ranging from

the mixture at roughly the temperature at whgch it was

tested. The experimental pipe line results are «given in Tables

" E.2 to E.16 of Appendix E.

In the first instance, shear diagrams were plotted

- for each bentonite concentration (Figs. 4.3 to 4.7) in terms

‘'of the consistency variables aAP/2L and 4q/na3.

stress;shear rate calculations are outlined in Chapter 3 and

The shear

7



are summarized in Tables E.17 to E. 31. Not all the data. p01nts

are 1ncluded on the shear dlagrams for the 0. 60 cm dlameter

tube because the shear rates’ get much higher than in the other

L tubes. The general trend of. the curﬁg does not change abruptly-

however. . . . : o~ ‘ :

tv (Po)

- Figure 4.3 Wall shear stress vs. apparent shear'rate
for 1.96% suspension
00.60 cm diameter tube
N1.27 cm diameter tube.
O1.74 cm diameter tube

Gk e —
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Flgure 4.4 Wall shear stress vs. apparent shear rate
for 4.0% suspens:Lon y
0.60 cm diameter tube
1.27 cm“diameter tube
01.74 em diameter tube T
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ﬁigure 4.5 Wall shear stress vs. apparent shear rate
for 5.0% suspension .
0.60 cm diameter tube
1.27 cm diameter tube . N
Ol.74 cm diameter tube ol :
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. Flgure 4.6 Wall shear stress vs. apparent shear rate -

for €.0% suspension
C0.60 cm diameter tube

1.27 cm diameter tube
1.74 ¢m diameter tube
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Figure 4.7 Wall shear stress vs..apparent shear rate
ﬁﬁf 8.0% suspension
0.60 cm diameter tube
N1.27 cm diameter tube
O 1.74 cm.diameter tube



CHAPTER 5 y e
DISCUSSION AND CONCLUSIONS
5.1 Newtonian Fluid .

The experlmental results for the study of 50/50 kerosene
-ln low40 agree favourably with theoretical and emplrlcal expec—
tatlons and establlsh the fact that the pipe llne system can
be used successfully to ébtaln accurate data for Newtonian
flulds of low viscosity. The- implication of this is that

reliable data should be obLalned in the same.system for non-

Newtonian fluids of ¢ arativg cgnsistency, as they.generally
have shorter developﬁent lengéhs. _

: The shear diagram for the Newtonian oil (Fig. 4.1) is

- linear over all shear rates fpr data taken;from each of the

three test sections, and when\extrapolated passed véry close

to the origin, implyingsNewtonian behaviour. The variation

in fluid viscosity computed from the data for each individual .
tube was small; the maximum difference for any two tubes being.i
0.003 Pa-s (Table 4.I1). The maximum temperature variation = | \
for the tests' in all three test séctions was 1.1 °c. This,
coupled with vsriations in measurements of flow rates and
pressure drops woeuld be sufficient-for causing the three slight-
ly different slopes of the data seen on Fig. 4.1l. Fitting

the correct straight line through the data would alsoc contrib-

ute somewhat to this variation but seems to be quite insignif-

icant. The viscosities determined from the data for each tube
' 59 . }
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the plpe system.

(3]
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-

'agreed.well with Brookfield cone and plaue~results at essen-

tially‘the same temperature, again confirming the accuracy of
Friction factors computed using viscosities based
on the data from the three tubes agreed well with the antici-

pated curve for Newtonlan fluids in the lam;nar region. Tests:

‘were not extended unto the turbulent region as .it was origin-

ally lntended to i}udy all systems in lam;nar flow only. ‘\§}

"5.2 Bentonite Slurries

From the pipe line slurry data it was possible to pro-

duce gfaphs of wall shear -stress, Ty vVersus the apparent shear

rate, ¥. It is generally accepted that under quasi-steady

L

conditiens, in which the rate of structural change is small,

‘the steady state wall shear stress,-aAP/2L is a good approxi-

" mation. Since the consistency of the curves indicated that

the material was in the equilibrium or broken down state, little

error would be incurred by plotting these graphs in terms of )
consistency variables as the material is virtually time inde- -

pendent in this state (i.e., breakdown to equilibrium occurred

‘bétween successive .data readings since sufficient time was

allowed sftem inérementing the pumping rate). . These data are
plotted on Figures 4.3 through 4.7 ﬁor concentrations -of 1.96%
to 8.0%. The curues are very typical of thixotropic clay
materials in the equilibrium state and agree with the descrip-,

tion of Smith (1960) and Cheng et al. (1965).

-
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The 1.96% concentration suspension has a very small
if nonexlstent’yleld stress and is virtually a Newtonlan fluld
in the low ‘shear rate range below 400 s l, where the data from
thé three tubes virtually collapsed onto a single curve.
Beyond, this shear rate transition commences in the 1.27 cm and
1.74 ‘em diame:ér’tubes as indicated by an increased upward
Qlope of the curves (Fig. 4.3). As expected, transition first
occurs'in the 1. 74 ém-diameter'tube'and is subsequently appar-
,ent ln the 1.27 cm diameter tube at a hlgher Y. The 0.60 cm
dlameter tube dﬁta does not indicate dlstlnct transition within
the shear rate randge shown. A final turbulent region was
achieved at higher shear rates in the 1.27 cm diameter tube.
Whether of not complete turbulence was reached in ‘the 1.74 cm
diameter tube is not obvious from Flg. 4.3, since the output of
the pump restrlcted the flow rate.

Shear diagrams for the 4i0% and 5.0% suspensions (Fig. °
4.4 & 4.5) have the same general shape as that for the 1.96%
suspension but the value of ry is increasing as is the ¥ at |
which turbulence commences. This is expected since as the
concentratlon is increased, the suspension takes on'more the
characterlstlcs of a Blngham body and the flow becomes plug

like.

At concentrations higher than 5% (Fig. 4.6 & 4.7) the

degree of thixotropy becomes more pronounced and is evidenced

by the spread between the curves at low values of y. Turbulent

flow was not achieved at these concentrations as the solutions

—
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were almost gels ana‘p1ug flow was very much evident. The
transiﬁion and\turbulént flow regions are not shown on the

shear stress graphs for the higher concentrations because the

-rL

‘shear fates were not high enough. It is poticeable ﬁhat the
laminar curves change their form from concave to a-convex
nature as the -concentration is increaéed. Thié changeover
appears to occur at a concentration of about 5%. Fﬁrthérmore,
as the slurry concentration and tube diameter increase, the
curves tend to deviate more from the small tube or laminax
flow data. This ¢ould:5e due to increased thixotropic
behaviour of the systeﬁ or a scaling effect,.indicating that
certainly in the smaller diameter range, the diametg;;has an
effect én the shear stress distribﬁtion and therefore the'flow
phénqmendn. .. . .

Schultz-Grunow (1962) has proposed that at low bentonite
concentrations, thixotropy is lost. He found that thixotropic
behaviour exists above a concentration of 5% by weight. This
is supported by the work of Sharma et al. (1972), who contend.

.that up to C = 5% thixotropic effects are negligible, but not

lost. The trends of Figures 4.3 to 4.7 seem to further sub-

stantiate these contentions.

For all concen;ratidns, the data from the small {(0.60 cm

-

diameter) tube show continuous smooth curves and the flow was
apparently in all cases laminar in character- Although a dis-
tinct transition region was not observed for the C = 1.96% data

for the 0.60 cm diameter tube, it is highly'likely, as discussed

later, that the flow was in fact turbulent within the shear
A .
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Fate range ﬁhdef study; Therefore the data from which these
curves were produced were used to calculate the apparent.

| viscosity, and subsequently to calculate the-flow‘Reynolds'
number for the other two tubes. The work of Cheng et al.
(1965) certainly indicates that this approach is-ecceptable,
especially for calculating the Reyholds‘number.

Initially it was hoped to substantiate the shear dia-
grams with data from é rotating concentric cylindet viscometer
which could ptoduce shear rates of up to 2*10’ s™1. This
apparatus, although not intended for_clay-slurries, was thought
to be- quite adequate. Unfortunately, there were small sand
inclusions in the clay which caused the cylinders to seize.
Increasing the annular gap alleviated this problem but reduced
both the range of shear rates and accuracy and also caused end
effect difficulties. Broockfield cone and platé and rotatlng
cylinder viscometers did not prove to be adequate, mainly
because of low maximum shear rates and jamming due toﬁcand
inclusions. Consequently, the data obtained for laminar flows
in the 0.60cm diameter tube were used to calculate the apparent
viscosities. | -

The shear strese data for the larger diameter tubes
‘indlcate what might be called transition and turbulent regions.
with considerable deviations' from.the smaller tube data. This
is‘more apparenf for the C = 1.96% and 4.0% curves (Figures

4. 3 and 4. 4) when the conditions for turbulence would be exceed—

ed with the pumping rates used. 'l‘hls is also illustrated in

-
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~the friction factor vs. Reynolds number curve of Fig. 5.1 which
shows that the data agree qulte well with the Newtonlan £fluid

curves and indicate that the majority of the data were ih fact

- for the laminar Or transitional flow regimes as suspected from

-

4Ahe shear dlagrams

4127 cm pipe data
0174 ¢cm pipe dcta

PR

| d@\-
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. Figure 5.1 Friction‘factor vs. Reynolds number plot

. for all concentrations in 1. 27 cm and 1. 74
. cm dlameter tubes

Friction factors for théro.so cm diameter tube based
on the apparent viscosity computed from‘the 0.60 cm diameter
tube data also followeg the Newtonian.curves. They are not‘
presented on Fig. 5.1 however, as they do not reveal information
as to how a relationship between the various tube diameters
can be.achieved (i.e., the friction factor is computed for a

tube size from viscosity data for the same tube size and this
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does not indicate'hoﬁAa'scaling up“technique can be achieved)l‘

The data for the apparent v1scoszt1es are shown in

~

Flg. 5. 2 the correspoudlng calculatlons are summarlzed in

. Tables F.1 to F. 15 of Appendlx F. - j | . -

g 8

L]
#2307 (Pa 5)
2

3o b

WD 2009 N
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Figure ‘5.2 Apparent viscosity vs. apparent shear rate
for all concentrations at equ::.l:.br:.um in
the 0.60 cm diameter tube

N

The curves are typical of equilibrium state thixotropic
materials, all of which show an approach to that of a Bingham

plastic 'for shear 'rates greater than 2000 s-l. Furthermore,

as the bentonite concentration increases, non-Newtonian effects
. (-3 .

e

.become more pronounced.

>
. Often shear stress data are plotted in the form of

. (4 a
a generalized Bingham plastic relationship:

-

— R '
T T, T k¥ (5.1}

-

The problem usually is that it is difficult to obtain

o

o~ . 8
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LTy experimentally with any degree of accuracy.. However,‘itf

Afwas posszble to estimate ry by extrapolation of the curves to

‘.zero Y, a questionable procedure but nonetheless reasonably

accurate in the present case; since the data were obtained for -

- -

relatively low shear rates thus approaching static shear stresses

-

(the feaSibility of this procedure is also pointed out by YaICin

and McIntosh 1961).

-

- * -

On'the basis of these ry's, a plot of the equilibrium

“curves for generalized Bingham plastic equations is given in - i
Fig. 5.3, the numerical data are tabulated in, Appendix G. '

102~

‘ 700102 0 104 o

Figure 5.3 Equilibrium curves for bentonite suspensions

plotted in the form of the generalized .
Bingham egquation (5.1) . ,
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.)The form.of these curves 1s qu;te fam;lza: and agrees ;

favourably~w1thﬂthe.llm;ted avazlable data such as that of

Cheng et al.

(1965).

&' k' gﬁken in Table 5 1 are qulte dlfferent to those of Cheng

Table S'r Compar;son of k and n values for all
L concentratlons s ‘ ‘ -
N . i
c 1. Ty- -Ty 1 -0 - mn .F- 'k .k
.| (3) |present |(Cheng) | present | (Cheng)| present ' (Cheng)
o (Pa) ~(Pa) (Pa“sy) Wa.s )'
+| r ) .
1.7 . 0.0 .- 0.83 0:0062
1.9 1.0 T 2.06 "11.2 E-06
4.0 | 3.5 1.08 O [3.4 Em03]
4.8 1.6 1.00 0.0086
5.0 [ 7.0 0.93 & 10.015
-} . - )
6.0 | 11.0 0.71" 0.145
7.8 36,0 0.48 2.12
8.0 | 15.0 0.74 0.148
- } - .

e

That ls, for n<l ~the material behaves as a pseudqp!hstlc for.”

-

viscosity increases with) shear rate.
. . ‘0 . N - -‘ . i

whlch Jthe v1sc051ty decreases with shear rate.

‘material used since *n' and 'k' reflect material propenties.
However, when

The differences cannot

However the 1hd1ces n' and constants -

This must be attributable to slight differences.in.the

fl?'-n>_lf the material exhibits dllatant-behav1our for which the -

-

L g

¢ a
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_be due\to th;xotropy, Slnce when c-l 96% and thlxotroplc effects
are mlnlmal there is st;ll no agreement between the data.

Furthermore, it cannot be due to the accuracy of Ty smnce-lt

is‘quite small when C=1.96%. '
The trend“of Cheng;s data which go from pseudoplastic

throtgh constant apparent viecoeity (Bingham plastic) and back -

&

to pseudoplastlc as concentratlon increases is perhaps more

dlfﬁ;cult to comprehend than the data presented here.

Graphs, of hydraullc power - consumptlon per unit length

of plpe vs. Reynolds number based on apparent viscosity taken
9"5. :
from the 0. 60 cm diameter tube are- shown on F:.gures 5.4 and

5.5. .
0! -
1
: o
]
1
. t
]
]
‘ i
- 1o 060 ¢cm poe! 1278374 cm .
-E.. data : Ppe doleo
2 :
- ]
R ;
/
eyl
Len 3 H .
. ; _
- i Al -
102 3 z 5
- . 1 hi
K 0 el 0
Figure'5.4 Power requlrement per unit length of tube
: ' _~vs. ‘Reynolds number for 1.96% concentration
: : -t ’
- -{ k) \4-\-_ = -
)
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Figure 5.5 Smoothed power requirement curves in all 3
: tubes for all concentratlons vs. Reynolds
- number

It.was generally apparent that the-powerAconsumption

was not. greatly affecfedvby the‘diameter of the tube for a
given Reynolds number as the curves for all three tubes at a.
given concentration. tended to collapse onto one line. As the
.concentratlon was reduced it was apparent. that diameter does -
have a marked effect as ev1$;nced by the ;moothed cﬁrves oé‘
Fig. 5.4 for C = 1.96% which shows that the D = O.GOLcm curve

divérges and assympﬁotically approaches a condition for which
the power inc;eases with virtually no effect on Reynolds numb-
er. As this is for the sméll tube da£a, it.may‘relate to the
" condition for calculaﬁing the apparent viscosity. The small
tube data for C = 1.96% shows a c?ncave curve assymptotlcallv
approachlng a constant Reynolds number of about 2090 (the onset
of transition). This ‘may lndlcage that the fldw of the 1.96%

>



70

.o
S .
-
»

-
.

%d%bension is much like that of dirty water. in the turbulent
- ) - N N [
ated that perhaps-all of the curves

. region. . ‘

- It m}; be 'postﬁl

approéch-a limiting Reynolds number Re*, dependi%g.bn ¢hé

fluid qoncentrétion‘and ﬁube diametér. Unfortunately the data

are not extéhsivé enough to indiéate what effect ﬁas concentra-
tion and diameter have on the limiting Re , at least for C

greater than 1.96%. - These cprvés do not. indicate power require-

n of flow rate, which can easily be calculat-

ments as a functio
Re is constant for Q/L greater than Q/L?%'.

. " * . ‘ -~
ed. However the limiting Re may be a useful criteria i.e.,
The smoothed specific power consumption curves for all
- °

the déta are summarized on Fig. 5.5.
- 5.3 Conclusions and Recommendations.for Future Studies
. The rheology of time depéndent fluids has to this
point been considered an experimental science and as such the
aréa is open to ques%ion ané criticism. Explicit ;heologicél
- qodels have not been developed to cover the vast spectrum of
time dependent’ fluids because of thelmany material parémetersJ
‘ o -

involved and difference in experimental téchniques employed.
"Any further data or insight which can be added to the literature

constitutes -a contribution even if it only raises more unan-

The purpose of this work was to make evident the fact

swered questions.
that the rheology of non-Newtonian fluids has vet to be fully

-
. ‘Q

- -
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“':understood.and that the many coxrelation techniéues offéféd in
. -the literature to ‘date, which involve tedioug_calgulafions;-may
not be much more accurate at predicting internal'flow-behg?é ‘

“jour than the method suggested herein. . . - -

- There have been -several correlation techniques present-

‘ed to date for describing non-Newtonian pipe flow (Dodge

Metznex, 1959, Cheng et al., 1965, Kemblowski and Kolod_iejski,
1973, and EBeywood and Richardsﬁn, 1978) . all of which ‘\are) cumb-
ersome to use for general dééign purposes. Some tecﬂhiques
may be more accurate and'fiﬁ‘the data.better than others for
a given ériteria, bﬁf'when épplig@.tp the vast number of
different slur;ies imaginable, it ;s not'anticipated thet one
methéd is more repre;entative. This.work pfesénts an 'easy to
use method of ob£aining results and the data substantiate the
~general aspects of the limited available data for the pﬁmping
of slurries, in particulaf that of Cheng et al. (1965). ,The'
Ce vs. Re’diagram of Fig. 5.1 is in good agreement with thap-
of Cheng et al. for similar begtonite slurries' and also reflects
the results of Kemblowski and Kolodziejski for agqueous suspen-—
sicns_bf kaolin and those of Heywood and ‘Richardson for simi-
lar materials. ) - |

It would seem that for the majority of practical cases,
the slurry would be fully stréssqﬁ and in an eguilibrium state,
with the éxception‘of transient flow through valves and fitt-

”ings etc. and therefore would béhave as if it were a generaliz-

ed Binghém'plasﬁic as described by Equation_s.i. The measure-
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“

ments gudiEate that for intérnal flows, ciey slurries with

: : ) ‘ . . ‘
concentrations between 1.96% and 8 0% may be treated as Bingham -

plastrcs for the majorlty of’practlcal purposes, and that

. thixotropic effects are minimal for normal shear rates. This

-

is especially true for-bentqnlte su5p9n51on$ of less than 5%
coricentration by weight. Also for;laminer, transition and -
low Reynolds number turbuleut f}pwe, the frictiou factor curvee
for Newtonian fluid flows in smooth bipes.can be used with

reasonable.accuracy for all concentrations and pipe diameters,

. provided the laminar apparent viscosity is used when calculat-

'lng the Reynolds number. #ﬁ

Furthermore, the specific pumplng energy loss varies
as a fuuctlon of Reynolds numBer and is generally dlameufr
indepeudent at higher concentrations. Therelseems to Be a
scaling effect for small diameter tubes, but this sﬁould be

very minimal or nonexistent for larger diameter pipes. Lastly,

. there appears to be uncertainty in the values of the constants

for the generalized Binghém equation and their relationship to

" concentration, which may be due to the fact that they are much

affected by the nature of the material and makeup of.the slurry.

Pipe line data for thixotropic systems are limited and
much further work needs to be done before substantial rheol-
ogical models can be produced. A start?ng poxnt might possibly
be the observatlon of” change‘of material .structure along “a

pipe which is pressure tapped at close 1nte§5als along its

™
o

p
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' length;: The' difference iﬁ,pressure.arop-betwéen thé subéééé;
ive measufing pointsAgiies a cleér'indiéation_of how'thé mat-
erial is ?ehaving;ie/éﬂe pipe.{builéup'o:'breakdown‘df struc-

" ture Witﬁ time). It would also give a clear. indication as tS .
whatlgoint in the flow the ma£erial reaches its equilib:ium -
;tructurE'and what'effegt the rgléxatioﬁ time has in transient
flows. B J,‘ | ‘ . o g

Experimental data of many investigators has indicated
ﬁhat, whereas the reéion of t:aﬁéitiénal fiow of Newtonian
fluids occurs within a narrow Reynolds number range,

‘thelflow of non-Newtonian systems in the'tranéitional range
occurs over a very wide range of Reynolds numpers. Due to th;
opposing views with regard to the range of transitional flow
of thesé fluids andlto the.méthod of .calculating the coeffici-
ents of flow resistance {% transitional and‘turbuleﬁt fiow; an
-exténsion of,ﬁhis work aimed directly at studying these regions
would be of great value. . B '

Further viscémetric studies sh%Pld also be continued °
for the above reasons‘and alsdAto confirm the nature of the
equilibrium shear diagrams of Fiifres 4.3 to 4.7. This would
not only help to substantiate the pipe line data (as in. the

case of Cheng.et al.), but a general correlation of a simpie

form between viscometer data and pipe line data for a given

e

fluid at any concentration would aid in simplifying pipe line
design. |

Finally another interesting asﬁect‘to be considered -
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piatlle pump:l.ng of such slur:r::.es.' .The work.
1

| ‘%6111& be'i:.he.-‘
i of Round et al.™d976), on the pulsatile pump:.ng of sand
type slurr:.es J.nda.ca.ted that at low pulsing frequenc:.es of
the order of 1 - 2 Hertz, the power_ gonsumptlt:n requz.rements '
compared w:.th that of cont:.nuous pump:.ng are. reduced. It is
,therefore suggested' that, espec:.ally foz: the h:.gher concen-

trations when the slurr_y lgcomes a gel, that pulsatile flow

be considered for more economical pumping of such slurries.
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APPENDIXA - | T

v::sc:osrmz AND :'.ns com:ormzons e .

" The. term.v1sc051ty as used in the 11terature seems
to have ‘various connotatlons dependent upon the partlcular
author us;ng the term and the partlcnlar fluid system under
study..h | - |

Viscosity as it is applied to Newtonian'fluids has

- \

‘only one meanlng. it is the constant of. proportlonallty

relating shear rate to shear stress in egquation (1. 1)-
S =_'_-—udu/dr = uy

It is called the coefficient of viscosity or simply

v15c051ty and is the slope of the shear diagram. Since this
,1s linear for a Newtonlan fluid, the v1sc051ty is constant

*at a given temperature and pressure.

When dealing with non—Newtonlan systems however, the

v

‘term viscosity may have one of several meanings since it may

not have a constant value in the rheologicai equation relat-
ing v and y. The meaning of viscosity must now he»quhnti—
fied. ‘Consider the shear diagrams of Fig. A.l. Curve A
represents a Newtonian fluid of constant viscosity. Curve

B represents typical pseudoplastic flow which approaches

" Newtonian behaviour at high rates of shear.h Bow should the

viscosity of this fluid be defined? As in the case of

Newtonian £luids, the :atio_of-r/? has the Units of.viscosity

79
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Figure A.l Typical non-Newtonian shear diagram.

and ‘at any point Y along the efrve this is called the app- - .

arent viscosity, y_ at the rate of shear involved:

uy = shear stress at Y = slope of OY
shear rate at Y . L.
. .

Hence the apparent viscosity of a.pseudoplastic
decreases with shear rate and is not a constant values,. In

a similar fashion apparent viscosity increases with shear
. t - .o -, ..
rate for a dllatant mater:.ai R g : S .

The value of ‘the apparent v15cos;ty deflned in th;s

manner ust 11e between two well deflned llmlts. Experﬂhental.' i
\ N foe
work has 1nd1cated that - the curve passes through the orlgnn‘

a b h . . . t . I - .
. " N - N B . . -
. - . . .. .-,
- . . ' L

o ., . " . N
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."j“so that the flrst 1nf1n1tesrmal 1ncrement of stress must

L4
k]

g iproduce a rate of shear such‘that the resultlng apparent

jv1scosmty is equal to the slope of the tangent OX to the

‘curve at ;ero rate_of shear ‘or:

i

: o ‘ Y+0 : .

deflnlng the viscosity. at .2ZeTro shear, ¥g -
In a like manner, the other limit of the apparent
v1scosrty (as Y*”) must be deflned by the slope of the
stralght ‘line toBe Th;s‘llm;t is de51gnated as the’ v;sCosity
_ at‘infinitetrate of shearing or.limiting viscosity, Hw (this
has an equiﬁalent value.for a dilatant flaidfexcept that T,
won}d be replaced_h},ahio). lGeneraIiy, the two limits of

R

viscosity are dependent upon the system and its temperature
but not on the rate of shear or flow and not on the dimen-
sions.of the'floﬁ_tube. This makes these viscosities par—- ¢
ticularly useful in correlating data for pseudoplastio‘fluids.
The apparent viscosity is dependent upon the system temper-
ature and rate of shear, and d4ts value varies'between the

two iimits of viscosity. For a given pseudoplastic or dil-
atant fluid, temperature and pipe, the apparent viscosity
isva-function of flow wvelocity. This c0mplicates_the use

of the apoarent viscosity since a complete shear diagram

. must be known for every sample considered. |

‘The other definltlon of viscesity (plastlc viscosity,

'up) has'been considered in the treatment of Bingham plastics

L
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,C) - ' Note that -an apparent

'(up is the slope of_the lire <
viécosiﬁy atraﬁy'shear'r&te can‘alsptbeidefined for a Bing-

- ham plastic (Street, 1958).
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' sections (nominally 0.25 in, 0.5 in and 0.625 in diameter)

APPENDIX B

- ‘ DESIGN OF THE TEST SECTIONS -

LY

B.l Determination of Test Section Lengths From Pressure
Drop Data ‘ ‘ . (\—

The pressure drop per unit length in the three test
. . - " L .

can be determined from the Hagen-Poiseuiile eguation -for

laminar Newtonian flows in c¢ircular pipes. The pressure

drdps were first calculated fofithe maximum Reynolds number

in laminar flow (about 2000), and were based on viscosities

" of roughly 1, 10, 30, 50, 80 and 100 centipoise for approp-

riate aqueous solutions of glycerol. The relevant properties
of glycerol in aqueous solution can be found in the handbooks
of Perry and Chilton (1973) and Dean (1973). All calculations

are based on a working temperature of 25°C.

»*
Table B.l Properties of agueous glycerol at 25°¢

% Glycerol | Abs. Viscosity | Abs. Viscosity Densigy Density3
by Weight {g/cm-s) . (lbm/ft-s) (g/cem?) | (b /£t7)
10.00 . 1.153E-02 0.775E-03 1.02070 63.722
géjoo 10.11 E-02 6.794E-03 1.15655 72.203

00 30.56 E-02 20.536E-03 1.19465 74.582
81.00 " 51.02.E-02 - 34.285E-03 1.20810 75.422
85.00 8l1.5 E-02 54.768E-03 1.21870 | 76.083
1 87.00 106.1 E-02 71.299E-03 1.22400 76.414

*taken from Perry and éhilton {1973) and Dean (1973)

-~
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Table B.2 Kinematic viscosities of glycerot solut

va
L]

P,

$Glycerol | Kinematic Viscosity (u/p)
{(cm™/s) (£t~ /s)
10.00 1.13E~02 {-0.012E-03
6€2.00 8.74E-02 0.094E-03
76.00 25.58E~02 0.275E-03
81.00 42.23E-02 0.455E-03.
.85.00 66.87E-02"| 0.720E-03
87.00. '86.68E-02 0.933E-03

\

-

Table B.3 Nominal test se'ction"dimensidns\

Tube dia. (ft) | Tube radius (ft) | Tube area (ft)Q
© 0.02083 0.0104 .3.39E-04
0.04167 0.0208 1.36E-03.
0.05208 0.0260 - . * 2.12E-03

Tube ‘dia. (cm)

Tube radius (cm)

Tube area 15@2)

0.635
1.270
1.587

0.3175

0.6350
0.7937

0.317
1.267
1.979

tee
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Table B.4 Veloc1ty and flow rates forlvarlous glycerol
.‘solhtxons in the test sections

% Glycerol

Nominal Velocity q = u *a . |- S q

by Weight | Tube u, (ft/s)- (ftB/S) 1{ecm/s). (cm3/§)H
‘ Dia. (in) .» ' '
10% 0.250 1.152 3.917E-04| '35.57 | * 11.265
0.500 0.576 0.783E-03 17.79 22.54

0.625 0.461 0.977E-03 14.05 27.67

62% 0.250 9.025 30.685E-04.| 275.27 §7.178

' 0.500 4.512 6.136E-03| 137.53 174.377
0.625 _ 3.610 7.653E-03 l;0.0B 216.733

76% 0.250, ~ 26.433 89.608Eﬁ0& 805.68 253.77
0.500 113.213 17.370E-03| 402.73 508.91

0.625, 10.57 22.4133—03 322,231 ~634.74

- 8ls -, | 0.250 43, 147.970E-04 {1330.42 | 419.Q5
0.500 21£(8195 29.674E-03| 665.04 840.37

0.625 17.458 37.0;1E—03 0532012 | 1048:15

85% 0.250 69.112 234.290E-04 [2106.53 | 663.51
0.500 34.548 46.980E-03|1053.02 | 1330.47

0.625 27.642 58.600E-03| 842,53 | 1659.55"

87% | 0.250 89.582 303.6B0E-0412730.4¢6 B864.62
N4 0.500 44.780 60.900E-03£1364.89 [1729.50

0.625 35.829 75.960E- 03/1092.07 2151.19

e
The pressure drop per unit length of pipé (L) can be calculat-

ed from the-Hageh—Poiseuillé equation for Newtonian laminar

flow:

AP/L =

8uq/ua4%§
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‘ : -T'a.l-ale B.S Pressu::e d;ops per un.{t length of tub& ST

Az

. o . . L . ' . | ) - "r‘ . '.“ - . -l:?.‘
Viscosity -.%"".c;ljrcgerol Nominal . AP/L . | 4RP/L - b AP/L 1.
|icentipoise) | by Weight |Twe | (ab/£e3) (g/em) (b /ind)
‘ 170 . | pia. (in) S B , :
'1.153 108 0 2250 2.053| 0.0332 [1.19E-03
B - 0.500 0.256| 4.15E-031.48E-04
0.625 . 0.131 2.10E-037.58E-05
" 10.11 623 ©0.250 140.930| ~2.2540 [0.0815
- 0.500 17.613| 0.2817 [0.0102
0.625 8.997| 0.1441 [0.0052
- °30.56 76% ..0.250 1243.980] 19.9280 10.7200
| 0.500 155.920TN\2.4978 [0.0902
0.625 79.646] 1IN760 [0.0461
51.02 81% 0.250 3429.480( 54.9400 [1.9850
0.500 429.840|  6.8860
| 0.625 219.570
81.50 85% 0.250 }{138.9610
8.500 17.4170
0.625 8.8967 [0.3214
106.10 87% 0.250 234.5700 [8.4750
0.500 29.3250 [1.0595
0.625 15.0133 [0.5424
- ™~
. $
LY
-



e . . T . ; . . . ' o . ) g . .

..\ . Table B.6 Summary of results for Re ='2000, 8 = 25°C‘

%lGlycerol . Viscosity Noﬁinal ."Velociff..“h q -f-i:AP/L
|by weight | (centipoise) | Tube (£e/s) (U.S“ gal, 1b
-1 ‘ ' - . . ‘ B min ‘
» S . Dia. (in) . in
10% € 1.153 0.25¢° [ 1.152 | . 0.176 |1.19E-03
: | 0.500 .0.576 | . 0.351 |1.48E-04
o | {ro0.625 0.461 | . 0.438 |7.58E-05
628 | 10.11 ]| 0.250 .| " 9.025 1.377 |0.0815
o ' -~ | o0.s00 - 4.512 |  2.754 [0.0102
| | o.s25 3.610 3.435 [0.0052
768 30.56 - |* 0.250 26.433 4.022 [0.7200
. J 0.500 13.213 |- 8.065 [0.0902
.| .0.625 _ 10.572 10.060 |0.0461
81% 51.02 | 0.250 431649 6.641 [1.9850
0.500 | 21.819 13.319 [0.2488
0.625 7| 17.458 16.612 [0.1271
v | sss 81.50 0.250 69.112 10.516 |5.0207
. 0.500 34.548 21.088 [0.6293
0.625 27.642 26.301 [0.3214
87% 106.10 0.250 89.582 13.671 {8.4750
: 0.500 44.780 27.334 [1.0595
0.625 35.829 34.093 [0.5424




g8
7:;wr;b£;#§<7 Summary of results for Re = 1000, 8 % 25°C
% Glycerol Visc})sity N&g‘nal' _Velocit’y : q 'AP/L
|by Weight | (centipoise) | Tub (£t/s) (u.s. gal)
- L Dia. (in) . b man
3 ' ) )
10% 1.153 0.250 0.576 0.088 | 5.95E-0
: 0.500 0.288 0.176 | 7.40E-0
- 0.625 0.230 3.80E-05
62% 10.11 0.250 4.512 ' 0.0407
. ( 0.500 2.256 0.0051
0.625 1.805 0.0026
76% 30.56 0.250 13.216 0.3600
0.500 6.608 0.0451
0.625 5.286 0.0230
81% 51.02 0.250 21.824 0.9925 |
0.500 .10.909 0.1245
0.625 8.729 - 0.0635
* 85% 81.50 0.250 34.556 2.5170
0.500 17.278 0.3145
0.625 13.821 0.1607
87% 106.10 0.250 44.791 6.815 Ey.z4ao
‘ 0.500 22.390 13.667 |/0.5310
0.625 17.915 17.046 7] 0.2711
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1) Deterﬁination‘of‘Enérahce Lengths. ’
‘-r.For-ﬁewtoﬁian%tiuids,ﬂthe entrance length, L, is

. appfoximater Qi;en.byE- - .

‘, R L,/D = 0.029Re

assuming that ‘the fluid enters the pipé with_a flat velocity

profile (Wilkinsen, 1960)...For each hominal tube diameter

an estimated entrance length ih.calcﬁlated'and tabulated

‘below for Re = 2000. "

- i .-

Table B.8 Estimated upper limits on entrance lengths

D Nominal Tube Lé {(in) Le (cm)
Diameter (in).
- 0.25 1 14.s0 36.83 - -
0.500 . 29.00 73.66
0.625 36.25 92.07

These lengths represent upper bounds on the value of L  and-

- -
'serve only as guide lines since' the flow will be developed to
some extent by the-time it reaches the test sections ﬁthe
velocity profile will not be flat* as the equation assumes).
In geﬁeral tufbulent flows and n;n-Newtonian flows have
shorter development lengths as the velocity profi}es are

blunter (Bogue, 1959). The act@ai entrance lengths of the

pipe system were all roughly as long as or longer than those

listed in Table B.8."
ii) Determination of Test Section Lengths

The distance between pressure taps on each test

N
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" section is determined primarily by two factors:

Pz

1). The maximum length of glass‘tubing that the t#st

section can be obtained in (there are standard lengthS‘

*" for these. diameters).

N

2) The magnitude (or range ih'magnitude) of the

ahtipipated pressure drops to be measured between.

the pressure taps.- This is primarily dependent on

the range of pre

ssures that a particular pressure

sensing Yevice can detect (in this case a differen-

tial manometer).

© given below.

‘

Test section lengths chosen for each diameter of tubing are

-

A) 0.60 cm I.D. Tubing (0.25 in nominal)

The maximum length of the tubing available is four.

+

feet and the diameter is listed as 0.60 cm = 0.02 cm. Each

end can be fitted with a quick'fit connector by the glass

blower:

- e

Table B.9 Anticiphted pressure drops in 0.60 cm dia.

‘" tube at Re = 2000

Section Length Pressure Drop (Ibf7in2) -
(inches)' Minimum Fluid Viscosity | Maximum Fluid Viscosity
(10.11 centipoise) (106.10 centipoise)
48 3.9 407.8
30 2.4 254.9
~- 20 l.6 169.9
15 1.2 127.4




Above 30 inches the maximum pressure drop gets qulte hlgh

,/

and below 30 inches the minimum values get qulte small (es—
pecially for smaller'Reynolds numbers) hence, 30 1nches (76.2

cm) was the cgfsen pressure tap separatlon in the 0. 60 cm

.2 . diameter tube. _
B) -1.27 em I.D. Tubing (0.50 in nominal)

The makximum available length of the tubing is,again
' four feet and the diameter is-listed as 1.25 cm & 0.02 cm.
. . ' o } .
Again’each end can be adapted to fit into the flow system:

Table B.10 Antxcmpated pressure drops in 1.27 cm dia.
© tube at Re = 2000 .

4 . 'l - N
Section. Length Pressure Drop (lbf/inz)
~ (inches) Minimum Fluid Viscosity |Maximum Fluid Viscosity]
- (10.11 centipoise) (106.10 centipoise)
48 0.49 | '51.0
40 | 0.41 . 42.4
30 i 0.31 31.8
20 0.20 21.2
15 0.15 : 1§.9

—

Since.the_distahce between pressure taps cannot be the ma#i*

'mum of 48 inches and some clearance must be: left between the

taps and the quick fit ends, 40 inches (101.6 cm) was the

chosed test section length.

¢} 1.74 em I.D. Tubing (O.Qis in nominal) .
‘hased as a standard 5 foot glass

This section. was pur

pipe length and had ¢nly to be pressure tapped.
. . L .
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. - Table B. 11 Ant;c;pated pressure drops in 1 74 cm dia.
o i . tube at Re = 2000

) Section Length | = . Pressure Drop (ibf/%hzr

(inches) Minimum Fluid Viscosity | Maximum Fluid Viscosiy
_ o (10.11 centipoise) | ° (l06.10 centipoise)

* s0 '0.26° . 27.1

40 0.21 ) 21.7

30 . 0.16 16.3

- 20 0.10 - 10.8

15 0.08 ~ 8.1

2 ' - | . : L
The 50 inch (127.0 cm) section length was chosen to give the

largest possible minimum pressure drop and still avoid plac-

ing the taps too close to the ends of the pipe.

~t
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ADPENDIX C . )

DETERMINATION OF TEST SECTION DIAM£¢ER5-‘

The mehn'di§$eter of e;ch test section was detgfminéd
prior to having them-preSsﬁré taépéd by filliﬁg ﬁhe tubes
withQAHknown_volume (weight) of mercury a@d then measuring
© the heighf of the Hg column; The first 'set of aataAfor éach
tube was obtained by'filling‘the tube at one end and the

r

second set by filling from the other end. -A mean diameter

was then calculated. : ' ‘ LT

Table C.l1 Mean diameter calculation of 0.60 cm dia.

tube
Data 1 Data 2
K\ Volume of Mercury - 8.0 19.0
L (em®) |

Height of Mercuy 28.10 66.60

(cm) '
|weight of Hg (g) 108.18 256.93
Temperature Hg (oé) 29.7 29.6
Density Hg‘(g/cm3) 13.5224 13.5227
D = (4v/x1)° > (cm) | -0.602 0.603
Mean Diameter (cm) '0.60

" 93




(c:n3)

He:.ght of Mercury
‘ (cm)

Weight of Hg (g)

Density Hg (g/cm>)
D = (4v/:1:.)°'5_-.: {cm)

k Températuré Hg °c)

13.5224 |

1.275

4 2009

1081.74

» 1.274

13.5219

Mean Diameter (cm)

1.27 °

-

Table C.3 Mean dlameter calculat:r.on of l 74 cm d:.a.

1

. tube

\? ' — Data 1 Data 2

Vohﬁ{?:b&ercury - | s0.0 80.0
3) | :
r:%lght of Mercury 21.% _.-_32.
{cm)
4§
We:xgh/of Hg (g) ,|676-15 1081.75
'rexnperatu.re Hg ( C) 29.5 '29.9
Density Hg (g/cm ) 13.52%9 '13.5219
D= (av/xn) °7° (em)| 1.713 1.776
Mean Diameter .(cm) . 1.74
- -

hY



 {13‘.-‘§2 66
.13.5242
13.5217. .}

.. 13‘.51937""'..',._ | . C -
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The results of the experlments carrled out in each of

<

APPENDIX D*“

NEWTONIBN PIPE LINE TEST DATA

in 10W40 are summarlzed.

“p. 1 NeWtonlan 0il Data Sheets

~

Data Sheets—50/50 kerosene in 10W40

-

the three test sectlons’for the Newtonlan 011 50/50 kerosene

Table_D.l-Test results'for 0.60 cm dia. tube
Test |Efflux Time Vbluﬁé ' qagg 2Pavg STP avg
Number | (seconds) (em>) [(em/s) | tin B)| (o)
133‘ 26.70 57790 28.84 4,10 | 21.2
134 18.60 éys' 47.10 | " 6.45 21.0
‘135 Y12.75 918 72.00 | “ 9.80 | .21.2
136 8.90 859 96.52 | 12.52 | 21.4
137 7.65 903 118.04 | 15.77 21.5
138 6.25 917 | "146.727 19.25 21.8
139 5.20 881 169.42 [ 22.70 22.0
140 4.95 950 191.92 | 26.05 22.4

96



' "Tablelﬁ.z Test'fésultslfor:i;27_¢m'aié. tube

Test

*Temp

| Efflux Time |voluse [ .- Pavg | T"Pavg
Number | (seconds) () | (em/s) (in 'Hg) ,(ﬂC)
85 7.30 938 | 129.65 1.31 | 19.2.
. 6.65 870 ~ '
87 6.10 941 15400 1.52 | 19.3
5.85 899 : -
89 4.85 317 |4i8s.35 1.87° | 19.7
4.60 863 ' I
92 .4.20 95, | 226.05 2.22 | 20.2 -
4.20 949 o
94 . 3.50 890 /1 254.20. 2.46 | 20.5
3.90 991
96 3.30 940 178385 2.81 | 20.9
- 3.10 877 :
99 3.10 1000 | c4s 30 3.12 | 21.5
2.90 930 |
101 2.50 887 | 3s6.80 3.43 | 21.9
2.55 915
104 2.40 378 1 403.35 3.87 | 22.2
2.40 958
’
106 2.10 937 1 446.00 4.18 | 22.7
1.90 847




‘ o — Téblie" D.3 Test results. fof'_l,..‘?_tl cm d:.a.tube\ S e
:_Test’. ‘Bfflux T;‘;me Volume | qavé: . A.Pavg . 'J:empa-vg
Number | (seconds) - (em>) (anB/S) -{ (in Hg) [ (°),
SR SR 23 o 4-40 | 860 119530 | o0.68 | 21.9
Tl 4.45 | 869 ‘
43 ) 3.50 1 835 lo37.45 | o0.se | 21.9
3.50 | 827 [TT7 A
PR B 3.55 09 1s16.90 | 0.93 | 22,0 | _
. 3.40 Css7 |7 T | ,
147 2- 80 - 880 1357.30 | 1.10 | 21.9 . .
3.05 938
49 b 250 930 }363. 30 1.31 | 21.9
_ 2. 40 875 |
-~
P 2-30 1 897 1454 00 1.53 | 21.9
TN - : 2.10 836 '
1S3 2-00 - 950 1 497,50 1.79 | 22.3
- 2.00 960 .
155 1-80 928 1s533.00 1.98 | 21.4 )
1.80 955 .



o : D.2 ,Newtonlan 011 Data Analyszs

Data Ana1y51s-50/50 kerosene in 10W40

Table D.4 Shear stress calculatlons for 0 60 cm dla.

tube |
T§St | *Fcorrected. AP/Leo:_'rected i%— (s™h %%E (Pa)
Number | (cm Hg)” (kpa/m) - | " ~
133 ' 9.78 17.12 1344.5 25.76
134 15.39 26.94 2199.0 40.55
| 135 23.39 40.93 - 3361.4 61.57
136 30.55 53.46 4505.3 | . 80.44
137 37.64 586 5509.1 99.11
138 45.95 80 40 6849.0 | .120.99
139 54.18 94.80 5909,8 < ‘142.68
140 62.17 108.79 8959.3 163.70

Table D.5 Shear stress calculatlons for 1.27 cm dia.

-

-

. tube

Test | 8P rected | 2¥/Lcorrected i%# (s™%) asP (Pa)

Number (cm Hg) (kPa/m) ax 2L

- 85 3.13 4.10 634.6 13.07 .
87 3.63 4.76 751.6 15.18 |
89 4. 46 5.86 922.0 18.67 ]
92 5. 30 6.95 1106.6 22.17
94 5.87 7.71 1244.7 24.61
96 6.71 8.80 1394.5 28.12
99 7.45 9.77 1574.7 31.17
101 8.19° 10. 74 1747.0 34.28
104 9.24 12.12 1974.7 .38.69
106 10.00 13.12 2183.8 41,89
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RSt

calculations fd# ;574 ¢gﬁ&ia;-'k

' 'tt?be ‘ .
.lﬂieét; ;APEoifgctéd 8P/Lorrected i%-'(s'lf.:éﬁg (éﬁ)'
« | Number (cm ‘Hg) (kPa/m) a-x 1 '
141 1.62 1.70 37504 7.42
143 2.00 2.10 T 456.3 9.4
145 C2.22 2.33 496.7 ¥ 10.15
147 2.62 2.75 590.6 12702
149 . 3.13 3.28 707.8 14.32
151 3.65 3. 80 757.2 16.57
153 4.27 4.48 917.7 19.53
155 4.73 4.96 - 1004.9 21.64
Table D.7 Friction factor-Reynolds number calculations
‘e - for 0.60 cm dia. tube
Test " w | c.-| Re
Number | (m/s)
‘133 {1.012) 0.060 | 284.0
' 134 [1.655] 0.035 | 464.5
135 |2.529] 0.023 | 710.0
.136 | 3.390| 0.017 [ 951.6
137- |4.146 | 0.014 | 1163.7
138 |5.153{ 0.011 | 1446.7
133 [5.951] 0.010 [ 1670.6
140 |6.741} 0.009 |1892.4




 — .'

Table D.8 Frlctlon factor—Reynolds number calculatlons
for 1.27 en dla “tube

Test- oy~ Cf ! Re
Number | (m/s)-

85  [1.012 0,030  54;.3
87 1.199 {0.025 | 642.3
89 1.471 | 0.020 787.9
92 1.766 | 0.017 | 945.6
94 1.986 | 0.015 }1063.6
96 |2.225 |0.013 |1191.7
99 |2.512 |0.012 |1345.6
S ' 161 2.788 | 0.010 |1492.9
104 [3.151 | 0.009 |1687.5.
106 |3.484 [0.008 |1866.2

Table D.9 Fricétion factor—Reynolds number cafbulatlons
for 1.74 cm dxa. tube

Test um Cf Re

Number | (m/s) - . \\\‘

141 0.818 | 0.026 570.1

- 143 0.994 | 0.022 | 693.0 | .
145 |1.082 |0.021 | 754.3
147 1.287-{ 0.017 | 896.9 »
149 1.542 [ 0.014 | 1074.9
151 1.650 | 0.014 | 1149.9

153 2.000 | 0.012 | 1393.6

155 [2.190 1 0.011 | 1526.1
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"Appaﬁnxx E

BENTONITE SLURRX PIPELINE TEST DATA

 ——

The results of the experzments carried out in each

concentrations are summarized.

-

E.1 Bentonite Slurry Compositions . Table E.1

of the three test sections for the five bentonlte slurry

Concentration of Weight of Water Weight of pavg Tavg.
Bentonite by Weight " (grams) Bentonite (gm) ( g ) (°c)
Al an 1
1.56% 21000.0 419. 8 1.000 | 23.0
4.0% 20000.0 833.3. 1.005 | 20.0
5.0% 18000.0 947.4 1.012 |21.8
6.0% 19000.0 1212.8 1.010 | 25.0
8.0% 17000.0 1478.3 1.018 | 24.2
E.2 Bentonite Slurrv Data Sheets
Data Sheets-1.96% bentonite by weight
Table E.2 Test results for 0.60 cm dia. tube
Test Efflux Time Volume qavg &Pavg Tempavg
Number } (seconds) (cm3) (cm3/s) (in Hg) (°c)
305 31.60 298 9. 36 0.30 24.8
36.60 340
307 24.10 630 26.08 0.70 24.6
24.20 630
30% 20.30 | 717 34.90 0.90 54.5
20.65 712
102




>

: Tible BE.2 céqtinued.,.

Test |Efflux Time Vélume qavg APavg_:- Temp?vg
|Number | (seconds) (cm®) (Cma/S) (in Hg) °c)
311 18.15 804 . 44.06 | 1.30 24.0
"15.65 686
313 14.15 766 53.79 | 2.22 24.0
14.50 775
315 11.65 _783 66.74 3.18 23.8
11.65 "772
317 . 10.95 820 75.20 | 4.32 23.7
10.95 827. .
319 10.05 875 87.15 | s.83 23.4
9.95 868 -
321 7.85 790 - 101.65 | 7.40 23.4
8.65 888 ‘
323 6.60 760 115.80 | 10.20 23.4
7.60 885
325 6.25 793 127.73 | 12. 23.5
6.40 B23




3

Table E.3 Test results for 1.27 cm dia. tube

Test

Efflux Time

Volume -

qavg

APavg

Temp

avg
Number (seconds) '(cms) (cm3/5)_ (in Hg) (°e)
327 . +12.15 710° 58.69 | 0.15 22.7
13.35 787 . ;
329 §.25 760 92.39 | 0.25 2}.5
8.45 783 ' .
331 6.75 840 | 125.03 | 0.40 22.4
6.75 848 " |
-
333, 5.00 808 160.34 | 0.74 | -22.3
5.50 875 '
335 4.20 836 197.87 | 1.00 22.4
4.50 885 . ¥
337 3.90 900 - 230.92 | 1.25 22.5
3.70 855 -
339 3-40 877 258.97 | 1.53 22.5°
'3.50 910 .
341 2.80 840 299.61 | 1.84 22.4
- 2.60 778
343 2.40 803 333.94 | 2.25 22.5
2.40 800
345 2.10 785 . 374.11 2.66 22.6
2.15 805
893 , §:10 2830 463.98 | 3.99 25.2
6.95 3225 '
895 5.50 2788 |'s504.89 | 4.68 25.6
5.20 2615
898 5.30 2858 539.12 | 5.17 25.6
5.00 12695
900 4.40 2620
432 5563 594.37 | 6.10 25.6

-

© 104 ;



PR

-

105

est results for 1.74 cm dia. tube

e

-1 Test

|Number | (seconds) | (am®) ‘(m3/ir) (in cc1y | (%)
Y347 12.05 - 767, 63.64 2.45 24.6
11.00 700 -
349 8.45 790 '93.91 3.15 24.0
7.95 - 750
351 5.95 835 141.55 4.28 | .24.2
5.80 828 :
353. 4.60 812 175.55 5.20 24.5
4.80 838- '
354, 3.70 860 232.41 7.10 24.6
3.60 833
356 3.00 793 264.16 10.57 24.7
3.30 869
358 2.65 770 290.82 | 13.90 24.9
2.80 . 815 -
360 2,70 865 320.95 16.46 25.1
2.60 836
s 363 2.30 850 370.78 20.15 25.5
2.50 930 .
364 2.20 ° SQS 408.94. 24 .50 25.5
2.30 935
S .
) (in Hg)
913 6.45 13216 497.27 1.50 25.5
5.68 2817
916 5.20 2975 573.55 1.81 25.5
6.00 3450
919 4.87 3205
2> | es57.8 .
e o 5 2.20 25.5




Data Sheets-4r0% bentonlte by welght

tube

o Table E. S Test :esults for 0 60 cm dla.
Test Effluf“Tlme VP;“?Q }qavg“ ~?APaGg‘,.Tempavg\
{Number | (seconds) (cﬁg) (em3/s) | (in Hg) (9C)
705 40.25 266 -6.78 | 0.75 | 23.2 -
47.50 330
708 36.05 705 19.54 | 1.27 | 23.0
| 33.80 . 660 - C
711 ‘12.60 720 36.69 1.83 22.5
21.50 788
713 18.20 775 42.60 | 2.04 | 22.4
15.95 680
115 12.50 711 56.04 2.60 | 22.3
: 14.00 773 ‘
717 10. 25 734 71.82 3.21 22.0
10.55 760
719 8.70 740 85.53 3.92 | 22.0
8.00 688 :
721 8.15 785 | g5.41 5.65 22.0
8.00. 756
723 7.20 751 103.27 | 6.57 | 22.0
7.10 726 .
725 6.45 756 116.72 9..50 22.0
6.65 773 .
r
727. 6.20 805 130.10 | 12.12 | 22.0
5.50 717 |
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"Table E.6 ‘Test results for 1.27 cm dia. tube

mest. |'BEflux Tine | Volune. | dayg | SPayq | TeMBayg
Number (seconds) - (cm%Y  (Cm3/S) (in Hg) °c)
94Q 12.35 750 -160.91 0.60 23.4
12.85 785 \
942 _7-30 .| 800 110.59 | o0.80 | 23.2
- 7.50 837 | -
944 ~4.70 790 167.81 | 1.01 |.23.0
5.30 888 :
946 3.90 ‘887 227.81 1.30 23.0
_\5 3.90 890 :
943 7.20. 303.91| 2.22 | 23.0
7.30 '
950 6-20 374.36 3.25 | 220
7.00
- 952 5.30 424.71 4.10 23.0
6.50 ‘ .
954 5.00 485.57 5.07 23.0
5.20 V
,r957 5.30 2740 517.31 5.61 23.5
5.10 2640~
959 5.10 2838 556.20 | 6.68 | 23.5.
4.38 2435
_ /
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Efflux Time:

[ztseconas) |«

P N

T T

'7 i i
966
970 -
972
974
977
4
980
982"
986
989

992

962 |

1750
.7azsf

6.10

 4.10
' '4.10.
. 3.40 .
3.30°

5.90
6.38
5.70
4.90
4.80
4.80

- 4.50
. 4.30

3.60
4.00

3.60
3.80

3.60

3.85

oo
10.45 .

- 882

| 2005
983 .

2240

| 2490

2250
/zéja
2513

2575
2468

2315
2570
2492
2629

2680
2860

820

780 T gsi1s
a2
1 o791

_2645-‘f

",-,i42;53
,;. .215;97."
889 -

-'29§.§3

379.04

461.60 |

521.9§
573.08
642.17
692.03

745.04

202.83 |

© 1,05

. 1.19

1.39

.1.81

3006

3.40

.20.8 :
:20&8

20.8
ﬁzﬂ;é

L20.4

20.5

20.5

20.0

/)




Ta.ble E 8 'J.‘est results for 0. 60 cm d:.a. tub\é'
_”';Té-St Efflux '7'::@?‘ '-V‘?l‘m‘.‘? q:-.'.vg -‘épavg‘ - Tempavg
Number {seconds) (L:':mB‘), _ (cm /s) (\in-Hg) °c)

994 46.00 1 202 4.54 | 1.44 [ 26.2
o /55,70 261
. 996 22.80 610 .. | 27.10 | 3.18 | ‘26.2
| 25.50° 700 i S
998 15.150 - ) 857 57.18 | 4.77 | 25.7
o 13.65 789 -
1001y 9-65 790 82.09 | .6.10 | 25.7.
~ 1115 918
1003 7.50 851 114.63 | 8.06 | 25.5
7.60 880 T
1005 - 6.20 842 | 136.19 | 9.46 | 25.4
6.15 841 | ' .
1008 5.20 850 163.20 | 11.55 | 25.2
'5.10 831 -
1010 >-20 230 183.50 | 16.72 | 25.6
5.10 940 T
D
.'*
' \
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Table E.9 Tést_resuiﬁé‘for‘i.27‘cm éié.7gubg'.

| Tes.t. . Efflux T]_me Volume ; qavg | 'APan TemPavg .
|umber | (seconas) | tem®). | (ami/s) | in B | Py
1013 22.95 580 | 55 39 | o.83 | 23.6
' ©21.50 485 B
1015 13.30 730 ss.52 | _0.99 | 23.4
12.75 716 |
1017 10.35 890 86.10 1 2; 23.2
" 10.45 ( 901 '
1019 7.60— 910 ¥19.87 | ~ 1.42 23.0
8.00 960
1022 4.40 850 192.65 1.75 23.2
4.70 903 : .
. ‘\‘). :
A alr ) . .
1025 3.75 1020 271.00 2.14 23.0
3.40. 918 '
1027 5.20 | 1835 352.45 2.68 23.0
5.17 1820
1030 4.10 1908 | 462.78 | 4.96 | 23.0
5.30 2439
1032 4.20 2240 | s34.95 | 6.62 | 23.0
| 4.10 2200
1034 - 3.40 2104 618.02 | 8.01 23.0
3.60 2222




Table E.10 fgSt results for 1.74 ‘cm dia. tube

Efflux Time

Test Volume Tavg APan_‘ Temp‘avg
Number | (seconds) (em®) | (em/s).| (in Hg) - (%)
1037 11.45 849 723.66| o0.87° | 21.8-
10.25 750 S |
1039 7.10 972 | 138.81] 1.08_| 21.8
6.95 978 o
1041 | . 4.30 896 208.35 | 1.30 21.9
4.32 . 900 |
Al
1045 3.30 1000~ 304.54 | 1.49°1 22.0
3.30 1010 = -
048 | 6.30 2228 | 357 41| 1.65 22.0
5.95 2149 ‘
1051 5.00 2125 | 435.41| 1.89 | 22.1
4.80 2140 ~
1053 4.90 2375 525.60\ 2.15 | 22.1
4120 2208
1056 4.20 2400 | 594,49 | 2.35.| 22.0
4.10 2368
1058 3.80 2428 | 3766 | 2.56 | 22.0
3.63 2310
1061 3-20 12273 | 939087 | "2.79 | 22.0
3.50 2490 .
1064 3.40 2500 | 445 5q 3.12 | 21.8
3.50 2575 |
« / ‘
1067 3.30 2650 804.69 3.25 | 21.8
3.15 3540
1069 3.00 2564 852.33 | 3.46 | 21.8
3.40 2890

111
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Data Sheets—G 0% benton:.te by we:.ght

.- '.T.‘a.ble E. 11 Test results for 0. 60 cm d:.a.

tube
‘;‘gst Efflux Time | Volume |- qavg AP avg Tempavg
Number (seconds) (c:m3) (.cm3/s)‘ (in Hg) (OC)
1125 48.70 210 4.44 2.81 25.8
42.00 -192
. .
1128 33.40 489 15.04 | 4.37 | 25.8
: 40.05 _ 618 .
+ 1130 21.80 620 27.83| 5.64 | 25.8
27.00 735
1132 20. 30 810 40.02 | 6.71 | 25.7
19.45 781
1134 15.25 860 56.42 | ‘8.11 25.7
i5.55 878
1136 13.15 860 6546 8. 76 25 .7
13.326; 878
1138 10.35 857 82.35.| 9.99 25.7
10. 45 856




Table E.12 Test results for3i.27 cm dia. tube

£

>

v

TesF' Efflux.lee Volume qavg "APavg Tempavg.
Number | (seconds) | (em®). |(em’/s) | tin m® | (%)
1100 25.40 498 19.65 | 1.33 | 25.5
26.60 524 A
1102 14.95 780 | ‘ N
_ 4. 52.58 | . 1.68 | 25.5
14.85 787 T '
1104 9.50 868 | 93,16 | 2.00 | 25.0.
9.85 896 |
1106 5.90 1008 | 170.33 | 2.62 | 25.2
5.40 $17
1109 3.15 869 | 276.44 | 3.2¢4 | 25.2
. 3.35 . 928 - T
1111 5.40 1925 1 3s54.05 | -3.92 | 25.2
6.45 2268
- 1113 5.95 2520 | 424.26 | 4.72 | 25.5
5.60 2380 ~
1115 5.00 2450 | 4g7.84 | s.07 | 25.5
4.05 1967
1117 4.10 2250 | 550.00 | 5.56 | 25.5
4.66 2563

P L



Y

S

. Table E.13 Test yesults for 1l.74 cm dia. tube ,

-

‘Test -

Efflux Time"

Voiume‘

Tavy .APavg Tempavg
Number | (seconds) | (am) | (em’/s) | (in Bg)| (%0
1072 | - 17.25 850 1 49.48| 1.26 | 25.5
16.90 840 '
1074 10.10 932 93.78 1.33 26.3
9.55 910 -
1076 7.45 970 1 131,03 1.45 | 26.3
7.00 923 '
1078 C 480 T 9% | j03.28 ) 1.69 | 26.2
. 4.55" 931
1080 3.20 940 1 593.76 [ 1.95 | 26.1
| 3.37 990
1083 7.50 2765 | 368.07| 2.18 | 2s.8
6.15 2260 :
1085 5.30 2355 | 444.38] 2.39 | 25.8
6.10 2711 -
1088 5.00 2730 | 54789 | 2.75 7| 25.5
4.90 2694
091 a.45 2908 } 652,05 | 3.12 | 25.5
4.07 2648
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Data Sheets-8.0% bentonite by weight

. Table E.1l4 Test results fo; 0.60 cm dia. tube

P

| Test [Efflux ?lm? Volume qavg fpavé Tempavg
Number (seconds) (cm3) (cm3/s) (in Hg) (°c)
. 510 56.10 527 9.48 4.58 26.8
' 57.20 548
512 33.10 758 53.06 6.58 26.1
32.50° 755 ‘
+ 514 17.00 750 44.06 8.97 26.2
17.95 790 -
516 16. 35 791 48.82 | 9.62 | 25.7
17.25 850 :
518 ¥4.35 945 66.12 | 11.48 26.1
12.50 ° 830
520 12.00 804 95.49 12.42 25.8
11.95 904
522 10.00 323 '91.64 | 13.90 | -26.0
9.35 850 '
524 9.15 968 1 105.54 | 15.36 | 25.8
9.45 995 |
526 7.60 944 122.41 | 16.91 25.6 -
8.00 965
528 6.70 938 138.70 | 18.57 26.0
6.55 900
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‘Table E.1S5 Test resuits for 1.27 cm dia. tube

| Test | Efflux Timel Volume | qa‘vg ' APavg Te",lpa{rg.
Number | (seconds) (cm3) (Cm3/,5)- (in Hg) °c)

530 |, 19.80 730 37.46 | 2.07 |..26.5
19.05 725 S '

532 13.55 890 | gs.11| 2.51 | 26.0
13.15 875

534 8.75 910 | 103.59 |- 2.95 | 25.8
8.45 872

536 7.15 960 132.88 3.24 25.9
7.30 960 ’

538 5.70 013 1 39709 | 3.68. 25.8
5.10 $00 -

540 4.70 1010 212.44 4.00 25.9
4.50 945

542 4.20 2020 | 543,72 | 4.35 | 26.1
3.70 905

545 3.40 1005 1 o93.95 | 4.70 | 26.4
3.25 950 :

548 3.10 998 | 322.37] 4.94 | 26.2
2.85 920 -

550 2.70 948 350.55 | s.20 26.0
2.60 910

553 2.50 955 384.75 | 5.50 | 26.0
2.40 930




Table E.16 Test resul;é for 1.74 cin dia. tube

Test ] Efflux Time | Volume qavg APavg Tempavq
Number (seconds) (cm3)- ‘jcm3/s) tin H) [ ' (o)
555 12.45 848 68.92 | 1.90 | 22.5
11.80 823 :
B . . . : . . . i \
557 855 | 100.46 | 2.14 |.21.7.
r 888 LI .
559 941 | 141.27| 2.40 | 21.8
945 °
561 5-20 330 | 37901 | 2.60 | 22.0
4.80 860 ]
564 - 3.70 830 223.64 | 2.82 22.0
3.70 825 .
567 3.20 838 | 560.77 3.06 22.0 .
3.10 805
569 3.00 880 | 594,77 3.24 22.0
3.10 910
571 220 810 363.64 3.46 22.0
808
574 835 370.00 3.59 22.0
830
577 900 418.79 3.85 22.0




..

. B.3 Bentonite Slurry Data Analysis

b&ta; Analysis—i. 96% bentonite by weig__ht . ; .
-Table E.l7 Shear stress calcula£ions for 0.60 cm dia. |
‘ tube -0 : LT
Test 8P orrected | 2¥Tcorrected i% (s-l_) %LQB (Pa)
Number (cm Hg) © (xPa/m). |?* ™ :
- 305 . 0.7 - 1.24 *  437.0 1,37'
307 | . 1.8s 2.89 | 1217.6 | 4.36
] 309 2.11 - 3.69 1629.4 5.55
311 . 3.07 5.38 2057.2 8.09 | -
313 v 5.23 : 9.15 .2si1.3 13.79
315 7.49 - . 13.11 . 311s.9 19.73
317 10.16 '17.78 3511.1 26.76
319 13.74 24.04 4068.8 36.20
321 17.42 30.49 4745.7 45.87
323 24.00 42.00 © 5406.4 _63.20
325 28.83 50.44 5963.6 75.89 |
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- cTable E.18 Shear stress calculations for 1.27 cm dia.

o i

tube !
Test 8P rrected A“’:]I'correc't:ed 4%—‘(snl) ;%P (Pa} '
‘Number (em Hg) (kPa/m) 2% .
327 0.35 0.46 288.3 '1.47
329 0.59 0.77 453.9 2.47-
331 . 0.94 1.24 612.2 3.94'
333 1.74 . 2.28 787.7 7.28
335 2.35 3.09 972.0- 9.85
337 2.94 3.86 1134.4 12. 30
339 3.60 4.73 1272.2 ' 15.07
341 4.33\ 5.68 1471.8 18.12
343 5.30 6.95 1640.5 22.15
345 6.26 8.21 1837.8 26.18
893 9.40 12,34 $2279.3 39.32
895 11.03 14.47 2480.3 46.12
898 12.17 15.97 . 2648.5 50.90
900 14.35 18.83 2920.1 . 60.02




Table E 19 Shear stress calculat;ons for 1 74 cm d;a.._.

. tube . |
7‘?9§t A?éosrecsed Aa/tcor:éeteé i%— (sj;s 3T ‘(Pa)
Nﬁmber (cm CC1,) (kPa/m) Ia . '
347 2.32 0.28 '122.6 1.24
49 | 2.99 0.36 '180.8 1.60
35i - 4.05 . 0.50 272.€f '2.17
353 4a.91 060 338.1 2.63
354 1 6.73 0.83 | 447.6 3.60
356 10.00 1.23 508.7 5.35
358 13.14 1.61 560.1 7.03
3§0 15.57 1.91 618.1 8.34
363 19.08 2.35 714.0 10.22
364 23.19 2.85 787.5 12.42
APcorrected
(cm Eg)
913 3.53 3.71 957.9 16.14
916 4.28 4.50 1115.3 19.58
919 5.18 5.44 1266. 3 23.77
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v _{*f:g*Data Analysxs-4 0% bentonlte by weight

Table E 20 _Shear stress calculatlons for 0 60 cm dia.

“tube
.TeSt APcorreéted AP/Lcorreqted i%— (s-l) gép (Pa)
|Number |  (emEE) | (kPa/m) &=
705 1.76 : 3.09 - | 264.2 | 4.ss8
708 |- 2.99 . 5.23 781.8 | - 8.28
711 4.31 . 7.54 1468.0 - | 11.92
713 4.82 8.44 1701.8 13.36
715 .| 6.12 10.71 2273.3 | 16.95
717 7.53 13.17 | 2862.1 20.88
719 9.18 16.06 3399.6 25.42
721 13.18 23.06 - 3849.7 36.53
723 15.41, 26.97 4168.6 | “42.76
725 22.83 39.94 | 4684.6 63. 30
727 28.48 - 49.83 5189.4 78.95
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TeSt Apcorrécted\ AI’/:I:'czo'.u'::'ﬁzt:.ted“ 4—%— "_.(‘s-l -21’.. (Pa)
Number (cm’ Hg) (kPa/m) au o
962 3‘;.01%f'7 fo;.bs;f _7.151;3 i 4§5?ﬁ
964 7;;15f-f Tr21 | a9s.0 5.27.
966 . "1.27  . 1.33 274.2 | - 5.81
970 1.69 ‘1.78 .»Q " 415.9 7,75
972 2.00 2.10 , 57114_" 9.14
974 2.47 _ 2.5 730.1 11.30
977 2.80° 2.94 '889;6 H 12.81 R
980 3.27 " 3.3 1005.2 |- 14.96
982 4.26 4.47 1103.6 19.48
986 5.86 6.15- 1237.9 26.79
988 7.20 7.56 ~ |.1332.7 ;2.93_
992 8.00 8.40 .1434.8 és.séﬁ
Q
.} ’ o
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' : ._Déta A:;alysis-,)s.'d% ’ber_lt'.onité:' By ﬁéight- . |
L Table E.23 Sheér -stré.ss"-'calculations;"‘fdr 0.60 cm dia.
/ (tube L A ‘
s Test | A2 rected- AP/L 'corrected 4q s gﬁg (Pa)
VNpmb_er -~ (cm HE) | (kPa/m) |2 © ‘
994 3.39 \ ” 5.93 212.0 _.8.92 1
986 | 7.48 13.09 | 1265.2 19.70 |
998 11.23 19.64 2669.8 29.56
1001 - 14.36 25.12 3832.8 1 37.80
-1603-\_ | 18.97 33.19 . | 5351.7 | 49.94
'ioOs_ 1 22.26 -} - 38.96 6358.5 58.62
1008 27.18 - ‘47?56 7619.3 71.57
1010 $+39.35 68.86 8567.1 103.63
‘_T’a.ble E:_24. Shea)g_' stress calculations for 1..2'7 cm dia.
tube
— Test P vorrected éP/Lcorrected ‘—1%— (s_l) %ﬁ—P (Pa) 1
Number (cm Hg) (kPa/m) ax
1013 195 2.56 110.0 8.17
1015 2.33 ) 3.06 272.8 9.74
1017 2.87 3.77 423.0 12.01
1019 3.3 | - 4.39 588.9 13.98
1022 4,12 5.40 .946.4 17.22
1025 5.04 6.61 1331.3 21.07
z 1027 6§.31 8.28 - [ 1731.9 26.38
) 1030 |  11.67 N 15.32 -5273-4 48.83
1032 15.58 ///20.44 2628.0 | 65.16
1034, | 18.85 . 24.74 3036.1 | 78.86
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lculations for 1.74 cm dia./ '

lTab‘le','?.::. és Shear é;tres;s‘ ca

Tl ] : tube “—
.T-es.t AP orrected ép/tfqorrécted 4—%— (st % (Pal)

‘Number (cm "Hg) (kPa/m) am ' ‘
1037 2.05 2.15 141.8 . | 9.38 /|
1039 2.54 2.67 267.3 11.63
11041 - - 3.06, 3.21 - T 461.2 13.98
1045 3.51 3.68 586.5 16.04
1048 | "~ 3.88 4.08 681.1 | 17.76
1051 4.45 - 4.67 8388 | 20.35
1053 5.06 '5.31 1012.2 23.13
1056 5.53 5.80 | -1106.4 25.28 -
1058 6.02 6.32 flﬁgs.s 27.53
1061 ' 6.56 6. 89 1369.0 30102
1064 7.34 7.71 '1416.4 33.56
1067 7.65 - 8.03 1549.7 34.95
1069 8.12 8.53 1641.4 37.15

poaSPe
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.Table E.26 Shear stress calculatlons for 0. 60 cm d;a.

. tube
\
TQSt'“'APcorrected AP/Lcoéfecteé &%_ (s—l) ggP (Pa)
Numbe: {em Hg) (kPa/m) anx
1125  6.61 : .11157. ‘207,3 1 17.41 -
1128 | 10.28 | . 18.00° 701.9 | '27.08
1130 13.27 .| - 23.22 1299.3 | 34.95
1132 | 15.79 . ‘zf.s; '1868.6 | 4l.58
1134 | 19.08 33.40 2634.3 | 50.25
1136 |- 20.61 | ' 36.07 ° N\ 3056.1 | 54.28
1138 | 23.51 s1.14° (| 3844.9 61.91

Table E. 27 Shear stress calculatlons for 1.27 cm dia.

: - tube

Test | APéorrected AP{Lcorrected E%— (s-l) %AB (Pa)
Number (em Hg)., (kPa/m) [* ¥

1100 3.13 4.11 96.6 13.09
1102 3.95 5.19 258.3 .| 16.54
1104 4.?I'j' . 6.18 447.8 | 19.69
1106 ° 6.17 8.09 836.8 - | 2s.80
1109 7.62 10.01 1358.0 31.90
1111 9.22 ©o12.11 1739.3 | 38.59
1113 11.11 14.58 | 2084.2 46.46
.1115 11.93 15.66 2396.5 45.91
1117 13.09 17:17 | 2701.9 SR
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.'I‘able E.28 Shear stress calculatlons for 1.74 cm dia.-

tube -

Test hpcorrected AP/L corrected 4—%— (S"l) géP (Pa)
Number | “(cm Hg) (kPa/m) art

1072 2,73 2.87 95.3 12.49
1074 3:13 3.28.  180.6 14.32°
1076 3.41 3.58 ésg.j | 1s.60
1078 3.98 4.18 391.5 18.19%
- 1080 "4.59 4.82 :565.8 20.99
1083 5.13 5.39 708.8 23.46
1085 5.62 5.90 856.1 25.72
1088 6.47 6.79 1055.1 29.59
1091 7.34 7.71 1255.9 33.58
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Data Analysis-8.0% bentonite by-weight

" Table E.29 Shear stress calculations fo: 0.60 cm diai

- tube
Test’ APcofrected AP/Lc;:rreéted i%— (s_l) %%2 (Pa)
Numbexr (cm Hg) (kxPa/m) aw: '
510 10.78 18.86 | 442.6 | 28.38
512 |  15.49: o 27.10 1076.6 40.78
514 21.11 36.94 - | 2057.0 55.59
516 22.64 -~ 38.61 2279.2 59.61
518 27.01 | 47.27 3086.9 71.14,
s20 | 29.23 | - s1.14 | 3524.4 76.96
522 32.71 57.24 | 4278.4- 7\ 86:14
524 36.15 . 63.25 4927.3 5.18
526 39.79 69.63 571479 | 144.79
528 43.70 . 76.47 6475.5 | 115.07
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Table E.30 Shear stress calculations for 1.27 cm dia.

- tube
‘Test | AP rected 4P/L cofrec;tfe‘d 4—%— (s_l) g%‘i_’_ (Pa)
Number (cm Hg)  (kPa/m) ars i
530 4.87 ©6.39, 184.0 20.38
532 5.91 775 324.8 24.72
53¢ |. 6.94 9.11 '508.9 . | 29.04
536 7.62 10.01 652.8 31.90
538 8.66 11.36 869.9 36.22
540 9.41 12.35 ° | 1043.6 39.3§
542 | = 10.24 13.44 1197.3 |  42.83
545 | 11.06 14.51 14440 46.26
548 11.62 15.26 1583.7 48.63
550 12.24 - 16.06 1722.1 |. 51.19
553 12.94 116.99 1890%1 54.15




Table E.31 Shear s
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tiess'éalculatiqns for 1.74 cm' dia.

tube -
Test 18P grrected corrected | 4 (s7h) | ZLB (pa)
Number (cm Hg) (kPa/m) X
555 4.47 - 4.70 132.7 20.45
557 5.04 5.29 . 193.5 23.03 :'
559 5.65 5.93 272.0 | 25.83
561 6.12 6.42 344.7 27.98
564 (// 6.64 6.97 430.7 30.35
567 [\ 7.20 7.56 502.2 | 32.93
569 7.62 8.00 567.7 34.87
571 “6.14 8.55 700.3 37.24
574 8.45 8. 87 7125 3s.é;<:
577 9.06 9.51 806.5 41.43




APPENDIX F ) , "
BENTONITE SLURRY DATA CORRELATIONS

Calculations of'apparent viscosity, friction factor,
power ¢on$umption and Reynolds numier,are summarized. The{
wall shear stress was obtained from the shear diaéram at a
given shear rate in the 0.60 cm diameter for €ach case. A
suffiéieﬁt numbei of appropriate points were then chosen to
cover the shear rate ranges in the 1.27 cm and 1.74 cm tubes.

The friction factor in each tube was based upon the apparent

viscosity obtained in the 0.60 cm tube, other parameters such

. as length and diameter pertain to the particular tube under

study. This is also true for the Reynolds number. The

power consumption per unit length of tube was calculated as

. described in Chapter 3.
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. Data Correlations-1.96% bentonite by weight
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Table F.l Data correlations for 0.60 cm dia. tube

1y s 7, (Pa) fu, (Pa-s) | ¢ Re*10” > | Q/L (W/m).
» 103 ' ‘
437 ;.87 4.27 0.0346 { 0.463 "1.161
500 2.06 4.12 0.0291 | 0.550 .1.465

1000 3.35 3.35 0.0184 | 1.351 4.769
1500 5.51 3.67 0.0086 | 1.850 11.754
2000 8.47 4.24" 0.0075 | 2.137 24.121 .
2500 13.02 | . s.21 0.0074 | 2.173 46.334
3000 19.06 6.35 0.0075 | 2.139 81.357
3500 | 26.09 7.45 0.0073| 2.125 | 129.370
4000 33.75 8.44 0.0074 | 2.146 | 192.1s1
4500 42.85 9.52 0.0075 | 2.139 | 274.428
5000 52.95 | 10.59 0.0075| 2.137 | 376.805
5500 65.35 | 11.88 0.0076 | 2.096 | S5S11.545
5964 75.89 | 12.72 0.0075 | 2.122 | 644.045 |
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. Table F.2 Data correlations for 1.27 cm dia. tube

v sh | 1, (Ra) |, (Ra-s) cf | 33*1073 Q/L (W/m) b—
1 o*203 | v '
288 1.47 5.11 | o0.0140 | 1.1a5 | 2.713
500 - | 2.06 | 4.12 | 0.0098| 2.466 9.937
750 - | 2.63 3.51 1 0.0087 | 4.340 29.807
1000 | 3.35 | 3.35 | o0.0079| 6.061°} 63.894
1250 - 431 | °3.45 | 0.0072| 7.367 | 114.639
1500 5.51 3.67 | 0.0069 | 8.299 | 182.969
1750 6. 80 3.88 | 0.0062| 9.152 | 270.167 |
1837 | 7.37 4.01 0.0061 | 9.305 | 307.216

Table F.3 Data correlations for l1l.74 cm dia. tube

¥ ™h 1, (Pa) [u, (Pa-s) Ce Re*1073 | Q/L (W/m)
*103 -

123 1.24 10.12 0.0348 | 0.459 1.810
200 1.38 6.94 0.0184 | 1.092 4.163
300 1.58 5.27 0.0116 | 2.160 8.816
400 1.84 4.61 | 0.0087 | 3.291 15.751
500 2.06 4.12 0.0089 | -4.605 31.391
600 ©2.35 13.91 0.0091 [ 5.820 55.474
700 {  2.51° 3.59 0.0087 | 7.392 84.694
787 2.78 © 3.52 0.0085 \ 8.471 116.592
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'i Data Correlat;ons-4 0% bentonlte by welght

Table F 4 Data correlatlons for 0 60 cm d;a. tube

¥ (sTh [, ®a) |, e | o [ re*107 | o/m qw/m|
" K *103 .
100 4.26 | 42.61 |[1.0980 | 0.012 | 0.007 |
200 4.81 24.06 0.3100 | 0.044 0.016
400" 6.03 15.08 | 0.0972 [ 0.141 | ° 0.040
600 7.18 | 11.97 [o0.0514 | 0.266 0.072
800 8.38 10.47 | 0.0337{ 0.406 0.111
1000 9.58 9.58 0.0247 | 0.555 0.159
1200 } 10.68 8.90 ~ | 0.0191 | ‘0.717 0.213
1400 11.87 8.48 |0.0156 [ 0.877 - 0.276
1600 13.05 8.15 |o0.0131| 1.043- 0.347
1800 14.24 | 7.1 |[o0.0113 | 1.209 0.426
2000 '15.32 7.66 | 0.0099 | 1.387 0.509
2200 16.45 7.47 | o0.0088 | 1.564 0.601
2400 17.72 7.38 | 0.0079 | 1.728 0.707 4
2600 19.15 7.37 | 0.0073 | 1.876 0.828
2800 20.59 7.35 | 0.0068 | 2.023 0.958
3000 22.07 7.36 | o0.0063 ] 2.167 1,101
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‘ R T - i
-.~. . Table F.5 Data corr

il

elations for 1.27 cm dia. tube

¥ (s [x, a) fu_ (Pass) | ¢ [Re*1073 |0/ w/m)
r103 |
100 4.26 42.61 {03339 | 0.048 0.027
200 4.81 | '24.06 [0.0994 | 0.170 0.065
400 6.03 “15.63 0.0326 | '0.541 1 0.170
600 7.18°| 11.87 |o0.0178| 1.023 0.313
800 8.38 | 10.47 |o0.0119| 1.s59 0.496
1000 9.58 , 9.58 | 0.0090 | 2.131- 0.734
1200 10.68 8.90 {0.0079 | 2.753 1.119
1400 11.87 - 8.48 " [ 0.0075 ] 3;36§. "1.688
1600 13.05 8.15 [0.0073| 4.004 2.446
1800 14.24 7.91 | 0.0072 | 4.642 3.412
2000 15.32 7.66 | 0.0071 | s.328 4586
2200 16.45 7.47 0.0070 6.007 6.019
2400 17.72° 7.38 | 0.0069 | 6.637 7.705
2600 19.15 7.37 [ p.0067 | 7.204 9.653
2800 20.59 7.35 | 0.0067 | 7.772 11.984
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fthCPal'

")--4.25

7.18.
.8.38

Es

10.68.

4.81
6.03 .

9.58™N

“0.1792
10;0553
0.6151
0;6117‘

0.0077
0.0065

0.0069

140€¢ 11.87 0.0078 | 6.290 6.089
o




ne*10'3' Q/I;‘f (W/m)
P

200 | 8.7 | 4381 |o.7656 | 0.021. | . 0.025
400 '11.44 | 28.61 | 0.2499 | 0.064 0.065
600 13.7s 22.98 | 0.1338 0.119 0.118
800° | 15.75 19.69 | 0.0860 | 0.186 0.1%9
{2000 17.59 17.60 | 0.0615 | 0.260 0.250
11200 19.15 15.96 8.0465 | 0.344 0.327
1400 20.61 | 14.72 ‘| 0.0367| 0.435 | ~0.411
_ -|1600 22.02 13.76 0.0301 | 0.532 0.501
1800 "23.46 13.03 | 0.0253 ' 0.632 0.601
2000 24.90 12.45 0.0217 | 0.735 0.709
2200 26.33 11.97 | 0.01%0 [ o0.841 0.824
2400 27.77 11.57 | 0.0168| 0.950 .| * 0.948
2600 29.13 11.21 | 0.0151| 1.062t 1.078

N . N -~

-~ .
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Table F.8 Data correlations “for '1.27

-

v .

- -

cm dia. tube

37 [ o, @) |u, @ase) | o, frerio™ o mumi|

) . *103 o |
200 - 8.76 43.§}' 0.2040 | 0.094 |- - 0.134
400 11.44 28.61 | 0.0570 | 0.287 0.300
| 600 13.79 22.98 | 0.0320 | 0.53% 0.536
800 15.79 19.69 | 0.0200 | 0.834 0.825
1000 17.59 17.60 0.0140 | -1.167 1.151
- 1200 19.15 15.96" |0.0110 | 1.5%4 1.509
1400 20.61 | 14.72 {0.0086 | 1.953 1.932
1600 22.02 13.76 - [0.0073 ] 2.387 2.460
1800 | 23.46 13.03 | 0.0067 | '2.837 3.224-
2000 24.90 12.45 | 0.0067 | 3.300 4.390
2200 26.33 | 11.97 |0.0070 3.5 | 6.137
2400 27.77 11.57 | 0.0074| 4.261  s.401
2600 29.13 11.21 [0.0074 | 4.766 10.651

<
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. Table F.9 Data porr_elatiorié for 1.74 cm dia. tube

v 7Y x, (Pa) |, (Pars) | ¢ |Be*1073 [o/n (w/m)

. T we® | |
200 8.76 | 43.81 [0.10%4 | 0.175 0.250 |
400 . |.13.44 | 28.61 |o0.0362| o0.536 D.662 |.
1600 13.79 22.98 |0.0194 | 1:001 7' 1.199 |
800 15.79 19.69 | 0.0127 | 1.558 1.8614"
1000 17.59 17.60 0.0096 | 2.179 2.740 |
1200 19.15 15.96 [ 0.0079 | 2.883 3,880
1400 20.61 | 14.72 | 0.0067 | 3.647 5.290
1600 22.02 13.76. | 0:0060 | 4.458 6.986

~
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Data Correlatlons—s 0% bentonxte by wezght

+ 0

: Table F ‘10 Data correlatlons for 0 60 cm dia.: tube
e :‘, . 5, =1.

YT | - Pa) |, (Rars) | R¢t10‘3 -Q/L (§zm)
s 103 A SR
2Bj 17.41 's4}bp" |2.4171 0;611' | io.og; |
s00 21.88 | 54770 |0.4791| 0.033 0.124
- | 600 25.45 : 42;41"‘ 0.2475 | 0.064 0.217
| soo | 2s.63 35.79  |o0.1566 | 0.101 10.326
1000 - §31.36 "| 31.36 {0.1097 | 0.144 |  o0.446
1200 | 33.95 28.29 [o.0854 [ 0.194 | . 0.580
1500 | 37.35 24.90 {0.0510 | 0.276 | 0.797
2000 42.85 21.43 }0.0375 | 0.426 1.220
- 2500 48.31 19.32 0.0270 | ©0.592 |- 1.719
3000 53.77 17.92 [ 0.0209 | 0.765 2.295
3500 59.28 16.93 {0.0169 [ 0.945 [* 2.952
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Table F.1ll Data correlations’ for 1.27 cm dia. tube °

¥ s7h |x, a) |u, @a-e) | o Re*107> |.Q/L (W/m) .
' *103 ‘ S R
200 17.41 84.00 0.30606 | 0.049 ©0.197 i
400 21.88 | 54.70 |0.0933| 0.150 0.489
600 25.45 42.41 |o0.0486 | 0.290 0.859
800 8.63 35.79 |o0.0309 | 0.458 1.296
1000 3436 31.36 | 0.0216 | 0.654 1.767
1200 33.95 | 28.29 0.0163 | 0.870 2.300
1500 37.35 24.90 |0.0118 | 1.236 3.260"
2000 42.85 21.43 | 0.0088 | 1.914 5.738
2500 48.31 | 19.32 050065 | 2.653 8.296 .
Tabie F.12 Data correlations for 1.74.cm dia. tube
P sh ey a) fu, aes) | e | mer1o™ o/n Gi/m
e .
200 17.41 84.00 |0.1551| 0.091 0354
400 21.88 54.70 0.0482 | 0.279. 0.879
600 25.45 42.41 |o0.0250 | 0.542 1.541
800 28.63 | 35.79 0.0163 | 0.856 2.374
1000 31.36 31.36 |[0.0119 | 1.221 3.407
1200 33.95 28.29 |[0.0094 | 1.624 4.647
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Data Correlations—-8.0% bentonite by weighﬁc

l ©  Table F.13 Data correlations for 0.60 cm dia. tube
v (s7h |, a) [, (Pars) | ¢ [Re*2073 | @ tw/m)
«103 |

200 | 22.07 | 110.36 |1.9167[ 0.008 |  6.28
300 24.90 82.99 | 0.9607 | 0.017 10.63
400 - 27.41 |~ 68.53 | 0.5949 | 0.027 15.60
500 29.83 | 59.66° |0.4143| 0.038 . 21.22
600 | 32.22 | s3.70 |o0.3108| o0.051 27.51
700 34.35 | 49.08 | 0.2434| 0.065 32.22
800 | 36.39 | 4s.48 *|o0.1974 | 0.081 41.43
1000 40.12 40.12 [0.1393| 0.115 |- 57.10
11200 43.47 36.23 | 0.1048 | 0.153 74.24
1400 46.44 33.17° | 0.0823 | 0.194 92.53
1600 | 49.32 30.82 | 0.0669 | 0.239 112.29
1800 52.28 29.05 | 0.0560 | 0.285 133.93
2200 s8.15 | 26.43 |0.0417 | 0.383 182.06
2600 | 64.06 24.64 | 0.0329 | 0.486 237.04
3000 69.90 | 23.30 |o0.0270 | 0.593 | - 298.44
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Table F.1l4 Data cox."re'lations_ for .27 :Q diya.‘ t::ube'

v (s™h |, (Pa) [w, (Pa-s) | cp . |me*107 fo/n (w/m)
| *103 k | '
200 22.07 | 110.36° |0.4057 | 0.037 26.70
300 24.90 82.99 .| 0.2062 "0{935 45.95
460 27.41 68.53 |0.1291 | 0.120 68.05

500 29.83 59.66 | 0.0893 [ 0.173 92.17
600 32.22 53.70 {0.0668 | 0.231 | 119.05
700 34.35 49.08 |0.0524 _0.303 '147.87
800 36.39 | -45.48 |0.0425| 0.364 179.76
1000 40.12 40.12 | 0.0302| 0.515 249.16
1200 43.47 36.23 {0.0229 | 0.685 | 326.50
1400 46.44 33.17 | 0.0181| 0.872 | 410.88
1600 49.32 30.82 [ 0.0148| 1.073 | 500.39
1800 52.28 29.05 | o0.0126 | 1.281 | 605.32




Table F.15 Data correlations fo? 1.74 ‘cm dia. -tube

(s~1 Ty (Pa) fu, Rass) [oc |re*1073 | o/n (w/m)
| *103

200 22.07 | 110:36 |0.2422 | 0.070 55.71__
300. 124.90 82,99 - 0.1232 0.139 | . 95.64
400 27.3;[ 68.53 |0.0772 | 0.225 | 142.03
500 29./83 59.66  |0.0542 | 0.323 | 194.80
600 | 32.22 53.70 0.0409 | 0.431 | 254.14
700 34.35 49.08 [0.0324 | 0.550 | 319.68
800 36.39 45.48 0268 | 0.679 395.03
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. L APPENDIX G A
"NUMERICAL DATA FOR GENERALIZED
BINGHAM PLASTIC EQUA?IONf

- Values of T, T, are tabulated for corresponding values

Y
.of ¥ taken from the shear diagram data for all corcentrations

for the 0.60 cm diameter tube.

The values of Ty are obtalned

from Figs. 4.3 to 4.7 by extrapolatlon of the curves to zZero T.

-

Table G.l 1.96% bentonite Table G 2 4.0% bentonite

by welght.

by welght.

TY is 1.0 Pa Ty is 3. S‘Pé
Y (s™%) W Ty (Pa) Y '(s—l)‘ T Ty (Pa}
437.0 0.865. 264.2 1.384
1217.67 |  3.357 .} 781.8 | 4.783
1629.4 4.554 | 1468.0 - 8.422
2057.2 7.092 1701. 8 9.858
2511.3 | 12.789 2273.3 | 13.450
3115.9 | 18.727 2862.1 | 17.376
3511.1 | 25.765 3399.6 | 21.924
4068.8 | 35.197 3849.7 | 33.033
4745.7 | 44.869 4168.6 | 39.256
5406.4 | 62.202 s684.6 | 59.798
5963.6 | 74.890 5189.4 | 75.454
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Table G 3 5.0% bentonlte Table G.4 6.0%, bentonite

*. by welght.
.T.. is 7.0 Pa
Y .
Y Isfl) T,,~1,., (Pa)
Tw Ty
| 211.9 . 1.920
1265.2 12.703
1 2669 .8 22.561
3832.8 30.801
5351.7 42.944
6358.5 51.624
7619.3_ | 64.571
8567.1 96.632

. rable~G.5 8.0% bentonite

w s

by welght.
T .is 1ll.0 Pa
Yy
3y s~ |« -1 (pa)
S w 'y ©
'207.3 6.414
701.9 16.081
-
1299.3 23.948
- |
1868.6 30.584
2634.3 | -39.255
3056.1 43.282
3844.5 | 50.909

by weight.
T is°15.0 Pa
Y
3 (s-l) T —r. (Pa)
¥ w Ty
442.6 13.379
i
1076.6 25.780
2057.0 40.590
2279.2 44.611
3086.9 56.140
3524.4 61.963
4278.4 71.173
4927.3 80.181
5714.9 | 89.786
6475.5 100.075

;
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. . APPENDIX H

L

ANALYSIS OF EXPERIMENTAT, ERROR
|
The overall experlmental error can be expressed as the

sum of the random errors, the systematlc errors and the human
errors. Although rione of these errors can be eliminated, they

were all cerefully'controlled during the cou:ée of .the expef-

imentation and sufficiently minimized. |

The lﬁyst probable relative errors in the value of
wall shear stress, T and the shear rate, Y are 6% prfﬁe concern
because they limit %he accuracy of the experimental work as
they expfese the final form of the accumulated data.

H.l Wall Shear Stress Errog (dTw/Tw)

The wall shear stress is calculated from the equation:

v -

T, = 2AP/2L R
which is to say that:

Tw = f(mPr L)

therefore:

dt, = (AP/2L)da + (a/2L)dAP + (~aAP/2E%) dL
d'rw/'rw = da/a + AAP/AP + (-dL/L)
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The: 'most probable" absolute error in Tw‘éan belexpiesg;f'
 ed-as the séuare_foot of the sum ofs the square of each indiv-

idual variable deviation, i.e.,

A . .

- | ' 'dTw=vg§.2+ __dAP2+ ;‘Ezh '
o P - a | AF ‘L o — .
. W . : . .

{

L
=
LA

. o _ ~ Particular values of each component in this egquation
«can- be estimated as follows.

a)l Test section radius errors (da/a)

R | | ,_\ a = (4v/mn) 2312

i.e.' ' ST ' . ”

1

L

+- VBT

The volume of Hg used to determine test section radii
3 3

to 80.0 cm

accuracy of +0.25 cm3. Temperature effects were-negligible,

—_— ranged from 8.0 cm and could be_meaéured-éo an

" as. tests were gempleted_in a short time interval. The relative

errors in volume measurement ranged fgém a minimum of 0.31% " .

. " in the 1.74 cm diameter tube to a maximum of 3.1% in the 0.60
cm diameter tube. |

The height of the Hg column in the tubes ranged from

21.70 cm to 66.60 cm and could be measured accurately to =0.01

cm. The relative errors in height measurements ranged fr§m a

minimum of 0.01% in the 0.60 cm diameter tube to a2 maximum of

0.0§f/hn the 1.74 cm diameter tube.

-
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'_j;, | Thus for each tuhe;!the relative error in the radius
. could heedeterhined. These errors ranged from;a minimum of

: 0.2% in the 1.27 and.1.74 cm dia. tubes to a maximum of 1.5%-
Lln the 0.60 cm dla.\tube. From ﬁinimum and maximum errors in-
each tube radius for both sets of data used to determlne the
radius, the error in the average value of each 'tube radlus was
-Qetermined. |

0:60 cm dia. tube: ~"da = 0.01

i)
'

b
/
1.27 cm dia. tube: ga = 0.002

1.74 cm dia. tube: da = 0.002
“ a

b) Pressure differential errors (dAP/AP) : :

The g}nal differential pressure {corrected pressure)
was deterﬁined‘by subtracting the equivalent head of the press-
‘ure ttanemitting fluid from the pressure differential read
ft0m-the'manometer. Since temperature variations were minimal
. during the course of the tests, it can be assumed that values
of- specific gravity for the trahsmitting fluid and manometer
fluid would not change appreciably,.so no erxor was aesociated
with these values or the values used in the conversion of units.
Hence the error in .the corrected pressure dlfferentxal is twice v
the error in the observed pressure differential.

The manometer could be read to 0. 01 inches and the

observed pressure drops for all tests ranged from 0.15 lnches

i
- -

S



" . " The aistance between pressure tps
; tion was measured to the pearest-0.l-cm. ..
‘ " 0.60 cm dia. tube: 4L = 0.1 ~="0.( ;
-'- : . . : ' . I' 75 ‘E . . . . . ; S
.. 1.27 cm dia. tube: &L =°0.1 =0.001 . - -
1.74 cm dia. tube: dL ='0.1.= 0.0008- “.
' - g e Lo S
"+  Hence the minimum and maximum errors for ‘fwﬁf for each _:
tube are: ' ' A e
6.60 cm dia. tube: =~ - R
L . . . . .
e . L ]art ' far, - .
' [=2] . = :0.35% —=] . = *6.6% . -
T ‘ - . T .
w . w . "
. - min - . max _ -
| 1.27 cm dia. tube: " _
tany) - . | |
- = +0.3% - = +13.4% A
: wi .. oo T Co T, _ '
. . min max _ -
. 1.74 cm dia. tube: ' .
- fdr _ ar .}
. - —-Tl‘- = %0.2% ._T_“'. = +4.6% .
¥“‘min ' ¥ max )
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The.relatlve error ln

can therefore be expressed as:

Smnsg{da/a has been determlned ‘for- each test sectlon

euradlus, lt is:only necessary to determine’ dq/g values. “The

‘3volumetr1c flow rate for each test was determlned by collect-

v,

f” ing a known volume of the materlal pumped over a known time

'#

-

.rlnterval thus.

RS cinci
: : 1= B

‘ The volume of material. collected could be read from
the collectlon cylirider to the nearest/lo 0 cm3. An addition=- l?‘
“al error of *5.0 cm® was added on to compensate for movement
of the collectionuqylinder while the stop watch was being
operated: The maximum volume Of material colleéted_for all

tests was 3288 em® and the minimum volume was 192 cm>. Thus

the relative error in measuring a volume ranged from 0.46% .
to 7.8%. A maximum and minimum error for measuring volume

was associated with the data for each tube.

The stop watch could be read accurately to #0.05

©

e _ .
seconds and an additional 0.05 sSeconds was allowed for human

error in operating it. The minimum time for which a sample

was colléected was 1.80 seconds and the maximum time was 57.20

S~



'.s'econds.y'rhese correspond to a range of tma.ng errors

”

'_1y1ng between 0. 17% and 5. 5%._ . T

Cie g e 4

t e,

* n

From these errors, an overall m:.m.mtm and max:.mum |
error for the measurement of flow rate J.n each tube was .
establlshed for use in the calculat:ron of shear rate error.‘ :
'rhe m:.nmmu error in measur:.ng the flow rate was about 0. 6%
and the maximum was 8. 0%._7 : L . S :
" A minimum and maxfj_minm error for ¥ in each tube is

given below.

| S 0.60 cm dia. tube: _ - ' _ A . _ ’\

be: e
(Q‘%) = +3.4% | (-‘11) = *8,5%
min : .- Y max .
1.27 cm dia. tube: _
| (-dl) .= %0.8% . QI-) = £6.1%
. Tinin o Y Inax ' .

.174cmd.1.a.tube:" | .

( : _:1.0[3_ ( )max :5.9.% | _' N

\\" H.3 Appa:rent Viscosity Error (dua/ua)

Apparent vi'scosi'ty is calcxilateg. from: .

] - wy = T/Y
Thus : )
2 2
dua _ (d'rw) + d\'r]
. Ha T Y
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- 0 60 cm dla. tube.

. B -1 - o
_-3 43 BN ol L R o
T . 2 max L
1.27 ch; dla. tube:.:“ . . ' e
© = %1,0% =2 = £9.1%
ua . .
C . max

1.74 em dia. tube:

. fau | | au_ ). ' :
(__EJ = x1.0% __i) = *6.3%
: ll“la- L ’ ua - !

‘H. 4 Friction. Faq;g; Erroxr (dCf/C )

The frlctzon factor is calculated from-
g = 25, /0uy]

and,. -

' R 2 a2
dcf ;WJ‘dTw) + (gg) + 4(dum)
Cf . Tw P ) um

The density of each fluid was determined by weighing

a known volume. The.Geight of eacﬁ sample could be;measured
to *0.005E-03 kg. Since each sample tested wéighed about
10.00E-03 kg, thé‘error in weight for all samp;éS‘was about
0.05%.

The volume of the sample to be weighed. could be read

+to the nearest O.Ol-cm3 and 'since each sample was about 10.0

(*‘ ) _— . ’

s

T



D cm®, the relative error is'O 1% - '
- Thus the relatlve error ‘in dens;ty was. +0 1%. .
. "The average, veloczty for the flow in each tube was
found by leldlng qavg by the cross sectlonal area dE the
't‘m%' _l-e-' .
“ wy =rq/e

Since: - E '

- & = wa . )

".thén, ' ’

2 VBT R

Since dq/q and da/a have been determlned du /u was

.

easily.found and ranged from 0.8% to 8.2% for all three tubes.

/J ‘ The friction factor error for each tube was as follows:

0.60 cm dia. tube:

ac.y ac |
_£ = +5.2% (__E) = +17.0%
Cf ' cf.
min ) ! max
. 1.27 cm dia. tube:
pac.y) o ac.|
_£ = +1.4% . (_—g .= *14.0%
C Cf'
S 3 ’ max
1.74 cm qia. tube:
ac . dc '
) e [ ae
£ £ g -

min max . .



. H.S. Reynolds Number Error (dRe/Re)

The Reynolds number lS calculated fr ?

o

= 29aum/ua

L > 2 T2
. 'QBE.= (QE) + t@é) + (EEE) + (EEE
. Re RN a e Ha

0.60 cm dia. tube:

Thﬁs:

(dRe = x4.4% | (dﬁ) = £12.3% -
Re mln Re max

1.27 em dia. tube:

ii_l‘_e.') = +1.18 i&?-') = $10.9%

Re . Re

2% Imin max | ~
1.74 cm dia. tube: _' i
diq.)ml = *1.3% (g.R—e i = +8.6%

Re in } . Re max

- LY

H.6 Power Consumption Error (d(Q/L)/(Q/L)

The power required to pump the material for each unit

length of tube was found from the equation:

Q/L = gAP/L-

oo VT[T - [T

0.60 cm dla. tube-

’ d(Q/L)) 1w .(d(Q/L)) — :3.6%
( Q/L min Q/L max

Therefore:

. ngSV?Sf
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1.27 cm*dia: tube:
(am/m) C s0.6n (d(Q/I-)) 918

1.74 cm dia. tube: . ¢

d(o/L) am) ...
( Q/L )mln £0.7% (—575—_)max. +6.3%





