(ii)
ABSTRACT :

An improved parametric equation has been proposed by
Dr. Kozicki for characterization of the flow geometry in the
rectilinear flow of Non-Newtonian fluids, in open and closed .
conduits of arbitrary cross-section and in purely viscous,
inelastic flow of Non-Newtonian fluids through packed beds
and porous media. In the new formulation, an infinite number
of geometric parameters characterize the flow geometry. The
‘actual number required in a pérticular application is shown
to be determined by the fluid model eduation representing the
rheological behaviour of the fluid. In the pPresent work the
third geometric coefficient e;was eQaluated for both the Ost-
wald-de-Waele and Ellis fluids with flow behaviour s=2 and
o=2 integers. The value obtained for €,=0.375 using a power-
law fluid model and €2=0.3868 férvan.Ellis fluid model. The

maximum deviation is less than 5% which is within engineering

accuracy.

The anomaloﬁs surface effects exhibited by these fluids
at the solid boundary were also examined . Polymer adsorption
and separation phenomena wére observed for flow through both
packed beds and capillary tubes. A mathematical model explaining
the behaviour of the polymer for any fluid model satisfactorily

correlatea the available experimental data.
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.ChaEter I

Introduction:

The flow of fluids through porous media haé attracted
the attention of many researchers due to iis growing impor-
tance in the industries. Some of the technology pertinent
to fluid flow through porous media includes soil mechanics,
ground water -hydrology, naval architecture, polymer proces-

sing, petroleum engineering and waste disposal applications.

The .study of the flow of fluids through porous media

may be separated into two categories, namely:

a) Newtonian: that is fluids for which the relation
- between shear stress and shear rate is a simple pro-
portionality. This includes all gases and most homo-

geneous, nonpolymeric fluids.

b) Non-Newtonian: are fluids for which the relation
between shear stress and shear rate is not a simple
proportionality. Suspensions and solutions of poly-

mers- are examples of these fluids.

The former class of fluids has been studied more
extensively than the latter one which is frequently en-

countered in many engineering branches.

‘A simple method was proposed in earlier papers (16)

by Dr. Kozicki and his co-workers for prediction of non-




Newtonian flow in open and closed conduits of arbitrary
cross-section utilizing a generalized Rabinowitsch-Mooney
equation with two geometric parameters characterizing the
flow geometry. The above technique was shown (14) to be
successfully applicable to the interpretation and predic-
.tion of the flow characteristics in purely viscous inelastic
flow through packed beds and porous media. Also the analy-
tical results and experimental data was satisfactory for a
broad range of fluid models and flow geometries including
_rectangular, triangular and elliptical ducts and concentric
- annuli over a wide range of aspect ratios, with a maximum
deviation of 5 per cent. However, it was noted that for
concentric annuli with aspect ratios in.fhe range 0<k<0.2,
the former method was inapplicable. The aberrations en-
countered (32) which are a function of ghe fluid model as
well as of the aspect ratio, are of greater magnitude than
above with a maximum deviation of about 25% occurring at
an aspect ratio of 0.01. Also the existing method becomes
mcre'inaéblicable for correlating packed beds and porous

media flow data when the fluids observed increase in Non-

Newtonian behaviour.

Presently a more general formularion of the problem of"
characterization of flow geometries, with regards to flow
of Non-Newtonian fluids has been derived by Dr. Kozicki, in
which the above mentioned limitations of the previous gene-

ralization of the Rabinowitsch-Mooney equation are effec-



tively eliminated. The purpose of the present work is to
evaluate more geometric coefficients for two different
Non-Newtonian fluid models and to test the validity of the
improved formﬁlation. However, in order to achieve this,
one has to take into account the éurface effects which are

exhibited by these fluids on the solid boundary.




Chapter II

Literature Survey

Non-Newtonian flow through porous media

The most‘fundamental equation that governs the flow
through porous media is that of Darcy. Darcy's law
‘states that for a viscous flow of a Newtonian fluid through
an isotropic, homogeneous, porous medium, the volumetric
flow rate Q,'through the medium is ‘directly proportional to
the crosﬁ-sectional area of the bed A, and to the pressure
gradient AP/L causing flow i.e.

Q=kA (AP) ees (1)
(L) . :

Unfortunately this law describes the flow through
porous media only in a certain region and does not provide
sufficient information concerning the property of permeabi-
lity. Many attempted to relate the permeability to the pro-
perties of the porous medium theoretically and emperically
déspitévthese numerous attempts there is no universally ac-

cepfed correlation.

The three fundamental theoreﬁical approaches‘for
studying the flow through porous media are:
(1) Hydraulic radius theory
(2) Drmg theory

(3) Statistical theory




- They all assume that the flow is based on the micro-
scopic flow within pbres. 'The anélysis of the first two
methods are based on the Navier Stoke‘s equations; while
the third is based on statistical mechanics. The porous
medium is envisaged as an assémblage of channels, in the
first method, the second regards the particles to be obstacles
to an otherwise straight flow of the fluid and the third

considers the medium as intrinéically disordered.

The Hydraulic radius or.capillary model is the most
popular method used, among those that use this model are
Kozicki et al (14) , Mckinley et alia (20) Hassel and
Bondi (12), Sadowski and Bird (28), Christopher}Middleman
and Gaitonde (4, 5,.7, 8), Marshal and Metznér (21) ahd

many other..

A generalized scale-up method based on the capillary model, .

Hydraulic Radius Concept

There are many methods established in predicting a
Non-Newtonian flow behaviour in porous media, and for cor-
relating results of porous media experiments with viscometric
data. At the present time, there still does not seem to be a
universally acceptable scale-up method.. The previous method
proposed for depicting the flow rate and maximgm.velocity in
the isothermal, steady, uniform laminar flow of any incom- |

Pressible, time-independent Non-Newtonian fluid in straight




open channels of arbitrary cross-section utilizes the
- knowledge of two geometric coefficients in the Rabinowitch
and Mooney equation. The generalization of thelRabinowitch

and Mooney equation may be represented in the following form.

£f(t) = a1t d2(<w~ 'uw) + b 2(<uw>=-%) ..... coo (2)
v W YH - T
9 Tw

This form takes into account the effective slip velo-
city and the variation of the velocity gradient f(Tw), T

and u, with .distance around the wetted periphery, where

fr) =L § £ (r) d.:l.' (3)

f(Tw) = -kg% = ﬁﬂ' B (4)
w

T, = %_ § T, @l , cesececssiascscasnsners '(5)

u, = _1;)_ § w 4l T TP PP (6)

"a, b, are geometric coefficients characteristic of the shape
of the flow cross-section which may be evaluated using a

Newtonian fluid,

Integrating equation (2) gives the following general

resuits, . _b

<u>-. uW
TH

e -1
T, a. —{‘w T £(T) ATeeeesee . (7)

pjo




Using the Blake-Kozeny model for the packed bed, that is

the porous medium is envisaged as a conduit or conduits of
complicated cross-sectional_geometry.- Equaticn (8) is ap-
plicable to both paéked beds and capillary tubes and'may be
written in teims of the aspect factor & and the imperméability_

factor k;, where £ = b and ki = 2(a + b) the term T
3 .

: - T
u>~u, = (L Ty M ' s ’
g uw- 'H';) w N dT S0 000000000000 (9)
rH ki - ' '
' Y

.'_‘Slt-l

is the tortuosity which accounts for the actual capiilariés

ip the bed.

In the ébove equation, the average velodity.thrbugh the
pores <u> is related to the superficial velociﬁy based on
the cross-~sectional area of the empty bed by
<u>=U-_§_ : vo--c.ao..“oioooooo‘.'on '(10)
A . -

this is the well known Dupuit-Forchheimer Assumption

- Scheidegger (39).-

The average "slip velocity" u  at the pore wall is

similarly related to the superficial slip velocity by




u =u seessscecccsscssnsss (11)

rH = ' cross section available to flow
wetted perimeter —

= ' volume available to flow
total wetted surface

a € ' eesessscesccccesess (12)
(1L -€)g ‘

vhere the specific surface per unit volume for a bed com-~

prised of uniform spheres is

g=6-_ | R & K

For a bed of irregular particles, equation (13) serves

.as the defining relation for the particle diameter.

T is given by the following expression derived for

. straight conduits of arbitrary cross-sectional shape,

_ _d t o ] . '
Tw—rH (d_%) .ooo-oooooo,-toooooo.. (14)

The Non-Newtonian viscosity n is defined in accordance
with the following relationship for the fluid expressed in

the form of a "generalized Newtonian fluid" where Ti4 and i

'




.RBUj "BUi . (15)
Te o =.-'———-'+ =.-n‘,.. .o s 800000 00ccses O

are components of the stress tensor Tt and rate of deformation
Y rensor,_respectively. It is'presumed that the Non-Newtonian

viscosity n is a scalar function of either of the scalar in-

variants.
T=+ /% (T:T) =\/;52 ZTiZ- ..o....o..o....ooooc (16)
i o5
or
yo= #% (yiy ) =/ % I I yi§ R & % )
i j o

Anomalous surface effects

Previous literature has shown  that under appropriate
'conditions, some Non-Newtonian materials exhibit anomalous
éurface effects under steady flow behaviour. Most of the
published iiteratﬁre concerning anomalous surface behaviour
of Non-Newtonian flow through capillary tubes illustrates that -
the effective surface velocity Uy, is posit}ve, that is.the
viscosity of the.material within a distance 6§ from the wall is
lower than the bulk material outside the boundary. Some of
the dilute-solutions reported that exhibit this physical
behaviour are agueous solutions of the sodium salt of"
carboxymethycellulose (3) blood (11) GRS lattices (34) and
moderately high molecular ‘weight grade of poly(methylmethacrylate)

in.monochlorobenzene (33). Kozicki et alia.




10 .

(14) were the first to report adsorption effects, and to
distinguish between negative and positivéfeffective'velo-
cities from the studies of Non-Newtonian flow through
porous media. The adsorption effect can be interpreted
when the viscosity within the anomalous layer is greater  --.

‘than the bulk of material.

Many attempted to devise theories in order to predict
.the occurrences of macroscopic'effeCts in certain flow geo-
.metries. Some of the first investigators who examined the
surface éffecté were Oldroyd (25) Mooney (18) énd Scott-

Blair (29)

Evidently the past literature shows the existence of
surface effects. These effects if not accounted for in the
analysis of viscometric data can lead to false informations

of:rheological behaviour because of misinterpretation.of

. viscometric data.
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Chapter TIIL

Theorxetical Analysis

fImprbved'paramefric ‘equations

. The equation (2) given previously was obtained by a
.'simple and.straight-forWard‘generalization of the analy-
tical result derived for the closea circular and slit cross
sections and semi-circular and inclined plane open channels,
does not provide for lnteractlon, in the general case, w1th
second ‘and higher derlvatlves of 2(<u> = uy) w1th respect to
T® The:efore in the present analys;s? Dr.’Kozicki replaces
equation (2), by the following basic differential equation
of infinite order, which is postulated to.goﬁern the flow of
Non-Newtonian fluids in conduits of arbitrary crosé-section[
f(r) = e W+ e1T dw  + ezr dzw T oeeee + g oaly + ..., (18)
. dt d7Z2 dt
- where w is given by 2(<u>-- .uw) andthas been snbstituted

- for tw to make the equatigg simpler.

. The e{s are now the new geometric parameters
characterizing the shape of the arbitrary flow cross-section.
‘Invgeneralnan infinite number of,géometric parameters are now
'requlred to characterize a flow geometry as compared w1th just

two previously Vv.i.z., b and a 1n equation (2)
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Equation (18) reduces to the same form as equation (2)
for simple cases of circular and slit cross-sections and also

: for Newtonian fluids, dlw'= o for i > 1.
E o art
The infinite order differential equation is solved by

a perturbation technique utilizing the assumption that ef <1

and the boundary condition that w=0 at 1=0. The first step
is to determine the solution to the i~th order differential

equation obtained by truncating equation (18) at the ith term

—3 . -' 2 < o e . i i . oo o000
£(7) ey, + e T aw; + e, TTAW, +...+ g, T dTWy (;9)

dt | d«* ari

It is assumed that the sblution Wi(T) to equation (19)

can be represented as a power series in the coefficient.ei as

follows
W, =% W (1) el Wy (0) = 0 for all Jeeeeece... (20)
1 4=0 i . 1J . ‘

where the coefficients Wi' of the ég are functions of T to be.

J
determined. Cléafly the boundary condition W3y = 0 at T = 0

wiil be satisfied if a solution of the form of equation (22)

can be found satisfying the condition Wij (0). = 0 for all j.

Substituting equation (20), into (19) yields

’ o J (s ) j ) in j
£(1) = eo § €, Wij + e §= €4 .dwi. +eir_£ ai dwi.
J J=0 —=d j=o 1—=2ml

(21)

which expanded, and equating coefficients of like powers of
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' €;, leads to the following infinite set of differential
equation of (i-1l) th order to be solved reéursively for the
functions wic r Wiqs Wig etc...

.'LO 'ioc-oo

dt ar? gri-1

_ i-1aiy
£f(1) sowio+ elt.dwio+ ezr dw, . +...4€, T (22)

i g1 = . 2 32 i=1 Li-1
T dw, E W +elr.dwil +ezr d<wil t.f+ei_l T d wil'f

io o il
arl ar dt? art T

’v.
4
3
b
r

eee.(23)

i qi o ] 2 52 i-1 qi-1
-t~ d"w. ,. = eW,, +¢ T @*w,., +& T* A®W.. +..4+¢ T d Was
10=1)  Toii hn iy e Tij i-l 1]
- dart . . drt . dge? . ari-1

eee.(24)

It is seen that the solution to the first equation in
the above'set is given by V.o = wi;i-where wi_1 is the
solution to the (i-1) th order differential equation formed
by truncation of equation (18) at the (i-1)th term. The
successive solutions Wio?r Wi17 Wiz etc... of the above
system of equations unables us to construct the solution Wi

- represented by equation (20), to the ith order equation,
equation (19). Clearly, this solution is also the zero-

order solution to the (i=l)th order truncated equation (18),

" that is,
W; = Wieny0

A formal analytical procedure has thus been developed

/

for ‘obtaining the solution to equation (18), truncated to i
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any order as well as to the untruncated equation of infinite
order in the limit, by successively utilizing solutions to
lower order truncations of equation (18) beginning with the

second order differential equation

f(t) =ew+ e T AW + € T?2 %W teveeecconcccons (25)
02 172 o2 : 2
dt dr

We pause briefly to illustrate the procedure just .
described by evaluating several terms of the solution to

equation (25}.

The zero-order solution w20 is 'given by the solution
to the trﬁncated first-order equétion LA which is readily found

(1) as:

w =w = 2 T-E S¢ Tng'lf(r) AT teeeenasns (26)
0
1

where the éépect factor is £=eo/e1

Making use of this result in equation (23), we obtain

~the first order solution w21 as,

w = -—']é.— | T-E T T g+ld2w20 dT s 00000000 (27)
: 0 at

Similarly, any subsequent term, wz. +1s readily obtained
J .
from the function representing the preceding term in the series
. by

2j 2(j-1) " AT cesceas (28)

w.. =-1 778 S“ 15+l g2 y
€

1
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'Appiicatibnsuto.variousuFluid'Models

We will now illustrate the usefulness of the method
by performing actual integrations for some Non-Newtonian
fluid models yielding the average velocity - pressure

drop relationship for these fluids. ——

The Ostwald-de-Waele fluid is represented by
the fluid model equation |
.f(T) ="£= (l)s ’ ®®evecscccsccccscsace (29)
n K

where s is the reciprocal of the flow behaviour index,

Utilizing equation (29) the functions LA S

etc... are readily found from equatidns (26) -'(28)'as

follows
W =‘1 (I)s ooooo...oo.-oo.o--oo- (30)
.20 Teote1is K '
w =-s (s-l) (I.)s ® 0000000000000 00 0000 (31)
21 (eotels)2z K. : :
w N = (-l)j Sj .(.S-l)j (l)s ’ e 00 s 0P 00000 0P e (32)
2j 3+ K . ,
(eo+els)

~
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Hence, the solution W, of the second order differentiai
equation represented by equation (25), obtained for the Os-
twald-de-Waele fluid by substitution of these functions is

the appropriate form of equation (20) is given by

w., = (1/K)°S . f (-“s(s-l)ez)j
J:

2 et [ 2= 220 e
+
€9 €18 0 €0 + €18

The solution w, may be expressed fihaliy in the following

simple closed form

(t/K)*S (1 + s(s-1l)es ) e cee. (34)
€9 + €38 €9 + €18 ' .

W

(t/K)S - (35)
€o -+ §1S + €75 (s-1)

which follows from equation (34) for s{s-l)e, <°1
' Ep + €18

One can now set W, = w30 and proceed in the same way

to arrive at the solution for the third order equation W

and continuing further in the same manner obtain wé, W etc.

Thus, the functions Wy ,;...., W, «...., respectively, yield-

1

ed by‘this procedure are as ﬁollows:

W= (T/K)s L. ceeans (36)
€¢ + €18 + €28(s-1) + ess(s-1) (s-2)




17

w =. lT/K)s .'.o.-ooo-(37)
et tls+,ezs(s—l) teoea + eis(s—l)... (s—-i+1) '

By inspection, the solution w to the untruncated differ-
ential equation of infinite order, equation (18), representing
the most general solution for the. flow of power-law fluids in
conduits-of arbitrary cross-section, can therefore be written

as
f s S _ _ _
(TéK) = e°+ elsfszs(s 1) + €, S(s=1) (5=2) 4+ eveeceeee
cee + g s(s=1l)eee.(s=-i+l)+ .;; .....,...........(38)

Some interesting and useful properties which equation
(38) has are when s = 1l has the values 0, 1, 2, ..., the
rigﬁt hand side of equgtion (33}-becomes eo,et € v etz €
+ 2¢, ...+, respectively, and we see that'for the s integral,
the number of.geometric parameters appearing in the general'
solution increases with the degree of Non-Newtonianess of the

fluid and is given by s+l. Further, for the s integral,

equation (38) becomes the followiné:

< s . s (3)3¢
(T/K) = Z € . S! = z ) ‘e..'. J nooc-oooocn.oo.(39)
Tw - §=0 7 TG 3=0 I

which also corresponds to the solution LA to the truncated
differential equation or orders represented by equation (19)

'with i_= Se

e




18

Therefore, when n = %, s = 2 the averege_velocity
- pressure-drop relationship according to equation .(39}) is

described by the simple equation:
_ , :

..(.T-v/qg) =e +. 2 + 2,32 B XY
This property of the general solution for pOWer-iaw
fluids proﬁides a convenient means for. evaluation the
geometric parameters. Thus, if one has access to an independent
source of information describing power-law fluids_flow'for a
particular geometry, obtained either by experiment'or-ana-
lytically‘by the conventional method, €, is obtained direct;y
from the flow characteristics for s = 1 with-e,0 and €,
known, €, is determined from the data for s = 2, and so on..
Since the_geometric parameters are independent of the fluid,
. they can be used to predict the flow of fluids described by

other fluid model equations.

"Ellis fluids

The ellis fluid model is given as

£ (1) = (1 + (t/t%) %] N OB

N

~Ueing the same procedure, the solution,.wz, is found to be:
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W= Wo=1(_1 -+ __ 1 e/t %) L.l a2)
, 20 ' 7 Ve +e € +ae ‘ ,

Q 0 1 0 1
W21= '-.' 'Ta(a-l)' ’ (T/T;i) a—l' s oo.oooo-o.'oooooo‘coooc (43)

n° (e°+ ael)

W= (=137 o (e-1)F (r/em) oL T FPT

j+1
n, (g, + aeq)?

The infinite series resulting on substitution of these
functions in the appropriate form of equation (20) can be
transformed to the following closed form solution for Wys

v o
2

( 1 o+ i (r/ra)“'f>.;........(45)

€ +& e +ae + al{a=1l) €
0 1 2

Similarly, the function W3,.., Wi"' yielded succes-

- sively for the Ellis fluids, are given by

W

+ 1 (/%) ‘3’? (46)

=T l . . '
n +o (o= + =1) (-
3 qo ( e°+s1 e°+ae1 o(o l)e2 a({a=-1) (a 2)e3

W=z (Ll % 1 (/532 )
i n e°+e1 e°+ae1+a(a-l) ez+...+a(a-lx... (ai+l) e,

(47)
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and the general relationship describing the flow of the

Ellis fluid can be therefore be represented as

S A o-1
RS Ak SIS e g Ldn/y). T
n L€ +e € +a€ +al(a-1) € +..(0) (0=1).. (a-i+t1) €.+, |
¢ o0 1 o 1 T2 i
. 'oono.(48)
For a fluid for which a=2, equation (48) simplifies to
W=.’£r l + 1 (T/T;i) .oo.o.ouo.o-oo(49.)
nie +¢ € +2g +2¢ : :
o o 1 0 12

N

We see that when o is an integer,'the number of geometric
parameters needed to specify the flow geometry with an Ellis
fluid which is also governed by the degree of Non-Newtonian

behaviour of the fluid, as exhibited in the value of the flow

. behaviour index a.

Equation‘(49) may be rewritten in the following form

applicable for integral values of o

W=£[ l + l .(T/T%j“ a-l].............'."..‘......(50),
+ . . B
USSR PR g e.(?)ju '

j=03 J
This equation may be transformed into equations (46)

'and'(47)'when i=o and when a=2 it gives equation (49).

Analysis of anomalous flow

One of the main problems of Non-Newtonian flow through

porous media is the frequent occurrence of surface effects.

4
A

This has to be accounted for in order to predict flow through
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porous media more precisely. Oldroyd (25) was the first to .
propose a method for determining the mean effective velocity
u for Non-Newtonian flow through a circular tube. Substantially,

the same procedure is applied to an arbitrary cross-section.

In steady, uniform, isothermal, laminar flow of a'time-
independenﬁ fluid through an arbitfa;y.crossrsection, the
average velocity:<u> , is determined by equation (9) rewritten

in the following form,

: —r T
2<w>= 20, +2 (+E) ww o( Y8 dr ...l (5D)
™o TE ks n - .
1
T .
{

According to this-expression a unique relationship

. exists between 2<u> when'uW = 0 and Tw which is independent of
the hydraulic rzgius. In the presence of a surface.effect;l
plots of 2<u> versus 1w are expected to yield separate curves
for diffezznt values of the hydraﬁlic,radius, rH. From
these curves, at a selected value of a plot of_2<u>
versus 1 can be constructed. The curve obtaiigd‘is a
stréighigline with slope 2uw. By repeating the procedure at
different values of Ty 7 the effective vglocity at the wall

: can be determined as a function of the contour integratéd
average shear stress. The same procedure is applicable to

flow through packed beds and porous media. It

should be mentioned that in the above procedure for calcu-

-
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lating u_ , it is assumed that u is independent of rH being
a function only of fw. It was Oldroyd (19) who defined a
slip coefficient.

gt =T, N 1))

Tw

presumed £0'be a function only of shear stress to represent
the functional relationship between the effective vélocity
at the wall and the shear stress at the wail. Introducing -

(52) in equation (51) yields

. ‘ . ~ T g
C2<u> = " 28V Ty - + 2(14+E) T&—g w gg AT eceecccccccccns (53)
rH rH K n

i T
Y

In the most general case, the effecﬁivé wall velocity may
‘vary with both hydraulic radius and shear stress. This was
found by Jastrezebski (13) in. a studffof the flow of con-
centrated suspensions and also by Kozicki et alia. The
latter indicates that there exists a critical shear stress,
Tar Whigh marks the transition from a negative effective

velocity to a positive one at the wall for values of wall

shear stress greater than Toe

Thus a new slip coefficient &"which is a function o¢f
bofh.shearvstress and hydraulic radius is defined by

g" (rw,_rHj = T, ceeeeieceieeieeens (54)

where the critical shear stress, Tar which is a function of
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the hydraulic radius, is introduced.

Further, an explicit dependendé of &" on rH, which
permits a successful resolution of the experimental data,
is introduced by setting the slip coefficient inversely

proportignal to the hydraulic radius to a power 8. Thus

-

- one can define a modified slip coefficient &", analog-

ously to Jastrezebski (13)4by

8"'5= IHB g“ (Tw, I'H) ® o000 000000 OCOOCEBLIOEPBDDOES (55)
which varies only with shear stress and is independent of

the hydréulic radius.

Inserting equations (54) and (55) into (51) yields

. T
TH ) o
z BT 5 -
Ty

according to equation (56), a plot of the flow data in the form

of 2<u> vs 2(ty-7¢) for a particular value of T producing

- B o
a straight line with slope &"™ . However since tc and B are

not known before hahd, but must also be determined, it is
necessary to set up an iterative algorithm as follows.
‘Referring to fig. (12) for convenience, a trial curve for

T, VS 2(<u> - uw)/rH is first assumed, which intersects

the Tw vs 2> curves determined for different rH

rH :
values. The Ty values corresponding to the points of int-

ersection of this trial curve with T vs 2<u> curves, obt-
: rH
ained for the different hydraulic radius, represent the
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trial values for 7Tc for each tube diameter, corresponding
to the trial curve selected. Using these values of fc,-we

next select a value of fw and determine 8 such that the

plot of gfgz_jVS'é(%wdrc), at the chosen 1w isllinear. We
determinZHE"' froﬁHE;é slope of this line. By repeating

this procedure at different values of shear stress, £''' can be
determined as a function of Tw. Having found &''‘',

the effective vélocity uw can be evaluated from equation

(54) and (55). One can then correct the measured average
‘velocity or flow rate and calculate the.quantity~2(<u>-ﬁg)

as a function of shear stress for each tube diametei? These

quantities when plotted should lie on the assumed tw Vs

%'.2(<u>-ﬁk) curve; if not, a different trial curve yielding

a ﬁgw set of values of Tc is assumed and the procedure re-
peated from the beginning. The complete algorithm is repeated

until the resulting Tw vs 2(su>-y,) curve coincides with
’ rH

the assumed one.

Estimétion“of*the"inom&lbus layer Thickness

Based on Oldroyd's analysis (19), the velocity gradient
" in the anomalous layer within a normal distance 8§ from the

solid boundary may be represented by
“du = £(1) + g(8,T/Y) cereceescececcnsenes (57)
dy -

where y is:the distance measured from the wall, £(T¥) is the
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veldcity‘gradienp charac;eris?ically,ascribable to the
fluid ﬁnder laminar conditions;.and'g(s;t;y) is a cor~
rection term accounting for the anomalous behaviour in the
vicinity of the solid wall. 'Outside the anomaloué layer,
at’y>6‘g(6;T,y)£0 and the velocity: gradient is.given by
the characteristic function of shear stress ascribable tb
the main stream fluid such that f(T) is approximated by
f(Tw)'which yields the velocity beyond the anomalous layer

~given by the relation

u—uw=f(.TW) Y -o..o.o-.o-ooo-ooo.-o.o .(58)
and
. _ 6 ’
uw—g g(G,T,Y) dy ® ® 000 00 0000000 00t (59)
' equétion (59) is the defining equation for the "effective

surface velocity at the wall®.

As mentioned previcusly in the introduction there are
two possible cases of anomalous behaviour, namely

(i) quitive effective velocity of slip aﬁ the wall

"(ii) Negative effective velocity at the wall

‘the two cases are shown in fig. 1.

An estimate of the thickness of the anomalous layer is
simple to perform onceu,  is known. For case (i) which is.
also called the "separation phenomena" that is a pure sol~

vent layer is formed adjacent to the wall then the velocity

b e



. 26

_gradient in this layer is given as

'.d—u =:.:r£ v..‘................'l. (60)
dy -~ us :

Inserting equation (60} into (58) yields

Uw = 6 us -f(Tw) = 6 Tw l.lS nw ®ee e e sesnesveoe (61)

where ﬂs is the viscosity of the pure solvent;

In the second case when the effective velociﬁy is
negative that is a certain émount of polymer adsorption and
‘gél.formation occur at the surface, the velocity gradient
in the anqmalohs layer is so small that it can be assumed

to be zero i.e. du =-0.
&

The anomalous layer thickness is then found from

eqﬁation (58) to be

Uw=6f(1:w) =-61v1 . ® 0000000 e 00000000000 (62)
nw

The above procedure is applicable to both packed bed
and capillary tube data, also to conduits of arbitrary
cross-sections, except To and v, are replaced by the contour

integrated average quantities ?& and ﬁ@ respectively.

a

" Priction factor-Reynolds number relationship for laminar flow

In laminar flow, the Fanning friction factor and Reynolds

number are related according to the following relationship:

.
a

N
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)
-
N

£E= 2 To
o> = u,) ®

The Reynolds number, expressed in ierms of the apparent

d
®

viscosity is given by:

Re = .4rH @J'?- .l—fh‘r). p = 8rH «u>- E‘/J)p 0-.-...‘.0-‘...-.0.(64)
(a + b) nap : kl nap . .

" Employing indices analogous to those originally
.defined for the circular tube by Metzner and Reed (21) the
Reynolds number can also be expressed alternatlvely by

- ¥ ’
= o Ko- ,uw)z SR e teeeeteatennnneee. (65)

on*~3 g%

'where n* and K* are defined respectively by

n*= a ln Tw ’ -v............l.....l. (66)
d In 2(qwr- uy) ' '
' rH
-and .
. K*.=;—r-w2&l>_ﬁw)n* ® 6 0 ® 0% 00 0000000008000 (67)
rH

The partial differentiation.in'equation (66) is perfo-
rmed at constant values of'geometrie parameters, correspo-

nding to a fixed flow geometry.

The general flow equation (7) _may be used to express
nap, n* and K* in terms of the Non-Newtonian viscosity, n,

of the fluid and the geometric parameters, & and ki' of the

flow channel as follows:

4

i
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- o lHE '
nap Tw‘ . ® e e ee e e o e o0 0o (68)
(1+8) AT,
g..w‘id'f
. n
Ty
Ty - |
n
T
A
_1 ggnwf‘w T ar
y'ﬂ
and = _ _
T .
ke = T Atgn* o ke ooV a8 g (0
W ( ) —_
2(1+g) n
.?y

where nw.is the value of 7 evaluéted at T All fhese

_three éxpressions are applicable to flow through porous media
and paeked beds, provided the proper modification 'is made of
the lower integration limits, that is TY is replaced by TYT
to account for the tortwosity of the actual capillary inside
the porouslmedium. Thus we see that the relationships bet-
.wgen the friction factor and Reynolds numbef'presented hére
are applicable to any time-independent fluid, characterized
by the Non-Newtonian viseosity n, and to any shape of flow
channel, characterlzed by the geometrlc parameters ”g“ and k

(or llall or llbll)

" Application to Power Law fluids

In the simple case where there are no surface effects
for the flow of power law fluids, and when n and K values

rémain constant over considerable ranges of shear rate,
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the Reynolds number may be represented as

o I € ¥

which was defined by Metzner and Reed

where n* = n* = n cescssssesssscccescsl(72)
andK*=Kl =K(3n+l) . o.co.c-oo-o----.-‘.-.(73)
' ~4n

For a Newtonian fluid equation (71) reduces to the

conventional Reynolds number in a circular pipe by setting

P R

n =1 and K' = ﬁ

— -

Generally, power law fluids may be represented by

=K (-au?® =k £ ()" R & 7§
(dr)

where n ana K may vary continuously'with shear rate. Expres-
sing equation (74) in logarithmic form.one'gets

log T = log K + n log £(1) ........,.;.........(75)
if n and K are assumed to be constant over at least a differ-
ential range of shear rate, then equation (75) may be differ-

entiated as follows, within this range:

n=4d log T ‘ .......,..........._..(76)
d Iog £ (1) "
The shear rate at the wall ( = du ), or more generally
' dr

£ (Tw), can be shown to be related to the average velocity and

the geometric parameters by the general flow equation (77)

as follows:

CE(T)= 2 (<u> - T (@ + BR¥)  eeeeeeeeineseeneeses (7T 4
" xrH (n* L i
p
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converting equation (77) in lpgarithmic.form

log £ (T,) = log 2(éub—wu,) + log (a * ba*) ... ererene.. (78)

rH

and differentiating this result with respec£ to log T at

constant values of geometric parameters, one obtains:

. L C2(<u>=_ Ty) (a+bn*)
o logty 3 log Ty ‘dlog Ty,

Substituting the definitions of n and n*, given by
equation (76) and (69) respectively, in the above equation yields

(a+bn*) | @

}-_—_'.l_. +alogT o-ooo..oo-o-.ooooa.o'(so) ;
n n¥* 9 log T ' .

Reérrénging equation (80) one may obtain the expression
for n in the following form
n= ' l ., .0.....’........0.0.(81)

T +0_log (atbn*)/n*
n* 9 log T

= n* 0-.0...0.-0.0.0....-(82)
a 9 n*

= a+bn* o log T

or in terms of the aspect factor &, n is egual to

rl.= : . n* '.I......l...l'll..'l(83)
—T1 3 n* ' |
1+ &n* 0 log T

&
!

-
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equation (83) represents the relationship between n and n¥*
fqr a power law fluid at any particular shear stress when
~the plot of 2(<u> - u }/rH versus T, is not linear.

'Preﬂictibn of Transition from Laminar to Turbulent Flow:

Metzner and Reed (21} proposed a correlation of the -

laminar; transition and turbulent flow regions for the flow

of Non-Newtonian fluids. However in their analysis, it was

assumed that there was no slip at the wall. It was, however

" necessary to take the slip into account because of the in-

. creased evidence of its occurrence in the tube floﬁ. Kozicki ‘
et al (14) redefined the Reynolds number.- friction factor ;
:elationéhips accounting for the anomalous wall effects. The ;
expressions for the critical values of,;the friction factor,

fc, and the Reynolds number Re,, are given by the following

relationships:
: ) n+l 1
fc.= 1 3n ¥ 1 (l-Ac)n  + __Uw l 3n+l (Ac)n cese.(84)
404" | n + 1 <u> = u n
. w.
and
n _ n
A = 1 n+l 1 +|(n+l) Uw n+l
. n+§ —(73n+l) (<u>-uw .O.....l.l.l....(as)
Re, = 16 | . |
M fC . ' .-1000000001000000(86)

~
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It is necessary to calculate the Re in order to
. ensure that the flow conditions are lamiﬁar since the
mathematical model, discussed in the previous sections

is for laminar flow of Non-Newtonian fluids.

P
f’"ﬁ
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Chapter IV

Viscometric experiment

In this chapter we shall give a brief discussion of the polyfneric

‘ flui‘ds used and their preparation., A description of the viscometer and

the experimental procedure shalllalso‘be given, The éc;ua;.tions suitable.

for representing tube-flow of Non-Newtonian fluids were given previously
in Chapter III, They are applicable to the viscometric &a.ta, so they

shall not be mentioned again,

(i) Fluids

The polymeric fluids chosen in the present work were
Hydroxycelluloses (x:;atrosol 250 GR and 250 HR) These were
obtainéd in powder form from Hercules P9wder C.orhpany, These
‘ polymers have m.olecules which are slightly'r rigid, due to this they -
have a slightly extended rod configuration, shown by Sit_aramaig.h

and Goring (38), Their probable structure is

CH,0H
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For standardization the fluids selected were 42% by

wt sugar solution and distilled water whiéh are definitely

Newtonian.

The preparation of the fluids was relatively simple.
An appropriate amount of polymer was added to a weighed
amount of warm water contained in a 40 gallon container.
The solution was stirred with an electric stirrer. The
polymer wasvadded at short intervals while being stirred.
"It took approximately two hours for the polymer to dissolve
completely. The sugar solution wés prepared similarly, and
was used for standardizing the viscometer. The packed béds
were‘calibrated,with distilled water instead of the sugar

solution since the latter might have ruined the circulating

pump.

(ii) viscometer and Procedure:

The viscometer used was a.capillary viscometer. :This
is a device from which one can obtain the rheologicai pro-
perties fﬁr a Non-Newtonian fluid system such és the power-
Law fluid. One obtains measurements of the pressure gradient
and volumetric flow rate.from a cylinérical tube of precisely
known dimensions.‘ A plot of shear rate Tw versus shear

stress 2 ( <u> - Ty), allows one to determine the power law

. TrH
shear stress fluid parameters.
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The.important components of the viscometer ere
(i) Capillary tube | |
(ii) Reservoir tanks
(iii) Driving force

(iv) Thermal regulating device

In fig. 3 a schematicldiagram of the viscometer is repre-

"sented. Reservoir B is a stainless steel tank with di-

mensions 16.0 cm in .diameter and 21.5 cm in height. . The

_temperature of the solution in B was controlled at 25°C

by means of a cooling coil through which water from the g
constant temperature bath was circulated. The solution was -
allowed to flow down to reservoir A which has a water-jacket
around the exterier to keep the solution at.the required
temperature. The height of the level of the solution in 2

was always kept constant by means of the overflow outlet K.

" The constructioh material of A is‘brass, painted inside in
order to prevent corfosion, the dimensions are 14 cm in
diameter and 17.2 cm in height. The capillary tube was con-

" nected to A bf means of a hexagonal nut welded to the bottom
of A as indicated by H. The capillary tube extended into an_..
airtight glass jacket conneeted to a gfaduated burrette which
was used to measure the volumetric flow rate. The means of
driving the f£luid down the capillary was by vacuum. The
regulating valve M was used to obtain the apprepriate driving

force desired. The pressure drop was measured by means of a

K
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mercury manometer with one arm opened to the atmosphere,

A series of capillary tubes were used with diameters which
rénged from 0, 0890 cm - 0, 24546 c¢m, and Qith lengths from 79, 8
cm to 84, 6 crm, The dimensions of the diameters were obtained
by mercury displacement with an error which ranged from 2% - 5%
compared to the diameters provided from the rhanufacturer, 'Thé
L/D ratio erriployed was greater than 300, so as to make the

entrance effect negligible,

It was pointed out earlier that the viscometer was standardized - .
with 42% sugar solution, The plot of she.a.r rate versus shear

stress curv.e is shown in fig:- 4, indicated no wall effects since a

unique curve was obt'a.ined for capillary tubes with differeﬁt diameters,

i ) .

The slope obtained was n = 1, 016 close to unity, showed the fluid to

be Newtonian, further the viséosity was experiﬁentally determined to

‘be p = 6,03 centipoiée compared with that obtained theoretica.liy in |
Perry's handbook shown in fig, 6, The deviation was le;s than 0, 5%
error, | Fig, 5 shows the plot of f versus Re which indicated laminar

. flow. The different concentrations of Non-Newtonian fluids. employed ° '

were‘O, 8, 12,16, 2,22, 2,4, 2,6, per cent :by weight of Na.t-ZSOGR,l' '

and 0,2, 0.3, 0.4, 0,5, 0,6, 0,7 per cent by weight of Nat-250HR,

The raw experimental viscometer data consisted of flow rate

versus pressure drop, These can be converted into shear stress
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and shear rate data. However, before doing so, some cor-
rections must be made to obtain the trué pressure‘gradiept.
The corrections are for the following effects.

(1) Head of fluid about tube exit-

(2] ZXinetic energy effects

(3) Tube entrance effects
A total mechanical energy balance yields the expression for
the frictional pressﬁre drop across the capillaryvtube in.

fully devéloped flow

dX L gc (' L ) g L ’ 2@‘ 2 .c.o.ooo..---o(87)

C

For Newtonian fluids in fully developed laminar flow,.a"has
i the value of %. The cut end of the capillary tube is usual-
ly trimmed'to result in a slightly rounded entrance. For
such cases, Foust et al (36) quote a value of 0.23 for K,
for Newtonién fluids. Thus the final expression'for New-

tonian fluids

“=dp = Ahphg g +c HO"+':L')p:g - 1.12p<u>?2 .......;..,.(88)
dx - L R L : . 9¢ L

It was pointed out earlier that L/D has been taken very large
'such that the entrance effect is negligible. Equation (87)

vis used to obtain the true pressure gradient and equivalent

shear stress.




;38
FIG 3
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ChaEter v

Packed Beds Experiments

In this chapter a brief deséription of the experimental
apparatus and procedure will be given. The analysis of the
standardization is similar to that of the viscometer, in
‘terms of shear rate vs shear stress and friction factor, and

Reynolds number relationship.

(i) Materials

The Non-Newtonian solutions used were Natrosol 250 GR

.and 250 HR. The concentratiéns were identical to those of

the viscometric experiment. These fluids were selected due .

to their anomalous behaviour, as indicated by Sadowski (28)

and Pasari (26).

There is a variety of "porous media" used in flow
studies involviné rheologically complex fluids. Some of
the moaelslof porous media are sand packs, and mat;ices of
uniformly alundum plugs, sandstone cores, porous metal
discs and compressed glass wool. Eaﬁh of these modeis is -
in itself somewhat uniéue-in its geometric morphology. The
porous media chosen in the present work c¢onsists of stain-
"less steel sphereé. Three different sizes were uSed~With
diaﬁeters 0.3175 cm, 0.2394 cm and 0.1592 cm. These~

measurements were determined with a vernier caliper and a

T
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micrometer, The deviations of the diameters compared with -

those supplied from the manufacturer was less than 3%.

The columns, valves and pipelines (3 " diam, ) were all
stainless steel except for the pump, The test-section is made of

p‘iexiglas s,

(ii) Equipment and Procedure

' A séhematic diagram of the packed beds was shown in fig, 7,
The solution to be studied was p@ped from the 10 gallon capac{tf
‘>ta,nk S by means of a gear pump, The solution in the reservoir
was controlled by a coolihg cbil, at 25°C, There were three
test ééctions namely I, Il and III, Each of thesé was conne}cfed to "’

a mercury manometer when reading was taken,

. . The dimensions of the test sections were given in Table
46, The ratio of diameter of column to the length of test section is

from 6.336 - 6, 7664, for the test sections in order to assure

geometric similarity,

Each test Qect;on was filled wii;h the particles in essentially
the same manner, An exact amount of spheres Qere weighed to
proﬁde the required porosity for 1.:he section, The section was then
bolted to the column, The'fluid was fir 'st allowed to flow upward into the |

column, until it was completely filled, Then closing and opening '
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the appropriate valves, the solution was then pumped downward 3
into the columﬁ, until some fluid was overflowing from the top

three valves to assure that no air remained in the flow system, The
Bypass line E was used to regulate the flow rate and to allow steady
flow into th‘e test section, The entire systerﬁ was held at equilibriﬁm
for at least ten to fifteen minutes l;efore' .the flow rate and pressure .

drop were taken of the sample,

The equipment was standardized using distilled water, The
results are shown infig, 8 and 9 and they show no evidence of.

surface effects being present,
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FIG 9
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TABLE 3
PACKED BED I

SOLUTION: Distilled water at 19°C

€ :* 0.3810
rH : 0.03257
- u cm/sec 'r.v:frdynes/cm2 | 2;g> sec ! £ Re
0.7310  ©1.1490 - 44.887 4.2712 3.8449
0.7560 . 1.2170  ©  45.808 4.0468  3.8449
0.946 "1,5430;' 58.089" 3.4276 4.9739
1.023 - 1.7150 62,817 3.0363 5.2730
1.100 1.7500 .67.545 © 2.9023 _ 5.8067
1.136 | . 1.8040 69.756 2.7745 5.9779
1.147 o 1.8430 L © 70.432 " 2.8007 6.0472
"' 1.163 - 1.8620 71.414 . 2.7507 6.1336 ~
1.360 2.2010 83.511- 2.3785 7.1712

1.406 ' 2.4430 . 86.335 l2.2'891 7.2440
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TABLE 4
PACKED BED 1II

'SOLUTION: Distilled water at 19°¢

€ : 0.38174

rH : 0.024636
u cm/sec 'r_dynes/cmz 2<u> sec™! - £ ~ Re
' . rH v : I
A
0.560 . . 1.198 45,462 7.5083  2,1930_.__ y
. ‘ i . ] . it
’ . 2]
0.795 1.654 © 64,540 5.1354 3.1150 ]
0,969 2,059 .78.666 4,3927 3.6942 T
I . ’ ' ‘
1,109 ~ 2.256 90.031 3.6728  4.2781 .
1.215 2.626 98.636 * 3.5546  4.7247
1.293 ‘ 2,773 104.969 '3.3146 5.0288
1.517 © 3.33¢  123.153 2.8985 5.7868
1.847 . 3,932 149.944 2.3050 7.1802

1.869 4.119. 151.730 2.3594 7.1286




SOLUTION:

rH

_ u cm/sec r'dynes/cm?:

0.1670
0.3406
0.4080
.0.4580
0.6050
0.6140
0.8007
0.9181
' 0.9693
1.2050

1.4470

PACKED BED III

Distilled water at 19°C

0.3835

0.0165

0.4770

7 1.155 .

1.358
1.68§ v
2.029
;_é.ozs-
2.696
2.864
3.091
.3.633

4.522

52

TABLE 5

~ 25u> sec”

rH

- 20.242

49,455
59,152

73.333

74.424

97.055

111.285

117.491-

146.061

175.394

41,285 -

1

34.9718

19.9097

16.3097

14.1472
| 11.0666
10.7498
8.4037.

6.9414

6.6295
5.1107

4.3505

Re

0.4325
0.8873
1.0628
1.2725

1.5773

1.6004

2.0860 ~

2.3780

2.5317

3.1211

3.78

-
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TABLE 6
RESULTS FOR PACKED BED I

SOLUTION:, 1.2% Natrosol-250GR

7w dynes /cm? " uw cm/sec 2(<u> - uw) sec”! $x 10%cm

rH

744.5035 ;2.22357 1374.1 4.3599
521.3960 -1.62412 949.3 4.8052
357.2150 -1.06920 " 617.9 5.0914
230.2190 -0.61613 372.3 5.0296

| ;54.9zod' -0.23402 180.7 4.0349
©69.5900 .-o.1319$7 | 93.55 4.7130
54.8600 -0.0759 70.61 6.966

SOLUTION: 1.6% Natrosol-250GR

tw dynes/cm? uy cm/sec 2(<u> - uy) sec”! § x 10”*

rH
80.979 ~0.3300 61.500 21.8540
90.812 ~0.3642 70.900 20.8110
237.490 -0.7766 197.800 12.7311
363.857 ~0.9670 314.990 0/2095
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TABLE 6 (cont'd)
SOLUTION: 1.6% Natrosol-250GR

tw dynes/cm? 2(<u> - uy) sec™! § x 10-%

uw cm/sec
rH
554,624 -1.3248 515.7430 7.6138
712.885. ~1.5549 700.620 6.3463
956.066 -1.8796 - 995.000 5.29465
'1153.435 =2.1134 1256.000 . 4.6448

SOLUTION: 2% Natrosol-250GR-

uw cm/sec. 2(<u> - uy) sec”! § x 10~ “%cm

™w dynes/cm?
: . . rH

25,9918

178.789 -0.5302 83.1700

533.400' -1.1004 18;.5270 24.4535
549.166 - ‘ -i;8652 337.6970 22.9707
910.402 | -3.0666 ‘637.9930 20,9038

SOLUTION: 2.4% Natrosol-25GR

2(<u> - uw) sec’ ! & x 10 *cm
rH

tw dynes/cm? uw cm/sec

153.0190 -0.2049 33.1500 16.3920
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"TABLE 6 (cont'd)

SOLUTION:- 2.4% Natrosol-25 OGR

W dynes/cm? uy cm/sec - 2(<u> :.' uy) sec™? - & x 107*cm
TH _
237.3500 -0.3352 57.6700 15.0990 .

' 376.6000 -0.5666 90.1600 . 14.3456
532.3000 -0.8201" 161.5700 .. 12,8145
637.8800 -0.9609 . 202.8700 11.8638
814.8800 -1.2154 278.7000 .  11.0395
so;UTION:- 2.28 Natrosol-250GR
W d,'ynes/c.:m2 uy cm/sec 3 S 2(<u> = i:l‘.v)se'c:"1 " 8§ x 107 *em

- —TH
179.760 -0.2782 50.1620 19,8736
272.790 - =0.4439 - ' 85.9250 17.7564
381f462% 1-0.6357 131,8540- 15,8934
500.288 -0.8316 186.3690 14.0947
703.004 -1.1501 286.2200 - 12,4876
' 945,700 -1.5883 434.6350 11.5097
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TABLE 7
RESULTS FOR PACKED BED II

SOLUTION:" 1.2% Natrosol-250GR

] t

tw dynes/cm? uy cm/sec 2(<u> - uw)s.ec'1 § x 10 *cm
TH

774.79 -0.199307 1454.81 0.36;09.
580.79 -0.24814 1056.46 0.65300

411.300 -0.23132 709.445 0.92531
228.40 -0.140382 358.600 1.1602

114.88 . =0.053076 159.800 1.0207
67.38 -0.035308 90.900 1.3029
48.32 -0.014564 60.000 0.80911

]
SOLUTION: 1.6% Natrosol-250GR

tw dynes/cm?’  uy cm/sec 2(w> - uy)sec™! § x 10~“cm
a rH.
A“éa.197o_{ -0.2292 . 65.25 13.4823
150.7380 ~0.3547 ‘115;53 10.7489
230.4860 -0.4731 187.00 8.0877
” 332.3870° 276.295 6.0628

-0.5699
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TABLE . 7 (cont'd)

SOLUTION: 1l.6% Natrosol-250GR (cont'd) - R -

SOLUTION: 2% Natrosol-=250GR

tw dynes/cm?

123.820
206.128
298,943
454.720
577.485
;56.940

967.080

~1.0569

uy cm/sec

~0.2339

-0.4271

-0.6685

-0.9798

-1.3259

-1.7010

-2.0728-

2(<u> - uy)sec™ !

rH

52.200

98,200
158.800
244.870
357.900
499,251

678.000

Tw dynes/cm? u,, cm/sec 2(<u> - uy)sec™! § x 10°*cm
: rH '

- 501.9800 -0.7279 449.73 4.7022

| 738.5469 -0.8961 716.00 3.5141

1087.2137 1173.00 2.52243

§ x 10" *cm

18.2742
17.1519
16.9660
16.3303
15.4181
14.3427

13.2026

¢
.
,
’
’
¢
/
,
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TABLE . 7 - ‘(cont'd) .

SOLUTION: 2,2%. N.a'trospl-ZS-O‘GR

)

SOLUTION: 2.4% Natrosol-250GR .

tw dynes/cm? u,, cm/sec - § x 10~*cm
rH
162.520 ~0.1424" .35.oooo 10.7077
261.396 ~0.2488 63,2000 9.9135
- 370.150 _0.3639 98.8950" 9.3329
570.050 ~0.5638 169. 6800 18,0423
692.510 ~0.6722 216.9170 7.3870
859.355 -0.8071 293,6400 6.7255

’ 2(‘QJ> - 'liw')'sec‘l .

tw dynes/cm? . 'uw cn/sec . (<u>:uw) sec™? 6§ x 10™%cm
: - YH

184.970 -0.2218 51.9960 . 15.2958

294.139 -0.3729 94,8636 13,3664

446.976 -0.5795 163.9800 . 11.5898
' ';25;903 -0.9076 . 307.4200 9.4447 :

859.550 =1.0702 .379.9540 '8.9180 g
' 1004.770. | =1.3039 476.1740 8.,7510 .
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TABLE 8
RESULTS FOR PACKED. BED III

SOLUTION: 1.2% Natrosol-250GR

tw dynes/cm? u, cm/sec 2(<u> - uy,)sec™? § x 10 "*cm
rH

878.910 ‘-0.0333;3 .168?.030 0.05246
641.730 : -0.502065 1175.685 - 0.46992
443{400 | f0.2800§ . '.780.390 .1.01468

262,010 ' -0i19839 o E 424.568 1.36820

136.8001' ‘ “0.08993 o .199.136' 1.38350
94;750 ;0.05465 130f770 - 1.33300
65.240 -0.03623 '87.455 - 1.38809

SOLUTION: 1.6% Natrosol-250GR

tw dynes/cm? uy cm/sec’  2(<u> - uy)sec™! § x 10™%cm
rH'“ :
i33;85 | -0.1862241 107.1000 | 6.6508
269.366 | -0.2761 224.8800 3.8672
_ 425.080 | -0.3152 373.4180 | 2.4664

' 664.478 -0.31927 618.2800 1.4447 -

@
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TABLE 8 (cont'd)

SOLUTION: 1.6% Natrosol-250GR- (cont'd)

tw dynes/cm? uw cm/sec -:'2-”-.(-2&5- ~ 1) sec”
' rH
946.322 -0.2654 954.2600
1257.249. ' -0.03635 1342.0000

SOLUTION: 2% Natrosol-250GR

tw dynes/cm? = 'uy, cm/sec. - 2 (<u> ~ uy)sec”!’

rh
224,880 -0.3534 110.870 .
401.140 -0.6588 224.300
 677.158 . -0,9988 ©413.000 .
920.544 . =1.2006 590.650
1124.648 -1.2926 740.400
SOLUTION: 2.2% Natrosol=250GR"
tw dynes/cm? u, cm/sec .- 2 .(<u> - uy)sec™!
TH
225.442 ~0.2815 | 67.1900

380.810 . =0.5019 - 118.060

1 S

§ x 10~"*cm

0., 7583 °

0.0713

§ x 10=*cm

12,8514
11,6397
9.6037 .
8.1014

' 6.9345

§ x 10~ *cm

14.6598

12.5470 .
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TABLE 8 (cont'd)

SOLUTION: 2.2% Natrosol-250GR (cont'd) = .

tw dynes/cm? uy cm/sec 2(<u>:7uw)sec'1 § x 16'“cm
: rH
518.063 .~ =0.9862 196.086 16.1665
631.613 -1,3337 253.100 © 16.6713
797.660 ~1.9091 1343.463 17.5144
977.643 -2.6035 455.084 18.464

B
ot

SOLUTION: 2.4% Natrosol—-250GR

tw dynes/cm? ‘ u, cm/sec. | 2 (<u> :'uw)sec:1 § x 107"em
rH

183.740 ;0.1446' 48.890 9.1662
1917980 190.1511' . 43.94 8.9433
253,840 -0;5122 64.77 8.5583
337.175 '~0.2858 90.90 ' 8.2123

 ¥82.510‘ ~-0.4108 142.00 7.3493
592.080 ‘f0-4946 .185.74 6.6840
783.440 -0.6259 262.30 5.7955.
982.290 -0.7463 352;30 5.1116

i
{
2
i
A
a
4
g
3
]
4




SOLUTION:

Q c.c./sec u cm/sec §_<u>sec=1 twdynes/cm?
D..

0.1115
0.1369
.0.1611
10.2186

- 0.26064

0.28585

62
TABLE 9

DATA FOR CAPILLARY NO. 3

9.5477

12.3414 -

13.3519

18.1156

21.5939

23.6824

615.977

731.?033

861.4170
1168.752

1393.160

1527.897

42% by wt. sugar solution at 25°C

+

37.1939

45.5606

52.6974

70.6607

86.2622

94.7766

0.6855

0.5451

0.4966

0.3617

10.3108

0.2839,

Re

23,37
27.76
32.68
44,34
52.86

57.97

LN

e e T e TN AL A
s R LA AS

v Pamate asian
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- o TABLE 10

DATA FOR CAPILLARY NO. 7
§

SOLUTION: 42% by wt. sugar solution at 25°C

Q é. c/sec. u cm/sec 1%<u>sec‘1 Tdynes/cm? £ Re
0.3797 17.099 813.273 49.5450 0.2888 55,.975

| 0.4585 20,645‘ 981.944 ) 59.042 | 0.2360 67.585
0.5807 _;26:148 1243.681 74.624 . 0.1859 85.59%WN
0.6736 30.330  1442.654. 87.665 | 0.1624  99.294
0.7654 . .34.464 1639.204 .100.6384' 0.1435 112.822 .
0.8516 37.444 | 1780.970 110.0700 0.1338 122.579

1.0384  46.7575 2223.904 137.8252 . 0.1074 .153.065




TABLE 11

DATA FOR CAPILLARY NO. 8

N

SOLUTION: 42% by wt. sugar solution at 25°C

0.80515

2541.4154

Q c.c./sec ' u cm/sec ‘%m#sec‘1 tdynes/cm? 'f Re
'0.22573 13.1637 712.5142 44.747 ’0.43376 '38.4085
.'0.59509,' 17.2084 931.4461 58.290 0.33071 50;21;
0.32467 18.9335 1024.8175 - 63.734  0.29870 55.24 2
o , : Jﬁ
0.39024 22.7570 1231.7800 77.175 0.25038 66.38 ?
0.46162 26.9198 1457.0977 .91.6f6' 0.21250 78.54 E
0.56899 35,1807 1795.9817.: 114.297 0.1744 96.81 3
0.60927 35.5298 1923.1329 .120.820 0.1668 103.66
46;9526‘5 156.968“.' 0.1196 - 136.99
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. TABLE 12
SOLUTION: 1.6% Natrosol-250GR

RESULTS FOR CAPILLARY 1

7w dynes/cm? uy cm/sec - g (<u> = uy)sec™! § x 1073%cm ’
. D
 61.8420 © =0.4095 100.4469 - 3.6565
80.8118 -0.5570 131.3713 3.6887
.191;6218 ) . 0.7242 '> | 183;9560 3.6029
126.7325 -0.9000" 245.4290° 3.4351
156.4465«ﬂ'f :. -1.0903 - ,, - (322:0027 3.1600
181.9555 "g ..}:rl;2324.,1i | 383.0937 2.9273
. B o .
216.4650° ©  -1.4050 474.2763 - "2.6018
. 246.2460 "~'_“” ~1.5158 ~ ~ 561.4350 2.3684
278.3550 "ﬁ E ~1.6041 o 668.7810 2,1410 .
303;705f.~  -  41;6663“ S '750.1549 : 1.9836
340;2740f’f B ;,'l*723°  872.8100 1.7855
359;2810-.‘ »4 '-177310 923.2670 | .1.6800
405.0840 . -1.7180 © 1083.497 . 1.4317

446.2480 | -1.6646  1232.488 1.2376
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TABLE 12 (cont'd)

SOLUTION: .2% Natrosol ZSO-QR'

ijdynes/éﬁz- Uy cm/sec 8(<w> - uy)sec™! 6§ x 10~*cm
- D

77.0470 ' -0.63178 . 68.6290 8.6545
114.479 -0.89914 ©*110.6687 7.8186
162.674 -1.23156 ,.: 1171.5799 . 6.8040
210.862  -1.55336 . 244.0909 6.1887
268.062 | -1.82459 330.4310 5.2887
327.304 . -2,0354 | ‘.414;4209 | | 4.6154

SOLUTION: 2.2% Nagrosol-ZSOGR'

'1w. dynes/cm? uy, cm/sec. '. 8(<u> - uy)sec™? & x 10 %cm
‘ 5 ‘
' 62.70 o ?0.25998‘ © 36.2873 . 7.2217
84.20 L "-6.33385‘» » 51.3559 6.3580
_105.70' ' ',. ~0.42170 3 68.7060 '6;1159
128.40 | =0.50073 88.4090 | 5.6261
176. 40 ~0.67452 130.784 4.8878

202.56 | -0.76739 161.127 4.5950




SOLUTION:

tw dynes/cm?

232.30
262.00
292.94
.335.26

358.85

SOLUTION: 2.4% Natrosol-250GR -

- TW d_ynes/c_m2

78.279

113.13

145.92

172.57

191.020

227.92

258.66

67

TABLE 12 (cont}d)

2.2% Natrosol-250GR (cont'd)

uw cm/sec

-0.87807
 -0.96798
~1.05118
 -1.18077

=1.24467

-0.34057

. -0.53541

~ =0.69563

. =0.84549

Z0.96498

-1.17391

-1.33570

8(<u> - uy)sec™!

D

192.299

© 224.572

. 270.522

331.713

347.206

D

33,6400

'55.9400

78.1318
95.8560
110.050

140.960

" 168.233

4.39036
4.06713

3.7949

3.5141

3.3822

 7.5683

'6.6926

6.1019

5.8309

'5.7439 -

5.4600

5.3643

§ x 1073%cm

uw cm/se04 *f 8(<u> = uy)sec~! § x 10~3cm




68

TABLE 12 (cont'd)

LN

'SOLUTION: 2.4% Natrosol-250GR (cont'd) . B

tw dynes/cm? uy cm/sec 8(<u> - uy)sec™® § x 10™3%cm
)

284.29 ~1.45143 188.105 4.9735

312.99 -1.57165 224.353 4.97357

335.02 -1?63337 240.984 4.7344

362.20 -1.69256 273.333 4.4533

SOLUTION: 2.6% Natrosol=-250GR

tw dynes/cm? 'uw cm/sec -.8(<u> - 1_.1.‘,.7)sec'1 § x 10 %cm
D

87.187 -0.25439 24.8936  9.9764 i
| 109.325 -0.28929 32.8650 7.8187
132,080 =0.36957 - 43.4348 7.3914
168.970 '-0,47253 59.9200 6.5643
194.907 -0.58392 75.1075 6.5609
' 224.322 -0;7;792 94,8020 6.3533
250.457 -o,éesasl 113.322 6.6172
279.668 -0.99751 132,700 6.5197
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TABLE 12 (cont'd)

SOLUTION: 2.6% Natrosol-250GR (cont'd)

tw dynes/cm? "ﬁw cm/sec 8(<u> - uy)sec™?! ; X 10'3cm
D
310.108 .. -1.14939  1s3.4600 6.3855
'337.880 © =1.26853  173.218 - 6.1879 |
358.380  -1.40562 " 189.6128 6.3032 |
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TABLE 13
SOLUTION: 1l.2% Natrosol-250GR

RESULTS FOR CAPILLARY 2

248.6400 - - =1.160580 1211.6070 0.8778

tw dynes/cm? uw cm/sec 8(<u> = uy)sec ! § x 10% cm
D
._66f59499 -0.99001 262.5702 3.6667 |
93,30699 -1.11856 390.5754 2.8681
135.9749 . -1.24653 _ 586.2900 ,2.0775
174.5699  ~1.28695 783.9398 ~ 1.5505 t
: ‘ —— i
: o ¢
209.4599 -1.26213 - 917.3292 1.2136 g
i
— i
;

SOLUTION: 1l.6% Natrosol-250GR

tw dynes/cm? u, cm/sec 8(<u> - u,)sec ! § x 10 %cm 2
49,8488 . -0.2954 - 77.710 3.3191
65.1159  -0.4224 107.382 3.5203

- 89.8320 -0.6004 163.000 3.5317

113.657 -0.7645 219.577 3.3237

| 135.704 -0.8897 271.400 3.1217
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TABLE 13 (cont'd)

SOLUTION: 1.6% Natrosol-ZSOGR (cont'd)

_“tw dynes/cmz w, cm/sec 8(<u> - uw)sec"1 § x 10 %cm
D : -

158.797 -1.1047 330.580 2.8787

.-176.1577 -1,08313 369.620 2.6744
195.8520 -1.1595 432.200 2.4935

218.7753 . =1.2242 - 495.740 2,.2545
247.2610 -1.2906. 579.180 2.0166
264,7680 -1.3042 632.490 1.8631
298.4840 -1.3293 735.960 1.6310
321.0689 -1.3142 796.680 1.4600.
344.8560 =1.2829 865.900 1,30908
377.0026 f1.2126 986.050 1.1018

' SO}.UTION : 2% Natrosol-250GR

w dynes/cm? uy cm/sec 8 (<u> -.11;‘,;)sec'1 § % 10" %cm
73.7358 -0.5738 67.9330 8.1972
117.3580 -0.7494 111.537 6.2449
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TABLE 13 (cont'd)

SOLUTION: 2% Natrosol-250GR (cont'd)

tw dynes/cm? uw cm/sec 8(<u> - uy)sec™! 8 x 10"%cm
D .
158.7177 -0.9545 164.2930 5.4545
205.5670 -1.1535 225.6310 4.7083
246.0340 -1.2757 275.1700 4.1151 f
296.9130 . =1.3860 357.3670 3.5539 f
' | ‘
352.0686 -1.4515 438.2353 3.0239

TN ASAvaLN

SOLUTION: 2.2% Natrosol-250GR

W dyﬁes/cmz Uw cm/sec 8(<u> - uy) sec™? § x 10~ %cm _ Eﬁ
. , : S . K
74.3380 -0.2238 44.2200 5.0292 3
92,9000 -0.2807 61.0000 4.7573 E;
- !
109.040 -0.3236 72.7000 4.4947 %
'125.177 ' =0.3606 85.5000 4.1930 é
151.560 -0.4240 111.300 3.8106 5
 169.880 -0.4705 124.400 3.6191 ?
197.800 " -0.5387 153.740 3.3668 f
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TABLE 13 (cont'd)

SOLUTION: 2.2% Natrosol-250GR (cont'd)

™w dynes)cm2 uy cm/sec 8(<u> - uy)sec~™! ~ § x 10~ %cm
D
220.393 -0.5874 176.130 3.1244
246.376 - =0.5874 204.200 2.884
268.000 -0.6318 225.600 2.7156
1286.150 -0.6626 249.000 2.5580
320.050 40,7355 286.400 2.3500
352.300 -0.7619 327.500 2.1164
' 399.125 -0.7941 391.200 1.8467
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TABLE 14
SOLUTION: 2.4% ’Natrosol-250GR
tw dynes/cm? uy cm/sec 8(<u> - uy) sec™? x 10™3%cm
D

101.265 -0.45534 45.310 6.8780
120.067 -0.54413 56.040 6.2540
137.980 ~0.65087 66.170 6.1986
.;60.250 . =0.78493 84.645 5.9918
189.860 -0.93449 106.484 5.6294
212.620 -1.06947 126.907 5.5702
233.920 -1.15656 l42.9g0 5.2811
266.920 ‘.51.31909 173.290 5.1327
287.180 ° ~1.39754 | 189.215 4.9209
3il;470ﬁfﬁ -1.46733' 219.257' 4.6879
336.890 -1.53694 23&.193 4.4549
36;.560 -1.59320 260.885 4.1926
SOLUTION; 2.6% Natrosol-ZSOéR

tw dynes/cm? uw cm/sec 8(<u> - ;w) sec™! 6§ x 107 %cm

87.210 . -0.24945 _ 24.440 9,.,7822
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TABLE 14 (cont'd)

SOLUTION: 2.6% Natrosol-250GR (cont'd)

0]

'tw dynes/cmzl uw cm/sec 8(<u> - gw) sec™! § x 10™%cm

109.078 -0.29979 134,100 8.1025
139,660 ~0.39008 45.460 7.2506
161.770 ~0.47006 56.663 6.9629
182,600 -0.55768 67.737 6.8009

.209.150 -0.65136 84.170  6.5136 ]

!

230.400 -0.78753 97.594 6.7890 :

260.620 -0.92515 119.122 6.6000 é

. :

287.330 ~ -1.05121 134.045 6.5292 ‘
310.800 -1.16626 154.597 6.4790
-338.080 | -1.29191 177.358 6.3020
368.420 -1.46861 198.667 6.3852
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TABLE 15
SOLUTION: 0.8% Natrosol-250GR

RESULTS FOR CAPILLARY 3

179.6799

g

tw dynes/cm? uy cm/sec 8(<u> - uy)sec™! § x 10™3cm
' D

- 40.8599 -9.56234 382.270 1.3388

. 61.6700 -0.41010 579.870 0.6614.

82.0799 -0.25905 795.370 0.3084

101.549 -0.11152 990.060 0.10723

136.3599 0;16025 1401.19 0.01159

159.9099 0.34986 1681.77 0.021606
0.51303 1882.66 0.028211
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TABLE 16
SOLUTION: 1.2% Natrosol-ZSOGR

RESULTS FOR CAPILLARY 6

Tw dynes/cm?  uy, cm/sec 8 (> - uy)sec”! § x 107 %cm
) .
'74.976 -1,71598 304.7997 5.535419
114.48 -2,10417 485.0064 4.294220
150.456 | .=2.39978 669.5549 3.529088
189.870 -2.6?382' 877.3143 2.919490
216.288 -2,75331 1024.016 2.,539370
259.923 -2.98765 1360.2307 1.965560
SOLUTION: 1.6% Natrosol-250GR
tw dynes/cm? uw' cm/sgc 8 (<u> - tl;w) sec"1 x 10 %cm
57.2025 ‘-6.34267 93.1961 3.2635°
‘70,8487 -0.4441 1161667 3.3900
91.5447 -0.5870 161.090 3.2611
'114.069 -0.7240 212.4565 3.1478
114.187 ' -0.8987 286.4410 2.8992




TABLE

78

16

(cont'd)

SOLUTION: 1.6% NatrosolAZSOGR (cont'4d)

tw dynes/cm?

175.670
191.959
209.637
1248.3010
1280.0250
308.2480
340.2970
371.9720

399.6026

SOLUTION:

Tw dynes/cm?.

81.2440

122,827 _

166.148

Uy cm/sec

-1.0466
-1.10719
-1.16724
-1.27360
~1.32966
~1.3467

-1.33630

-1.30070

~-1.24590

uy cm/sec

-0.52124

' =0.75364

-0.97545

2% Natrosol-=-250GR

8(<u> - uy)sec™!

D
368.2650
408.9310
412.7910
567.6850
659.0550
760.6690
869.4698
971.5900

1074.110

8(u> - uy)sec”

1

D
70.1270
115.629

167.879

x 107 3%cm

2.6165
2.4334
2.2887
1.9900
1.76816
1.58430
1.38470
1.2043

1.0558

x 10 %cm

6.6825
6.0290

5.1885

-
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TABLE 16 (cont'd)

SOLUTION: 2% Natrosol-250GR (cont'd)

373.342

W dynejs/cm2 u, cm/sec 8(<u> - uy) sec™! § x 107 %cm
D
208.184 _ -1.17090 220.914 4.7024
257.447 -1.32354 297.959 4.0229
310.639 -1.44919 380.563 3.4920
. =1.53250 476.372 2.9757

SOLUTION: 2,4% Natrosol=-250GR

AN VAN XX Y
v~

Tw dynes/cm®  uy cm/sec 8(<u> - uy)sec™! & x 10™%cm :

P | :

?

' y

72.1730 -0.29447 30.6220 7.51195 -
89.7500 -0.40922 42.5967 7.32054
115.745 -0.54551 59.0260 6.65259
114.950 -0.67559 77.8310 6.03230
163.250 -0.79279 88.8980 5.82930
191.6300 -0.95279 114.847 5.63780
' 218.4500 -1.268380 140.398 6.34190
247.1030 | =1.24700 163.638 5.30630




TABLE
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16

(cont'd)

SOLUTION: 2.4% Natrosol-250GR (cont'd)

tw dynes/cm?

277.5000
314.3000
1340.2000

371.0500

SOLUTION:

™ dynes/ém2

'90.42000
109.2770
;31;7900gwf.
' 159.2570
187.8170
213.4500

235.4200

258.4800

uy cm/sec

-1.37855
-1.50191
~1.57760

~1.64838

uyw cm/sec

-0.20328

-0.29696
-0.37582
~0.47572
-0.57262
~0.70478
-0.81665

-0.90825

2.6% Natrosol-250GR

8(<u> - uy)sec”

1

D
203.515
220.0500
240.1815

269.1090

8(<u> - uy)sec™

1

D
23.0800

32.4580

41.9900

55.7290

70.6900

85.6000

104.5000

116.0000

§ x 10" %cm

5.08690

4.70820

4.50730

4.21580

7.528910

8.02600

7.66980

7.20790

6.65840

6.77680

6.80547

6.53420

L raassastan v mvlan




81
TABLE 16 (cont'd)

SOLUTION: 2.6% Natrosol-250GR (cont'd) S

!

tw dynes/cm? uy cm/sec 8(<u> - uy)sec™!? § x 107 %cm
D
278.6200 -1.05111 131.5500 L 6.87000
300,5900 -1.15520 - 149.4110 6.71630
321.8300 -1.23964 160.5100 6.50730..
-1.37405

343.2490 177.8900 . 6.54305

thif}

M RA

1
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TABLE 17

SOLUTION:

RESULTS FOR CAPILLARY 7

0.8% Natrosol-250GR

8(<u> - uy)sec !

5
504.200
739.000
1049.40

1467.30

.1910.90

8(<u> - uy)sec™

1

™ dynes/cm? uw cm/sec
- 53.4399 | -0.9096
77.2599 -0.78708
.104.8995 -0;64132
139.4299 -0.45347
 175.7339 ~0.24781
SOLUT;ON: 1?2%_Nat;osol-250GR
™ dynes/cm® uy cm/sec
58.46599 -0.88712
79.79999 ~0.97614
105.6799 -1.05040
.133,0199' -1.08535
1159.0799 -1.07993
183.0000 -1.04169
213.1740 -0.91236

D
229.8856
308.3000

440.2000

' 568.0000

703.4000

824.8000

999.8000

x 10" %cm

1.65284

0.99004

0.59381

0.30848

0.13195

x 10" 3%cm

3.77498

3.050437

2.33422

1.83336

1.43089

1.03677

0.73644

NIRRT

Vass AL
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TABLE 17 (cont'd)
 SOLUTION: . 1.6% Natrosol-250GR
tw dynes/cm? uyw cm/sec 8(<u> - uy)sec ! § x 107 3%cm
D
61.15470° -0.42788  98.0200 - 3.7865
.75.34070 -0.55367 142,732 3.8990
99,29770 -0.72740 177.955 3.8284
115.1560 -0.83548 217.0524 3.5550 -
B - il
132.7540 -0.9441 250.6350 3.3717 i
- | 3
) ‘ 7
152.9600 - -1.0496 299.1957 3.0870 iy
178.1160 -1.1650 359.8650 2.8414 4.
214.5067 -1.2790 457.8700 2.4132 3
235.9100 -1.3222 514.6180 .2.2037
262.996 -1.3553 589.5370 1.9585
293,000 -1.3560 - 676.4680 1.6950
SOLUTION: 2% Natrosol-250GR
tw dynes/cm? uy cm/sec 8(<u> - 1_:1‘,.;)sec"1 § x 10" %cm
D
69.4260 - -0.48151 60.47 | 7.4076
108.1747 -0.6944 105.63 6.3711
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TABLE 17 (cont'd)

SOLUTION: 2% Natrosol-250GR

Tw dynes/cm? u, cm/sec 8(<u> - uy)sec™? § x 107 %cm .
‘ D

147.9900 ~0.89478 155.768 5.6275 :

189.4820 =1.0697 209.085 4.8844 i

!

244.1535 -1.2204 276.980 4.0013 j

335.1490 -1.34419 429.039 2.9542 ;

SOLUTION: 2.2% Natrosol-250GR 3%

| %

' , : iy

tw dynes/cm? u,, cm/sec 8(<u> - uy)sec™!? x 10~ 3cm K

D 3::

i

3

90.6729 -0.29795 56.17 5.2272 f}
165.8399 -0.34067 67.98 - 4.9372
126.7530 -0.39558 81.80 4.4953
146.7970 -0.45570 102.15 4.29907
 168.5780 -0.50843 123.90 3.9110
- 186.8860 -0.55193 138.00 3.6796
205.6200 -0.59763 156.80 3.5155
232.9880 -0.64561 182.45 3.1804
265.0590 -0.70269 224.40 2.9037
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TABLE 17 (cont'd)

SOLUTION: 2.2% Natrosol-250GR (cont'd)

tw dynes/cm? uy cm/sec 8(<u> - uy)sec™! § x 10”3%cm
' D
286.1060 " =0.74089 243.91 2.7440
309.5990 ' .~0.70787 270.89 2.5595
- 337.420 -0.79233 306.22 2.3304

SOLUTION: 2.4% Natrosol-250GR

J ‘.AV‘.-.J()II\IP | R

‘tw dynes/cm? ‘uw cm/sec - 8(<u> - uy) sec™* & x 107 %cm E

' ‘ D . : ;

i

. g

93.81 _ -0.3589 41.2510 6.0322 ;g

- . o ’ L y

117.47 -0.4673 54.0665 5.5632 ;}.
141.988 -0.5696 73.7500 5.1779
162.970 -0.6684 89.0200 4.9879

184.300 ‘ -0.7621 107.2800 4.7635 .

1 208.300 -0.8588 123.3200 4.5685 f

239.14 " -0.9775 ~148.7150 4.3837 '
. 264.30 ~-1.0681 165.5500 4.2216

283.60 - =l.1212 184.1070 4.0043 f‘j
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TABLE 17 (cont'd)

SOLUTION: 2.4% Natrosol-250GR

- dynes/cm? uy cm/sec 8(<u> - uy)sec™! § x 10" %cm
D
300.30v -1.1648 196.7627 3.8699
' 329.30 -1.2140 220.4435 3.6240 .?
SOLUTION: 2.6% Natrosol-250GR
-Tw dynes/cm? ‘uw cm/sec 8(<u> - uw)sec™! § x 107 3%cm Eh
141.6780 ~0.41409 46.000 7.5563 %g
165.7980 -0.49549 '58.525 7.0785 gf
- - -
- 193.1922 -0.61616 74.583 6.9231 g%
216.5770 - -0.74369 .87.670 6.98306 ;k
238.4900 -0.83551 103.429 6.90506 é?
 264.4170 -0.95859 118.499 6.75068 ?
283.5260 -l,b7289; 132;074 6.7055 'E
-301.0980 3 -1.14957 149.546 6.6642 g
' 317.4670 -1.225158 156.511' 6.5516 E
394.1940 -1.35021 175.320 6.4296 é
372.8600 -1.51876 204.946 6;4354
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TABLE 18
RESULTS FOR CAPILLARY No. 8

SQLU‘I‘ION : l.2% Natrosol=250GR

tw dynes/cm? uycn/sec 8(<u> - uy) sec™! § x 10" 3%cm
o D ;

. 52,1297 -0.60173 198.8384' 2.73513 f
80.0799 ~0.64157 300.1025 1.94415 §
102.4149 -0.63620 1410.2464 1.445909 !
141.8100 -0.55074 574.3052 0.8653 §%
| |

178.2000 -0.03834 750.953 0.045649 iz
: i1
203.8470 -0.21499 '1121.4094 0.21077 it
: R
:;2

]
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TABLE 19
RESULTS FOR CAPILLARY No. . 9,

SOLUTION: 0.8% Natrosol-ZSOGR

™w dynes/ém2 uw-cm/sec 8 (<u> fggy)sec'l
s | 5

.30.000 - - =0.37591 295.89
38.810 | -0.29772 374.62

: 49.000 -0.20598 461.67
67.3756  -0.03817 = " 650.83
93.2800 0.20470 921.77
120.0000 ~ 0.46252 ' 1233.89
146.7549 © . 0.72843 1500.87

175.2199 ©1.02063 1837.50

§ x 10~3cm

1.2126
0.7443
0.4119
0.0553
10.0215
0.038013

0.049016

0.05754

. 2 X 7. T T I SR
-t e
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P - M 2 SSS .M:B\N\IAV':'_
TR LrL T it e e i e rene i e e g e
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TABLE 20
RESULTS FOR CAPILLARY No. 10

'SOLUTION: 0.8% Natrosol-250GR

tw dynes/cm? uy cm/sec 8(<u> - uy)sec™! § x 10~%cm
130.200 .0.02785 275.04 0.00907
44,794 0.17999 423.76 0.038980
. 57.799 " 0.31763 543.630 0.05400 -
. | &l
71.429 ~ 0.46421 © 682.40 0.06392 §%@
81.700 0.57608 ' . 755.11 0.06930 g
115.450 0.94715 1144.96 0.11556 S
; ST
- ‘ . R
162.200 1.51203 1691.87 0.18822 g
192.950 ~ 1.95642 ' 2065.47 0.10038 .
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TABLE 21

Fluid Parameters of Natrosol-Z,,)SOGR
v

Concentration Shear Stress Range n' Max K dynes-
wt % dynes /cm? | | - sec'/cm?
0.8 ©* 26,112 - 227.158 0.8928 - 0.99890 0.20456
S |
1.2 - '60.000 - 500.000 0.704225-0.86538 1.58440 :
1.6 . 40,000 -1000.000  0.7500 - 0.96212 2.44803 :
2.0  60.000 -1000.000 - 0.78750- 0.88207  2.63157 5
2.2 50.000 =2000.000 0.72000- 0.82500 5.17400 ¥
o TR N ; i
2.4 ' 70.000 -2000.000  0.64450- 0.76190° 6.09905. &

L

ik
3
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Powef Law-Fluid Results:

TABLE 29
SOLUTION: 1l.2% (by wt) Natrosol-250GR

Data for capillary tubes

tw dynes/cm? n' w sec™! £(tw)=(1+3n')w sec”? n
4n'
60 .  0.825 225 236.9318 ~0.7800
.90 0.820 360 ~ 379.7561 0.7615
150 | 0.814 650  687.1314 ._ 0.8591
200 ' 0.807 930 985.6041 . 0.8734
300 0.795 1550 1649.9214 0.8937
500 0.772 2940 3157.0725 0.9412

'pata for packed beds

tw dynes/cm? n' 'deygij—secn f(TW)=(l%%¥L)W sec"l1 (tég)s
60 0.823 0.6665 79.80 . 2.969
90 0.832 0.6428 126.00 3.014
150 0.847 0.5931 225.00 3.054
200 0.863 0.5217 | 315.00 3.129
300 0.892 0.4047 500.00 3.299
500 0.948 0.2408 895.00 3.527
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TABLE ' 30

SOLUTION: 1.6% (by wt) Natrosol—éSOGR

Data for capillary tubes

Tw dynes/ ot

40
80
120
200
400
600

800

nl

0.9621

0.7854 .

0.7500
0.8Q0

0.7210
0.8045

0.7846

Data for packed bed

Tw'dynes/cnf

80
120
200

4C0

nl

0.8125
0.8173
0.8260
0.8490
0.8700

0.8920

w sec™! f£(tw)=(1+3n")w sec~!

62.0
137.0
231.0
441.0

1070.0
1800f0

2550.0

4n'
62.61
146.36
?50.24
468.56
1173.47
1909.26

2724.98

K dynes-sect/cm* w sec”

1.3921
1.3152
1.2444
0.9910
0.8391

0.6898

Y60
94
164
350
570

800

0.7522

0.8125
0.8173
0.8214
0.8621
0.8571

0.8949

(7K)'S

w
2.4393
2.6621
2.8571
2.8269
3.3496

3.4063

PP

SRAAF TN W RATINCANN A T
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TABLE 31

SOLUTION: 2% (by wt) Natrosol-250GR

Data for capillary'tubes

%dynes/cmz. n' ‘wsec'1 £(1)=(1+3n")wsec™} . ‘n
a

60 ‘ 0.7946  49.0 52.1667- " 0.755
80 0.8023  71.5 . 75.9037 0.758
100 | 0.7875  95.0 101.4087 0.761
200 0.8208 230.0 242;5534' 0.778
400 q}8627 540.0 561.4758 0.815
600 | 0.8;46 880.0  917.4149 © 0.850
800 0.8675 1220.0 1266.567 0.875

\

Data for packed beds

‘

-tdynes/cm? n | K dynes-sec /cm? wsec™! (t/k) S
' W

60 0.755 3.035 .. 20.7 2.5151

80 0.758' 3.005 |- | 30 2.,5304

.100 0.761 | 2.989 39.5 2.5505

200 0.778 2,786 97 2.5057

400 0.815 - 2.281 230 2.4640
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TABLE 31 (cont'd)

Data for packed beds (cont'd)

’,

tdynes/cm? n K dynes-sec /cm? w sec™!? (t/K)S
: w

600 0.850 1.819 380 2.4140

800 0.875 l.546 540 2.3399
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TABLE 32
SOLUTION: 2.2% (by wt) Natrosol=250GR

Data for capillary tubes

tdynes/cm?  n' w sec ! f(f)=(1+3n')w sec ! n
~4n' '
90 °  0.775 56 . 60.0645 0.745
150 0.770 109 117.1396 0.746
200 0.765 | 155 " 1166.9036 0.784
300 " 0.758 262 282.9116 0.730
400 ~  0.750 387 419.2500 0.750
500 . 0.740 521 - 566.7635 , | 0.756
600 1 0.733 678 735.7415 0.760
800 . 0.717. '4 970 -  1065.7148 0.776
1000 o;7oo | 1306 1439.2857 0.7669

@

~Data for packed beds

'.Tdynes/cm n K dynes-sech/cm ‘ w sec""1 (t/K)S -
w
90 ' 0.745 4.2577 20.5 2.9299
150 0.747 4,2734 40 2.9285

200 0.749 4.,3291 . 57 2.9281




103
TABLE 32 ‘(cont 'd)

Data for packed beds (cont'd)

tdynes/cm n K dynes-sec?/cm? w sec™! (t/k) S
. . w
300 © 0.750 4.3489 | 97.5%  2,9016
400 0.755 | 4.1888 141.0 2.9733
500 0.756  4.1438 1189;0 2.9987
600 . 0.76 3.9596 240.0 3.0522
800 0.764 ~ 3.8902 345.0  3.0890 -

1000 - 0.770 3.7002 470.0 3.0623
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TABLE 33
SOLUTION: 2.4% (by wt) Natrosol-250GR

Data for capillary tubes :

tdynes/cm n' w sec™ f(1)=(l¥3n')w sec™! n
4n’
70 .0'695 29.1 32.2926 0.704
90A 0.695 40.0 44,3781 . 0.713
’ {

150 . 0.696  80.0 88.7356 0.751
300 0.700 . 200.0 '221.42§ﬁ 0.748
500 - 0,705 395.0 . 436.3209 0.796
700 . 0.710 605.0 = 666.7782 0.829

] . : ) ”r/l‘ ‘ N ) -
900 - +0.712 860.0 , 946.9663 - ‘ 0.908

Data for packed beds

'rdynés/cm2 " n 'K dynes-secn/cm2 _w.sec'1 (t/k)S
R Z
150 . 0.694 .‘ N 5.8693  32.0 ©  2.773
300 0.751 - 5.1982 ‘ 78.0  2.838
500 0.79 4.1069 151.0 2.889
700 0.805 | 3.7307 233.0 2.862

- 900 0.820 3.2632 321.0 2.950
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Data for Capillary Tubes:
TABLE 35
SOLUTION: 1.2% (by wt) Natrosol-250GR

no = 0.4044 poise

ave
T3 = 200 . dynés/cmf
T'dynes/ém 7 poise (:EL'l)
60 0.2479 0.6308
90 0.2370 0.7063
150 0.2221 0.8207
200 ’ 0.5046 : 0.9764
360 , 0.1751 ‘l.308g
500 071581 1.5581

o - 1= 0.40196
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TABLE - 36
SOLUTION: 1.6% (by wt) Natrosol-250GR -

no = 0.7316 poise
ave . .

% =400 dynes/cm?

T dynes/cm .n pose no -1 (T/T%)
. 'n

g 40 - 0.6389 0.1451 0.1
80 o.5456 0.3385 , 0.2
120 o0.4795 0.5256 , -'0,3
200, 0.4268  0.7140 0.5
- '400 0.3409 1.1463 1.0
600 ~ 0.3142  1.3280 1.5

800 . 0.2936 1.4920 2.0
1000 - 0,2755 1.6519 2.5

«.- 1 = 0.5098
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TABLE 37
SOLUTION: 2% (by wt) Natrosol=250GR

ave

™% = 700 dynes/cm?-

T dynes/cm . N pose-
60 1.1525
g0 i.653s
100 _" 0.9925
200  0.8228
g0 0.7059
00 © 0.6541
800 -~ 0.6331 -
1009; o | 0.6108

3|

0.1351

0.2413

10,3180 .

0.5897
]

0.8532

0.9999

1.0662

i.1416

@ - 1= 0.4431

(t/t%)

0.0857

0.1143

0.1428

0.2857

0.5714

0.8571

1.1428

1.4286
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TABLE 38

SOLUTION: 2.2% (by wt) Natrosol-250GR

no = 1.9404 poise

ave

% = 412

T dynes/cm
| 60
90
200
300
400

600

dynes/cm?

n poise

1.7143

1.5000

1.1765

1.0526- -

0.9592

0.8571

no - 1

n
0.1319

0.2936

0.6493
0.8433
1.0228

1.2637

¢ -1=0.6078

@

(f/r%)
0.1456
0.2;84
0.4854
0.7281
0.9709

1.4563
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TABLE 39

SOLUTION: 2.4% (by wt) Natrosol-250GR

no - 2.4404 poise
ave : '

% = 460 dynes/cm?

T~dyﬁes/cm n poise no -1 (t/7%)
. n

70 2.1677  0.1258 0.1522

" 90 2.0280 0.2033 0.1956

150 1.6904 0.4437 0.3261

300 1.3548 0.8012 0.6522

500 - 1458 1.1296  1.0869
700 . 1.0498 1.3246 1.5217

900 0.9504 1.5677 f 1.9565

@ =1=0.71568
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TABLE 40
SOLUTION: 1.2% (by wt) Natrosol-250GR

no = 0.40443 poise
ave

% = 200 dynes/cm? .

o=-1= 0.40196

T dYnes/cﬁz : w sec™? : wno
' T

50 ' 65 0.5257

70 .. 95 0.5488
100 141 0.5702
200 315 . 0.6369
300 500 0.6740
4oo‘ | 1699 0.7067
500 899 0.7272
600 1100 0.7414
700 1300 0.7511

1000 | 1900 0.7684

(t/t%)a~?
0.5728
0.6557
0.7568
1.0000
1.1770
1.3213
1.4453
1.5552
1.6546

1.9097
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TABLE 41
SOLUTION: 1l.6% (by wt) Natrosol-250GR

no = 0.7316 poise
ave

% = 400 dynes/cm?

a-1= 0.5098
Tt dynes/cm? w sec.:'1 ' wno (T/T%;a-l
T
70 52 0.5435 0.4112
90 69 © 0.5609 - 0.4674
150 : 120 ,' '0.5853  0.6065 -
. i
200 164 0.5999 0.7023 ;
300 | 255 0.6219 0.8636
400 350 0.64016 1.0000
sdo a5 | 0.6716 1.1205
600 ' 565 0.6889 1;2296
700 680 0.7107 1.3301
lsoo 800 0.7316 1.4238

10000 1040 0.7609 1.5954
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. TABLE 4‘2
SOLUTION: 2% (by wt) Natrosol-250GR
A

To = 1.3081 poise
ave

t% = 700 dynes/cm?

a=1= 0.4431
t dynes/cm® w sec—’ who (t/t%) a—?
T

70 25.2 0.4709 0.3605

éo 34.8 0.5058 0.4029

150 " 67.5 0.5887 0.5053

260 . 97.0 | 0.6344 0.5739

300 159.0 0.6933 0.6869

400 | £ 230.0 | 6.7522 | 0.7804

500 | 300.0 0.7849 0.8615

600 | 380.0 0.8285 0.9339

700 460.0 6.8596 0.9999

800 537.0 0.8781 1.0609

1000 | 700.0 0.9157 1.1712
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TABLE 43
SOLUTION: 2.2% (by wt) Natrosol-250GR

no = 1.9404 poise
ave

% = 412 dynes/cm?

o=l1= 0.6978
7. dynes/cm? . w sec ! wno
. . ==
150 40 0.5174
300 97 0.6274
400 141 0.6839
500 189 0.7334
600 240 ‘ 0.7761
700 290 0.8039
900 410 0.8839

1000 470 0.9119

1

(1/1%) o~

0.5411
0.8246
0.9822
1.i249
1.2567
1.3801
1.6079

1.7143
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TABLE 44
SOLUTION: 2.4% (by wt) Natrosol-250GR

no = 2.4404 poise
ave

% = 460 dynes/cm?

a=1= 0.7157
t dynes/cm? w sec-! wno (t/1%) a-?
o
100 18.6 © 0.4539 0.3355
200 . 46.2 © 0.5637 0.5509
300 | . 78.0 0.6345 0.7364
400 113.0 0.6894 0.9048
500 | 150.0 0.7321 1.0615
600 190.0 0.7728 | 1.2094
700 . 235.0 , | 0.8193 1.3505
800 280.0 0.8541 ©1.4859
900 320.0 - 0.8077 . 1.6166

- 1000 370.0 . 0.9029 1.7432
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TABLE 45
Conc % (by wt) o for Ellis Model : 1
' goteia+a(d=l)€2teess
1.2 1.40196 0.20879
1.6 1.50980 , 0.22000
2.0 1.44314 0.42727
2.2 1.60784 0.27434

2.4 1.71568 0.28000
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" Chapter VI

Results of Analysis:

The primary aim of analyzing the data'is to evaluate the.
geometric .co'efﬁcient € using the bstwald-de-Waele fluid model,
for vthe Non-ﬁewtonian fluid, followed by the Ellis fluid model,
in order to check the value obtained for €5 from the foﬁner fluid,
However before evaluating the geometric parameter one has to eliminate
the surface effecfs, Therefore the a.n.alysis consists of two parts, .
the first p.a.rt is to. examine the surface effects and the second to
evaluate the geqmetric parameter, The analys.is of the data is based
on the theory developed by Dr, kozicki given previously in Chapter
III, |
Fig, 10, 11, 12, 13, 14 reéresent the flow curves for five
different co'ncer‘xtra.tiohs of Nat-250-GR at (1, 2%, 1, 6%, 2%, 2. 2%,
2. 4% wt). respectively, obtained from both the packed beds and capillary
viscometer, In these p.lot.s of T versus_ZfI_-lIJ.z for different sized
packings and capillary tubes, separate curves were obtained,
This indicated that these fluids exhibit anomalous surface effects in
the vicinity.of the solid boundary. Some of t.hese curves intersect
or tend to intersect, which suggests the pfesence of a critical shear

stress, T , which marks the transition from a positive effective
c

vélocity when the shear stress is greater than T to a
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negative effective'velocity when the shear stress is less than
Tc. The critical shear stress also represents the value of a
wall shear stress for a particular solution concentration and.
hydraulic radius at which the effective velocity at the wall

is zero.

The values of tc's were obtained by a trial and error
procedure pointed out earlier in chapter III. These values
were used to determine the final curves'(broken line) of Ty

versus 2(<u> - u,) . These final curves are characteristic

for each Naigosol concentration. When the effective slip
véiocities are calculated tﬁe corrections are applied to thg
_ experimental points. These corrected points for different
hydraulic radius merge on the single, final curve of Ty VS

2(<u> - uw) . These final curves for the various concentra-

-ﬁiogg indicate that the surface effects increase as the conf
centraéibn increases since the fluids become more Non-Newtonian.
At a very low concentration the behaviour approaches that of
the solﬁent (water) which is definitely Newtonian and do not

exhibit any surface effects as shown by the calibration curve.

The final Tc values for the various concentrations and
hydraulic radiué for both the packed beds and the viscometer
are tabulated in table 1 & 2 respectively. A plot of.rc
vs concentrations with the diameter as parameter is shown in
fig. 15 & 16 . The plot shows that tc decreases with a decrease

iﬁ hyaraulic radius and concentration. This result
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FIG 12
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is similar to that of Pasari for the capillary tubes, however
he obtained a linear plot, instead of a curve. This might be
explained by the fact that his range of concentration was

1imited so he was unable to obtain extra points.

An attempt was made to relate the critical shear stfess
to the hydrauliq radius with the solution concentration as a
parameter, as shown in fig. 17 & 18, The plot of Té versus
D or 4rH.is linear for some capillary tubes, but not for
different sized packed beds. In both figures the separate ﬂ

curves all intersect at an intercept when ‘the shear stress is

e a e e

TSl

zero. The intercept is the critical diameter equal to 0.09 cm
. and 0.036 cm for capillary tubes and packed beds respectively.

This suggests that when the tube diameter D or 4rH is smaller

3 AN EI R

than the critical diameter the effective velocity at the

surface is always positive.

The modified slip coefficient, &''', was obtained from }

the slope of the final plot of 2<u> vs 8(t = Tcybz as shown ;
TH w o

in figures 19 to 26 for the capillary viscometer, but for

the packed beds the slope has to be multiplied by a constant
0.042056 to take the porosity term into account. Those points
~and lines which are located to the left of the origin lie in

the region of gel formation, that is negative slip velocity,
whereas thoﬁe at the right lie.in the region of positive_
effective velocity (separation phenomenon) . The slip coefficient
was fouﬁd to vary linearly with the shear stress,

except for the case of the capillary tubes at high concentra-
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FIG 19
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FIG 23
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FIG 26
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tion 2.4% as shown in fig. 27 & 28. This is probably

due to greater surface effect at higher concentration.

The Power~Law parameters for the various eoncentra-
tions were obtained from the final curves of the'capillary
viscometer. These values are tabulated in table 21.. The
flow behaviour index n' calculated accordinghto equation
(67) decreases as the concentration -increases this indicates
the increase of Non-Newtonian behaviour of the fluid. The
‘range of n' varies from 0.6445 to 0.9989 for all the eon-
centrations. Knowing these values of n', the flew behaviour . g
index n, and the fluid consistency index K of the Power-Law -

. fluid were determined from the plot of £(1) vs T in fig. 29

-whe:e
f£(1) = (1+3n') '2(<u> - uw) T eee .(89)
4n’ rH .
T = K(E(1))P ' ... (90)

These values of n and K were then applied to the packed

bed data to calculate the dimensionless group (T/K)s/w.
The' results are shown in Tables 29 - 33 and in fig. 30
solid line. The broken line represents the theoretlcal
value calculated £6r the parametric equatlon with only the
flrst two geometrlc coefficients €o and €1. The value of
(K)s when n=0.5 or s=2 was determined by extrapolation and

then used to evaluate the third geometric coeff1c1ent €2

accoxrding to equatien (40) . This was found to be £2=0.375.
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The anomalous layer thickness & was calculated according
'to equations (61) and (62). Fig. (31-36) shows the plot of

8 versus Iw, where it can be observed that polymer adsorption
increases as the shear stress decreases and that maximum
adsorption occurs when the shear stress at the wall is zero.

In the case of the capillary tubes the anomalous layer thickness
is extrapolated to ™w = 0 to obtain & max. This lnformatlon

of § max, provxde ‘a method of. determining the zero shear

stress v1scosxty no according to the following equatzon

6 D ....O....Q.'.. (93)
E"'
o C

where E"'o is the slope of £"' vs Tw at zero wall shear

stress shown in fig. (37).

Fig. (38) shows the plot of the viscosity n vs T for
the Ellis fluid.model for the various concentrations. The
solid line represents the experimental values whereas the
tbrokeh one, the theoretical values for the Ellis fluid. It
may be seen that the Non-Newtonian flﬁid is well represented
by the Ellis fluid. The flow curves were extrapolated to
16w shear stress in order to compare the values obtained for
the calculated_zero shear viscosity. The results agreed

well with those calculated.

‘The -parameter o for the Ellis fluid model for the various

concentratiens was obtained from the slope of (no-1)
n
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vs T as shown in fig, 39, The shear stress TS, when the
. ‘l’% ’ . .
viscosity is = no  was obtained from fig, 38 . When obtained
2 : .
these parameters were utilized to make the plot of wr o/t vs

-1 :
('r/ 'r%).a for the different concentrations of Nat-_ZSOGR as shown

in fig. 41. According to equation (48) the slope of the lines is

equivalentto _ . 1 and the curves should have
e *ae tale-De,...
a common intercept equalto __1 0, 417,
: e, t €y

Fig, 40 shows the plot of the slopes versus the Ellis fluid

parameter (solid line), The broken line is the theoretical value .

.

calculated using only two geometric parameters when ¢ = 2

1w

A 2

the slope is equal to 0, 265 by extrapolation, This was used to

evaluate e, = 0.3868 from equation (49) which agreed very well

U WYY WINTE P IRE R L X UR ST
A setfarsis 2

 with the value calculated for the Power-Law fluid,

The datas for Natrosol-250HR solution are presented in

appendices A, B for both packed beds and capillary viscometer

i
g
i
L

respectively, These are not analyzed since they are viscoelastic

in behaviour, However, the same theory could be extended

to explain the flow behaviour of these solutions,

~
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Chapter VII

Discussion:

The present'work and analysié provide us significant
information concernigg tﬁe prediction of flow of any fluids
vthrough any chahnels whether it is open,.closed or porous.
ItﬁaiSo proviaes déeper knowlegge of Non-Newtonian. fluids

thatfexhibit anomalous surface behaviour.

Muéh‘effort has been devoted to present a method of
predicting the flow of fluids accurately through an arbi-
trary flow geometry. However none has been as successful

in presenting as general and accurate a method as that

which is presently. proposed.

Among the maﬁy researchers who explored the field of
Non-Newtonian flow, are Fredrickson and Bird (6) who pre-
sehted an analytical solution for the flow of Power-Law
- fluids through concentric'annuli. schechter (30) used the
variational principle to obtain a solution for the flow of
| Power-Law.fluids through rectangular ducts. Wheeler and
‘w13s1e£ (35) employed a numerical.technique to solve the
same problem.
- flow of Ellis fluids through annular ducts, also Rotem pre-
sented the solution for the Rabinowitsdﬂ fluid through con-
Althbugh-there is so much literature, none

centric annuli.

is available to compare with the present results for the

flow #hroﬁéh packed beds. Fortunately, the analytical

""
-

McEachern (23) obtained the solution for the
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results calcﬁlated by Dr, Kozicki ana Carlos Tiu ( to be published

in C,J. of Chem, Eng, Vol, 49, Oct, 1971) using the impro'ved :
parametric equation for different fluids through concentric annuii

and rectangular ducts were compared with the available literatufe-and

show excellent agreement,

The explanation of the surface effects behaviour of Natrosol-
250GR solutioﬁs was based on Olroyd's theory, The theory

| pro.posed is applicable to any fluid model and to all possible polymier
behaV'liours in low shear rate region as was evidenced by its

“successful use,

The present experimental work shows cdnclusively the
anomalous surface effects exhibited by Non-Newtonian fluids, It
is seen that for a particular capillary diameter a critical shear
stress exists which Jindica.tes the transitidn from polymer adsorption
to separation phenorﬁenon_ Many theories have been propo sed to
ex’pfaih the polymer behaviour, Sadowski (28) and many others
suggested tha.t‘the polymer adsorption-gel formation onthe tube
wall is due to multiple points of attachment, Statistical mechanical
approaches have been developed to explain the phenomenon theoretically.
Lodge and Goodeve (37, 39) theories predict a lo'w4er Newtonian .regime
and suggest the network association of macromolecules pre-
dominating over the hydrodynamic effects of individual macro-
molecules Merrill (22) does not predict the first Newtoni;n

regime instead he po stulated a random coil model to explain

bl
ol
4
e 4
41
:'3
u ¢
I )
|
x
.
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the behaviour of macromolecules, non-electrolytic in

solution, under low shear rates.

All these abeve effects could be accounted for by
calculating the effective slip velocities. The present
.results obtained for different capillary tubes may be‘,
compared with those of Pasati (26) . He evaluated the slip
velocities at much higher shear rates, usiné smaller dia-
meter tubes which are less than an order of 10 if compared
to the present caplllary tubes. The general trend of the
present results agrees well with his, since a single curve
is obtained efter applying the correction of the effective
slip velocities. There is a critical shear stress which
marks the transition,from polymer adsorption to separation
phenomenon and the critical shear stress decreases when the
tube diameter decreases. Greater wall effect is obtained
for smaller tube diameters due to the proportionally 1arger
amount of fluid under the influence of the wall. This
effect was also observed by Pasari (26), Harper and Morrison
(24) . Jastrezebski (13) noticed that for concentrated sus-
| pensions the discrepancies between the flow curves are greater
in'the region of low shear rate than at hlgh shear rates.
This was evidenced in the present ana1y51s. The presence
of a cr1t;cal~tube diameter below which only polymer adsorp-
tion occurs, has also been observed. The results obtaiped
for the packed bed datas are analogous since the porous media

is pictured as a pundle of capillary tubes.
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Chapter VIII

Summary and Conclusion:

' An improved parametric equation of infinite order was
proposed by Dr. Kozicki to predict Non-Newtonian flow in
open and closed conduits of arbitrary cross-section andv
inelastic flow iﬁ packed beds and porous media, in replace-
ment for the previous generalized Rabinowitsch-Mooney equa-
tion. The infinite oxrder differential equation was solved
.by the pefturbation technique. The solutions for the
Ostwald-de-Waele fiuid and the Ellis fluid have been presented,
which have interesting and useful properties that allow

one- to obtain the.geometric parameters easily.

. The second geometric parameter €z has been evaluated

experiméntally for both the Ostwald-d

Phe maximum deviation of €2 from one fluid

e-Waele and the Ellis

fluid model.
tb.the other is less than 5%.

Anomalous surface effects exhibited by Nat-250GR. solu-

tith'thfoﬁgh both packed beds and capillary tubes have been

eiamined. ‘The theory developed which was based on Oldroyd's

analysis was seen to be quite successful when applied expe-

rimentally. An additional information obtained was that the

zero shear viscosity no may be evaluated by the knowledge. of

the anomalous layer thickness § max at zero shear stress,

utilizing the relationship given earlier.

i irus
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no = '§ max D teveeceeeass (93)
[] .
& o ¢

It -may be concluded, from the present work, that the

goal has been successfﬁ;ly achieved.

4
1
4
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‘Chapter IX

Suggestions:

The brésent work may be extended further to investigate
(a) flow of viscoelastic fluids through packed beds or

porous media.

(b) flow through different flow geometries such as rectan-

gular ducts, triangular ducts etc.

(c¢) flow through flow‘geometries using different kinds of

materials such as glass, .plastics, wool etc.

————
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NOMENCLATURE

previpus geometric coefficients, dimensionless
diameter of the capillary tube, cm
sphere diametér, cm
fanning fricﬁion factor
fluid consistency index for Ostwald-de-Waele fluid,
dynes-sech/cm?

(8<u>/D)’n' £luid consistency index for circular
conduits, dynes-secn'/Cm2 |
function defined by equation.(75)
aspect tatio, ratio éf inner to outer radius of an-
nulus
impermeability factor
flow beha&iour index for Ostwald-de—Waele‘fluid,

dimensionliess

flow behaviour index for circular conduits, dimen-

sionless

generalized index, dimensionless
contour perimeter, cm

pressure dynes/cm?

p - oh, potential function, dynes/cm?

-

hydraulic radius, cm

radiué of the outer tube of annulus

Reynolds number
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s=1 recipropal of the flow behaviour index
S'n - specific surface per unit volume of,pafticle,
cm?/cm?
T " tortuosity, dimensionless
u local poiht velocity in axial direction, cm/sec
U maximum,veloéity,.cm/sec ;
U, slip veldcity at the wall, cm/sec é
Uy average slip velocity at the wall, cm/sec ﬁ
u average velocity, cm/sec f;
':us - superficial .velocity, cm/seé ' _' ' %%
Uys superficial slip velocity, cm/sec %E
r,y .radial distance £xom the wall, cm . ' 1'éj
P* .= R(-dP'/dx) /21%, dimensionless pressure drop | g
Q* = 'Qno/tk%''R%®, dimensionless flow rate | %
o
Greek '
o, no, ™%  fluid parameters in Ellis fluid model
oy rate of .deformation tensor) sec™!
§ = § (s,k) function defined by Fredrickson and Bird ( )
-8 | anomalous léyér thickness, cm
ei geometric parameters,'=‘0,l, 2000
e- porosity, dimensionless
n Non-Newtonian viscosity.\gm/sec/cm2
nap apparent viscosity

Newtonian viscosity, gm/seg/cm2




T

£ = €0
. €
1
gl.
El'l
Elll
Ellé
AcC
w* = t/1%
TC
.Tw.
T =rH(-dP')
| dx
w=2 ( <u>-uy,)
rH
w*= wno
T

$

pHe

‘sec

lé64

solvent viscosity, gm sec/cm®

aspect factor, dimensionless

Oldroyd's slip coefficient‘cm“/dynes/sec'

ﬁew slip coefficient @efined by equation (56)
modified slip coefficient defined by equation
(57)

modified slip coefficient at zero shear stress
stress tensor, dynes/cm?

stability‘parameter, dimensionless
dimehsionless shear stress '

critical shear stress, dynes/cm?

'shear stress at the wall, dynes/cm?

'aVerage'shear stress at the wall, dynes/cm?

-1

dimensionless
density of solution

density of Mercury

R

o

.
i

o Ve
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Fundamentals, 4, 422, 1965.

‘University.of Rochester, 1966.
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. APPENDIX A

TR ANt

SUMMARY OF PACKED BED RESULTS* ' Y

FOR NATROSOL - 250 GR AND HR SOLUTIONS

( * All measurements were taken at 250C )




- TABLE 46

PACKED BEDS SPECIFICATIONS

‘Packed Bed No

Length, L, cm

Diameter D, cm

Diameter
Dp, cm .

H Height
Pressure

- L Ratio

D

of Spheres

'BetWeen
Taps

Density of

Spheres

30.73

4.85

0.3175

19.80

6.33608

7.6195 gm/*cm

II

25.78

3.81

0.2394

14.70

6.7664

III

16.915

2.65

0.1592

9.70

6.3830

Ly
3
;f!z




Solutions:

o

Data for Packed Bed I

H cm, Hg

1.66

9.19

13.64
18.427
19.820

1 21.385

Packed Bed II

H cm, Hg

2.690
4.675
7.470
12.642
17.930
23.390
29.825
32.080
36.660

Q cm®/sec

12.6479
19.7528
42.6980
70.1172

102.1778

134.8315.

141.7602

153.9622

0 cm®/sec

10.1738
17.8017
29.7917
48.7738

67.2810

 85.6512

106.6860
115.3846

127.1831

A-3

TABLE 47

0.8% (by wt) Natrosol-250GR

2 <u>sec™?
rH

110.3145
172.2834
372.4108
611.5600
891.1922
1175.9597
1236.4283

1342.8540

2<u>sec !

TH
191.2164
334.5842
559.9357
916.7065

1264.5497

rH

rH

1609.8173

2005.1689
2168.6588

2390.1831

0.3811

0.032585

tw dynes/cm?

33.7332

50.1934

109.7346

186.7521
277.1813
374.4593
402.7667

434.5695

0.3807
0.0245286

tw dynes/cm?®

55.4248

96.3238
153.9120
260.4864
369.4301
481.9281
614.5150
660.9771

755.3435




. TABLE 47

Packed Bed III : S € : 0.3808

rH : 0.01632

H cm, Hg Q cm®/sec 2 u>sec™! tw dynes/cm?
' !

1.815 2.0588 120.1677 37.7093

2.600 3.0414 177.5214 54,0188

3.490 4.0689 237.4934 72.5099

1 6.810 8.3427 486.9431 141.4879
10.750 13.6619 797.4048 223.3473 .
16.510 21.2544 1240.5592 343,0198 - ]
123.390 30.3770 1772.0227 485.9621 '
32.070 41.3288 2412,2472 666.3020

44.230 56.0896 3273.7944 918.9442
57.960 71.2257 4157.2422 1204.2054

69.210 83.2558 4859.4071 1437.9409
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TABLE 48

Solution: 1.2% (by wt) Natrosol-250GR

ﬁata for Packed Bed I . € 0.38103

rH : 0.0325821%

H, cm Hg Q0 cmd®/sec 2<u>sec” ? " 1w dynes/cm?
TH

2.700 7.5600 65.9476 54,8624

3.425 9.7957 85.4505 . 69.5940

6.148 19,0681 166.3352 124.9238

11.330  38.3468 . 334.5082 230.2190

'~ 17.580 63.3106 552.2724 357.2154 :
25.660 97.3958 849.6058 521.3963
36.640 141.8753 © 1237.6101 744.,5035
: 0.3807

Packed Bed II €
| xH : 0.02453134

H cm, Hg Q cm¥/sec = 2 a>sec™?! Ttw dynes/cm?
FH

2.345, 3.1297 58.8126 48.32
3.270 4.6841 88.0214 67.38
5.575 8.2735 155.4728 114.88
11.085 18.4739 | 347.1549 228.40
19.960 36.7498 690.5852. 411.30
28.185 55.1431 1036.2297 580.79
' 37.600 76.5532 1438.5606 774.79
50.98 105.7034 1986.3415 1050.51

62.63 130.8273. 2458.4612 1290.57
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TABLE 48 (cont'd)

Packed Bed III . | €
4 rH
- H em, Hg "1Q cm®/sec -  2<u>sec”?
| TH
3.140 ©1.4225 | 83.0157
4.560 2.1259 124.,0731
6.585 . .  3.2234 . 188.1167
12.610 . 6.8584 400.2586
21.340 12.7839 746.0741
j30.885 19.7210 1150.9251
42.300 28.8372 1682.9480
53;500 '37.7589 23203.6188

75.75 ‘ 55.9517 3265.3554

: 0.380865
0.016322

tw dynes/cm?

65.2429
94.7477
136.8232
262.0106
443.4026
.641.7287
878.9096
1111.6233

- 1573.9339

1
;
4
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TABLE 49

Solution: 1.6% (by wt) Natrosol-250GR

Data for Packed Bed I _ e ¢« 0.38104

rH : 0.03247

H cm, Hg Q cm®/sec 2<u>sec™! | tw dynes/cm?®
rH ’
3.986 4.7131 41.1247 80.9792
4,470 5.5569 48.4875 ' 90.8121
.11.690 17.2095 150.1648 237.4929
17.910 29.2919 255.5919 363.8578 |
. 27.300 49.7832 , 434.3921 559.6241 ;
35.090 69.3837 -  605.4192 712.8850 f
| 46;560 100.8571 ’ 880.0461 945.9084
47.060 100;8053. 879.5938 | 956.0664
56.775 129.0909 112614046 1153.4353
Packed Bed II e 3 0.3807

rH : 0.02453188

i

.

H cm, Hg Q cm®/sec géggsec' tw dynes/cm?
: X
4.280 2.,4790 46.5838 88.1970
7.315 4.6634 . 87.6306 150.7386
11.iés = 7.9034 148.5134 230.4868
16.130  12.2326 229.8629 332.3870
24.360 20.7773 390.4250 501.9811
35.840 34.2214 643.0533 738.5469

52.760 56.2874 1057.6958 - 1087.2137

\
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TABLE 49 (cont'd)

Packed Bed III e ¢ 0.3809

rH : 0.01632725

H cm,ng . Q cm¥/sec 2<u>sec™! tw dynes/cm?
TrH
6.44 . - 1.4458 84.3375 . 133.8549
12.96 3.2753 191.0503 269.3361
20.50 5.7385 334.7332 426.0806
31.97 9.9289 579.1633 ¥ 664.4779
45.54 15.8020 921.7514 946.3225

60.49 22.9389 1338.0567 1257.2496

ey
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 TABLE 50

Solution: 2% (by wt) Natrosol 250GR

Packed Bed I , "€ : 0.38105
rH : 0.03257819
H cm, Hg 0 'cm3~/sec 2<u>sec™? tw dynes/cm?
rH

8.80 5,806016 50.6048 178.7891

16.41 13.0555 113.9260 333.4010 |
27.03 25.5719 223.1133 549.1669 %
44.81 51.5351 449,6413 910.4022 ?
63.50 84.0363 - 733.2127 1290.1259 gi
Packed Bed II € : 0.38069

rH : 0.02452685
H cm, Hg - Q cm®/sec g_ﬁgz_sec“ tw dynes/cm?®
x

6;010 1.7647 33.1720 123.8213
16.005 3.3815 63.5638 o 206.1285
14.510 5.5501 104.4775 | 298.9430

20.615 8.7800 165.0402 424,7216
28.030 . 13.2948 249.9051 577.4890
36.740 _  19.1870 360.6630 756.9378
46.940 -'27.0852 509.1264 967.0838
62.740 40.8602 768.0581 | 1292.6042
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TABLE 50 (cont'd)

Packed Bed III ‘ € : 0.38093

rH : 0.0163273

H cm, Hg Q cm®/sec : gégzgec“l tw dynes/cm?
b o

10.82 1.1584 67.5715 224.8881

19.30 2.4623 143.6302 401.1405

32.58 4.9838 200.7124 677.1585

44.29 7.6042 443.5614 920.5448 |

54.11 9.9785 582.,0567 - 1124.6484 )
76.00 16.3895 ' 956.0175 1579.6208 é'
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TABLE 51
Solution: 2.2% (by wt) Natrosol-250GR

Packed Bed I . . e : 0.3800

rH 0.032568

48.78

H cm, Hg - Q cm®/sec gégggec'l tw dynes/cm?
' by

8.85 3.78906 33.0719 179.7626 J
13.43 6.7201 58.6550 272.7923 §
18.78 10.6323 92.8015 381.4624 %
.24.63 15.4994 135.2827 500.2885 g.
34.61 24.6986 215.5764 703.0039 4
46.56 38.6169 337.0591 945.7342
Packed Bed II € : 0.3806

| rH : 0.0245214 i
H cm, Hg Q cm®/sec 2<u>sec ! W dynes/cm?
TH

8.98 1.8042 33.9265 184.9700

14.28 3.4291 64.4803 294.1394

21.70 6.2100 116.7726 446.9766

35.29 12.4160° 233.4703 726.9034

41.73 15.5630 292.7635 859.5545

19.6735 369.9394 1004.7704
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TABLE 51 (cont'd)

Packed Bed III € 0.380

rH : 0.01626236

H cm, Hg. Q cm3/sec . 2<u>sec™! tw dynes/cm?

TH |
10.890 0.5874 34.4861 ~ 225.4429
18.395 1.2941 - 61.4917 " 380.8100
25.025 2.0580 120.8235 518.0631 ' @
30.510 ° 2.7833 163.4045 631.6126 §
38.531 3.9841 . 233.8986 797.6619 |

o
3
i
"

47.225 = 5.4332 318.9785 977.6436,
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TABLE - 52
Solution: 2.4% (by wt) Natrosol-250GR

0.3811

‘Packed Bed I . €

rH : 0.032585

H cm, Hg

7.530
11.680
15.580

.26.195
31.390
40.100
52,320

" Packed Bed II

H cm, Hg

7.890
12.690
17,970
27.675
33.620
41.720
52.095

Q cm?/sec

2.3573
4.2152
6.3398
12.7492
16.4912
23.3980
34,5709

Q cm®/sec

1.2451
2.2832
3.6822
6.5811
8.6237
12,1197
16.2963

2<u>sec™!
rH

20.5602
36.7648
55.2955

111.19865

143.8343
204.0748

301.5228

2 <u>sec™?

rH
23.4124
42.9325

69.2384 °

123.7486
162.1573
227.8952
306.4306

™ dynes/cmzv‘

153.0199
237.3536
376.6069
532.3183

637.8878

814.8869

1063.2214

0.3806
: 0.0245216

tw dynes/cm?

162.5195
261.3907
370.1491
570.0543
692.5104
859.3556

1073.0616

voie RaTaar 0 L

bt vm——_—




TABLE

Packed Bed III

H cm, Hg

8.831

9.227
12.440
16.205
.23.190
25.456
37.653

47.210°

Q cm®/sec

. 0.41477

" 0.43685

0.66576
0.95986

‘ 1.57487

2.14912
3.18760
4.48000

A-14

52 (cont'd)

1

2 u>sec”

¥H
24.15164
25.43755
38.76681
55.8920
91.70369
125.14199
185.61264
260.86743

: 0.38119
: 0.01634487

tw dynes/cm?

183.7453
191.9848
258.8372
337.1750
482.5109
592.0797

783.44036

982.2914

;

i
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TABLE 53

Solution: 0.2% (by wt) Natrosol-250GR

Packed Bed I

H cm, Hg

1.54
1.915
2.610
" 3.445
4.320
5.575
7.450
9.325
12.790

Packed Bed II

1.110

1.805
2,%55
3.330
.4.660
5.375
. 7.195

9.405

12.150
13.655

Q cmd®/sec

19.8099
25.1990
34.3985
45.3277

57.1620

71.7660
90.7962

108.0477
138.8861

7.2240
11.9243

18.1390

22.0509
30.5359
34.9321
46.0319
58.1989
72.2018

78.9957

2 «u>sec—?
YH

172.5183
219.4503
299.5658

394.7447

_ 497.8067

€

rH

624.9879.

790.7161
940.953%

1209.5158

135.5593
223.7612
340.3814

'413.7876

573.0097
655.5056
863.7947

1092.1087
1354.8751
1482.3639

rH

0.3813
0.032615

tw dynes/cm?

31.3242
38.9518
53.0883
70.0726
87.8704
113.3975
151.5357
189.6739
260.1533

0.3807

:'0.024534

22,8755
37.1986
56.7768
68.6268
96.0363
110.7715
148.2792
193.8243

250.3850

281.4110

i
<t
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46.3929

TABLE 53 (cont'd)
Packed Bed III - e : 0.38325
rH : 0.016488
H cm, Hg Q0 cm?®/sec g_I_<Iu_>sec'1 tw dynes/cm?
Xr
2.363 5.5830 320.5356 49.5978
2.830 6.7552 387.8341 59.3999
3.540 © 8.3622 480.0935 74.3623
5.491 10.1335 581.7881 115,2526
' 7.073 14.3623 824.5773 148.4577
11.858 25.2688 1450.7449 ; 248.8918
12.790 26.9726 1548.5627 268.4539
15.810 32.7286 1879.0309 331.8418
19,585 39,9472 2293.4677 411.0766
2663.5353 483.6473
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TABLE 54
Solution: 0.3% (by wt) Natrosol-250GR

Packed Bed I ; ' _ € : 0.38127

rH : 0.0325909

100.0776

"H cm, Hg Q cm?/sec gggzgec‘l tw dynes/cm?
X
0.755 . 3.4341 29,9333 15.3453
2.400 . 14.1872 123.6642 48.7798  _.__.
3.080 17.9557 . 156.5126 62.6008
4.100  26.3835 229.9733 83.3322
5,180 34.1159 297.3735 105.2831 o
7.940 56.3656 491.3098 161.3799 i
10.955 79.9359 696.7669 1 222.6596 %
17.100 124.7494 1087.3874 347.5562
22.020 155.0210 1351.2516 447.5548
Papked Bed II | . : e : 0.38071
' rH : 0.0245286
H cm, Hg Q cm®/ sec gégzsec'l 'rw.dynes/cm2
' b oy
1.07 2.7668 52.0015 22.0403
. 4.65 15.6143 293.4714 95.8088
 6.27 22.0589 414.5968 129.1873
8.09 30.0335 564.4814 166.6867
10.40 39.5209 742.7975. 214.2820
13.08 49 .8933 937.7463 269.5008
15.62 59.6617 1121.3433 321.8351
19.44 75.0444 1410.4613 406.5425
22.43 ' 85.6757 1610.2762 462.1486
26.70 1880.9604 550.1279
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TABLE 54

Packed Beéed IIT

H cm, Hg

1.79
2.80
4,70
7.29
110.99
15.39
20.24,
25.38
30.655
137.20
44.58
49.31

Q cm?/sec

1.6064

. 2.7278

5.0917

8.7406
14.2847
21.0488
28,2496
35.1643
42.5466
50.4417
59.6000
64.6583

(cont'd)

2 wd>sec™!

rH

93.3280

€

rH

158.4836

295,8192
507.8167
829.9213

1222.9107

1641.2646

2043.0026

2471.5529

2936.5967

3466.5559

3756.5647

0.3815
0.0163665

tw dynes/cm?

37.2937
58.3364
97.9219

151.8831

228.9706

320.6422

421.6892

528.7783

638.6800

775.0415

928.7997

1027.0000



A-19
TABLE 55 -
Solution: 0.4% (by Wt) Natrosol-250GR

Packed Bed I ' € 0.3813.

rH : 0.0326107

H cm, Hg Q cmd®/sec 2<u>sec™? ™ c?iynes/cm2
rH |
1.54 3,4288 29.8679 31,3193
3.86 11.4409 99.6607 78.5017
5.24 17.3153 150.4868 106.5671
6.87 25,0548 218.2499 139.7167
8,95 36.1440 314.8471 182.0182
112,022 54.0936 471.2038 244.4942
13.955 65.0519 566.6608 283.806
15.93 77.3109 673.4479 323.9721
20.305 103.1977 898.9453 412.9475
Packed Bed II € : 0.3807
| rH : 0.0245278
H cm, Hg Q cm®/ sec _2_I§_1:t_>_sec"1 ww dynes/cm?
z |
2.39 3.0873. 58.0292 49.2421
3.00 4.0622 76.3532 61.8101
3.55 5.0091 94.1502 73.1420
4.50 6.9042 129.7707 92.7152
5.88 9.8387 184.9294 121.1479
8.50 16.2758 305.9210 175.1288
10.575 21,7471 408.7590 217.8808
13.90 31.48.3 591.7218 286.3871
16.55 39.9571 751.0331 340.9860
121.57 55.3000 1039.4185 444.4150




A-20

TABLE 55 (cont'd)

Packed Bed III £

: 0.3813
rH : 0.01641
'H cm, Hg Q cm®/sec 2<u>sec™? ™ dynes/cmz.
xH
5.130 3.3695 194.9407 107.1673 "
2.600 1.3664 79.0512 54,3148
2.010 0.9561 55,3159 41.9895
4.975 13,0200 174.7172 103.9293
6.000 . 3.7982 219.7412 125.3418
8.210 5.7408 332.1277 171.5094
9.775 7.2831 421.3521 204.2027
12.465 10.3292 597.5815 260.3977
17.005 - 15.4592 894.3659 355.2397
21.830 22.0280 1274.39663

436.0354




A-21
TABLE 56
Solution: 0.5% (by wt) Natrosol-250GR

Packed Bed I € 0.3813

rH : 0.032607

36.46

H dm, Hg Qv cm®/sec ' g_l_i<ll_>_sec"1 tw dynes/cm?
.. k o .
4.64 7.25598 63.2161 94,3553
5.83 10.3837 90.4659 © 118.5542
8.14 16.4919 143.6818 165.5285 i
10.09 23.3974 203.8942 205.1822
'13.665 36.4087 317.2023 277.8805
16.550 49.9226 434.9395 336.5476
'19.860 . 66.1592 576.3536 403.8571
27.955 105.8366 922.0774 568.4706
34.87 138.9392 1210.4765 709.0885
Packed Bed II : 0.3811
- rH : 0.024577
H cm, Hg 0 cm®/sec ,gl_z_uz_sec'l tw dynes/cm?
X.
3.98. 3.3731 63.3237 82.1655
6.22 6.2896 117.8381 128.4095
8.29 9.3881 175.8879 171.1438
11.36 14.8939 279.0910 234.5228
15.62 23,7918 445.7456 322.4688
19.09 32.1128 601.6422 394.1056
21.93 39.4849 739.7610 452.7363
25.565 48.5168 908.9755 527.7795
30.240 61.3273 1148.9824 624.2930 j
'33.60 69.6894 1305.6481 693.6589 4
76.1912 1427.4619 752.7026




A=-22
TABLE 56 (cont'd)

Packed Bed III , € : 0.3821

rH : 0.016409

H cm, Hg 0 cm¥/sec - 2<u>sec—! w dynes/cm?
' rH '
. / '
5.660 1.6597 96.03083 118.2298
10.775‘ 4.2445 .245°5914 : 225.0752
14.300 6.53303 | 378.0058 298.7077
17.680 _ 8.9509 517.9104 369.3114

21.070 11.5884 . | 670,5135' 440.1239
.24.450 14.4233 | 834;5463 510.7276
27.520 | 17.2875 1000.2700 574.8557
31.565 20.8743 1207.8059 659.3503
36.260 , 25.0968 1452.1209 ~ 757.4225
44.105 ' .32.5838 1885.3211 ; 921.2940

50.950 39.3660 2277.7464 1064.2769




A-23 (a)
TABLE 57
Solution: 0.6% (by wt) Natrosol-250GR -

Packed Bed I e : 0.38126

rH : 0.032607

H cm, Hg Q cm®/sec 2<u>sec™? Tw dynes/cm?
rH i
, L
3.98 2.6879 23.4184 80.9158
4,72 3.3363 29.0675 95.9605 =
6.47 5.4470 47.4568 1 131.5390 ;%
8.44 8.4087 73.2598 171.5903 f
10.97 12.7234 110.8508 223.0268 ’
16.86 26.8049 233.5341 342.7741
22.065 42,4481 369.8240 440.5949
28.645 67.1842 585.1808 582.3703
37.58 103.4501 901.2969 764.0243
46.27 138.3290 1205.1753 940.6973




A-23

TABLE 57

(B)

Solution: 0.6% (by wt) Natrosol-250GR

Packed Bed II

H cm, Hg

5.é6
3.30
,10.73
14.185
17.27
21.04
25.005
30.420
34.820
42.075
46.680

Q0 cm®/sec

2.6550

4.,5856

6.8750
11.0740
15.4232
21.1136
28.6640
39.8087
49.6554
65.9758
75.9090

2<u>sec”
rH

rH

49.9603
86.2541
129.3159

208.2980

290.1045
397.1397
539.1587
748.7851
933.9984
1240.9784
1427.8121

(cont'd)

1

0.38059
0f024517

tw dynes/cm?

120.6557
170.8946

220.9276 .

292.0650
355.5843
433.2075
514.8457
626.3389
716.9337

866.3120
961.1276

A i T Sl AT T T T T s e




Packed Bed II

H cm, Hg

7.83
11.25
13.40
18.97

22,71
27.415
33.590
£0.100
46.780

58.965

TABLE

Q cm3/sec

1.2457
2.2902
3.0288
5.4585
7.2852
9.9371
14.2427

19.0258

23.9134

33.8241

A-24

57 (cont'd)

€ : 0.3815
rH : 0.0163718
2522?90_1 ™w dynes/cxﬁ2
rH
72.3374 163.1508
132.9995 234.4120
175.8982 279.2108
316.9987 395.2708
423.0810 473.1998
577.0874 571.2362
827.1340 699.9023
1104.9122 835.8696
1388.7550 974.7375
1955.7553 1228.6318



A-25
TABLE 58
Solution: 0.7% (by wt) Natrosol-250GR

Packed Bed I - _ € 0.3806

rH : 0.03252

H cm, Hg Q cm®/sec gégzgec'l tw dynes/cm?
X .
6.80 2.8836 25.2280 137.9237
8.07 3.8077 33,3120 163.6829
8.98 4.4952 39.3269 182.1404
11.565 7.0345 61.5426 '234.5717
14.540 10.5365 92.1806 294.9133
18.440 16.3359 142.9178 374.0167
23.195 25.4605 222.7453 470.4618
31.185 44.9335 393.1025 632.5222
41.430 '77.5000 673.6477 840.3205
Packed Bed II _ e : 0.3807

rH : 0.02453066

H cm, Hg Q cm®/sec gégzgec-l tw dynes/cm?
T

5.52 1.1117 20.8926 113.7438

8.52 2,1875 41,1084 175.5610 -
11.09 3.4755 65.3139 228.5178
15.87. 6.7139 126.1704 327.0133
i3.05 4.6875 88.0898 268.9051
18.65 8.8572 166.4483 384.2973
22.40 12.6416 237.5679 461.5685
28.55 20.li31 377.9751 588.2943
38.630 35.8745 674.1708 796.0003
48.98 54.4545 1023.3366 1009.2698




A-26

TABLE 58

Packed Bed IIX

H cm, Hg

9.355
12.940
16.925

118.860

26.300

34.580

39.875

45.170

61.65

Q cm?/sec

1.6618
1.4838
2.4127
2.9310
5.5285

9.2183

11.9363
15.1565
25.9397

(cont*d)

2 ai>sec—?
rH

96.5268
86.187

140.1393

170.2411
321.1100
535.4225
693.2923
880.3299

1506.6447

. 0.3815

0.01637

tw dynes/cm?

194.9517
269.6607
352.7053

393,030

548.0739
720.6234
830.9675
941.3117

1284.7436




APPENDIX B

SUMMARY OF VISCOMETRIC RESULTS *

FOR NATROSOL - 250GR AND HR SOLUTIONS

(*All measurements were taken at 25°C)
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CAPILLARY

10

B-2

TABLE 59

CAPILLARY TUBE SPECIFICATIONS

LENGTH
IN: CM

79.80

80.74

83.95 -

. 81.90

83.88
84.25
84.6
84.6

CALI. DIAM.D,

. IN: CM
0.24546
0.19553
0.1290
0.2250
0.16820
0.1478
0.1014
0.0890

L/D

325.10388
412.9289
677.0161
364.000
498.692
570.027
834.3195
950.5617

i e e e .



TABLE 60

Solutiqn: 0.8% (by wt) Natrosol-250GR

Density of Solution: 1.001706 gm/cm?® at 250C

DATA FOR CAPILLARY 3.

1

e

H cm, Hg Q cm?/sec 85u>sec‘ tw dynes/cm?
1.84 0.06479 345,9942 40.8591
6.07 0.10363 553.4092 61.6729

110.22 0.14581 778.6605 82.0816

14.18 0.18405 982.8713 101.5485

21.27 : 0.26432 1411.5325 136.3641

126.07 0.31915 1704.3379 159.9129

30.10 0.35874 1915.7580 179.6843

35.87 0.42918 2291.9246 207.9436

40.87 - 0.49917 '2665.6880 232.3838

DATA FOR CAPILLARY 7

H cm, Hg Q0 cm®/sec 81_§v.n.>sec‘1 tw dynes/cm?
l;48v 0;21544 460.9715 53.4389
6.05 0.32787 701.5352 77.2611
9.20 - 0.47619 1018.8917 104.8987

14.40 0.6768 1445.7355 139,4373

19.88 0.88757 1899.1111 175.7343

25.79 1.15016 2460.9684 214.6767

34.03 1.48410 3175.4514 268.8197

39.13 1.6800 3597.9200 301.2604




B-4

TABLE 60 (cont'd)

e L ai

DATA FOR CAPILLARY 9 : Ho = 5.48cm
H cm, Hg 0 cm®/sec 8 <u>sec™! tw dynes/cm?
D
0.870 0.02726 266.228085 29.9917
3.080 0.035955 351.1327 38.8175
5.640 0.04561 445.4225 49,0442
10;230 0.066335 647.8207 67.3756
16.720 0.09604 937.9166 93.2873
23.420 0.130081 1270.3575 120.0234
- 30.120 0.15957 1558.3439 146.7551
38.260 0.19640 1918.0219 175.2218
47.640 0.25641 2504.07334 216.5642
DA&A FOR CAPILLARY 16 2.020 cm
H cm, Hg Q0 cm?/sec _8_]5<_1_J.3_sec' tw dynes/cm®
2.23 0.019299 277.5440 30.2151
6.400 0.030511 439.9265 44,8461
10.090 0.039683 572.1741 57.7918
13.980 0.05022 724.1031 71.4371
16.90 0.0559%6 806.8660 81.6806
26.53_ 0.08531 1230.0525 115.4469
39.87 0.12076 1827.70435 162.1987
48.65 0.15544 2241.2304 192.95188




" B-5
TABLE 61
Solution: 1.2% (by wt) Natrosol-250GR

Density of Solution: 1.00280 gm/cm® at 25°C

DATA FOR CAPILLARY 2° Ho = 5.970 cm

H cm, Hg Q cm®/sec §§EZ?GC-1 tw dynes/cm?
1.85 0.16304 222.0646 66.5953
5.16 0.25316 344.8104 93.3073

10.45 0.39301 535.2896 135.9753

15.24 0.53691 731.2851 174.5711

20.57 0.63559 865.6898 209.4644

"24.45 0.8547 1164.1232 248.6418

29.63 1.03090 il404.1121 290.2386

A34.32 1.23711 1684.9753 327.7747

38.87 1.34185 1827.6339 364.3287

46.05 1.7500 2383.5446 421.3813

DATA FOR CAPILLARY 6 5.085 cm

H cm, Hg Q cm®/sec gggzgec‘l tw dynes/cm?®
1.77 0.27273 243.7872 74.9762
6.09 0.45889 410.1915 114.4811

10.03 0.65359 584.2295 150.4661

14.35 0.87591 782.9563 189.8716

18.25 1.03448 024.6985 216.2879

22.05 1.32353 1183.0738 259.9236

23.45 1.40288 1254.0030 272.6421

28.69 1.70455 1523.6591 311.0234




B=6

TABLE 61 (cont'd)

DATA FOR CAPILLARY 7 Ho = 4.520 cm

H cm, Hg Q cm®/sec 8 u>sec—?! tw dynes/cm?
D
2.220 0.08772 187.69227 58.4667
5.410 0.12739 272.5732 79.8057
10.280 0.18692 399.9480 105.6839
13.370 0.24540 525.0762 133.0269
17.270 0.30822 659.4906 159.0875
20.850 0.36530 781.6232 183.0024
26.370 0.44860 ' 959.8581 213.1746
30.140 0.54645 1169.2253 244,9862
DATA FOR CAPILLARY 8 Ho = 3.600 cm
H cm, Hg Q cm®/sec %illisec—l ™ cilynes/cm2
2.430 0.052724 166.2688 52,1297
7.210 0.084151 265.3760 80.0821
11.030 0.11917 375.8109 102.4145
17.77 0.17266 544.4953 141.8127
24.00 0.23747 748.8781 178.2094
28.39 0.28436 896.7989 203.8468
34.97 0.35191 1109.7726 242.2633
39.61 0.41150 1297.6938 269.3279
46.37 0.48232 1521.0296 302.9139




Solution: 1.6% (by wt) Natrosol-250GR

Density of Solution: 1.004078 gm/cm® at 25°C

DATA FOR CAPILLARY 1 Ho = 1.88 cm

H cm, Hg Q cm?®/ sec 8 <u>sec—? tw dynes/cm?
D

0 0.12652 87.0995 61.8420
1.85 0.16735 115.2148 80.8118
'3.88 0.23292 160.3480 101.6218
6.33 0.31390 216.0966 126.7325
.9.23 0.41612 286.4670 156.4465 %
11.72 0.49813 342.9250 181.9555
15.09 0.62241 428.4820 216.4650
18.6 0.74377 512.0300 246.2469
21.14 0.89552 616.4980 278.3550
23.62 1.01078 695.8460 303.7057
27.20 1.18624 816.6370 340.2740
29;06 1.25918 866.8500 359.2810
33.55 1.49254 1027.5020 405.0840
37.59 1178.2329 446.2480

1.71149




B-7 (B)

TABLE 62 (cont'd)

DATA FOR CAPILLARY 2 Ho = 2.88 cm
H cm, Hg Q cm3/sec 81;u>sec—1 tw dynes/cm?
.0 0.04819 65.6360 49.8488
1.89 0.06615 90.0979 65.1159
4.95 0.10169 138.5043 89.8320
7.90 0.13825 188.3000 113.6570
10.63 0.17254 235.0038 135.7040
13.49 0.21254 289.4840 158.7970
'15.64 0.23885 325.3197 176.1577 5
18.08 0.28257 384.8670 195.8520 “
120.92 0.32720 - 445.6547 218.7753
24.45 0.38647 526.3819 247.2610
26.62 0.42520 579.1332 264.7680
30.80 0.50042 681.5847 298.4840
33.60 0.54545 742.9160 321.0689
36.55 0.59721 '813.4150 344.8560

40.54 0.68755 936.4606 377.0026




TABLE

DATA FOR CAPILLARY 6

H cm, Hg

12.94
"14.72
16.65
20.88
24.35
27.44
30.95
34.42

37.45

Q cm®/ sec

0.09063
0.11285
0.15686
0.20888
0.28470
0.37037
0.41344
0.41537
0.58442
0.68441
0.79734
0.91954
1.03520
1.15207

8 u>sec™

(cont'd)

1

B

81.0121
100.8740
140.2136
186.7130
254.4860
331.0650
369.5640
371.2890
522.3990
611.7787
712.7240
821.9560

925.3420

1029.8090

Ho = 2.69 cm
tw dynes/cm?

57.2025
70.8487
91.5447

114.06916

144.1870

175.6706

191.9590

209.6370

248.3010

280.0250

308.2480

340.2970

371.9720

399.6026




B-8 (B)

TABLE 62 (cont'd)

DATA FOR CAPILLARY 7 Ho = 2.32 cm.
H cm, Hg Q cm?®/sec §553§ec 1 tw dynes/cm?

2.78 0.03630 77.6702 61.1547

4.90 0.05440 116.3983 75.3407

8.48 0.06700 143.3580 49,2977
10.85 0.08287 177.3148 115.1560
'13.48 0.09615 205.7297 132.7540
16.50 0.11650 249.,2721 152.9600
20.26 0.014229 304.4540 178.1160
23.85 0.17167 367.3179 202.1310
25.70 0.18519 396.2460 235.9107
28.9 0.21112 451.7280 262.9960
32.95 0.24540 525.0760 293.4227
37.50 0.28601 611.9680 293.4227




TABLE

DATA FOR CAPILLARY 2

H cm, Hg

2.99
5.19
8.39

11.30
13.51
15.96
19.31
22,10
24.32
127.10
30.62
34.27
37.45

Q cm?®/sec

0.03264
0.04357
0.05938
0.07403
0.09195
0.10702
0.13100
0.14652

30.16371
0.18957
0.22075
0.24896

1 0.27815

B-9

63

(B)
(cont'd)

8 wu>sec—!
D

44.4565
59,3434
80.8770

100.8307.

125.2382
145.7639
178.4253
199.9726
222.9772
258.1992
300.6671
339.0898
378.8479

tw dynes/cm?

73.7358

91.5082

117.3587
140.8662
158.7177
178.5082
205.5674
228.1035
246.0342
268.4859
296.9131
326.3902
352.0687




B-10 (&)

TABLE 63 (cont'd)

DATA FOR CAPILLARY 6 - Ho = 2.05 cm
H cm, Hg Q cm®/sec gggzgec’l tw dynes/cm?®
2.65 ‘ 0.05772 51.5946 81.2441
4,55 0.08125 72.6275 98.6466
7.19  0.09938 88.8335 122.8276
9.18 0.11984 107.1223 141.0539
11.92 0.14901 133.1967 166.1486
'14.39 0.18161 162.3371 . 188.7686 ’
16.51 0.20053 179.2493 208.1844
19.64 | 0.24732 221.0738 236.8451
21.89 0.28070 250.9114 257.4466
24,71 0.31623 . 283.1179 283.2674
27.70  0.36810 329.0363 310.6387 -
30.30 0.40107 358.5075 334.4425

34,55 0.47198 421.8924 373.3424




B-10 (B)

TABLE 63 (cont'd)

DATA FOR CAPILLARY 7 ’ Ho = 2.10 cm
H cm, Hg 0 cm®/sec §§EZ§€C_1 tw dynes/cm?
4.01 0.01756 37.5727 69.4268
6.81. 0.02538 54.3049 88.1651
9.80 0.03393 72,5992 108.1748
12.78 0.04292 91.8398 128.1173
15.75 0.05291 113.2102 147.9926
119320 10.06380 136.5112 171.0799
21.95 0.07394 158.2075 189.4824
25.11 0.08658 185.2530 210.6280
27.75 0.09585 205.0878 228.2940
30.12 0.10204 218.3324 244.1535
34.25 0.1200 256.7609 271.7886




B-11 (&)
TABLE 64
Solution: 2.2% (by wt) Natrosol-250GR

Density of solution: 1.005602 gm/cm® at 250C

DATA FOR CAPILLARY 1 Ho = 2.99 cm

H cm, Hg 0 cm®/sec §523§ec‘1 tw dynes/cm®
0.0 0.04036 27.81409 62.70197
2.1 0,05874 40.47547 84.21924
4.2 0.079760 54;96264 105.73650
6.41 - 0.104621 72.09353 128.38196

'11.10 0.15789 108.80423 176.43799

13.65 0.197530 136.11723 | 202.56602

16.55 0,23753 163.68108 232.28066

19.45 0.280114 193.02489 261.99590

22.47 0.342859 236.26255 292.93975

26.60 .0.42553 293.23397 335.25805

28.55 0.44499 306.6428 358.84706




B-11 (B)

TABLE 64 (cont'd)

DATA FOR CAPILLARY 2 Ho = 2.6l cm

H cm, Hg Q cm3®/sec §jgisec?1 tw dynes/cm?
D
3.05 0.02572 35.06792 74.33875
5.35 0.03636 49.57325 92.90044
7.35 0.04362 59.46635 109.03910
9.35 . 0.05194‘ 70.81941 125.17729
212;62 0.06890 93.93742 151.56376
14.89 0.07714 105.16997 169.88066
18.35 0.09662 131.71714 197.80008
21.15 0.11157 152.10791 220.39393
24.37 0.130086 178.39906 246.37656
27.05 0.14563 198.53489 268.00177 - -
29.30 0.16194 220.177198 286.15770
33.50 0.18801 256.31330 320.04799
37.50 0.21739 . 296.36404 352.32484
43.30 0.26316 358.75382 399.12596



B-12

TABLE 64 (cont'd)

DATA FOR CAPILLARY 6

H cm, Hg

0.00
3.00
5.00

- 7.87

12.66

14.60

17.59

20.55
23.20

25.95.
30.07

34.0

Q cm®/sec

0.02607
0.04504
0.05714
0307663
0.11645
0.13072
0.165289
0.19950
0.22889
0.25806
0.3967
0.34913

DATA FOR CAPILLARY 7

H cm, Hg

7.20
9.47
- 12.60
15.60
18.80
21.60
24.40
28.50
33.30
36.45

39.95

44.13

Q cm®/sec

0.01963
0.02464
0.02941
0.03759
0.04656
0.05242
0.05997
0.07086
0.08918
0.09744

0.10944

0.12539

8 <u>sec—!
D

23.3296
40.3014
51,1252
68.5586
104.1854
116.9529
147.8827
178.4918
204.7936
230.8882
277.0658 .
312.36268

g<u>sec™!

D
42,03379

52.78177

62.98895
80.51202
99.72631
111.83412
128.43325
151.75351
191.00311
208.68432

234.37742

268.5419

Ho = 2.45 cm

™w dynes/cm2

57.09186

84.55348
102.86104
129.13251

'172.97949

190.73801
218.10813
245.20316
269.46092
294.63430
332.34807

368.32265

tw dynes/cm?®

90.6729
105.8399

126.7531

146.7976
168.1780
186.8865
205.6205
232.9887
265.0595
286.1062
309.5991
337.4201




B-13 (A)
TABLE - 65

Solution: 2.4% (by wt) Natrosol 250-GR

Density of Solution: 1.006392 gm/cm® at 250C

DATA FOR CAPILLARY 1 Ho = 1.79 cm

H cm, Hg Q cm?/sec 8<u>sec—? tw dynes/cm?
‘ D

1.60 ' 0.032706 22.53645 78,2797

5.00 0.055866 38.49452 113.1271
. 8.20 ‘ 0.080483 55.45689 145.92470
10.80 0.099132 68.30749 172.57273
12f66 0.114123 78.63645 19£.02136
16.20 . 0.149068 102.71581 227.91863
19.20 0.180995 124.71528 258.66635
21.70 . 0.204342 140.80243 284.28945
24.50 0.25126 173.12862 312.98733
26.65 . 0.272479 187.7256 335.02319
29.30 0.316623 218.16947 362.18367




B-13 (B)
TABLE 65 (cont'd)
Ho = 2.08 cm

DATA FOR CAPILLARY 2

"H cm, Hg

Q cm?/sec 8 w>sec~! tw dynes/cm>
D

6.46 0.01957 26.67837 101.26589

8.79 0.02478 33.78599 120.06709
11.01 0.02900 39.54357 137.98068
13.77 0.03853 52.53428 160.25163
17.44 0.05006 68.24855 - 189.86554
20.26 0.06097 83.12589 212.62059
22.90 0.07011 95.58385 233.92328
26.99 0.08753 119.32295 266.92625
29.50 0.09685 132.03532 287.17990
32.51 0.11019 150.22200 311.46815
35.66 0.12565 171.30028 336.88608
39.09 0.14354 195.68393 364.56338




B-14 (a)
TABLE 65 (cont'd)

DATA FOR CAPILLARY 6 Ho = 2.35 .cm

H cm, Hg 0 cnmd®/sec 81;'1.1>sec"1 ™ dynes/cm2
1.65 0.02252 20.152177 72.17305
3.57 0.031348 28.046724 89.74843
6.41 0.044297 39.631915 115.74535
9.60 0.060150. 53.815969 144.94612

11.60 .0.06i854 60.708431 163.25381

‘14.7 0.090497 80.9674664 191.63077

17.53. 0.106524 95.3065578 218.45151

20.76 0.133333 119.29207 247.10304

24.08 0.172662 154.47893 277.49382

28.10 0.186263 166.64782 314.29227

30.93 0.205761 184.09269 340.19767

34.30 0.235294 210.515309

371.04612




B-14 (B)
TABLE 65 (cont'd)

DATA FOR CAPILLARY 7 Ho =.2.35 cm

42.91

H cm, Hg | Q cm®/sec .8<u>sec'1 ™ dynes/c‘m2
T

7.66 0.01129 24.18087 93.81443
11.20 0.01487 131.84560 117.46686
14.87 0.02178 46.65838 141.98789
18.01 0.02670 57.22985 162.96773
+21.20 0.033167 71.03216 184.28164
.24.80 0.038511 82.47573 208.33497
. 29.41 0.047733 102.22528 239.13658
33.18 0.05358 114.75524 264.32576
36.07 0.061068 130.78595 283.63523
38.57 0.066006 141.36104 300.33892
0.07597 162.70615 329.3354




B-15

TABLE 66

Solution: 2.6% (by wt) Natrosol-250GR

Density of solution: 1.00790 gm/cm® at 25 C

DATA FOR CAPILLARY 1

H cm, Hg

2.32
. 4.48

6.70
10.30
12.83
15.70
18.25
21.10
24.07
26.78
28.78

Q0 cm?/sec

0.024096
0.034014
0.045558
0.064620
0.081383
0.103627
0.123456
0.145454

.0.169312
0.191387
- 0.208695

g8 <u>sec™!?

D
16.60366
23.43714
31.39188
44.,52678
56.07747
71.40434
85.06814
100.22573
116.66487
i3l.87596
143.80214

Ho = 3;68 cm

tw dynes/cm?

87.18749
109.32585
132,07916
168.97643
194.907069
224.32232
250.45789
279.66823
310.10847
337.88391

358.38239




B-15

TABLE 66 . (cont'd)

. DATA FOR CAPILLARY 2

H cm, Hg

4.65
7.36
11.15
13.89
16.47
19.39
22.40
26.14
29.45
32.36
35.74

39.50

Q cm®/sec

0.0104438

0.0160192

0.021645
0.0274536
0.0329489

- °0.0421941

0.0479616
0.0596125
0.0667779
0.0786627
0.0913242

0.10165184

. 8<u>sec™!

D .

14.23775
21.83844
29.50789
37.42662
44,91811
57.52172
65.38440
81.26764
91.03604
107.23813
124.49906
138.57837

Ho = 2.35 cn

tw dynes/cm?

87.21033
109.07793
139.66003
161.76960
182.58809
206.15011
230.43835
260.61710
287.32610
310.80743
338.0813
368.42141




B-16

0.061967

132.7107

372.8572

TABLE 66
DATA FOR CAPILLARY 6 Ho = 2.00 cm
H cm, Hg Q cm?®/sec 8 u>sec™ ™ dynes/ém2
D
3.66 0.0773 15.8633 90.9202
5.72 0.02448 21.9018 109.2773
8.18 0.03200 28.6300 131.7957
11.18 0.04338 38.8152 159.2573 -
14.30 0.056258 50.3342 187.8173
17.10 0.06768 60.5543 213.4480
.19.50 0.084388 75.5013 235.4173
22.02 0.09356 83.7137 258.4849
24.22 0.105263 94.1779 278.6234
26.62 0.121089 108.3370 300.5927
28.94 0.130152 116.4445 321.8296
31.28 0.144230 129.0419 343.2996
DATA FOR CAPILLARY 7 Ho = 2 cm
" H cm, Hg Q cm®/sec ‘ _8_;_u__>_sec" tw dynes/cm?
14.84 0.02285 26.3098 141.6780
18.45 0.016326 34.9652 165.7981
22.55 0.021141 45,2774 193.1922
26.05 0.02442 52.2984 216.5774
29.33 0.02974 63.6913 238.4926
33.21 0.34042 72.9062 264.4168
36.07 0.037843 81.0452 283.5258
38.70 0.044297 94.86687 301.0980
41.15 0.045871 98.2399 317.4677
49.44 0.061967 111.10867 344.1936



B-17
TABLE 67
Solution: 0.2% (by wt) Natrosol-250HR

Density of solution: 1.00083 gm/cm® at 250C

DATA FOR CAPILLARY 3 - | Ho = 3.44 cm
H om, Hg 0 cm®/sec _8__ﬁ<‘_9_35ec‘1 tw dynes/cm?®
17.90 0.473934 2533.2194 119.7214
15.42 0.414957 2217.8809 107.5159
13.72 0.384246 2053.8320 99.1492
11.80 0.338984 1811.9011 89.9971
10.42 0.306000 1635.5985 82.9079
. 8.15 0.254460 1360.1156 71.7359
5.80 0.199711 1067.4759 60.1701
3.60 0.1516301 810.4770 49.3426
1.60 0.115830 619.1227 39.4994
DATA FOR CAPILLARY 9 Ho = 2.50 cm
H cm, Hg Q cm®/sec 8 w>sec—! tw dynes/cm®
D
13.21 0.149477 - 1461.1029 78.3335
11.40 0.129089 1261.8175 71.1050
10.375 0.119130 1164.4779 67.0115
8.64 0.112081 1095.5703 60.0825
6.90 0.088954 869 .5137 53.1335
5.80 0.082835 809.6941 48.7404
4.25 0.0695696 680.0274 42.5502
3.10 0.058608 572.8810 37.9575
1.29 0.045558 445.3201 30.7289




TABLE 67

DATA FOR CAPILLARY 10

H cm, Hg

10.55
9.18
8.23
6.81
5.50
3.70
1.90

. 0.69

Q cm?®/sec

0.07619
0.06999
0.062927
0.056818
0.05035
0,043103
0.0331125
0.027777

DATA FOR CAPILLARY 11

H cm, Hg

11.00
. 8.84
7.30
5.27
4.00
2.30
1.44

Q cm®/ sec

0.038648
0.032787
0.030379
0.024570
0.021826
0.01839

0.016034

(cont'd)

g <u>sec™?

D
1099.7125
1010.2414

- 908.2719

820.0997
726.7382
622.0744

1 477.9379
400.9357

g8<u>sec !

D
907.9442
770.2527

713.70386

577.2177
512.7582
432.0992
376.6875

Ho = 1.67 cm

tw dynes/cm?

59.2468
54.4421
51.1103
46.1302
41.5359
35,2232
28.9104
24.6608

Ho = 2.80 cm

tw dynes/cm?

52.0158
45.5644
40.9648
34.90167
31.1085
26.03098
23.4624



B-19
TABLE 67 (cont'd)

DATA FOR CAPILLARY 12 Ho = 3.37 cm

H cm, Hg Q0 cm®/sec '_8;1;l>_sec"’1 v dynes/cm?
11;60 0.10568 .1270.4221' 67.5548.
10.42 - 0.10153 1220.4916 63.2256
8.80 0.08696 ' 1045.3347 ' 57.1449
:6.82 0;07253 871.9027 49.7128
4.97 0.06041 726.2147 42.7688
3.76 0.05411 650.4556 38.2270
1.88 0.04438 533.5209 31.1704
| -0.03658 439.8077 26.9289

0.75




B-20 (A)

TABLE 68
Solution: 0.3% (by wt) Natrosol-250HR

Density of solution: 1.00180 gm/cm® at 25°C

DATA FOR CAPILLARY 2 Ho = 2.85 cm
H cm, Hg Q cm3/sec - §523§ec'1 tw dynes/cm?
0 - 0.23529 320.7682 49.6859
1.52 0.32128 437.9967 61.9572
3.66 0.45512 620.4502 79.2338
© 6.00 0.62015 845,4375 98.1256
8.10 0.772202 1052.7158 115.0787
10.40 0.96618 1317.1639 133.6470
13.10 1.23916 1689.3021 '155.4446
15.40  1.49627 2039.8103 174.0129
18.28 | 1.767676 2409.8114 197.2637
20.78 2.09424 2855.0047 217.4467

23.70 : .2.42589 3307.1352 241.0204




B-20 (B)
TABLE 68 (cont'd)

DATA FOR CAPILLARY 3 Ho = 3.30 cm

" cm, Hg Q cm®/sec 81;u>sec"1 ™w dynes/cm?
3.43 0.060015 320.7859 48.5121
5.85 0.08359 446.8212 60.4224
7.99 0.10281 549.5438 70.9546
9.99 0.12170 650.5184 80.7978

11.98 0.14746 788.21715 90.5918

. 14.18 0.17057 911.7429 101.4193

16.99 0.210305 1124.1007 115.2489

19.55 0.23833 1273.9062 127.8482

21.31 10.26548" 1419.0512 136.5102

24.21 0.31215 1668.4815 150.7829

26.45 1852.2399 161.8073

0.34653




B-21

TABLE 68 (cont'd)

DATA FOR CAPILLARY 7 Ho = 2.85 cm
H cm, Hg Q cm®/sec ~  B<u>sec~! 'rw'dynes/cmz
D
1.77 - 0.16563 354.72117 54,5247
3.84 0.22421 480.18385 68.3685"
5.90 0.29888 640.08667 82.1455
8.07 0.37234 797.41170 96.6582
11.14 0.48077 1029.63095 117.1899
;3.20 0.60332 1292.08136 130.9669
16.15 0.74627 1598.22389 1150.6960
'18.30 0.85470 1830.44447 165.0749
'DATA FOR CAPILLARY 8 | Ho = 2.98 cm
H cm, Hg Q cm®/sec | "§;_;_u_v>_sec b tw dynes/cm®
1.77 0.09367 295.5344 47.9055
4.39 | 0.14035 442.7837 63.2203
6.77 0.18476 582.8787 77.1322
9.50 0.24814 782.8362 93.0899
11.00 0.27523 868.3064 101.8580
13.40 0.335008 1056.8945 115.8868
16.12 | 0.418850 1321.3962 131.7861
18.43. g 0.478470 1509.4919 145.2888
20.34 - © 0.54595 1722,3836‘ 156.4534 .
| 22.88 0.628273 1982.0943 171.3006
25.60 0.628273 2271.70638 187.1999

0 0.06914 218.1388 . 37.5593




B-22

TABLE 68 (cont'd)

DATA FOR CAPILLARY 9 Ho = 2.45 cm

H cm, Hg Q cm?®/sec .§§33§ec'1 tw dynes/cm?
3.45 - °0.02546 248.8804 39.3866
5.91 0.03361 328.5639 49.2110

- 8.63 0.04449 434.9183 60.07385

11.37 0.05598 547.2236 71.0165

14.17 0.06950 679.3942 82.1988

16.85 0.084299 824.607479 92.9018

19.69 0.097959 957.5298 104.2439

22.85 0.11881 1161.3598 116.8639

25.33 0.133779 1307.6642 126.7682

28.15 0.1541425 1506.7096 138.03038




B-23

TABLE 69
Solution: 0.4% (by wt) Natrosol-250HR
Density of solution: 1.00190 gm/cm® at 25°C

DATA FOR CAPILLARY 2 Ho = 2.67 cm

H cm, Hg Q cm®/sec _8_§l;tisec"1 | tw dynes/cm?
. 1.89 0.15711 214.1815 64.8421
4.04 0.22?05 310.8931 82.1995
5.45 0.27952 381.0665 93.5827
6.86 0.33755 460.1740 104.9658
8.60,: 0.41279 . 562.7518 119.0132
- 9.60 0.46029 627.5105 127.0864
llﬁOO 0.53619 730.9783 138.3625
13.15 0.64308 876.6975 155.7462
15.51 | 0.77821 1060.91041 174.7989
lé.90 1.00755 1373.5665 202.1670

DATA FOR CAPILLARY 6 Ho = 2.52 cm

H cm, Hg Q cm?/sec ggzsec'l tw dynes/cm?
0.00 0.21459 191.8959 56.7986
1.60 0.28626 255.9865 71.2507
3.70 0.39801 355.9147 90.2190
5.20 0.51195 457.8041 103.7678
6.23 0.57472 513.9323 113.0713
7.55 0.69404 620.6401 124.9943
8.94 0.814667 728.5039 137.5995

10.61 0.941176 840.6491 152.6338

12.58 1.17994 1055.1444 170.4279

15.00 1.38409 1237.7101 192.2866




B-24
TABLE 69 (cont'd)

DATA FOR CAPILLARY 7 Ho = 1.73 cm

H cm, Hg Q cm®/sec 8<u>sec™? tw dynes/cm?
D
0.95 0.66781 143.01969 48.5177
2.29 0.085349 182.78442 57.4794
4.15 0.116050 248.53500 69.9188
' 6.05 0.147783 316.49662 82.6258
8.07 0.186393 399.18393 96.1353
9.85 0.224215 480.18385 108.0397
. 11.92 0.273224 585.14208 121.8835
13.90 0.321543 688.62380 135.1255
15.76 0.376648 806.635909 147.5649
17.64 . 0.447229 958.22405 160.1386
DATA FOR CAPILLARY 8 Ho = 1.93 cm
H cm, Hg Q cm®/sec _8__<_L}35ec"‘{1 tw dynes/cm?
D
1.68 0.041494 130.9057 46.8573
2.82 0.047847 150.9488 53.5244
4.25 0.060377 190.4804 62.4677
5,80 0.073801 232.8288 . 70.9435
?.51 0.091117 287.4575 80.9389
8.75 0.104076 328.3433 88.1872
10.70 0.125000 394.3537 99.5856
11.96 0.140944 444.6556 106.9507
13.12 0.155527 490.6613 113.73133
15.02 0.181159 571.5272 124.8375
17.02 0.208772 658.6312 136.5281




B-25
TABLE 70
Solution: 0.5% (by wt) Natrosol-250HR

Density of solution: 1,002314 gm/cm® at 25°C §

DATA FOR CAPILLARY 1 Ho = 4.00 cm
H cm, Hg Q cmd®/sec §§Ei§ec'1 tw dynes/cm?
0.0 0.12207 87.0240 62.4575
1.08  0.15748  112,2632 72.9296
2.12 0.19474 138.8260 83.0138
3.55 0.25031L  178.4411 96.8796
5.38 0.33116 236.0500 114.6239
7.03 0.42508 303.0274 130.6229
' 8.80 ~ 0.52219 372.2565 147.7855
10.68 0.63593 453.3373 166.0147
12.59 | 0.776119 553.2731 184.5347
DATA FOR CAPILLARY 2 N Ho = 2.52 cm
H cm, Hg ‘ Q cm®/sec §§EZ§3°-1 tw dynes/cm?
1.19 0.05618 76.5879 59.1222
2.81 0.07641 104.1655 72.2007
500 0.09434 128.6098 81.8885
5,93 0.12618 172.0209 97.3890
7.55 . 0.15707 . 214.1253 110.4676
8.44 0.17683  241.0726 117.6527
10.90 0.23697 323.0485 137.5127
12.65 : 0.27933 380.8002 151.6408
14.58 0.33578 457.7599 167.2221 E
15.965 0.37878 516.3881 178.4034 1
17.42 : 0.42598 580.7311 190.1499
18.82 0.47789 651.5014 201.4524- E
| 0.52792 719.6938 213.5622 '

20.32




TABLE

DATA FOR CAPILLARY 7

H cm, Hg

1.58
3.36
5.28
7.12
8.69
10.50
11.70
13.65
15.65
17.80
19.60

22.17

24.51
26.63

Q cm3®/sec

0.03378
0.04376
0.05913
0.071749
0.087816
0.105448
0.119403

0.141844
0.171086
10.202839

0.231127

0.2786071
.0.324826

0.364881

DATA FOR CAPILLARY 8

H cn, Hg

3.13
. 6.36

9.89
12.55
15.52

18.10

Q cm3/sec

0.029768
0.036969
0.055866
0.070671
0.087527
0.106007

B-26
70

(cont'd)

g<u>sec

D
72.3520
93.7251

126.6295

153.6599
188.0678
225.8298
255.7161
303.7759
366.4022
434.4057
494.9856
596.6708
695.6538

781.4359

g u>sec
D

78;1780
116.6894
176.3373
223.,0698
276.2748
334.6047

1

i

Ho = 2.67 cm

tw dynes/cm?

53.1872
65.0916
77.9323
90.2379°
100.7378
112.8429
120.8683
133.9096
147.2850
161.6642
173.7023
190.8901
206.5399
220.7179

Ho = 2.51 cm

tw dynes/cm?

55.6719
74.5524
95.1865

110.7351

128.0957

143.1767




B=27
TABLE 71
Solution: 0.6% (by wt) Natrosol-250HR

'Density of Solution: 1.002746 gm/cm® at 250C

DATA FOR CAPILLARY 1 Ho = 3.10 cm
H cm, Hg Q cm®/sec 81§u>sec-1 tw dynes/cm?
1.08 0.08197 56.4797 73.7159
3.87 0.14423 99,3825 102.3113
7.31 0.24539 169.0925 137.5686
10.31 0.36271 249.9285 168.3164
12.32 0.43620 300.5679 188.9173
13.05 0.48134 331.6736 196.3998
15,25 0.60000 413.4311 218.947
19.00 0.80808 556.8096 257.3822
. DATA FOR CAPILLARY 2 Ho = 2.915 cm
. H cm, Hg Q cm®/sec §ggz§ec'1 Ttw dynes/cm?
3.30 0.03992 54.4217 76.4130
6.31 0.06111 83.3164 100.7133
8.44 0.08501 115.8992 117.9092
12,23 0.13148 179.2459 148.5066
15.06 0.17045 232.3747 171.3542
16.80 0.19704 268.6236 185.4010
19.50 0.25467 347.1812 207.1986
21.70 0.30567 416.7185 224.9596
24.51 0.37470 510.8252 247.6453
27.67 0.46296 631.1411 273.1565
29.95 0.52863 720.6686 " 291.5639
33.70 0.65217 889.0857 321.8378




B-28 ' (A)

TABLE| 71 (cont'd)

DATA FOR CAPILLARY -6 Ho = 3.49 cm

H cm, Hg Q cm®/sec gggzgec'l tw dynes/cm?
'1.40 0.059746 53.4542 70.2462
3.47 0.086789 77.6304 88.9435
5.45 0.1016949 90.9855 106.8279
6.70 0.138568 123.9756 118.1185
9,35.- 0.200334 179.2368 142.0548
11.35 0.240385 215.0698 160.1198
12.92 0.297555 | 266.22034 174.3009
15.52 0.381471 341.2988 197.7855
16.81 0.406435 363.6337 209.4375
19.12 0.514579 460.3896 230.3026
23.45 0.705329 631.0513 269.4135
25.89 0.747524 668.8025 291.4528




B-28 (B)

TABLE 71 (cont'd)

DATA FOR CAPILLARY 7 Ho = 2.55 cm

H cm, Hg Q cm®/sec _8_D<'_52_sec 1 tw dynes/cm?
4.82 0.02333 . 49.9795 74.815
8.66 0.03980 85.2387 100.496
10.90 . . 0.05347 114.5251 115.477
14.36  0.06420 137.5037 138.617
15.38 0.07481 160.2209 145.439
17.41  0.09345 200.1514 159.015
19.92  0.11194  239.7336 175.802
21.93 0.128205 274.5666 189.244
24.25 0.152964 327.5900 204.760
25.87 - 0.167189 358.0556 215.594
.,28.04 0.193553 414.5167 230.107
29.82 0.214809 458.2658 242,011
31.91 0.24213 . 518.5521 255.989
34,17 0.26948 577.1167 271.104

36.87 0.312500 669.2563 289.1608




B-29
| TABLE 72
Soluﬁion: 0.7% (by wt) Natrosol-250HR
Density of Solution: 1.003716 gm/cm® at 250C

DATA FOR CAPILLARY 1 Ho = 3.57 cm

H cm, Hg Q cm®/sec gggzsec'l Tw dynes/cm?
7.65 0.097959 69.8323 136.41436
9.65 0.128388 91.5241 155.8071

11.14 0.148699 106.0031 170.2546

12.90 0.183346 130.7021 187.32025

14.63 0.219298 156.3314 204.0949 __

16.50 0.267141 190.4375 222.2271

- 18.50 0.327485 233.4549 241.6198

20.50 | 0.430686 © 307.02389 261.0126
1.34 10.032362 23.070256 75.2303
3.22 . . 0.048193 34,30552 93.4595
s.68 - 0.072376 51.59501 117.31253

DATA FOR CAPILLARY 2 Ho = 2.96 cm

H cm, Hg - Q cma/sec §%gz§ec'1 ™ dynes/cmf
7.61 0.03555 48.4716 111.2834
9.74 0.04474 60.9962 128.4793

11.52 0.05575 76.0008 142.8496

14.08 0.07396 100.8332 163.5169

'.16.47 0.09281 126.5211° 182.8118

19.29 0.11713 .159.6796 205.5782

21.95 0.14754 201.1374 227.0529

23.99 0.16438 224.0983 243.7564

27.30 0.21695 295.0789 270.2444

31.87 0.286298 390.3007 307.1389




TABLE 72

DATA FOR CAPILLARY 6

H cm, Hg

1 5.30"
6.95
9.14

11.30

13.08

14.86

17.75

© 19.19

21.33

24.25

Q cm®/sec

0.050062
0.060698

0.085288

0.103004
0.126849
0.152381
0.207972

0.228833

0.274348

0.344827

DATA FOR CAPILLARY 8

H cm, Hg -

17.72
20.26
22.88
25.12
28.71
30.90
33.37
35.37
39.93

143,80

Q cm®/sec

0.024360

- 0.029600

0.035429
0.041841

0.0526085

0.059790
0.069649
0.078973
0.098684
0.118812

(cont'd)

8 «u>sec”

———

D
44.7905
54.3059
76.3062
92.1569
113.4739
136.3338
186.0708

204.7347

245.4569

308.5139

s<u>sec
olu~:
D

76.8925

93.4318
111.8313
132.0685
166.0555
188.7257
219.8439
249.2747
311.4906

'375.0223

1

1

Ho = 2.86 cm

tw dynes/cm?

105.1088
120.0125
139.7937
159.3039
175.3820
191.4598
217.5638
230.5706
249.9025

276.2752

Ho = 2.43 cm

tw dynes/cm?

140.9732
155.8204
171.1352
184.2287
205.2135
218.0147
232.4530
244.1434
270.7981
293.4196




(a)

c-1

APPENDIX C

SAMPLE CALCULATION

CAPILLARY TUBE 2

The:calculation of shear stress vs shear rate for the

flow of 2.2% natrosol-250GR solution.

Density of mercury PHg = 13.6 gm/cm®
'Length of capillary tube L = 80.74 ¢cm
Density of the solution p = 1.0056 gm/cm®
Diameter of capiilary tube D = 0.19553 cm
Height of. solution above capillary Ho = 2.6l cm

Pressure drop across the capillary tube Ah= 12.62 cm

Flow rate of the solution Q = 0.068906 cm?®/sec

Shear rate = 8(u) = 320
D Dy

_ 32 x 0.068906 sec™?

=—70.19553) %
93.9374 sec™!

Shear stress = rH (-dP')
dx

(-p*) = AnpHg ¢ = (Hotl) P g =7 w>? (L + ko)
dx L 9gc¢ L de gec L 20' 2

12.62 x 13.6 + (2.61 + 80.74)
80.74 50.74 1.005602

- 1.005602 X% (2.2959)% (% + 0.23)
680 x 80.74 -2

3.1638 gm/cm®




(b)

(c)

=xH (-d') =D (-dr")
dx Z dx

0.19553 x 3.1638 x 980 dynes/cm®
4 _ v

151.5637 dynes/cm?

Calculation of the effective slip velocity at a shear

" stress of 151.560 dynes/cm’

The critical shear stress for 2.2% Natrosol-250GR from

- Table 1 Tc = 900 dyngs/cmz.

The diameter of the +tube D = 0.19553 cm.

From equations (56) & (57)

———

=E''' (Tw = Tc)
o D

gr'r = 11.5 X 10~-5 obtained from fig. (27) at T =

'151.56 dynes/cm?

5
u, = 11.5 (151.56 - 900) x 10~ cm/sec
0.19553

0.4240 cm/sec

Célculation of the anomalous layer thickness for 2.2%

Natrosol=250GR solution at a shear stress of 151.560

dyhes/cm?

From equation (64)




c-3

§ = - uy
£ (W)
where £ (tw) =1+ 3n' 8 (<u> -~ uw)

4n' D

The f£low behaviour index n' is obtained from the 2.2%

Natrosol-250GR solution in fig. (13)

n' = 0.770

£ (tw) = (L + 3 X 0.77
S A B ) (109) sec™?

117.1396 sec™!?

A

Hence § = = Uy
T (1w)

- 0.4240 cm
117.1396

= 3.8106 x 1073 cm

IT Packed Bed 1II

(a) The calculation of shear stress chear rate for the

flow of 2.2% Natrosol=-250GR solution.

Density of Mercury PHg = 13.6 gm/cm®
porosity of Bed e = 0.3806
Hydraulic radius "yH = 0.02452 cm

11.39514 cm?

g
i

Area of Bed




Difference between pressure taps H' = 14.7 cm
Pressure drop across the bed Ah = 35.29 cm
Flow rate of the solution Q = 12.416 cm?/sec
Shear rate = 2<u> =2 0O
rH YH A ¢
= 2 x 12.416 sec™!

0.02452 x 11.39514 x 0.3806

233.4703 sec™!

rH (-g2")

Shear stress
dx

A
]

-dp"'
ax H'

n
B>
jo g
\‘::
m

35.29 x 13.6 gm/cm®
14.7

30.24857 gm/cm’

Therefore g = rH (-ap"')
dx

- 0.02452 x 30.24857 x 980 dynes/cm?

~ 726.9034 dynes/cm’

(b) calculation of the effective slip velocity at a shear

stress of 726.9034 dynes/cm2




(c)

C-5

The critical shear stress for 2.2% Natrosol-250GR froﬁ
Table 2 Tc = 7800 dynes/cm®
The hydraulic radius of the bed rH = 0.02452 cm

From equation (56) and (57)

U, = g0 (tw = TC)
rH -

g''' = 0.32 x 107° from fig. (28) at t = 726.9034

dynes/cm?

u, = 0.32 x 105 (726.9034 - 7800) cm/sec
' 0.02452

- 0.9076 cm/sec

Ccalculation of the anomalous layer thickness for 2.2%

Natrosol-250GR at a shear stress of T = 726.560 dynes/cm2

From equation (64)

§ = - Uy
'f (Tw)

£ (tw) is obtained by extrapolation in fig. (29)

£(tw) = 965 sec™?

§ = 0.9076 cm
965

= 9.4447 x 107" cm




C~6

III Calcéulation of the dimensionless group (T/K)S/w for a

power-law £luid of 2.2% Natrosol-250GR solution at
T = 200 dynes/cm2

s = l
n

The flow behaviour index‘n was obtainea from the slope

of fig. (29) vs from the capillary tubes data n = 0.749

T =X £(T)N
K=v‘T .
ER L

from fig. (29) when T = 200 dynes/cm® is 166.9036 sec™!

K = 200 dynes-sec”/cm?
(166.9036) 0.746

4.3291 dynes-sech/cm®

w = 2(<u>-u,) = 57 sec~! from fig. (13)
rH

Hence (t/K)S
W

(200/4.329) 1
57 n

2.9281

IV Ellis fluid model

_calculation of the dimensionless group w no/ and

(t/t%) "' at T = 300 dynes/cm? for 2.2% Natrosol-250GR




solution at T = 300 dynes/cm®

w=2(<u> - uw) = 97-sec” ! from fig. (13)
rH '

no = 1.9404 poise obtained from table (34)

w= 97 x 1.9404 = 0.6274
300

o was obtained from the slope of fig: (39)
a = 1.6078
T% was obtained from fig. (38) when n = no
2

t% = 412 dynes/cm?
a-1 " 0.6078





