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" . Sy ’
cobserve the transition to tarbulence in flowing milling velMw dye

CABSTRACT

. ~—
>

Flow cfborimunrs were conducted an four synthetic porous tmedia

in order to determine the Reynolds number at the transition to tprbulent

,

. . . . . . E ! . ) )
t low, fwo sphere sizes were ased, of 0.25 and 0.5 in. ‘>umvtuv,*nnd two

pieking arrangements, a Cubic No. 1 and an Orthorhombjc No. 2. .

“The streaming birefringence visualization technique was used, to

¢

AT - o . . .
solutions.  The technique offers the advantage ollulefgﬁthg the flow:

- »

MY

disturbance that results when intrusive measurdng techniques are

! 0 R
‘emploved, and provides rood reproducibility and sharp definition of the

transition. . . . -
.. N . . s

The non-Newtonian nature Of the birefringent milling yuk‘ow dye

)

solution required that the effective viscosity in the Reynolds numbér

Ve

at the transition to turbulence be calculated from tha Forchheimer

equat ion adapted for non-Newtonian floy. This mdﬁhod proved to give

satisfactory results based on a comparison of the cffective viscosity
4 . N »

versus superficial-velocity curves developed from the sphere pack flaw

~data with the apparent viscosity versus shear rate curve mcasure?

. ..
dircctly on the Weissenberyg rheogoniometer. )
B *

N .

place over a'range of Reynolds numbers from 0.241 to 4.56, where the

1 -
Reynolds. number is based on superficial’velocity and a length parameter

_equal .to the product of the permeability and the inertial resistance

coefficient of the pack. These results compare favourably with those
‘ & R

. N e . -

in the literature when a Reynolds number baséd ‘on superficial velocity

.and sphere diameter is used for this comparison.

v 3 - .

»
)

. 4 ’ ’ :
The results .indicate that the transition to turpulent flow takes
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possible. "4, -
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- - INTRODUCT [ON Ve L '
& :
o ju’d “4". <
g e ‘ .
lﬂf?rcdirting fluid flow behavior in porops media, it is \
P 4 _

Jt. be viscous, inertial or turbulent, or some inteYmediate tvpe.
S W
; et
e,

L h K . ". . . . '. ¥, 5 N .
L3t Incturn will assist in determining which of the Darcy, Forchheimer

:‘_ 3 ‘v * )
i C Crey ; Co '
;_gx;Sumv higher order vquation, will be applicable to predicting the flow

. . j ] o, - - .
behavior.  The range of a particular flow regime should be detined for

e - o . - o o \
this purpose, by means of .a paramcter’ constructed o@‘chJLIy measurcabtle 7
° N . )

.
14

-~ -

quantitivs. In.this study, it is prdposcd to define the upper 1fhit of

the laminar tlow region by means of a Revnolds number.  This limit is

the transition to turbulence and will be determined by means of the ,
. .7
' N . - .
streaming birefringence visualization technique. '

The early literature attributed deviations {rom Darcv's law at
high tlow rates to both incrtial effects and to the onsct of turbulence. -
! #
However, the work of many fesearchurs, inclufing. Schneebeli (1),

H

Chauveteau and Thirriot (2), Jones” (3), Dudgeon (4) ant Wriéht (5), has

indicated that contrary to that whiﬁﬁ;takcs place in a pipe, the pressure
b Lo

drop in a porous medium ceasces to be a linear” functjon of the flowrate

well before the appearance of turbulence. * The transition from Darcy's;
o ® ,
law is due to the increasing importance of inertial effects in a I'low

regime that remains steady at -this transition. Turbulence, which is
. | . ] ]
characterized by unsteady motion, ‘sets.gn at’highef.vclocitics. The
o
- . ¢ S ; .
Forchheimer equation has been used successfully in the region beyond
the applicability of the Darcy equation but with qd defined .upper limit.

. N r . . »
)

S
»



Voo
The transition to turbulence, Llike the upper Timit of validity

of I).’lr(.'_v's:_ law, has been characterized in the titerature by means of g

AN B 0
. . N

Reynolds number,  The types of porous media used in these studiessangd

\ \

¢

have shown phat o range of Revnolds flumbers exist at which turbulence

. -

develops, depeading on thé type of pdgous medium used and the measuring

points within the porous medium.  However, it might be hoped that with
- * L 3

\‘I .
\ .

a better definition of the Revnolds number, a single Revoolds number or
' . ) ’ . . \-.
a very narrow range of Revnolds: Qnmhors mipght be obtained at the

transition to turbulence. \ . »
T\ . .

0 ‘ ’ \ .
The most popular techniques used in theg «Ivt(-rmin.n fon of .the

-« .
transition to turbulence in packed -beds have been i ratly, the dinjection
.

of a dve slr(:xm into.the pack in order to observe unsteady motion and

sccondly, the insertion of a probe into the pack -in order to obtain

»  hot &fe anemomet er measurements of velocity fluctuations.  However,

both methods arc less than satisfactory. Dye streams quickly discotaonr
. Q P -

the flowing fluid making visual studies difficult. Any object placed

in a pore space necessarily affects the flow regime in that pore spacce.

< ) :

A review of available visualization techniques suggested that the

streaming bircefringence technique could be useful in packed bed studies.
The technique requires only a fluid that exhibivs birefringence and a

polarized light source. ‘Shear patterns within the fluid are readily

diernible as is the transjition to unsteady motion of these patterns.

No upset of the flow regime is necessary. However, certain complication

are introduced.
[ / . .
In order to observe birefringenée, a colloidal suspension of

some type¢ of particle is roquirécf with the result that the rheological

. -

o R v_ . ' “

“ the det;)init‘inns of the Reynolds number vary widely. In peneral, results

-

S



"no _ T

prapertics of the (lyid are non-Newtonian. Proper interpretagion q(ﬂ\
. L

) » . ) L » .
the pressure drop =~ tlowrate data {s required in order to detine an-

. .
.

effective viscosity for use in a Reynolds number ‘bt the triamsition to

.

- . - - -
turbulence.  The requirement to ext ripolate non-Newtonfan | low behavior
to*Newtonian @ low behavior is the mest serious deficiency of the '
streaming blretringence visualization technique,

Another “limitation of this visualization techniqud is. tln-'.gf
requirement that che dépth of the flow field not be so great as to
. . . L N : e . \
_causc_excessive_interference of he shear patterns. . n-order o-meet——— e ——
! . ’, 7 o i B i ‘. : H -
this requitement and the requirement to compare - this work with that of
PO N 3y . K . . ) N
» * * ~ N . :
ditferent authors, as well ay to mofe clearly define the specific
effocts of particle geometry, it waa decided to use well detined arravs
! . .
of spheres as the porods media in this study. B

. ] - ’



THEORY

Visco-lInertinl Flow mmtthe Transition to Turbulence

PRy : ) .
: It has long been recognized that Darcy's law is valid only in a
4' p) : . . .

certdin scepage velocity region in porous media, outside of which more
general flow equations are required. WAccording to Scheidegger (6),

. . .
Forchheimer suggested that Darcy's law should be modified at high

- . ) .
"velocities by including a second-order term in the velocity and proposed

the following for linear horizontal incompressible f{low:

SR agq 4 b s | W

where p.is the pressure, x is the length dimension, q is the superficialA
- velocity and a and b are constants. As Scheidegger (7) has indicated,

. the Forchheimer cquation was postulated from semi-theoretical reasoning

by analogy with the phenomena occurring in pipes. . However, the equation
v \ : , ;
was shown to have & sound mechanistic basis by Chwyl (8). He derived it

" from.the Navier-Stokes equation in the form used. by Green and Duwez (9).

When integrated for the linear horizontal dncompressible flow casc,
- A ‘ 1 oo ‘ _ ,
this equation yields

—i“j=_F1J(i+17 2oq

fruid viscosity, p-is the fluid denéity and F, and F

N i.where u is the A B

o ~

are constants independent of fluid properties. - The constants F\ armd F_y
B ‘ X . £

e



the inertia of the fluid become muclemore important. .The gradual

s D 1 |

-

having only the dimensions of length, characterize the structure of the

. . . 4;\ ° . . :
porous medium and have been referred to as the viscous and inertial

4

resistance coefficients of the porous medium. Since the viscous

resistance cocffidient FA’ is the inverse of'the,porméability k, Fq. 2

can be written as

Ap. ] :: 5 " | .
- " u‘q + IB }]. . (3)

Equation 3 indicates that as the velocity increases the losses due to

transition from the Darcy region is marked by the increasing importance

of these indrtia losses as-compared to the losses duc to viscous shear.
By definition, the Reynolds numbér is the ratio of the inertial

P

Forces to the viscous forces. . Green and Duwez (10) then, defined the

Reynolds number in a porous medium as
I" v
Ro = e (4)
g {
A
or
k I]) Loq b - - o
Re = edi—e o - | (5)
1 . -

In order to combnro the results of Ehiﬁ study with others in the literature,

the following gq;m of the Reynolds number will be used:

D ke = P24 " . o R (6)

i
v o
where D, is the“average sphere or particle diameter.

- -~ c.



v : ‘ I
A common means of correlation in-the literature is the friction

factor versus, Reynolds number plot. as dchlopud for porous media by

Fancher, Lewis and Barnes (11). “As indicatgﬂ;by~6rﬁcﬁ/ﬁnd Duwed (12),
the ratio of ”dissipqﬁignﬂyFUfEEE/;6 the inertial forces defines the -
. : ; st .

o v

‘_’,;Lnéettﬁﬁ/?;z:;; and for a linear horizortal incompriessible system .

-

described by (é. 3
* " ‘ ' s
_Leodp : !
F Ax .
T R :
c, £ , 7
=g

where Cr is the friction factor. Ahmed and Sunada (13) removed the
factor of 2 in the friction.factor, and based on an cquation similar to

Eq: 3, dirived the following. retationship:

_Loap Y . .
F AX -
Posa B - L4 , (8)
v q” Re | ’ .
where F = QfVZt. - . , ) .

At some higher vélocity, turbulent motion will occur. Equation 3

should be applicable up to, that point baséd on the comments as to the

) . ". : - . L. . i - » . ' »
mechanistic basis of the equation. Much effort has been dirccted in the

literature to the determination of the transition to turbulence,
primarily’to discount the theory that departures from Darcy's law are

’ . M . - N : . v
due ‘to the onset of turbulence. The results of these studies will be used

for comparative purposes to vilidate the technique used in this study.

| * . Schneebeli (14) used a dye tracer technique in two packs, oné»
i : . : . L

consisting of a dumped bed of 27 mm spheres and the other consisting of

1



oo, , .
1 in. gravel, to establish the transition to turbuwlence at about Rv“*'(wf).

JolTls and Hanratty (15) measured the instantancous rate of mass

transter at different positions on the surface ol a spherce.in a dunbDed

bed of 1 in‘. glass spheres.  They obtained a range of Revnolds numbers
. - .

at the transition to turbulence of RL‘D 110-150 which was confirmed with

a
Al

sJye tracer studies. .

Chauveteau and Thirriot (16) created a two dl"m('ns‘inn.'ll model of
: j

[N

a porous medium consisting of arbitrary shapes separated by channels of

various configurations, designed specitically for'visual studigs. By
means of a dye tracer techpique they observed a transition to turbulence

[ - — e - - . B m e e e e e e e - . P

in seme pores at RL‘D 80 and obscerved Llfrhu]cn(‘o in all pbrus at Ro]) 180).

The diameter used in the Reynolds number was a hvdraulic diameter:

Ms;%ﬁ_,ur, Karabelas and Hanratty (17) used the dve tracer !L:rhniquo

in a cubic pack of 3 in. spheres to establish a transition tao turbulence

in the range Re, 90-120.

LY
Kvle and Perrine (18) creatoed two dimensional modils oisporous o

media in order to facilitate visual studies. Their models consisted of

: -
a matrix of 0.5 in. cylinders arranged in three patterns to obtain three

different porosities. By means of a dye tracer gochniq'ne thev .cstablished
- 1 . :

a tramsition to turbulence in the range RéD 55-137, depending on the pack

porosity, where the length ‘parameter in the Reynolds number was the

cylinder diamecter. RS

\

Kingst‘nn and "‘Nunge (19) in a recen?® study-used a hot wire
anemometer to measure the transition to turbulence in a rhombohedral.
array of 1.5 in. spheres. They determined a transition to turbulence

in the range Rep 80-200. ' ' ’ .



streaming Birefyingence

.with very high_shear ratess and\ so colioillal suspensions are normally
L 0 lons dre normadily - 0

used for flow visualization (22)\ When the flowing fluld is vicwed by

trunsmitted'ﬁ%larizcd light, optigal interference patterns are obsérved
’ . el T ’ . - )

composed of alternale light and dark. bands. In steady laminar flow

f’theée patterus are stationary, but in'turbulent flow they take on a
: _ . : ' )
random, eddving motion. This behavior affords an cxcellent qualitative

method for the study of laminar, transition and turbulent flow.

The phenomenon of streaming birefringénce has been used

extensively; from the investigation of car body design (23) to the

Y

simulation of blood flows in prosthetio circulatory-assist deVices (24).

P

4These qﬁplicationslprodgccd dualitative results only, Eut provided

valuable insights_into the nature of flow.fields tha; are bouﬁded by

éomplex geometr;es-(ZS)l A great deal éf effort has been diréttéd to

obtaining reliable quantitative.iﬁformat%oﬁ from’fhe'téchnique, but the
1 X . i

drawbafks appear substantial (26), not the least of which, is the

»

requifement for two .dimensional flow.

»

The optical theory .of streaming bitefringénce ds applied to the



> Iluid polarisnopp, the apparatus used in flow studies,'is ussbntin]ly
the same as that‘uﬂplied to photoclastic stress analyses in gol%ds.
The two volume work of Frocht®(27) and the ssorl description by Redner
(28) can be réferred to for this purpose. 'Thé'theqry enables one to’

determine the stress distribution in a two dimensional model by defining

1

/

the magnitude and direction of the two principal stresses.. This can by

done by passing plane polarized Iight through the modiel and observing
» ' . ! . (] ]
the two types of lines- formed. One ‘type is called an isochromatic,

which is coloured when white light is uSed, and which is related "to the

magnitude of the difference between the prlncipal stresses in the lxquld S

dt a paeraulxr p01nt. The other 15 an 1soc11n1L, which is black, and
which is-rclatcd to the direction of the pridcipal stresses. 1t may be -

‘ advantageous to observe isochromatics separately and for this purpose
L . A )
‘monochromati¢ circularly polarized light is used.

» -

o Ina fluid in motion, the principal stresses are the effective

shear stresses Jue to velocity differences across the direction ot tlow.

The isochromatics show the relative magnitude pf these shear stresses,.
and.as a result, may be regarded as stream paths within the fluid (29).

"

In the past, many colloidal suspensions have been used to

observe streaming bivrefringence including solutions of vanadium:

pontoxide, bentonite, benzopurpurin, sesame.oil and milling yellow dye.
’/' - ~
Prados and pLUbleb (30) reviewed many of the Larly btudleb prior to

1959 and dOterlned Lhat aqueaus SOlUthnb of mlllxng vellow dye provided

. N .

superlor reSults.

The v1>ual qudlltv of th; interference patternb is prlmarlly a

.

> v

.
- N

functlon of three factors: (i) solutlon concentratlon, (ii) temperaturc

3



< , . _ “ ) , - i

N ’ o . . /
and- (iii) depth of the flow fielﬂﬁ, Preparatdpn of a solption that will
. o . g S s

s . - . ‘e # Ly .

exhibit any birefringence at all, ig a very tedious tqsk}lnvo%v;ng' .

© extensive trial and error. At high temper&tures, thy inteity of
, v,

. u - . :
birefringence diminishes, likely du¥ to the action of Brownian motion .

. . ‘
on the suspended particles (31). Design of the flow model may require
e ‘ I : ] ? C Ty
some cappromise in order that brighter colour and. definition can be ; = 1

oo .
y

obtained from a small depth of flow field.

For qualitative purposcs, streaming birefringence is a valuable
) ' a

. . "y . ’ . ’ . »
toql. However, the technique does have a serilous deficiency. Colloidal

suspensions are normally non—N%ytonian in nature. 1ncluded 'in this
R A.A. .!. . . [ S U VU ;.#.:.._\ . R . - - . - - - .
- group are aqueous solutions of milling yellow dye, the rheological data

[ 3

of which are_dcsﬁribéd adequately by shevPowell - Eyring'rulationshiﬁ'
for ‘pseudoplastic materials over a range of déformagidn rates of

. ’ . . - ’ . . '
50-10,000 scc=! (32). The difficulty arises when non-Newtonian fluid

behavior is extrapolated directly to describe Newtonian tluid béhavior.

‘ kY . b/:’ s ) o
~ ~ . .
N

Non-Newtonian Flow Behavior in Porous Media

A pseudoplastic or shear thinning fluid exhibits three more or
less distinct regions ingits rheolegical behavior, as follows:
1. A region of Newtonian behavior at low-shear rates

characterized by 4 limiting constant viscosity.

- 2. A non-linedr region characterized by-a range.of . . o ' o

decteasing apparent viscosities - a non-Newtonian

region. . o RN



- “Jahns and tHartis (30), and Gregory and Crlbkty (37), cxamlned Lhc‘m

- : /

9. . . .
"“A region of Newtonian behavior at high shear’

' . ]

e rates again'chariatcrized by a constant, but

smaller,. viscosity.

Much effort has been directed to the prediction of non-Newtonian,

"and'in particular pscudoplastic behavior, in porous media, and to the

correlation of porous media experimental results with viscometric

data. This activity has arisen with the increasing interest in the use -

of pblymers as ‘mobility control agents in waterflood schemes. Gogarty

(33), Chrlstopher and Middleman (34), Sadowski and Blrd (35), McKinley

rheological propertles o%"Seudoplastics in porous media and developed

_equations to predict their behavior. Other "authors- extended these

investigations to studies of anomaloug effects ‘at high shear rates.
| > st y high shear

e

(38,39,40,41,42), and to the incorporation 6f polymef flow behavior in
reservoir simulation (43). ) , . : '.

Savins (44), in his state pf the art revie; bf'nén—Ngwtonian'
fl?w in porous mediq,.hés_éla§sifieq the scdle;up hethods used té
establish a pressure drop - fldwrafé relationship into four broad.

categories, the most widely used of which, are the following two:

1. =~ Couple a particuldr model of the porous medium with
a functional‘reiapionship between shear rate and

shear stress for the fluid. ‘ B
. B ' ‘3
2. Adapt Darcy's law to non-Newtorain fluids without S

iﬁvoking a particular model of the purely viscous



behavior.of the fluid, even though Darcy's law is

strictly appljcable'tq Newtonian fluids only.

As far as the author could ascertain, in all cases, effective
’ '
viscasitieS'determinud for correlation purposes from experimental data

inwporous media, have been calculated using Darcy's law. Jennings,
Rogers and West (45) did establish a flow equation that incorporatced
' viscous, inertial and elastic effects, with which they proposed to

. n '
analyze experimental non-Newtonian flow data in various types of porous

media. However, in calculating the effective viscosity, the inertial
_;E?3W4W9§_d91?t¢d - it being assumed to be relatively insignificant.
In order to incorporate the inertial effects in the calculation
i ! ’

of effective viscosity, LEgq. 3 can be rewritten to yield the following

equation that applies to pseudoplastic ~fluid flow in porous media:

- _kop : o
. - He q 4% k FB-Q 4 (9)
7/

°

where u has been replaced by Mo the effective viscosity, which is a

function of. the shear rate. ' .



EXPERIMENTAL DESIGN

Prior to undertaking any fabrication ol cquipment, several

design considerations had to be investigated,  Theselwere made

nccessary, in part, by the nature of the flow visualization

téchnique. These can be separated into those that relate to the

bead pack design and those that relate to the flow system dqiign.

‘Bead Pack Design Q;\\" —

As noted by Kyle and Perrine (46), the cSmplicnted three

.

dimensional structure of poro.s materials has made detailed VL:S&L

studies very difficult. They opted to develop-a two dimensional

staggered cylinder model to simulate the,behavior of a three dimensional

porous-medium in which visual studies of the trandition to turbulence

"

could be made with ease. Chauveteau and Thirfiot (47) constructed a

two dimensional model of difféerent character, but for the same purposc.

Although thelstreaﬁing birefriﬁgence visualization technique'requircs
a th diménsional flow regime for‘quantitufive wofﬁ, quaZitﬁtive“rcsults
are obtainable in a three dimensional system if the effects in the ﬁhird
'dimenéidn, the depth of the flow field, do not unduly interfere.
In order td reduce the depéh-of flow field and to créﬁte a

sufficient pore size in which to observé the élow reéiﬁe,hsystematic

, _ o . )
sphere packs, two layers in depth, were chosen for study. Two sphere
‘sizes, of 0.25 in. and 0.5 in. diameter, and two packing-afra&gements,
a Cubic No. I and an Orthorhombic No. 2 in thé termiéologyiofvé¥aton



Fraser (48), Qurc chosen to make up the four packs used in this sgudy.
Kingston and Nunge (49) have suggested tﬁut consistent use of a single
well defined geometry in wgll defined arrays wouldvsfmplify the
_comparison of the work of djfferent authors and more clo;rly def ine
the specific ¢Ytect of chnngus in gubmetry. o . .

I'm anv packed bed studies with a limited depth of tlow, the

importance of wall effecets is of interest. As Dudgeon (5@3) points out,
L L

“the flow rates measured in a dumped bed of spheres, tor example, are

taken to represent those that would apply to one dimensional (low in
an Intinite medium under the same potential gradient. Ot course, this
“is not-strictly correct since-tho we
. .
.

&

velogity di§tributiun across the bed from the unitornm distribnt{un that
would be present in nﬁ intinite medium. “This ettect can be attributed

to two things; rtfﬁ@i&. jhv higher éorosity at phu wall in a dumped bed,
“and sceondly, the cege. fluid velocity at the wqil. The: obv}uué technique
to eliminate thefborositylu"uct in a systematic -sphere backingAarrJHuc—
ment is to use halt and quarter spheres at the container walls. This
Hﬁsnbccome standard. practice (31,52,53,5&).V In effuét, ogé gbtains the
configuration of ératon qnd Fraser's unit cellv(SS) ;; the wnll; the

unit cell being defined as follows:. it is.bouqded by pianes so passed
through the ccntfcs.of adjaceﬁt spheres, that the resulting pélyhedral. -
form-meet; the réquirement of being the fmallest possible‘sampie that
will complete%y repypesent the manner of packihg and ;oiJ distribution
’throughput the body.of which it is a part. - ;‘ Y

* For the packs used in this study, it was decided to recess the

spﬁeres to half their diameter into the walls of the'pack,‘dé.opposed -



.

to attaching half spheres to the walls.

Though the cffect of zero velocity at the wall is probably
o - g

minor compared to the porosity effect, Mickley, Smith and Korchak (56)

have measured 107 higher velocities at one particle diameter from the
. : M . . . ‘
wall than in the centre of a Rhombohedral No. 3 arrayv. They concluded
1 L
that the wall itself{ decreases the total resistance to flow in the wall

regiony  The momentum transfer associated with the presence of a wall
appears to be less ghan that which occurs when opposing streams enter

a'void., Van der Merwe and Gauvin (57) have interpreted the absence of
) \

this cffect in a Cubic No. 1 pack as showing that uniformity of flow is

~—achieved -only when the symmetry of rhie packing av the wall does not~ "~ -~ 7~

A S A . o
impose physically unrealistic flow behavior. The blorﬂed void passages

of the Rhombohedral No. 3 array at the container wall then, would upset

the uniformity of flow. Much less than a 107 ervor in the measured
superficial velocities should be expected in the cubic and orthorhombic

packs of this study. The éymmetry of the\packing at the wall in thest

packs should not cause unrealistic flow behavior.

L . B . o Lo ,

ke End effects may be an important cornsideration depending on

o

/ - s ) / ’ o ’

where pressurc measurements are-taken along the pack length. Van der
. . . . ¢ .

Merwe and Gauvin (58) measured drag'coefficicnts along the length of a
bead pack and concluded that only at seven or eight -sphere banks

downstream of thé pack entrance, are end effects climinated. . The effect

of the downstream end of the packing does not extend more than one

-~ —
.
-

sphere bank back into the pack.
. : . o «
In this study, it was decided to sét pressure taps at least

’

eight banks downstream of the entrance and four banks upstream of the

exit.



Flow System Design ‘ o i N

o

The other arca of concern was the flow sya&ggrgcsign, the major

consideration being the effect that any pulsations in the flow mighf

T '
have on tbe Abserved flow patterns.

1 . . o

There were two types of systems considered: firsﬁ@y, a simple

Sysfem using a @entrifugél pump, pumping directly into the bead pack,
and secondly, a constant head gravity feed system. Milier‘(ié)

quest ioned the usc‘of a cenktrifugal pumﬁ, pumping directiy té the
visualiZation section in streaming birefringgnce studies, since he
observed pulsagions in the flow at the pump frequency.

T 7 In is study, Ei‘ny“ma"ski}ig‘ of "Ehe start ol 'U’ﬁ;feady—ﬂ'w'wzfs e
undesirable, so that the constant héad.g}aviyy feed systgm was chosen.

Any pulsations‘from the centrifugal pump are damped by the reservoir

tank that it is feeding. .

Another consideration in the.design of the components of the

flow system was the effect that certain metals have on the stability of
’ |

milling yéllow dye squtioné. Willer‘(60).iﬁdicated that.copper, brass
apd.leaa caus¢ changes in the éroperties;of the sol¥tion, primarily |
thfough eariy precipitation of the dyé!bafticles. He suggeéteq that  a
flow.system éonsisting chiefly‘of stainless steel, plastic‘and glass
would not cause chahges in the physiéal prdpé;tieé of the milling
yellow dye.s;Iution. , - |

Be{;use of the temperature and concentration sensitivity of
. N L ] . .

the properties of milling yellow dye solutions, controlled conditions

are necessary. This'requires that evaporation be minimized by fitting

: . N i oy ) ] o .
tight 1ids on all tanks, and that a temperafture controller be used. .



APPARATUS

o . . : -

i

~

As discussed in the pwevious sectionr two packing arrangements,

; . .
a Cubic No. 1 and an Orthorhombic No. 2, and two sphere sizes, of

t

0.25 in. and 0.5 in..diamcter, wérc}used to construct four packs. The

packs were constructed with 1 in. ‘lucite plate. The sphéres were

precision stainlesy stcel ball bearings (iO.QOl_in. tolérahce). In

-

order to recess each layer of balls to half their diameter in
plate; a programmable dg;ll pfcss‘was used to drill a grid of

D +‘O:B05 in. centres. This spacing of holes wag required to
v .

case in fitting the balls to the drilled holes. The 0.5 in. pack .

each

holes on
ey

allow

consisted of a two layer.10 by 27 array and the 0.25 in. pack, a two

layer 20 by 60 array. Each‘pack was fitted with a flow:aiffuser

consisting of a thin lucite plate drilled with holes, placed just

upstream of the balls. For the 0.5 in. packs, pressure uﬁﬁ; were

TR

drilled 8 banks downstream of the enfrance to the array and 4 banks

upstream of the eéxit. For the 0.25 in. packs, pressurc taps were

drilled 16 banks downstream bf thé'entfance and 8 banks upstream of

the exit. Figure.l illustrates a section from each packing arraﬁgement

which is also the unit cell for each arrangement.

The flow system was a constant head, gravity feed system as

illustrated in Fig. 2. The materials used for.components of the

system included: PVC piping, PVC valves except for one brass needle

. v \;.
valve, a 316 stainless steel centrifugal pump and polyethylene: tanks.

A 30 ft. head was_ available in the large scale projects laboratory of

_the former Department of Chemiéal-and Petréleum Engineering by placing

’ 7



. | S 3
ORTWIC NO. 2

L

FIG. I. UNIT CELLS FOR PACKING ARRANGEMENT TYPES
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‘a gank on a higher floor. The pump used to maintain the fluid in this
upper tank wai/a Haywa;d - Gordon model AA cén;;ifugéi,pump‘eQuipped
with a 0;75 h&p. motor. The temﬁeréture controller was eqﬁipped with a
1,000 watt heating element, and was fiﬁted to the upper tank. ?lqwrates
were measuréd.witﬁ two rotémeﬁérs,.one coveriﬁg the rangef6—85 gm/sec,
and the other covering the fange 50-150 gm/séc; _Preésure drops were
measured withfhn inQérted, 100 cm'manométer, using the flowing fluid'

because of the small pressure drops involved. Fluid level differences

in thé é;@s of'theraanometep were me#éﬁféd QithAajééggetbﬁé£ér,
égnsistihg of a travelling teiéscgpe on a gradugtedrpdSt (resbiution
40.005 cm) . .-,

‘ The poiarized light squpce_consist;d'of a’Sharplés 5.5 in.
diameter, combiﬁed transm{ssion‘and diffuse iight polariscope. The
diameger of the polarizer, analyéer.amd qugrtér wé&e gfates were such
that most of the.width.of the packed bed couid be yieyfd., The
polariscope was equippéd with a'caméré mpunt, and a magnification
dapab}litywby‘ﬁeéné.gf a lens system behind the analyzer. Bléck and.

white photographs of the flow patterns visible in polarized light:werg

" taken with a .randa camera (iOS mm, F3.5) using a high contrast film

(Copex).

/;ﬁ .



" PROCEDURES

Preparation of Milling Yellow Dye Solution

~

"Efforté'of other researchers have indiceted'that preparation of
‘any 5uspensron that will Ehhlbit su1table blrefrlnbcnt behavior 1s a
- tedlous task. In this study, the work of Muraoka (61) has been used as
a guide. H . ¢ . ' ' "'¢f ﬁ. C.

A working volume of about 75 liters of milling yellow-dye

1

solution was required:~“The following method-was -used to_prepare this....... . . .
| S ~ =

volume in- 2 liter batches. . Two'liters of 5 312 by volume, glycerine —
dlstllled water solution was prepared This Volume was placed in a
‘5‘1iter'distillation flask, to whach was added 38 gm of Keco Acid
:Milling Yellow 8NC (Keystone Aniline and Chemical. Co., Inc., Chicago,
lllinoiS)f In additlon,'2.68 giq of a chelating agent,'EDTA*, was added
- prior. to b0111ng the solutlon at total reflux for one hour. Boiling
stonee were used to reduce bumpihg, and the entlre epparatus placed
. inside.a fume hood behihd‘eafety'glass,_to‘minlmiee thefddnger of an
unekpected.bumpl The<sqlutidn was then allewed to cool for at least
one hour, was, carefully filtered with a suction system ane the-resultiﬁg
clear solutlon was placed in capped glass contalners 'This process w;s
repeated over 37 times ‘td make up the 75 llter Qorklng volume‘

The rheologlcal propertles of ‘the selutlon were measurtd at'
30° C (+l C) on a Welsscnberg rheogonlometer Dehsrty meaeurements‘over
the temperature range 29 31°C T(£0.1° C) were made in the Standards

Laboranbry of the former Department of Chemlcal and Petroleum Englneerlng,\_

The University of Alberta. g , ,
i e ‘ . L T
' -

* (ethylenedinitrilo)tetracetic acid - , o S .
' 21 ’ B



( :

Measurement of k and Fp of Bead Packs

Prior to making any.runs with tne non;Newtonian millingbyellow
dye:solutfbn,lit was neeessary‘to establish the bead pack parameters, k'
and FB’ with a Newtonian fluld. Tne fluid used tor this purpgse was a'
667 by weight,'glycerine—distilled‘water solution totalling about
75 liters:f Denslty and klnematlc v1sc031ty data were measured over the
temperature range 27-31°C (#0.1°C)" in the Standards Laboratory\~df the

3

“partment of Chemlcal and Petroleum hnglneering, The Un1vers1ty
- - U C e e e - g ; . — —— - : e A.,. . 'J wo e .

former D

of Albe ta.

‘The rotameters were first calibrated with this solution at a
temper ture of 30.3°C (*0 1°C). By trial and error,.it was determined

that nis temperature could bé maintained for leng periods‘;>“€§he with:

.the emperature-controller uSed.: VolumesTof solution passlng tnrough

‘ the rotameter in a given.time period were weighed ln order to establish
.a calibration eurve ofimass flowrate versus rotameter reading. qu
trléls were made at each rptameter.reading. H

The aqueous glycerine solution was then circulated through the

" system until a stabilized temperature of 30.3°C (+0.1°C) was obtained

by.Suitable'adjuStment of the temperature controller.‘ The manomet;r
.was then‘attacheduto‘the pressure taps andlpressure drop aifQQSZte
data obtained through a sequence from low toihigh”rates..'The needle~
valve just upstream of the bead pack was'used to controL the rate.
"About. 10 mlnutes was requ1red to obtain a constant fluld level in the
lower tank, and in turn, the upper tank supplylng the constant head

o

by manlpulation of the ball valve just downstream of the pump. Thls

procedure was-repeated for‘eadh'paek.



L4 e = o
n .

Determination of -the Reynolds Number at the Transition to Turbulence

The rotameters were égain‘calibrated,'this time with the
milling yellow dye s®lution, at a temperature of 30.3°C‘(10.1°C). The

polariscope-apparatus was then arranged such that circularly'pblarized

monochromat ¢ Iight céuld be produced. Isochromatics alonc appear in
this arrangement:‘:This involved using quarter wave plates at the

polarizer and analyzer, and a sodium vapour lamp as a monochromdtic"
. . ) . \ ) . : . .
light source. The camera was aligned with the end of the analyzer lens

»
4

and focused. .
The milling yéllpw dye sglution was circulated through the
system until a étabilizethemperature of 30.3°C (+0.1°C) was obtained.

‘Pressure drop - flbwrate data were then obtained over a range of

flowrates that went just béyond ‘the transition to unsteady motion. The
~ . "

.t

flowrate-at this trénsitioh; as indicateq.by the éirét;unstéadﬁ'mgtion'
of the isochromatic pattern,,waS'méaSUféd‘several Eimes as a cheék on
rebfoducibili£yl This proced&rc wgs'repeated fdr:each pack.

Phéﬁoggaphs of the isdchrbmafic'pattern were takén at several -,
' r§tes, bofh abové and below the start of unétéady motion. Seﬁéralk
cameté aperturé and sﬁutter épeedvreédings were Q;éd‘at each rate in
order fo'ensure tha; a photoépaph of high cgqtrggt»could'be obtained.
Thégéxposed Copex filmiwaé'develoéed i a Neo?in.Blué séldtion for .

maximum contrast.

Treatment of Data .

A linear least squares program was written in order to obtain

estimates of the bead.pack paraﬁefers k and FB in Ed. 3 from the.



£

aqueous glyceriune, pressure drop - flowrate data.
The pressure drop - flowrate data of the milling yellow dye .
solution, obtained as H, the head loss between the pressure taps, vers'm

W, the mass flonate, were first smbothed by eye. The effective

viscosity u ,.was calculared from Eq. 9 at. several superficial velocitics

with the pressure drop as obtained from the smoothed data. A curve of
H, versus g was thus constructed for each pack.. An effective viscosity

was determined from the W, versus q turve at the superficial velocity
. “at-which turbulence was first observed..--The Reynolds number at. this . . ...

point was then calculated from Eq. 5 using the 'k and'FB‘detcrmined
ST ‘ . _

previously. - _ "

LI o . :
. . - v



RESULTS

Bead Pack and Fluid Propertids

The physical properties of the(aqueous glycerine and the milling
yellow dye solutions éru;giveqvin Table'1l. The rheological behavior of
the milling yellow dye solution at 30.3°C (#1°C) is illustrated in

Fig. 3, a curve of apparent viscoSity‘uq, versus the shear rate v,

obtained on a1Wéissénberg rheogoniometer.“ﬁaze'that the constant -
wyistosity“end"poiﬁ£5”we16”not“comﬁletély“defihe&“sinc@“tﬁe”rhéogbﬁf@mégef"
cones required to re#éh Qéry‘}ow and vepy‘high shqaf rates were‘not
”aVailable at the fime.; Howover; an extrapolation to the>con§tant
viécosity a;'low shear raﬁﬁgbi; iﬁdicated.» n

The physical properties of each of'thc four bead packs are .
illustyated in Table 2, where A is the cfoss—sect}onal'a;ea of ghe pack,
and X is the ﬂistéﬁEt“between thelpressure yéEZl Note that Ehé
porosities listed have-pot heen_mc$sured, but are 6he'ideal pordéiti@s

for the particular packing arrangements.

The experimentalland procesgéd ppessurg drop —‘Elowrate.data
ogtained with the.aquegus glycqrineiso;qtipn are tabulated in Tabie%
Al throﬁgh A.é.in ihe Appendix, along‘ﬁith a sample calcuLa;ion.

- The potame;ef cal;bration Curves used are'iliustréggd'in Figs. A.1

and A.2 in the Appendixf"Vélﬁes‘of Ap/ix and'd, aiong with the least
équages fit—toﬁEq:l3, are ;iotteﬁ in.FigsCFA ;hrough 7. Table j is a
}tabu}atibn of‘thevvaiues of k‘énd.FB, along'witﬁ“tﬁe'QSZ"qonfidencé.v

limits on each parametet, as obtained for each packufrom'the least:

.
. e

squares fittings indicated in Figs.4 -through 7. :

25
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TABLE 1. PHYSICAL PROPERTIES OF AQUEOUS GLYCERINE AND MTLLING YELLOW
DYE SOLUTIONS
' ¢ ' b
((_’ll_.> L (po 1SE)
- M3 o
@ 30.3 + 0.1°C @ 30.3 © 0.1°C
Aqueous Gly_c$rinc "Solution o 1.1877 . . 0.1015
‘Milling Yellow Dye Solut\hr 1.0628 IR

= — . E— ‘ s R
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VTABLE 2. EQXSICAL PROPERTIES OF _BEAD PACKS

e e e ————

A -

TUPACK < PACRING T T D TPOROSTTY A R
NO. TYPE . AN A7) (CM®) (CH) -

i~
~
o
S

1 Cubic No. 1 0.5 16.419  20.384

0,
[e»}
&
—
b=
%
.

e
~J
—

e

Orthorhombic -No. 2 40.5 39.54. 1
R | o
3 Cubic No. 1 0.25 47.64 . - 8.218 20.130

4 Orthorhombic No. 2 0.25 -39.54 AR 200150
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TABLE 3. PACK PARAMETERS k AND FB,A.ND 95% COI\‘IFIDF,N(Z‘E LIMITS

). - v

' PARAMETERS
' 957% CONFIDENCE LIMITS
PACK k - I‘B
NO. , ‘ ] P
(DARCIES) o . (cm)
1 (3.56370.063)x10°  (7.07340.729)x10™ "
2 (3.237:0.419)x10°  (6.74640.887)x10°
3. (9.714:0.150)x10%  (2:533£0.117)x10°

4 (8.888:0.466)x10"  (1.316+0.061)x10"
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Transition to Turbulence .
. ’ " ‘ .
- Values of the experimental and processed, head loss and mass
flowrgge data obtained with the milliné yello& dye solution are-
. tabulated in Tableé A.5 through A.8 in the Appendix. Values of the
héad loss H, versus mass fiowratg W, along with . eye-fit curves, are R

-

through 15 and are tabulated in Table 4.

plotted-in Figs. 8 throug%ﬁll. Tables A.9 through A.12 in ‘the Appendix
. L S . B : . .

indicate thg.points chosen from the fitted curves in Figs. 8 through

“1L, from which values of yi were calculated with Eq. 9. Figures 127 — .7~

th%ough lS'illﬁstrate the ﬁe ve?sué_q curves thained:by this -process
for each'pack; L

The value of the superficial velogity q,lap;thch turbuleqéé
was‘first 6bser§ed in éadﬂ Eack is indicated in Figs.'12 through 15.

The Reynolds numbers at these transition superficial velocities, as

calculated from Eq;vﬁ,lare tabulated in Table 4.. Values of_pe required

in the calculation of these Reynolds numbers were obtained from Figs. 12

o

Figuré 16 illQStra;es thé modified friction factor F, ve&sué
Reynolds numberJRe, felétionsh%p for_;ﬂé équéﬁg; glycerine solution
data; Theseldafa are tabﬁléted.ianableé Aii:througb A.4 in the
Aﬁpendixﬂ .The4Reyﬁolds numbersngg‘;he transition to'tufbuiencé¢in
éach pack, aé determined from the mill?ng yéli;w-dye’éblution flow
stﬁdies, are also indicated in Fig; 16. | |

Photographs of the isochromatic-pgtternS'visigle in the fiowing
miiling yeklow éye‘éolﬁtion experihents cosdu;ted‘on'Pack.No{ 1, for
Reynoldsinumbers both above and beléw.thé{oASet qf.turbdlencé; are .

illustratéd in Plate 1.
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TABLE 4. VALUES OF q, ’JC AND Re FOR EACH PACK AT THE TR;\NSITION TO

. ) ,‘;
TURBULENCE )
VALUES AT THE TRANSITION
TO TURBULENCE
PACK " PACKING - Do CS : Mo Re
NO. TYPE (IN.)* (E_E-C) (PO‘I.‘S‘L)
1 ‘Cubic No. 1 © 0.5 6.075 0.0665 - 0.241
2 Orthorhombic No. 2 - 0.5+ 4.285  0.0395  2.49
3+ Cubic No. 1 ©0.25  9.045  0.0400. 0.583
4 Orthorhombic No. 2 0.25 10.78 0.0290 4.56
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' . Re - -850 .x 10 ~2:
LAMINAR FLOW

DIRECTION OF FLOW

‘Re =318 x 10 /7
TURBULENT FLOW

2

PLATE 1.  PHOTOGRAPHS OF ISOCHROMATIC PATTERNS. IN PACK'NO, 1
. VISIBLE IN THE FLOWING*MILLING .YELLOW DYE SOLUTION.



——

Rt -

' Bead Pack and Fluiqurpperties o L '\,

o

DISCUSSION OF RESULTS

"

- *
a’ » . . -‘: ‘#

The rheologlcal data of the m1111ng yellow dye solht;on,

]1ustrattd in Fig. 3, 1nd1catc that the solutlon,bchaves_as a pseudo—
. . . / . i‘f; .
plastic. Two of the three'regions in itsirheblggical behavior aré

apparent flrstly, a region of conbtant v1sc051ty of about 0. 78 901se

\1

at low thaT rates, and secondly, a region of decrtasing apparent e

1 i ""; R . ' ‘
viscosity at hlEer shear rates ‘that appears as a stra1ght llne on thls

log log plot Data p01ntb at suff1c1ently°h15h shear rates to define

. . ~

'n of conetlnt but- smaller vibLOsLty, were . not obtllned
2 . i J hd

-

a. SLLODd

-

B S :
¢
”due to equlpmtnt llmltatlons Somt scatter is apparcnt in Lht data

B g . . I‘..t .. '

L2 N

’due pramarlly to fluttuatlons of up to 1.0°C in’ thc temperature of the

¢

f.sample durﬁgg measurement oh the weissenberg'rheogdniometér;' ,

. o

Nk . . 4,
i , Flgures 4 to 7 1llustratc the pressure d;op vérsus superflcrgl
e g - ,
. e.' . )
vqloc1ty déta obtalned on the, four packs usiﬁ;wghotaqutous glyctrant :
L A “ N ~

' ¢
solutlonh The data scatter appears to be small for all: packp Dhe T

o
DR Ao-»

measurement of [lowrates in the callbratlon of thL rotameters 1ndicated e

a reproduc1b111ty in the order ‘of 1%. The errorsiin measurements of

the head“loss ranged up to 3.8% for the low Veloc1ty data on Pack No. 1. ~%.

Examlnatlon of the* 95/ confldence llmlgs on the parameters k and

FB in Table 3 1llustrates an 1mportant conslderatlon 1n any future work

o

.bf‘thls nature. The uncertadinties in-‘the estlmages of k for PackslNo.

o

- and No, 4 are up to §ix,times‘larger than that for Packs:No. 1 and No, 3.
. . ’ o AR g - el “f~\‘~«_ N
“'EIt is inzPacks No. 2 and No. 4 that ohe should expect to obthin some .
. , . n ,
data p01nts within the Darey flow reglon. ’Consequently, fitting a

SR

e



A . ., . . . . L7

S

L : )
quidratic equation, Eq. 3, to thls rcglon will result in dﬁ? r fit,

o

- viscous

If ?éﬁmaller bead size, a tlghtcr pagklng arrah&oment, or

L)
L)

o) o - . . . .
solutign is used in uny futurc studles, all of which w111,1ncrease the

P

.
-~

. p . & . . PN
pressurg drop and facilitate measurcment at lower velocities, some type
. 2 . o . 3
of data discrimination might be required in order to separate that”

-

region described by Darcy's law and that region described by Eg. 3.

Because of the relatively large bead sizes, the loost packing arrangements

! / R

' R - “ ' ; . . .
-and_the low selution viscosity, very little strictly viscous data was

H . «
- . R
. . .

obtdined in this study. The uncertainty in the parameter estimates that

can be.attributed to ﬁsing all of the data,"including that at very low

5uperfiéial vufoéiiius, is likely very small.
. 1 :
- ® : . o : C e, ot
Tables A.1l to A.4 in the Appendix illustrate Values of Re,

calculated from Eq. 5; for the dqucous g]ya%flne bOlULth data that

“appears in Figs., 4 td_7. OnCO-d viluc of Rg at thL trdnsltxon to

turbulence had bcen calculatcdifrom phc milling yc]Low dye solution daLa,

LY

.

a check was made in'order to ensure that the aqueous, gl}gerino suhifwn

data used in esLLmdtlng k and FB did nhot LXC@Ld this value of Re.  Since

the dpplicdbility of'Ed. 3 to the turbulent regionahas not.been
.. b‘ - . N ) 4 . N
established, any turbulent data should *not be included.'in estimating k

and FB. However, nonc of the aqueous glycerine’éd}ution data obtained
. - . SR E

. .A - ‘ . - = —
in this study were found to e in the turbulent region.
’ L ‘- . » : ° - . "" ' .
Trapsition to Turbulcence . . ,
A o _ A
" L : . k- ’ Co
7 ~As indicated in Figs. 8 to ]1, scatter in the head L 55 < s

mass flowratc)data for the milling yellow dye solution is nbt large.

"However, the data wcrt“Smoothed by'eye'and‘bnly a small' numbér-of .peints:

were selecLed for caclyt deT‘frOm Whth ap, versus g curve was .

P T

- \ .
s 7ot -
e . s %*— . oo v

e 0T



r ‘ : . 48 .
established. Calibration of the rotameters indicated a reproducibility

in the flowrate measurements within'l%. Errors in. the head loss

measurcments dropped to a max1mum o[ about 17 as opposcd to the much
L B
higher errors wlth the aqueous glvcerlne séinbion: as_a result of the

T >r'""

larger’ head loéses associated with the more viscous solution. Data
’ ‘ ; . L .
points,were taken.up to and beyond the transition to turbulence, having

K
)

" established this transition bv’means of fhe'polaris@Bpe.

© - poise, typical of’pS%gdoplaStic behavior. . .' . .

from the Weissenberg rheogoniometer measurements. ..Although a constant

flatten out to a -second but lowgf*g}é%psity ranging ‘from 0.

e Curves of ;L VLrsus q -in ngb. 12 to 15 1llubtratL bomé

intoresting behavior. Savins (6”) has 1nd1aatcd Lhat th shdpL of the

apparent v13c051ty curve shou]d be the same for data obLaLned in a .
) . G . : .
viscometer and that derived ﬁsbm porous media experiments. Exumination

—

of the yu._ versus ¢ curves in Figs. 12 to 13 indicates that thci{/iﬁggu,’/
. e, .. . -
closely resembles ghat of the ua versus y cu¥ve in Fig. 3, obtained

viscosity at low superficial velocities was not obtained éxcépt'for

Pack No. 1, due’ to equipment limitations in measuring very small head

. : : C : S - . '._r‘ e
losses, extrapolation of the trends indicates ‘a.range of constant.’
viscosities ‘from 0.18 to 0.25 poise, compared‘to.the value of-0.28 poise

‘ L ] . . ) m»« “ o
obtained in +the Weissenberg rheOgoniometet. %hé~zﬂr er value of the
‘ . v et B
lattcr may be due, almost entlrcly, to poor temeraLur 'Eﬁbtrol resulting
: - . RN ,
'in a sample t¢ . -ature up to 1°C less than the 30.3°C temperature in

«

the bead pack ugperim@nté. As expected, a straight line region is.

evidehtAin all foup~curveé. Alth0ugh3n$t 5pparent in the'Weissenbergf

. . i . . Lo -

rheogoniometéer data, all four o versus q curves showed a tendency to

29 to 0.066



ﬁowever, unexpected results are apparent éé high superficial.
‘velocities. Figgfes 12~to‘15 illpétrate, that although the tendency of
- .the He versus q cﬁrvé is to flatten out éﬁ high superficiai velocities,‘
calculated effeqtivetviscositieS'chéﬁge ?épidly at ﬁhis point. For
Packs Na;vl'and‘ﬁo; 3, values‘df pe‘first incréase theﬁ decpqase with

- —"'/

increésing'values of q. For Packs No. 2 and No. 4, valucs¥of e e
decrease rapidly with increasing values of 'q. This unciﬁzzzed behav1or'
A/

can be cxplalncd by examlnln%/ghg,bapé%f1c1al veloc1tles at the

U RS —me S S

e [y B -

- -“iv{-.i Sk ™ o
. tﬁbnsitigﬁzﬁgyﬁufbﬁiﬁgce; ds'determined by the “visualization technique,
e R S —_ S ‘ | . i ue

e ‘IHEIZééed in Flgb lZ.to‘lS; The cﬁange in the‘expected shépe of the.
R o - . .

RN PYTSUTON

R t‘pe versus ¢ gur§~ whlch cloqely corresponds to the onset o( turbulence
in each pack, can probably be attrlbuted to the failure of Eq. 3 to
édequately descrlbe the pressure drop - flowrate relationship once
turbulence gppegré.v Tn'turﬁg Edqu probab%yadoef ﬁof‘adequafely‘
.descfib; ﬁhe~ué vérsus q pelationsﬁié'ane tUrbulenée appears.
Presumablylsome'higher'ordef equatipﬁ might be'réquired in this ;egian.

. Déspite the limitations of these data at«high suberficial

’ veloc1t1es, the valies of U ,at the tranSLtion to turbulenceﬁ.as .

-

.f"i.ndi'cated in Table 4, ar‘&,'probably valid. In- all but Pack No. 4, these

values of e are from an 1nterpolated region of Mo versus q behavior.

»

“W“—“"“i The valu’"S?’u at”the'transition ;o'turbulence in Pack No. 4 was .

>determ1ned from an extrapolatlon of the Mo vetéuS q curve into the,

..
. -
». )

~

region‘in which_a todstdﬁb;effecti;“

4 : - . AT i
. - e

scosity is expecgEd. ‘This -
“results in a value of u, at theftransiti6h7té_turbulence about 15%

higher than that- value from a curve through the'measured points. .

’] 2
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' No difficulties were experienced in observing the onset of
unsteady motion with the streaming birefringence visualization technique.

~

+  The eXCLlltnt v1sual quality of the interference patterns is apparent in
Plate 1. ..lhe first unsteady motion of'these patterns eventually develops
into'full scalefturbulcnee at higher velocities, das illustrated in the
Bot tom photograph of Plate 1. of coUrse_the ease;of viewing.wasv
superior in the O.é‘ln. cubic_pack. The void space in the 0.25.in.
orthorhomblc pack was near the llmlt of clear v1suallzat10n, although

PR —_—— = Ce— . - A . e e o . ce e e .d
hLBer magnlfltatlon wop ld facilitate observatlon of 1nterference

patterns in smaller voids., HoweVer,'a not;ceable degradation with time
' . N - - \ .

of the visual quality of the interference patterns took place. TIn this

ij ' regard, the effective life.of,m}lllng yellow dye solutions is probably
in the order of nine months.

Turbulence commenced almost uniformly across the width of each

Ny

~ pack at.théiobservatibn point midway between the pressure taps. The.
flow diffuser proved to be effective in preventing channe.lira of the

flow. Errors in the reproducibility of the superficial velocities at

| ' , » e ST | B ¢ -
;the-transition to turbulence did not,exceed 3.5%. -As indicﬁtéﬂ.in

' Tahle 4 the Réynulds numberg at the‘transltlon to turbulenCL ‘show up

to a twenty fold dlfference, from Re 0. 241.for Pack Vo. .1 to Re 4.56

for Pw:k No. 4. It would apptar then that based on a. Reynolds number
as defined by Egq. 5, the transrtlon to.turbulence does not take place

at a single Re value or even over a very narrew range of Re values as
i -t

T was hOpLd for, but ls a functlon of the bead size: and packing arrangement.

Alternately,_ %? mlght conclude that the Reynolds number deflned by »

ki

Eq.»S 1s ‘not adequate JThlS behav1or, TR part, confirms the observatlonw -
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L) ) o\. .

" made by Kingston and Nurnge (63), that a change from a rhombohedral T~
packing to a cubic packing has a great effect on «the intensity of
fully turbulent flow and may also have a large effect on .the transition -

s o ’

Reynolds number. - Althaugh the Reynoldé number used in their?studies,

ReD,

represeéntations of the'Reynolds number’, Re and ReD,'showed'thié

L

incorporated the bead diameter as the length parameter, both,

sensitivity of the transition Reynolds numbef,to geometry.

able 5 is a tomparlson of values ot geD at the tran51tion to

turbulence as dttermlntd in thlS study, w1th thos%’determlned by othcr
authors.- Vaglues obtained in this studf‘range from ReD 123 for Pack No. 1

;to‘ReD 251 for'Paek No. 4;, Values“determlned by other authors ranbe

from-ReD 55 to Re 200 S0 thatAvaluis obtained in this study are N
. - : R

consistent w1th those in the literature. The value of Re“ at the
.transition to turbulence in Pack No. 4 exceeds the maximum valuc in the
o , R . .

literature‘by 25%.

-

The quegtion as to whether_the use of k'FB as the length e

parameter in the Reynolds number is dn,improvement over- use of the bead

‘v

' ’ ) T .
- . diameter, remains unanswered. A single value or a very narrow range of

_'valuee of tho.Reynolds.number at the transltion‘to turbulence has bot
bden found using either h FB or D‘as the lengthtbarameter. 'Theereeults'b
from the aqueous glycerine solution fLOW'étudies, debieted in Fig; lb,
encourag;. one‘to believe. thet ; Reynolds number based on k FB ée the‘l

length parameter, may be the route to follow. The data in Fig. l6 fort1ry
‘the results of Ahmed and Sunada (64), suggestlng that the friction fattori

F, vcrsus Reynolds number Re, correlatlon represented by Eq 8 may be a
. £ -

g n

unlversal oorrelatlon for porous media and that data‘from all types of el
L : et e
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TABLE 5.  COMPARISON. OF Re_ VALUES OF DIFFERENT AUTHORS AT THE

TRANSTTION TO TURBULENCE

AUTHOR . - REFERENCE,. -~ PACK ~ . Rey
e NO.  DESCRIPTION -
. §chneebeli - (l) 27 mm spheres and -
‘ 11 gravel -random = - 60
Jolls and Hanratty a5y 1 in. spheres—random 'llO—lSO"
Chauveteau and o ‘ © two dlmenslonal arbltrary a
“Thirriot. . Ly, ‘shapes- ~-random -7 80-180
Wegner, Karabelas 3 in. ‘spheres>cubic T 90-120
‘and Hanrattv oo (17) T
yyle,éhd Perrine (18) -‘twoudiménsional arfﬁyq ‘
s E of 0.5 in. cyllndcrs - .
j por051tlas A 55-13
Kingston and Nunge .~ (19) 1.5 in. spheres- o
~ Lo : rhombohedral ’ . 80-200
| . ' SRR B
This work - . 0.5 ‘in. spheres—cubic 123
: “0.5 in. spheres-orthorhombic. 146
0.25 in. spheres-cubic ... 153
0.25 in. spheres orthorhomblc:‘ZSl
a. vbased on hydraull( dlameter' . .

.b. based on Lyllndar dlameter
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0

por0us medla w111 fdll on a single curve when plotted in this mannef ,ﬁ

‘@n_the dther'hand, corrtlatlons of this klnd based on a Reyno]ﬂs number

a

using the diameter D, as the length:par‘ eter, yieldva variety of curves

as. shown by Fancher, Lewis and. Barnes (§{5).
Certainly, additidnal data are requiyed in order to cxamine

- il

furthtr the spec1f1c effLLtS of Lhanges in flOW/g’Umstry on thc
transitlou to tubelLﬂLL in porous medla. By contlnulnp tthe studles

‘ w1th systemdtlc sphere .packs of vaﬁying diameters and packlny d1r1ngt—
—

menté,‘thcse effects can,bc more clearly defined.’

. T G S o N ,
- A major requirement for -the delineation ¢f the transition to
L “ . . - -
'tufbulenCe lies in any effort to establiéh an upper limit- oy the-

appllcablllty of the'Forchhelmer eqdation;' One can be fdirly confident
',that the Furchhotmcr equatlon 1s'ade4uaté up to the end of laminar "

flow. .Extension of flow studies into the turbulent-region is necessary

1]
in.order to:détcrminc whether or not a higheiviiggr equation.is required.
AY : . N

The d:txnltlon of the range of a particular type of flow‘regime is an

'integral part of this proccs§3 particularly 1I a mechanlstlc model oL

the turbulgniffléw regime is- to be developcd.

5

Ty



" 4. Although other solutions might be used, solutions of milling 1

o CONCLUSIONS

As a-result of this investigation, the following conclusions

P .

can be made:

L4

1. Based on the Reynolds number Re, defined by Eq. 5, the transition

to turbulence in a porous gedium does not take placeat a single

value of Re, but in the case of Ordeted-sphere‘packs, takes place

at F"value of Re that is a function of bead size and packing
arrangement ranging from Re 0.241-4.56._. o S P T o

<

L.

2. Although use of k FB as the length parametép.in'the Reynolds

numberigei does not appeaf to improve the delineation of the
’pransitiOﬁ to turbulence in:terms of establishing<a singlc,value
of Re; the ruSuIté”débictéa'in'Fig;'ldlsuggest that. this

déﬁinitibn is a suberior qﬁé,’yiélding an F vérsﬁs Ré correlétiop

that appears Lo bé univgrfdl:
3.  The étreaming-bifcfringeﬁéé ViShalizaEion tgchngque'can'pc
'C?; appliéd to qqalitétive.studiéé gf ﬁHé>fl?w ;egimc chéréctéf; and
‘iﬁ pariiculaf to the tranéitioh to_t@rbulenceifin bead pack:“
represeﬁfations of natural' porous media, thus eliminating’thg
}v.flpw distﬁgsance.that resulté whén'intrusive'techniqges are
empléjedfv l |

-
\

vellow dye exhibit excellent bdirefringent qualities for

. visualization purposes.

Ut
I~



‘particular flow regime of study. In this investigation, -

The non-Newtonian nature of a birefringent solution can be
analyzed,’for purposes of 'defining a Reynolds number, by
calculating an cffective Viscosityvfrom that equation which

describes the pressure drop - flowrate relationship in the

acceptable resu]ts'were.obtaihed by use of the Forchheimer @ a.

equation to define an effective viscosity at the transition

to turbulence. - o, >

. : /.

L4
Ky

Thin . Lwo—laycr cubic and Qthorhomb1L drrayb can be uSed to-

<

dLLerlﬂ Lh@ rranbltlon to turb@ignce 1n bead: de rcprew&nti—

<

tions of natural porous media, with results companﬁ;le to thosc

in much deepervpacks, if the porosity effect at the pack wall
is eliminated by use of half spheres at the wall.

.Y‘n
192}
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 RECOMMENDATTONS
The following recommendations are made:

r~ : -

1. Flow experiments in bead packs should be extended well above

fhe gransition to Lurbu]cpée in order éo investigate the:”
aéplidnbility of thc_Forfhheimér eqﬁation Lﬁ{shis region.

This %uqdires thgt Lhc paraﬁeterglk an fFB‘fifst bc.detetmined3
Ln‘the @amihar regfzn, the limit of_which is,degermined by

"ul - . - ‘. . . o
identification of the transition to turbulence. .= -

2 Highur.hqads-and less viscous solutions can be psed to extend
'. - . o, ' ‘ .‘. .. - . "
these flow studies inteo the turbulent region., ‘

) - cT '-,' o, v REETEA )

1 packs, two'lawers in depth, should be

) s

3. Several addition

constructed of varyling bead size &md packing drrangemént,
including an Orthorhombic, No. 4 arrangement, tq further
investigate the transition to turbulence by means of the-
streaming birefringence visuvalization technique.. . : L

4.7 An‘attempt should be made to ithstigate the gpplicability,ofr

7

the streaming bireffingence visualization technique to bead .
: g4 . e :
packs of depths,greaten-thd%ﬁfﬁe layers. . .. - CLE

4

»5. If it is determined that a higher order equation is required

in the turbulent region, this equation should be hseéf;h\the
calculation of the effective viscosities of. the milling .

yvellow dye solution in the_turbulent.regioh. This may result

. >
B

in the W, versus g curve flattening to a constant effective: -
‘viscosity value corresponding'tq the value measured.in a viscometer.:

o,

1] X .- - . - L. JOREPY
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Some type of data discrimination should be used in determining

‘the pack parameters k and FB’ in order to scparate those data- ﬁ
which are describcd;by the Darcy-equation and those which are.
~described by the Forchheimer equation. Thisg will improve the
estimates ol the pack parameters k and FB. ‘
L] .
Hagnification of the image at the analyzer should be used to
observe the isochromatic ‘patterns in packs constructed of
sphepes having diameters less than 0.25 inches. - . 0
The usc of the Forchheimer cquation to calculate effective o
. i . - .. .
. ” .- ‘ 3 .‘ ) ’ * : . . ) ' " -
viscosities in this study, may have particular significance -
. [ ’ o . o ]
in the determination of a i versu=. _ urve for polymer
‘solutions or other non-Newtonian & -Tafim.s used as mobility
control agerts in watdrilood schemes. “ac collapse of the-
. N " - . ‘ - .
uo_vcrsus g curve at high superficial velocities, observed in o
_ . ‘ S S \ 3
this study, suggests that the shape of thds curve may be very
sensitive to the [low equation used to calculate the effective , &
’ T ’ £ ";
viscosities. In . the literature, invariably, developmént of a .
- _ S N : v
W versus q curvesfrom flow experiments with cores is ’
e . : . _ " o
accomplished by calculating effective viscosities from the
' Darcy equation. . Anomalous .increases in the effective viscosity
at high velocities are’ explained byra variety of effects, from. ™
. ’ . ' -
core plugging to. the appearance of viscoelastic effects,
_ . e A - : ;
although the latter effect:is. not observed in a viscometer.
’ : . ’ o ’ R
. . . 1 - : . t. N
Unless- ohe is reasonably sure that the flow is within the Darcy
‘gegion, one might expect to obtain an increase in the effective
' . . ‘_. » U - , R ) . ) v -.( o
viscosity at high velocitie§. unless a higher 6xder ‘qguation is - i T ...

’ vf v. ‘ -

« 2
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-used. Thgs_the use of the Forcﬁheimgr equation in the

interpretation of @ata of this kind shoﬁld”bé investigated

which, at the samec time, wduld_reqﬁire the determination

of the.types of flqw regimes that may exist ;VQK the range
. A4

of data obtained.

-
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horizontal distance along \bead pack, cm .~
1 . - . . i - . . - g
shear-rdate, sec™ = , N
 denotes finite difference e
. . y
yd

NOMENCLATURE .

bead pack cross-sectional area, cm?

constant in kq. .l1°
constant in Iqg. 1

friction factpr-defined by-Eq:,7,.dimcns;onLC5Q

L . - 3 .
averdge sphere or particle diameter, emy
SN . o
function of shear rate
- — frietion-factor, equal CQNCY/Q,mdimenai@#leésmm~~ -
oo : -2
viscous resbstance coefficient, cm °
L " U 4
inertial resistance coefficient, cm
. N e -
head loss betweea ypstream and downstream. ‘

. - . N, .
. pressure taps, ¢m nl-f]owlﬁr Bludd

- . ca T '~ i } . .
fluid Ilevel ypjnpstncam arm ‘of manometery tm |

B —_— ) " K : .
.fluid(level in Hownstream arm. of wanometer, vm
permeability darcies o

N

pressure, dynes/cm®
superficial velocity, cm/sec

. < . L a : ) M - : .
Reynolds number defined by Eq..5, dimensionless
Reynolds number defined by Eq. 6, dimensionless’

mass flowrate, gm/sec

’

distance between pressure.taps,-cm

¢
.
]
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’ ,hf” ’ ’

u viscosity, oise .

.- . \ T ST : ,
3 s .
0 density, gm/cm

. v . .- " N - " ‘
© ’ . v

Subscripts

i

a denotes an apparent value

. - . : ]
e . Jdengtes an effective value
! C v . .

. : S 60
» A .
= o PR
] A" o
v [ :“‘
I o
. " ' - .
M B
. p
. o .
Ay
Y \
"
.
‘\-,.
’ »
- . o .
' PR




] ' Sy
r W
» ' yd
: ' VARV ¢

_151‘151.1 OGRAPHY. : )y Lo )
'y AN .

' . "‘vf ‘ . ‘(

X . o

(1) SchneeBelig G., "Experiments on the R.lnge“‘ '
* Law and’ the Appearance of Turbulence §pr

*La Houil ‘ Blanche, No. 2, ]41 (1.975 ; =3 . .
' v N R J o o
2y~ C’muvs_t_cau, 5., and Thirriot, ”ng,g"' 2,"Ecbq}e' ent en Milieuw’ 1{
' Porcix et .T:ImiL(* de Ia 101 de Dar? v \ MJ .111(.!'1@1',“2\"'5)."2, ‘ e
141, (1967) "1" ' ; C )

1
-

NG Jono s WiM., "Viscous Drdg and - Seconc
el Brit. J. \pp[ ths., 'Ser. 2, 1, 1554

(4\" I)ud;(cm, C.R., "An L‘(pOLLmL‘ntdl Sﬁu,dy Q v ou
vl ’ v (e ar Me 1 e .-
(on‘x Se ( ranul ar_ fedia’, La Houll_WBA"&\n he2 ]

(5)- Wr’ighr DLt .11\&;Mn‘ﬂeag‘ Flow Throu@.(.ranprhr \Iéd“'x,;
: J. Hydra,ui.ms I)w" ASCE, , B4, IIY 4 8)1, .(1%)

"yl h

e o ' St iy

vt ('(r) bchcldc guef, Al -”HlL I’hvnus of F Iow l‘h'roug,h forous, “?ulld SRk
- Sl 127 UnIvm‘ng» : "I arofity’ Press S 19520 Cet . S e

. /- ¢ 4

. * " . B B . R ! ol e n". Jg" e S . ot o . f
. o SR A _’,’4 j,}/ ‘ _: h .
(7) « Ibid. - T ‘ it R A AN L .

& . e ' .n ... ' ’ . S e . o

(3) (.llwx ,_I , "An \na]vw A Iranblgnt (n]q l'low [}uou :h Puhms
‘Iulia M.sc. “" y I)L,)gLerLnL of - Che;:gl,e'dl “and R&-Lrnlw'um o
‘I‘Hgl-ll_L.L'I.lll;,;, University of wluerri IJnonton Albérca, 19ns.

3 PO

”"'.J)U\qc:}:,. P ‘IPuui }low lm'uz,wh I’orous Netals', " 'a

e Trans. Assi, “EF A pp. Hech., 79, 39, (19)1)
i T Pl : : v
(10) - 1bid. Lo . :
. £ e e e T .
(L) Panchcr , st H '_ oL e\«us, J,\\; R T.:md”\J?‘arm_*&, K&, "Some Ph_v§-1'-c§??" ST ,
' - C hdraLLgrLHt Les of 0Ll Sands'; Penn. State Coll..Minerut, 4_17_?1{,1_.'
.E:\p.. “Bla., Bull. 12, L9330 £ C TR
et o . L L
A . . . . , s o N
: (12) C 24 ’n and Dqu? op elt.o .. - . - . U »
.‘ . ' ) ' . - ‘w . . . . . : . . . .,h :.l'.\'\‘ L; N o . . ..‘.“
(U) agx}g N., and Sundd Ay DKL, onl lncar Plow. in Porous Media, - AT
. J. Hvdraul ics Du' »\b(,f‘.‘; _9__5_, HY 6] 847 (L‘M()) s ':,‘4 e T
“& ) gt hnL’LbL].l op o P L o "'-v{;’; . ! . L
> ¢ 4 L S L, T
e A7 - . .

. 1)},'-*" Yolls k R., and Ildnratt s TeJd., "Transtt 1051 to Turbuleénce fow
vy rbulence fc
1,low flrou?‘h a I‘:umoed Bed of Spht,rcs FEhen. Eng. Sit., 21,

- . ' - T
; pﬁw ASSLDN . T S a
. - . A B : © f ' :
‘ N \% v" -q = R :
. » E 3.
; P L ' ‘ ~ PR
v 'A‘{'""" ;‘, 3 ' v % .-'.a..' R )
. :’::« . i a # ., L . ? .19 -
e 6l < w oW T
. N : ¢
' 24 e AR . : :



¢

v . ‘ , .
§¢16) Chauveteau, and Thirriot, op. cit. R

17) WQghmy,'T.H,, Kdrabclas,'A;J., and Hanratty, T.J., "Visual Studies

Gof Flow'irt a Regular Arrlv of Spheres'", Chem. Eng. Sci., 26,
59, .(1971). ' '

(1% ¥yle, C.R., and Perrine, R. . "An TxPcriantdl Modnl for Visual
e studies of Turbulent Ilow in Porous "Iaterl als", Can. ‘}1em.
Eng., .49, 19,8(1971). -
(19) Kingston, G., and Nunge, R.J:, 'Irnn51LLon to Unsteady Flow and
K ‘Intensity of Vel «ity I]uctuatxons in a Porous Medium', .
Can. J. Chem. Eng., 51, 246, (1973). :
“ (20§ - Miller, EB.; ""The Visualization -of Turbulent Flows-by Means of— - s - -
Flow Birefringence', Wyle Laboratories - Research Staff, :
. Réport'WR'67—12, Huntsville, Alabama, July, 1967. <L
L4 .
" (2L Clavton, B.R., and Massey, B.S., "Flow Visualization in Water: ‘
A Review of Techniques', J. Sci. Instruam.., 44, 2, (1967).
." i . ‘-- . . AN .\ - .
(22) li[bidw- A - . o
(23)  Hauscr,, E.A., and Dewey, D.R., ""Visual-Studies of Flow Patterns', -
' 'Phys.'Chém.'&G,’ZIE, (L942); T ' . T
S (24) \Ltlﬂgur,,} ”Pul 1tg]c Blood Ilou , Chapter 9, p. 186, . -~
‘ o E.0. 1?5LL1 Ed., Lﬂrdu—HLll B&ok Co., New \oxk‘n 96%.
. ' ‘
(25) Vllle;, op ‘LLL . . . o "“ - ‘ i
. A : T Y e E)
K R : , »
“(2h) Clayton, and Mwssuy, ap. cit. © ‘ s -
(27) Frocht, M.M., ”Photovllbtlpltx'} John Wiley & Sons, sInc., New vork,
vol. 1, ‘1.941 Vol. M 943 e A S
(23) Redner,s., PhOtOtld%tl(lLy Vol. 9, p. 590-610, Eneyelopedia, of “
) :,(ﬁEolcmcr Sciehce and lpLhno}ogv John Wilcy &N Sonsy Tnes
e .. New York, 1968. . R o . ) -
LT ERERS PRI BT \
(29)- McPherson, M:B., and Nece, R.E.,, "An Jng\PLnHIVL Dcmonstratlon e
- 'FldiUtPo]ari‘cope' Paper pre bentgd at tho Sprln& [LOLlﬂg ot
the Middle, A?ﬁa@tlc»%egtlon of the amé rlcan Society. fer _ :
“bnﬂxne«any Lducation;’ Icthh Unlvurblty, bLLllehcm N . -
‘Pennsylvania, Wav 9)0 e W A
S . o o & s N ; R
-(30) - Pradus, J.w., and PLLbles,.F.N.,' jo-Dimensional Laminar Flow .- - 77
s Analvsis Utilizing a Doubly {efractlng Ilquld ,-,.I Ch.E. v
R JJourndl .5, 2251 (19)9) C _ - Co
- : . . \./ . - ST F
(31 ﬂxllcr, op cit | b - . .
R Uy ;:;k N EAs . .
L LA i a N s £



6

(32) Peebles,"'F‘.N., Prados, J.W., and }Io,neycgtt,' E.H., Jr., .
"Birefringent and-Rheologic .Properties of Milling Yellow
.Suspensions', J. Polymer Science: Part C, No. 5, 37, (1964).

(33) Gogarty, W.B., I xeolbgical Pro erties of- Psex‘xdoplastic Fluids *
. - ¢ p

K in I’or()us/l Lig", Soc. Pet. Eng. J., 7, 149 (1967) .. ‘

P o (34) Chtis»tophﬁ&‘ ”;' Tyoand Middiu an, S.", POWer Law TFlow Ihro_ué,h ar
- ' Packed JRgilyempy L & LEC Iundame,nt_dls, 4, 422, (]96))‘ v, |

: ' . . ¢ k:t( - v
, f(;"}S) . Sadowski, Ts. ._',“and‘ Bird,. R.B., "Non-Newtonian Flow Through JPoroas

’ Mediar b, Theoretical", Trans. Soc? Rheol., 9y . 743. (1965).

R ' e~ v
.- < (36)  McKinley, R.M., Jal'ms,' @2 agand Harris, w.w "Non N(_wLonlan F Lou
"'t‘ Tt T T "ii‘r' P‘G‘fOuS“'Hedia § v F._‘E%_ t‘"'.}m@l 12’ ‘ (1966) - T oTT e

' 14w cﬁ “Iolten Polvmers Throu;,}«

' (37)‘ (,reuor}, D.R. and (er ‘k;;.
g Q]J ‘lnll, (1967) !

- Porous Med Ld",' A. I Ch.Fe 3-

-.-,‘-",

.

) PR
T (38) BU!‘le EuJ.; "Psf_udo DJ.]atant Flow of Polyacrylamldc Solutions
‘in Por()us \ILLILJ "s Prod. “lon hLy,rJl 27, (19679). , L.
' v TN \: £ A A
3 h .

(39) Burc ik: _I:‘.}.LT zind Terrey, J., " he ‘Iechanlbm\of Pscudo 1)1] atant o
Flow", Prod% Monthly§ 32,7, [(1968). o -

‘low qf .Podtymer.Solutions Through

. ._(40') Daubéil,‘l). L. dmw\kn;’e, U.l.‘. 1)
. ?_, '10657_, (1967) .

- Borous '."K.di!d" Jo Pets Tech,

s
AR

(41)  Tenwimgs, R.R., Rogers, J.lL s and 12 est, T.J., Yactors Intluencing y
CMobility Lontrul bv Polvm;r \bolutlon:", J. Pet. Tech.y 29, 391,
.(_]()/l) : . . . . : T
ﬂ@ Snlt;h, F. 1' , "The Behavior of I’lrt1all>z‘hyd:ol\,zcd POlydLr’ldmlLIL'
‘ . aa;:lutm ; in Porous Media'y J. Pet. "Fech., 22, l’“ . (1970).
'1 ) : & i P ) ." ' . . ‘— " ‘ 'A N L .
B ah %)) Muncﬁi , JPuL., Hirasaki, GoJh and Hmn; “Lq} A dth(.md!.lt_d]
% .,Sl_mgxldL.um of Polvmer Flooding in Complex i\(‘%t_r‘VOlrs”‘, i5oc..
" Pet. Eng. J., 12, 369, 01972). v
' (44) ‘Savins., J.G., "Non- Nautonlan llow Thraugh Porous \lLdld . Ind‘._ and
T ' . .Ii‘wij."iChciﬁ. ,‘61 lo,‘ (l,.)bc)) ‘ ; o
. ) ‘" . o ' ) W . .o . s
5 T (45) Je.rmlm,s, RbeI‘S and-hebt, Qp.,_cit. '
(46) . Kyle, and‘.;’P'.'c:r,rinu,‘, op. cit.
- - : Co -
. (,’47) (I_l).glxvetez.lu,- :.311(1. Thirriet, op. cit. -~
’ I . . . L 9
' _(1{8‘)_' Lraton, L., and Frasgr, I-I.'\T., Hvstunatxc Pdk.klll’ of thu;b .

Coo T Geoll 43,0789, (1939)



W
#

g
=

(49) Kingston, and Nunge, op. cit. ‘ , N
(50) ".Dudgcon,‘(, R., "Wall Effects in. Permeametprs J. HydraulicsDiv.’
ASCE,” 93 HY 5, 137, (1967). Co 4 ';;-_- . '
- . e
C(51) Martin', J.J., McCabe, W.L., and Monrad, C.C., "Pressure Drop
RO Through Stacked Spheres', Chem. Eng. Progr., 47 (1951).'

(52) Mickley, H.S., Smith, K.A., and Korchak, E.I. "Tlur ]1ow in
: Packed Beds'", Chem.,‘Eng.‘ Sci., 20, 237, (1965).

(53) . Van der Mcrwe, DoES, ‘and Gaavin, W.H. "Pressure Drag \Ieasurements

S ", ‘for Turbulert :f\lr Flow JhrOUgh a Packed Bed ,"A.I.Ch.E
T Lu Journal -17 402 (1971) . :
S T vqu P”"Q <. S, ..
> 54 TET crrabe.L" " ﬁlld— Hanr"a"tty, opycit. Tl U R T
(55)  Crabongs ' |
o h «' v \, -~
(56) ~11cqu 1ané ’@‘tﬁh&,‘ -
(57) “ Van der ¥
_J(.sit . Ibid ‘
’ )' . : Y .o
(59) WiIler, op. a8 ‘ '
(60) lbld . ' o . ‘
» L . . ‘

(61)§Muraoku D., "The Study ot the Wake Behlnd a Susptnded Osc:.llatlngﬂ

Sphere in Vertical Laminar Flow Using a SOlLblOﬂ bf Birefringent -

ye'', Unpublished work, Dep#? of GChemical Eng,lm_d.lng,, Montana
State Unlverblty, Loacman, Mont%a, 1971. o

’

(62) Savins, op. cit., p. 81. - v

, (f.)}) Ki.‘ngs'f:‘o'n, ‘and -Nunge, op. th v "'“ R ':‘ ‘

(64) _\hmc.d and Sunada., ob‘ cit. ¢, o T ' o “: .
L o AT

(6’5) Fancher, Icw1s, and Barnes,g@oﬁ’ cit. . LT T

B B



i
,
‘o ey
I‘_%
. .
v
e .
‘\\
1
/-
¥.v
‘ - L d
s '
f
e
“I-
e .
g
K
. <
.q‘
M
st
-
3
]
.
.
v
s

65

Rt



" Sample Calculation

K}

'a

66

Fot the flrst aqucous glycerlnc go]ution data“p01nt obtained on’
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" Pack No. i, the follow1ng calculatlon proceﬂure yields
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TABLE A.1  EXPERIMENTAL AND PROCESSED AQUEOUS GLYCERINE SOLUTION DATA~OR PACK NO. 1
. : P o
hqi h, ~ ROTAMETER 1 we " %R g . Re S
READING ' ‘ ) S :
» GM ;. DYNES 1. O
(G CLY ' e GG Cara G
© 18.550 18,420 -+ - 27A- - -0.130°  5.250 - 7.428 2692~ -7:81x107) 1122,
18.810 18.545 4 A 0.265 11.05 15.14 5666 1.64x107%  56.1
18,940 18.515 6 A 0.425  17:65 ., 24.28 9051 2.63x1072 #35.3
19.235 18.735 7 A 0.500° 21.20 - 2K.57 .087 3.15<107%  28.8
_ ST 3, S -
19.330° 18.640 8 A 0.690  25.00. 3Y.43 .082 3.72¢1072 28.6 . .
. . . ¢ : . AL
19.685 18.765 10 A 1920 32.80 52.57 682 4.86x1072° 22.1
20.110 18.950° 12 A 160 41.05 166,28 105 6.11v1077 . 19.4

, - [
20.676° 19.260 14 A, '7.40%x107% 14,7

610 «g;z -£0.57)

;25l&z> 24,255 30 B-} 58Q, 5;} 90. 28 .769 8.ojxxo—;~ 14.0
21.195° 19,500 16 A 695 58.§0 96.85 L015 . 8.754107%  12.7

277 9.51x107%  11.7
21.660 19.760 18 A 9060 67.80°  108.6 477 1.01%107% 10.7

784 1.10x10° '  10.2
(9384 1.16x1070 9,71
L2770 1.12¢107Y 9.06

140 73.800  122.3
L2151 76.80 © 126.6
435 - 83.40 . 139.1 %

26.890 24.750 * 40 B
22.455 20.240.° 20 A
27.630  25:195 45 1

Bw W w W N NN e - o o b
w
w
—

0
1
1
1
.
'26.135 .24.290 35 B-  1.845 63.40  105.4
i \
2
2
2
2
2

23.250 20.700 22 A 550 85.85  145.7  4#A02° 1.28<107' . - 8.95-
28.145 25.440 50 B © 20705 93.20 D 1s4.6 4.779  T.39<107' 7 8.06-
30.175 27.125 _'ss-uﬁzf 3.050 103.1 . 174.3 .  5.287 1.53x10°% 7.6
31.030 22;640r" 60 B '3:390 11229 193.7 Se780  1.68x107! ©6.88
31.760 27.975 65 B 3,785 122.8 216.3 ° :6.297 1:83x1070 ' 6.49
33.105 29.015 70 B [ 4.090 132. 23957 6.789 1.97%107 604
31.870 © 27.410 75'3 4.460 ¥41.9. 254.8 '1 7.217 z.llxlo" 5.73
'32.810 27.950 80 B 4.850 15L.0 3777 7.743  2.25x1070 T sispe
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- z
: T T A ' , ap .
Mxl i, ROTAMETER . W Y .q
S READING , ) ¥ -
‘ . SCM 7 DYNES ] o ;
IS N - . . AT Al AP PRI, N M
. () ey (_u)i (SEC) ( C:,‘ AT (su’c)’ i
- . ..U R I
° . = .
. . ? -
28.835 28,670 24 0.215  5.250 13.93  0.2939 7.39.107% 20.1 :
29.135 28.670 44 0,465 11.05 30.14  0.6186 1.55<1077 9.3 \
$29.135 ' 0B.370 6 A 0.765 17.6% ©  49.58  0.9880 - 2.48<107% . 6.34 , \
29.350 28.370 - 8 A 0.950 25.00 7 $3.52 Y0399 3.52<1070  4.05 .
Y29.350 28.310 8 A Y.080 25.00 67.46 1.399  3.52%107' -4.30
~29.610-26.310 10 A ~.1:900 32.80 84.26 1,836 4.61x1071  3.12 o
29.805 25.065, . 12 A 1.740 41.05% - W¥2.8 2,298 s.hs10TY 267 Q
. _ ‘ ) o ST - . . _
30.550  28.370° 14 X #2.180.49.75% 7 wlAl. 2,785  7.00:107% 2,27
¥50.620 28,370 14 A 20250 49175 - 125, 2,785 7:00<1071 2,35
20.405° 17.675 308 2.730, 5!\.;'»' T176. *3.023 7_.60«.10‘? 2.42 .

2.875 58.80., 126,
2.625 58.80% " .183.
“3i475 63v.90 ¢ ods.
3,615 67.79 234,

o

3.292 &27.107% 25 . &
3.292 8.27¢107 2,11 [
3.577  a.99v107} 2.20
3,795 9.54x1071 1 2.03 .

£32.225 29.350 - 16
32.225 29.4b0 16 A<
. ;

21.285 17.810 .- 35
33.015 29:400 18 A

o N L WL W T W

21.89017.810 40 p - 4,080 73.80 264.4 4:131¢ ,1.04%10° J..'93
33.995 .29.565 20084 . 4,430 76.80- ..287.1 4,299 . 1.08%x20° 1.9% T e

"

23.470 18.465 45 B 5.005. 83.40 324,47 4,669 1.17-10° - 1.86
36,860 29.505 . 22 A 5.295 85.85  343.2 4.806  1%21%18°  1.85
v ‘o |
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TABLE A,3  EXPERIMENTAL AND PROCESSED AQUEOUS GLYCERINE SOLUTION DATA FOR PACR 30. 3

#I.

v ' : ' :
hy - hy © ROTAMETER ~ H '~ W'~ %5 q Re | F gy
& ' RERRTE M * DYNES 1 M |
” @ @ | @ G Cora? G
e ' .
35,315 436.410  2a  0.905-  5.250  52.36 0.5379 1.52<1072 60.2 - |
36.300 34.230 4 A 270 - 11.05 ~+ 119.8 1132 3.21x107% 31.1
37.825 34.230 6 A 3.55% 17.65 208.0 1.808  5.12<107% 21.1 =«
. 38.865 33.835  8a | 5.030  25.00 291.0 2.561 7.25¢107% [14.7 .
. 40.550 33.835 © 10 A 6.715 32.80 388.5° 3.360  9:52%107% . 11.4
o ,az.§65 033.280 12 A - B.785 41.05 © . 508.3 4.206 '1.19A1071 9.55
. 43,540.32.855 10.685° 49.75 - 618.2 0 5.897 - 1.44x1071 . 7.91
81,580 ggpfld?g: 5 11.A70  54.00 686.8 5.532  1.57-1071  7.46
45.335 32,310 Y164 13.025 58.80. © 753.6 6.026 1.71107% © 6.90
53.385 39.170 35 B 14.21S 63.90 ~ 822.5 6.547  1.85%1070  6.38
_ 47.090 31.725 18 A 15.365  67.80 889.0 . 6.946 1.977107% .12
ar 55.340 38,485 40 B 16.855° 73.20- 079U5ee | 7.561 2.14:1070  5.67 "
n _ 48.965€%§1;1od"-L30 A 17.865° 76.80 1034, 0 7.868  2.234107% . 5.55
. ‘1'57(290 37.880°, 45 B 19.410 83.40  1123. 8.545  2.42107% .14
% 51005 "?oysci‘ 23 A 20.460  85.85.  1184. -_f§§§.796 12,4918 5,00
| L sOg#053,37.480. 5D BT .21.925  93.20 - 1269. CTase9 s 2.7040070 462
& 6700 36.725 55 B 20975 103.1 1445. . 18.56 2.99¥107 " 4.3
66,200 36.175% 60 B ©28.025 - 112.9 1622, °  11.57 ,3,28[10T“ 407
66:655 35.40 65 B 31.205 1223 1805 2258 4 3.5602070 379
| 69.170 34.790 B ¥, 34.380 132.4  1989.  13.56 .u3.84x107% .3.59
71.600 33.970 ; 119 21770 - 14ase C d¥paaleTt 3.ae
© 74,220 33.045 ¢ 15,0, ., 2382. . 15.47  4.3%107% 3.31 >
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TABLE -A.4 - EXPERIMENTAL. AND PROCESSL‘D AQUEOUS GLYCERINE SOLUTTON DATA FOR PACK NO. &

. ) ,
hy ho - ROTAMETER. B~ W %P .4 Re CF.
e T T READING e e U AU S SO U AP
@) L en G c"zﬁ";“ ék, ED
_ ‘ — — : sk
41.210 39,835 2 A *1.375  5.250 79;56 ©0,6211 8.36x107° .13.0. '
42,645 19,300 4A 3,320 11.05 . 192.1  1.307 -1.76x1071 6.68 - .
44.455 38.640 (6 A 5815 17.65 336.5 . 2.088 . nz.s;xlogl-ﬂuﬁ,sah.;\‘ . /
43.355 3776e5 Mg A 8.670 25.00  SOL.6 | - 2,958  3.98x107% mad. 1, % )
481715 36,805  10A°  11.910 32.80 . 689.1 3. 850 5.23%1070" - i””
51400 atser—ir- A 15.990 41.05 925‘1‘”“‘*ﬁr*ru,—~JL:ng11 W T
54.915 33.785 14 A4 21,130 49.75 1223 836 7.93x10717 22T
62.350 38.260 30 B 26.000 54.00  139. 6;388 8.60x107} . 2.16 ¢
$8.485 . 31.8%5 16 A 26,610 56.80 - 1540. ' . 6,956 9.37x1071 . 2,07 © *
67.060 36.635 35’1 30.425 63.90 - 1760. .560 . 1.02x10°  1.98
62.965 29.700 1§ A 33.245 67.80 1924, ' ' 81021 2.08%10°  1.93
.71.880 34.085 . 4048 . 37.795 73.80 ° 2187, _*  8.731 - 1}18x105 1.85
67.420 27.000 20 A 40,420 76.80. 2339. .. °9.086 l~22x10°- .82,

27.250  31.005 '45 5 6612645 53,40 2676.. . 9866 1. 33710° 1,75
73.305 24.550 22 A - 48.755. §5.85 2821, -10.16  1.3710° - 1.73
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TABLE A.5  EXPERIMENTAUMND PROCESSED MILLING YELLOW DYE SOLUTION
' ‘ . ' ) . ¢ ‘. !
'qigs,w DATA FOR PACK NO. 1° = ‘ _ g

___._A—-—-""'_—""':L A

e ' _— L

hy "h, . ROTAMETER - H A

; : . READING - L iy
(cM) ey S (63D =

«

59.330. 38.910 1AL 0.420  7.450
, 39435 38.810 Q6. |
I 39.605  38.810°° 34
Dl .39.605. . 38.660
i ST - 40.035  38.985
B s 39.850 . 38.830
'74;15 S 39.995 ©38.830
41.795 40.665 105
390975 38.745° L8 A 1.230  34.95
b 40,000 - 38.740 9 A" [ 1.260 - 39.10
40.415 39.005 .10 A | 1,410 - 43,60

[ 2]

>

(o2}
(27
(%]
b
C
~
<

N o U
=
T SR = B o
-
(W)
2.
(%}
o
()
<

S40.405  38.865- 11 A 12540:  52.50

AR . az.saall 40.805 208 1,740 - 56.00
_;;_;\;_;~;;;;;;ff‘ 60.750  39.005 14 A 1745 62.50 ‘
Lo 42690 - 40.710 255 - 1.980  68.90
) , 413300 39.315 16 A 015" 7250
) ' 42,990 40.845. 30 B 2,145 81,50 :
41610 39.415 18 A 195 82,55 i
O 41.575 39.460 20 X 2,415 _ 92135
IS T 10 40845 355 8] 2,485 '4‘g4f10' . ;
44,0757 T41.265 40 B 2.810 . ,106.9
- 44.510 . AL215 © 45 B 3.295  120.0
45,195 4133700 50 B 4 .3.825  133.8
46,290 -41.705 55 B, ‘;"4 585 47w
47.115% 41.780 60 B, 3.335  lel.0
- o 4y.les 42,110 65 B 62055 (474.3
. % 48.660° 41965 - 70B - o 6695 - I87.0
“‘ ; > s
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: 40
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’ '6 4. 029}3

63820

6004 "
17%A

LETT*_

" W“
' 7~' ~280‘

"MU 5

: R ‘:‘\ .
AL
¥
r,Q-L

25

0

. .
‘e w" ;‘,1

“01%'

Y"'.

“14070 -

's’o

3.179,

5:580.
5.390
A ..390
7350

9,430
110.960"
127565

d

10%0

18, bO

f}.*o L s

34.
43
52,50
56.00
65&)

' 693963,
72.&?*
Sy
'8:.§§

.35

:94 10
1106.9.°
1200,
135.%

93
.? "

“

)

L
147.7

161yt

78,320 T64.020. B5 B *%14 300 #174.3
: 9 985 63,910, 70.°B 16, o/) 187.0-
- - —.:. - ;;p'. ——— e
. ~ v » o
. ‘ L A
. - ® “rr ;

:ﬂi:

LR

-
'
-
- ‘.
i
.,
.
i
.

.'.
\
-
Ce
d
4.
o
» L]
”
C e
.
-
-
-'.
»



"/Q

TABLE A, (PI’R'[‘\ILL AND Pl\L)(‘l:S-S WLLI IN(; Yl LI 0

M ! . )

Hovs. W DATA. rOR  PACH: - §O. ;. STy I
PR B SR

] . P ot v .
aAr . , by ot .~ tswot '_E:.kﬁl_}'ﬁ“ﬁk .
w o " Lo RAREADING -

RS - SRR T T 5 S S SN CA T hI20315 7. Y e
oL L w6975 -’?2.]20 SXA 20855 100700 L " %
Lo ' ' - . , o . .~
R - 453,475 i’ ”3'5,., C3A T 0660e 14050 . S
45, &oo,ff@ﬂ 665 . 4 A w373y L0 . .
S 45975 mm«f Conn e twe285 0 w230 T M
- :u.,as;:au o 450 HAL T ATe0 C zonss T T gt

-

G0 L A1 2300 et AT 7‘;.250 0.5 .
ToaTiAg0 ¢ 430 R ' ' o

o=,

M N M . - _'\
FLENRAY o 1+-/7'. /'9.()'.'/}1._(7'4

(o2
¢
b—
Ful
P
Pes]
LR WS
kol
»
—
e
<
“
v
¢

".“‘».- N , % " .. ~ ' AR e L
] ¥ J; v L T A \ S AR
L. 48130, AL R g & 67760 LS. A T
o, P s -, . . s ) ; T . L ’ . R i R ]
. S CABLUR05. ‘41,5 100 F.485 50 ‘ Krg o ” :
A?“ 'Y . Te 0 ,‘ .Q,;\ ,: .f- . .

o
i
(-
ot
.
N
<
_
R
.:}-
1%
=
=
&
<
%
§

A - . . . . PR
v oL S oYL 3 et AN L TR ee20 \ .'6‘_’..31).", o _°"~‘.'§,,-. S -
) o~ ) AN . . ® . Powl )

PRS- ST/ 0 I (O R Fs N 125 I Boe Yl 2D RE REok v:’ F .f' e e

51,150 .irl’;w'.'Ssm-v' J'E.,,\‘ ‘-‘V’It‘_)f‘i‘:g}w TS0 . ‘(:;ﬁf

‘
»
N

o . ' -:b *
o CB0y080 s 38,165 7 35 B - Wyly oy 50 , . .
_.& - o - '.‘. .. . ‘ .. , e ) é_ y o _‘ ) B \‘\. - o ne R
T N - 'J'-:-f»"l‘) 239.715 “l8 X T R ) HL06D ?, el ey
. . s N - _; »;‘, - L . P . o / . “‘,l., . Yo ,;_- 4“"’" ) ‘.‘: v'.»‘,‘.'.'_
'» . o B T L.'O‘\) 390250 ..)U A '”l‘-#,»‘);'_'\)' . 02,35 - RS o
. ’ o - . - B hd Lo g ’ L
51,6207~ 358 14,520 94,10 ot -
E N . ° 3 N
- L 54,485 LR ANE e LBUBLG UYL ol
4 : 36,630 O 2 T T N S ST S
T, e 59. 60%, 5D B 25900 . 133.8- Coe e
’ . L T s e e Tz ‘ o .
s * - 204107 32,000 55 B 7 30.250 L47 .7 ) 2 :
P _ 60 5 U 3AUANS 1RO )
"~ U658 35,9500 174.3 T .
T - -
t

. .l ¢ ' ’
— [ R a 2 >
A v S [ 4 . N :
s e P
5 e ;b . . e ® .y <, .
Y Bl i 2



LY
[ 4
2 o
N -
L3
X
¥
2y
-
T

v ,:' - P 4 - . .' ) . o h - . R ' . ‘ i
P ’ i X N”‘ - . . ) ot
P : : ‘ *" R - . 3:

. TABLE 4.8 QL\PLRIMINIAL ,\\m PROCESSED MULIN(, YELLOW.DYE SOLUTION &

. : : . e ' . ": ',&
'l vs,WDATA TOR PATK NO N o "-‘s-

EErS ‘s, o L et . . ‘ . :
.4 [ Loy, ! ’ . - * L "w, : N . ‘.
'\ s ot . - R . vy - . L Vo ., R l,...v
T R . ' ' 7 « .
— gy " - 4 : : - o
. B e —— A ; R 5 -
v B . , e LT ‘- \ :." . A
P

tey N 1Y Shy meuu\ A TR TR 3

Rt . . . . . ' ST .,
e - : Y\ ,\m\r o . L : :
(3 R : Lo : o o . AT T GM L . :
. T . GM)? v CM),.- C Cewle "M —)" < e . .
' ‘_<‘1). T ,1),_ S (ti SEC o e

T e TET60 56055 L At T ST Tiago t A
ST e, 565' )b.,ho T e

TIa50°

> ey . AL .S . ) N
L JD',‘H."{ R . R

- '50 55 7 e 'é}ﬁ v »

64 TA0 T ShESES X ‘1 A L. 9.806% 3; 93 *‘ 1#* S

L4 . L

e .:{.-!/‘ . A . L ; ) :I T W D ‘..' ’g. -
! i S 550D 30 5443158 . G gy 1.21 ﬂ ie WT
DR n“ ' "":.'6) )(i~) - ”J o ?~ o H Vi) ‘j ‘}»B'Q 9'??' R
' : .66, “'60 053,725 I A =13 135_. 143 60 B n ;’ . W

RN WA ol . S ) S e
ST T PR 51955 an AR AL LG8 52,50 \‘Mﬂ" e

T ey 563 715 6. 57570« 0B 200040 7 56100 L e e L L
g J}%.(mf‘ ooz T 14 A ,l_é,."\ﬁ{b.()f)() iy L e

v ®e . ‘ S v ]
. p e L 090.900%" '65 010 5B 27 bQO L B3890 :
. ,g. ,J N ) . e . oy . EEIEML et N
) § “ 785457 475400 - 16 A ,1 15 72,50 #7 g
_ ?” ~796,040 . ()(\):;340 . so b )5 700 “..5.1.50,*;“-- SR
e 93,290 450135 i Tamoss saiés o Ty
N L . - L i Aoag Tt .
S m TS 420680 DA WHAETES . 023y e Tt
i »“',. 60165 | 17.38G 35 B . 42,7850 942100 T A
YO 660505 13,2700 - 40 B . - 53,235 10609 T L
' . S R . ST . BRI
e, 73.645 9.960, ",’-,s'u . 763,685, 1120.0 .
. ‘ 0B T75013u0 33508 .
+ . 9 . \ O . ? .. ! s

3
LT g ;
R i" S -»HO.%O. ' 5 350 - & __
el s 6%)' 0. 8500 55 B - 89835 14T Ty

'y : B : x ‘( 1 hd
to ! : . . EEN
™ R .
: M \ . -
[ v . . 3 a
. ’ K RN T Y
e : . . o - B N
. / .
M . ’ v Ca . . . v
. : . 4
. .
. - - . ! i L .
‘3 . ’ -
: Y
N . ‘o '



¢ .
TABLE M.9

- Q? L ,
‘ ot o
)’ -« FROM €. 9, U9L

b d

vf’

m’l‘i GO

NG S 1001111,534?*’.\15 W

S A 4'390
e ] Piiid -,4-’ QQ
U w e sThoo
RS }'.3'.91'0

‘
~’+».

"

et
<

12050

. . ’ LPRUOR ’@...
@090 desion T TowatT o v, 4)6
';\._.’ . 4w e

Z.v%'A
q' g 7 e, 0l
’ 6 877
.‘7./37 .

g “)966

lUS O

o\
138, 0' . A198’9;7'l
1380 o
16,3.‘0'
10 j’

2y

: SN AP
6H.966-10 =

6.774%107"
6.80551672

S -
- 7— P ; -'&“ .

/.')'J-G'A_l()"

CBL0L107H

87304 1f
-, L4

-
O
. .
' \ )
c. . - . - ML B
. AR " N - .
- - [od . . e 1 . !
y - R i
\ .
- . . . .
. . t . o
" Voo p v e
. N . « Y o
’ - ) o
. ~ - N N .
- ’ “ "
. Y
. )
. :, : . ,,. L
.‘ - A -
v ® N . . K . Jietc
. . 2 e
. .' L . ’
S : < L ‘ . e
T - y Ot :
.. . :
: -
. . . o TR N

-9

s

) “I[H ING H.ILOW DYF SQI UUQN LF[‘}LCM.L V[S( ()SIllLS (AICUIAIII)

o~ R
:
..
4
-
. .
y b 4
- -
} P
’ .
L -
e
*
e
’ '.A.‘
v
Al
- .

4 | PACK NO. 1 96- ‘
- SR . ) : \
.-. . ; @ ’ S R L ¥ .' A K]
- N . i ] X “y . . A ) " _-#"
4 o T T Lt
N e o I - - o, s . - "‘. e
I TR g L '
\ 't;b LI X > o e : . .
B AR GM DENES L ¢ ey e N
v S Cy - ‘ L : TR
. (&N (.51'3“-):' : <,CM- gm) (GEc) (POTSE) N et
: N A e e B B A Sttt (e ‘__ T R /| S —-——. :
e T Bt 5 '““.‘.‘.“;'C LA ‘.'-' om
¥ e 0,420 7‘ a;o w2147 B 0. 4*09 g 7)7/1»0“’ . SRS
R Ut BETI IS 6132 L S01 JU A
ke . s ™ ' PR
& ;‘_ "0 M‘, 1o 40,50 0. 83.}0_ 1.709?10 : 5 %
e T Jo. 960.; Jdvooo o ublag ., 1%L "1, 475y*o é
R "} "1 ?60 0o *59 '31_»"‘\ 1719 T8 LI6710F e o
R - R L@O 7. OUQ 69 02" ?‘:692;}‘.'9- B 7R
. X, . ,» Y o RN ] . . o '\-\ "._‘". [ -
S .,; e 1 () ‘ 0Of O, gt '1. g . N~ ,*_\ PN
- N ‘h' _'_ cL “.1‘4' ' . )‘) )J .‘5 ".-).\:\' gfb)’ :* 9 "* a - & ’
. . .1-.2'_7!5‘#; 60, u() C3MTYT S IR0 B S
o 8'7():‘1 ) 7" - R P GEi o EE T e
Yooy Bba0T s 7 4,298 7.396x107% &y ﬁ' DR
) N



‘ Q‘ '

T TABLL - R10 V[LLJNU YELLOW DYE SéEUTION *EFFECTIVE: vrscosirlLs CALLUIATLD’

.
X o

e o .
D I'ROM 10‘ 9, US ; %"1OOI‘HLI) " vs W DATMFOR PA(.l\ NO S22 . Coe

S R  DYNES "t O ' L :
T, . -\ A RSt = . PO TSE S T Cop
o - ey (‘L( S (\1> '(bL(,j - (POISEY T Mf . s

LI . Soad
. . B M . * ‘
o [N “ ! s ' ., . / g A . « ) .
. . “ e " Y - 3 MR g = . g
' L P . . oL ~ . WA ’ : Lb
. B R B S e T T T e
ST N 7 R : o o
d g . . N 3 e . L N I
- ‘r . . »
L]

. . ot S x e
0960 6007 T .67 T L1001 T 54 o .
oo L.230 0 25,00 s JRL.33 0 1.56&,, ’1.099»10 L S
©1.550 #135Y00 Y mlm 742,190 8.098<107F o
. v ) C e e, C . ‘ "
Cedi e .ﬂ)rxrmy& f23.5 + 13.128%

(SARE

.
) 9“)’ ss o8 . 169.3 - 4Y066 -
.~'a‘v_ . A , Y .",‘",,-‘-l".
sen b peo” 800 PRNEE! TR 5.005
A 000 5100.0 L 368.0 . (6.256 -,

A ’Q ] 9 )() MU'” [ »'.,,'. '46,1: l i . ‘7’.'.303 )
100 140.0" 5947 8.758
N . & ‘ S ¥ _1 E\h-- . e R
v LT a1y lb() b _;w: 10,01 2.687% 10*’ S
e L asa0y 180, o\_.- 875:1 e L1260 =9, 614107 3 ey

‘ -

,
. <
5

e W

B . et e,
s L )
. e . - N
S . . - : M ~ .
-
’ . . -
t [N - 4 . .o»
4 ) St . *
. v - < - ; . L
. . o R L
. Py B &V o R S .
- SN e T g
- » . AN Ll
A PRSI
v, ? : .. TV g e, ) L S .2
. . v “. . .~ L - R '\
. L . . Y ] .
. a's - ) ce,
‘, M e - .
° ...‘ N 4
o .




& t
h ]
s K
v
R
.
R
s
' PR
L 4
-
< .
.

SV
Lo T gnr
f'".sﬁ'.v.'-"f e

3 5. 8(),.

.70
» ;
30,92

17.60.

90 ob
16)5’ 0.
120:0-
fiv’sg)'. 0

= 1601

d - W . o ":'"".' . b . 7()
: . A : +,;l‘ ‘ ‘ ’
"TABLE A1l MILLING YELLOW DYE QOLUTLON L}‘T‘E( TIVE vhs(osnn §e cyg(u,m noo.
' 'FROM '1Q. 9, USIN(, SMOOTHED H vs W I)ATA oK PA(,}\ NO. 3 i
. S * ol L .
N - - e - o S
3 P . "- o
* - V.'_k_p/_ : - ' ® st ‘ '
S Y - ‘;,mt‘.q A N
i . . \ - .'-" ’ & LT L R - . ! . . :
A S e I)\NI N < i e
. o (en L i A, Je (il A () . )
Vo (e (e . RO ERRNY (e (suc ’ (POT5E) , .
L f . ‘\ﬂ;: ‘ - N B N . . - 4
e I RS A 'J-"' ok ‘ R AlA - — - B S
Coe IR SR AT
2:700 0 10.00 39,8 L8 E 1G5 b 1410107
3.520  15.00 ¢, w822 Li7L7 . 9 7_5' 10"'
B . G 0607 20, DO 4092 -2.290 1@- Lamm %
.o i y N . > _h . . i
- . 5.120° . 30: (IO L2651 34735 o,gu 107 L
RN oL 4 SR L B PN
. . [ b. 250 - ..,)/{ 4‘)91 lu g » A,“ G S - ",l . St . “;'N
2o 743200 . 225 so; 1«)'?” A R
~ 8. : » . - o . . B ’ ) ._‘:

S P

) ST
( }‘-i’z‘.'}),j'*. U,: . :

BB ¢ gges e e e
16:30 .5..49_%'/'«'1_()&_"2[‘ T
13,027 - 4, 163-107" o
'1.3.‘74 82939107 o A

0.303.’51() ) s

. . B . I . . . . . o . .. :
40.70 -180.0- : ’107 20,61 0 4.4837k0 ¢ _ : ST
" o T L. i . . i . ) _
1 - P - K N R L l
i . . .
- -~ - o - o
. - . - SIS oo
' . « 4 .
4 [ P . *. Y - ot oo 0
'-, - . ‘. . “’ »
‘ 3 E t . et -
b . ’ ‘44 * ’
'*, : : = . . : v +
) . I \ . . .
et . ~ ‘ f g '.,l.‘ g o
. o “ . . ORI
% L .
» o N A B I Y
R ; . o e L.
) ‘ .} » bgl' x:'
. -
., ! . v B RN ST ey
. 3 * M "
- . . 1 .
. ‘ .
:(" L . *
. - . ’v ' 3
° \ M . . .
; R . . Tt



Yo' . TABLE A.12

" EROMYEQ. 9,

Y 3
. o % 3 .
\ v .3“ . #;.
S N - "\‘ . !
. ®
N \L 3
h L)

MIIIING YLIIOW DYL SOLUTIOV LbFELlIVp

UQING SWOOlﬁEﬁ H vs W DATA FOR PACA NO 4

Lo
1
«

COSIIlLS CALCULAF}I

- o )
. v \ . .
- ‘.
A " \
’ - N - v - N
& “ 4 »
’ < 3 ’
: > - »
v R o v
. -y . Y .
.o

i

Lo YR

. SEC)

W K ® .,-_ .
W e S - J—— T - - s G R
TR suu,k\ ,Joo‘ P 170&95 0.9916 . 123907107
- . e /.',p T ’ -z R AN [ v "

A, Loo

¢

8?500
11 80°

Zlaé@
e

: A W

.ﬂjﬁ o ‘h§¢
CRENR V2

9 00

$81.80"

/6 150

3) 60 :

64 00» -

5¥@0""Jﬁf

’>o 00- |

go.oo-{
“f;Ao,do‘ Q

+ 7318, 4
ﬁﬁb L

610 9

264.6“

Lok
50.00 - ,.,Ll)sg .

desdo, o 1sss.
"’Jdo 0'-_Y 1357;
g0,
HO’O L 4

AL

13,22 o
15487

»1.933.", 9. 2444107
taﬁ?éAA‘m? 7'31~‘ ‘
;3. 966 ‘ “4~f-
5.288°

;§4311w47
im5§ i. 2.

507310‘” .
085 1078 7 v e

L v - - T

= 1. 148 10

J8.51. 0 a1t




