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ABSTRACT

<

Fluid flow‘of both Newtonian and.viscoelastic‘

E

flulo was studled in a model porous medlum composed of a

‘matrlx of .small glass cyllndggs. Local veloc1ty proflles and
flow dlstrlbutlon were determlned by a streak photomlcro—
-graphy technlquc Measurements were obtalned for average

: 1nterst1t1al veloc1t1es of the bed ranglng from V/e = 0. 0568

cm/sec to 0. 568 cm/sec The major effect focused on was the

variation in flow betwéen pores owing to small inhomogeneities’

Compared to theaNewtonian»fluid the effect of

viscoelastic fluid - 's found to be a.suppre551on of the

4

bveIOC1ty and. also flow dlstrlbutlon varlatlons w1th pore’

"openlng. The effect of elastlclty on flow dlstrlbutlon was

observed to occur. before its lnfluence in p#essure drop

[ S

vsd:fv Qualltatlve visual observatlons also revealed that

"~ the number of dead zones, or nearly dead zones*and recircul-

. - _ N !
._atlonp;%gions for viscoelastic'fluid were reduced relative

to the Newtonian case.

.
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CHAPTER T
INTRODUCTION ‘AND BACKGROUND
, - , N

T.1 General

PR . s

Increasiny demands for petroldum supply and gthe &
R) s : :

limited number of the 0il reservoirs make 1t -dneviteble ot

o

'@nly tn us;,the produced Oi] ef+1c1entl\ but also to-incredse

the ultimate recovery of reservoirs. Investigation of the

-many fields revealed (1) that more than 50 per cent and in”

the case of heavy o0il reservoir, even 80 per cent of the

] . . ) -
original oll in the reservoilr remalned unrecovered after

Y.

primary recovery; i.e., when the productlon rate bccamc'"““
so low as to make econbmiCal'operation impractiéable.

01l proluctlon requlres encrgy to expcll the 011

trapped in the 1nterst1ces of the porous rock into the pro—

duction well. [This energy may be‘'available in the reservoir
. (3 . . N . N

¢
initially in

ifferent forms. The major forms of natural
energy in . the/ 0il reservoirs are:’

L. Lomp 8551on gneLgy of the oil or water w1thln the 3

field}or c01giguous“to the/oil—bearlng_rock;

statlc level of produc1ng well and upper part of the

~ . *  }_ EEERT



reservoir. . e . _ R . f'

. o . - - . . . ! . \"'
~ If no natural energy is available in the reservoir -

or.if the existing enerdy@is not sufficient, the external
energy should be applied to exceed the economircal rate of ‘ \
production. Even in the caseyofihigh"pressure reservoirs,

the initial content of,energy.would_be depleted atter a ion
, : , . = )

periodwgﬁmproduction and, therefore, external enerqgy woulc

‘be required. ‘ T g ‘ . T

Eluid injection'as an external energy supoly/tox
the.reservoir’may;be applieddfor'two different;burppses;
(a) during the period of the operation of'the well to com-
pensate for the pressure decllne created due to the 0il

w1thdrawals from the space v01dage.' The fludd 1njectlon

will'help togheepvthe rate of production almost constant

and‘ahove'the limit of economical Egte, (b) after the pro—
.ductlon well reaches a state of substantlally complete T

depletlon_of its 1n1t1a;)content of energy. “In reservoir

engineering terminology the former 'is called "Pressure’
‘Maintenance" or "Pressure Regulation"'and the'latter"

"Sedondary Recovery."' In secondary recovery operatlons the

pressure requlred for the fluld 1njectlon is often lower_)

=
than that whlch would " be requlred for 1n3ectlon under

primary’ pressure malntenanqe.
'iFluid injeCtion as a method of oil recovery is’

1ndeed more than one century old. The'firStfaccidental or

R

perhaps lntentlonal water floodlng occurred in 1865 in the

- Pithole City of PennsylvanlaVKZ) Slnee then a great~var1ety



~ of fluids such as\ gas, liquids; even slurries,‘and also

’

dlfferent addltlves to the- flulds to achieve. better perf
) )

formance have been tried. " Y

Of .the different methods‘of;the secoﬁéaryloil
4 3
]

‘-recovery, water flooding is.the/mOSt advanced‘method.

. _B.
Gas-injettion . operations, usually termed gas repres-—

, ~
suring," are  less .common than water floodlng
Secondar§ recovery by water flooding has’' been carried on,

. as.a common practice, ip.regular patterns: Historically;'

the first'type of reqular network was the alternating—linef

"drive pattern(3). Next followed the five—spot pattern wHich

is most commonly employed The ‘mechanisms of the fluld

!

dlsplacement for various patterns of 1njectlon and’. produc—‘
‘ ¢

tlon ‘wells have . been exten51vely lnvestlgated %4 12) The

1njected water pushes the 01l in a somehow plStOD llke

.

behav;or from the v1c1n1ty 0f the 1njectlon wells and ahead

{

. 0f the advanc1ng water, a zone of hlgh oil saturatlon 15‘

forme whlch moves toward the produc1ng well. The clean

S f &

_‘011 1s produced untll the 01l wé%er bank reaches the produc1ng

.-well at whlch~901nt breakthrough occurs. After breakthrough,

'increasing amounts of water are produced with the oil.

' Development of the oil bank and its stablllty

,governs the success of the operatlon. In some prOJects'

the hlgh oxl 'saturation zone does not develop at all and
P

- breakthrough takesvplace~from'the start; The rate of the

production of water may reacha limit such:t at the production

E]



of 0il becomes too low to support‘continued operation.
It is intuitively understood that if the conditions.
at the start of the flood are such that the water can move

marye

S0

a

readily,than oil, the displacement front yi\;~jpread’
intrusion

-1nto$the 0il and early breakthrough occurs. Wate

intos the frontal oil. bank is termed "fingering."

© 1. 2 Mobility Ratio chéept

- -

Whether or not a stable oil bank develops depends

<.

largely on the relative permeability characteristics of %%:
Ci

formation, on the VlSCOSlty of the displaCing and displa d

fluids; on the saturations of water and Oil at th%£nime the
g

"g water'injection is started and also on the 1nhomo eities

of the rock itself. The first two conditions can be regrouped
in mobility ratio (13) which is defined as._ the ratio between

the mObllltleS of the displaCing and displaced fluids, where

m= 2, S (1-1)
o |

m represents mobility ratio and Ay and g are mobilities of

water. and oil‘respectively.

efinition of the mobility is better under stood by

studying Darcy' S‘law. The theory of flow through porous

0

media originated by Darcy s experiment in 1856 (l4a).. Darcy

found that the flow rate is proportional +to ‘the pressure
drop along the bed, or }n terms of»superfiCial velocity, éﬂ,iz

P E



& o X ' '& R 5

AP, -
L a » . (1-2)

Vo= A-

where V 1is superticial velocity, AP, pressure drop, L,

length of- the .porous medium and A, constant which by defini-

r - N s

tion is the‘mobility of the fluid. Later, in 1930, Nutting

~elucidated (i4a) Che physieal significance'ofvﬁ‘énd‘stated
that,’ |
. A= —5;, ' } . < (L—%j
|2 o - S
‘ where'u is the VlSpOSltV of the tluld and K the spetlllt
pcrmeablllty of the pOLous mcdlum Substltutlng (Ifj).lntb
(I-2), one thalns, » E |

1‘.-

- Equation' {(I-4) 1s known as Darcy s law’ whlch hﬁlds for. the

@v

lamlnhr flow of Newtonlan flulds through hOM@menpOUb pOLous

Lo J

media.’

“DarCY's law wgs,moaified‘by :;H :";:ct'al. (15)
for the flow of power-law model fﬁul%ihgﬁéough porous media.
Using a modified Blake—KoZeny'eqif% fk';they obtalncd,

¢ =‘.7<5-'§5)l/n, | | (1-5)
: H L :

.where’n is poWer—law parameter and H, viscosity level para—

‘meter, a factor which accounts for . the a&dltlonatadepcndence

A -\

'5bf -V on K and por051ty due to non- NewtonLan behav1ql

The " flrst theoretlcal attempt to show the role. of

»the moblllty ratlo in fluld dlsplacement was carried-on by

‘Leverett who publlshed his fractlonal flow formala in 1940

On neglecting capillary pressure gradient and gravity effects

‘o

<)
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-

his-Cngtion'takeﬁ/on the foilbwing simple form (l6a)
o 1+ K oo - .
K u N

{ N

- » _ ; .
fw._ T , - g : - (I-T7).
1 + (@] o ’ T .
— .
P Cw ‘
where, '
!
. N s \\
£o=_ Yw - . | (I1-8)
! o \
Iy * 9 e R

q, and g are volumetric flow rates'oﬁ water and oil respec-

) "y
: k'S

tively. In an attempt to. calculate.the' oil recovery,'Welge

17y, Ardnoféky.(4,5) énd‘other:investiéato:s (8,12,18) a1$o 
‘recogni¥ed that thrbugh décrea;éd_mgbility-ratio,an,iﬁpfoyé;
;menﬁ in aisplécemenﬁ‘efficiencyACOuPF:be obtained. Munéan (l@
. amongst others»shoWed qualitatively the‘conditions of,stabilitj
at a'displacément.front in.a'simplified modeI.v He cthidered
ﬁhe'incompgessiblevhoriééntal 1ineag displacement of oii by
water'in a pistbh;Like madner,aﬁd neglectéd'capillary e%feCts.
 Iﬁ>é>system of léﬁgth L the~displé¢ément ffont is at,éosition 
® where'f < L; .&;Eting Darcy's laQ for the poéitioné filléd._

with watép. d oil,

Lo ooy By T Pp | N ¢ S0
AT o 22— = | : -
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where g is volumetric flow rate, A, cross-sectional area,

*

%; velocity of the displacement front, Pi, Px' Pﬁ;;pressure
‘ aé\inlet, displacement front and outlet respéctively.; Elim-

:inating P_. between Equations(I—8, 9), >

_ P, _ P i c T gt
= 01- Lpd, Aé:\fx T XA = 1) (I-10) = -

-

The Equation (I-10) shows, qualitatively, the }Qle,of the

0

mobiliéxgggtio in stabiliﬁy'of 0il sweeping. When Agyxw>l,
i.e. xo>iw, for any iqcrement-increasé of~x, éay'dx, WQich

- physically is indicated by forming a tiny.finger of kink of
water into the oil-filled Segment the vélbcity of'diéplace—
meﬁﬁ front, i,é."q/A;‘will'decfease; Therefore, ﬁhe fiﬁgér
or kink of water can hbt.prgceed into the oiijfi}led‘segment;
That is thé.tendency>for early breaktﬁrough'yill'be_suppressed
'Fof the cése when Aé/xw<l, i.e._%6<xw’

of X'will increase the velocity of the displacement front

, any incremental increas

] N

- which leéds'eventually.tq éomplete'breakthrough.
. Slobod, et al (10, llj'studiea;fingéring in.miégible—
phase-disélaCement by an X-ray shadowgraph‘teéhnidue. ;Their
phoﬁographs Shéwed“thét‘étvhigh,flow rate (i.e.'é9,ft/aay)

a large-nqmbgr of’very thin fihgérs'was.déveldped; wheréas{tl‘
thé_slo? fléwrate (i.e. 1.6 fﬁ/day) Showea-é gradual blending
~of fluidsIWifh‘no”fingering;' Both]héd‘an unfavofabié mobility

‘ratio of 3. Phofographs taken for mobilit§ ratio of unity

-



r vealed no fingering;"Ohe interesting effect wae the'

" . / . . . r o
complete_elimination‘of fingering when they used a continuous
gradation .in viscosity'of'floodingfjluid. It is worthwhile:

 to note that the overall visco

.

. B ' , IR
ty ratio had the<unfavoragie

value of “o/“w = 3. This canf/well \e in support‘of Mungag%e

modification in polymer slug S (20),'

Since the mobility of‘the,oil’is a fixed parameter~—

dekendlng on' the kind of reservoir and 01}w;the only p0551—
bility to malntaln Stablllty:lp water fl;odlng is to reduce;;

thé water moh}lity{e o /,“ R o | o ‘ e
- An imptoued mqbilityfratio would also increase

3fecovery'efficiency b?ﬁcorrecting permeability{distribution

"problems as discussed by Stileé-(Zl), Dyskstra, .et al.~(22)?-
and Pye (23).
Mobility reduction may be achieved by one or a.

cbmbinatioh of the'fOllowing two ways:

1. Permeablllty reductlon of the.porous media.

2. ‘IncreaSth the viscosity of the 1n3ected wateru,

Materlals such as Glyéerol ~sugar, starch, etc, have been

'ift used to- 1nerease the water v1sc051ty However, due to the

large amount of the materials to be used, the method is not

econorically feasible. The'coﬂCept of using'natural high.

\

molecular welght polymers to 1ncrease the water v1sc051ty is
not new. The flrst patent appeared in l944 by Dettlng (Shell

' DevelOpment Co.). . The,reader is referred to %7'd1fferent
patents mentioned. in reference (1). These patents were

P ‘ . i . . . »

g
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granted during 1944, .to 1961. : :

JI. 3 Polymer Floodlng

The use of synthetlc polymers in the.;njected water
of the water flood as compared to the former mentloned addi-
S, tives, 1s a falrly ‘new technlque Polyacrylamide was"first

1ntroduced in' 1964 by Pye (23) and Sandiford (1). “Their

) Q.
'experlments showed that the presence of this kind of polymer

© in dllute concentrations decreases thevwater'mobility 5 to
t20 tlmes more than ‘would be expected from measurement of the

solutlon v1scoé1ty. Slnce then it has become of 1ncrea51ng

-

_1nterest to study and 1nvest1gate the flow behav1or and
mechanlsm of polymer flood;ng and-recovery (20, 24 28) In
'additlon to.therlaboratory-experlments, the pOlymer water
flood-has:als6 been.succegsful,in the majority of the smallvb
or'even large scale field projects wherefit'has‘heen emplbyeda
(29f335" ' :_ _ f; | : r . 'r , ':“.)‘

In polymer water floodlng a water soluble high

molecular welght polymer whlch is partlally hydrolyzed 15

3.

des1rable The polymer solutlons, at the concentratlons

_ generally used 1n polymer floods, are non- Newtonlan and show

pseudoplastlc behav10r in v1sc051ty measurement and elastlc :
,_effects in normal force measurement The pseudoplast1c1ty o

lrs.suppressed greatly in the presence of the strong elec\ko—
1ytes (20, 24, 34).° ‘.‘ - e It
‘The maln preference of the polymer water floodlng -
-overSthe conventlonal method is that a greater Fractlon of‘



‘ ‘ofAthese:f~f.r. e o .

\

R A

\

‘the reservoir volume may be' swept at water breakthrough. 1In

other words, the sweep‘eﬁficiency increases by introducing a .
small amount ofnpolymer into'thehinjected‘water.‘ iﬁ addition
to the'inbreased'macroscqplc sweep effiCienny improved micro-
sCopic displacement at-a given'amount of fluid injebted hasv

~

‘also been observed (l), i.e. the residual oil saturation would

be less in swept areas compared with that %f conventional

tlooding : The surprlslng ablllty of the polymer to lower the

\umoblllty of floodlng water may be attrlbuted to the adsorptlon
,tof the ponmer_molecules on,the.pore;surface, to the»plugglng

of the very fine'porestby?polymers,-toAthe,viscoelastic_

‘ o ' R T @ : : N . . -
effect of the po' ymer solution, or to a combination of "all

P

‘;“'Lee, et al.'(27f\studied the behavior of the polymer

solutlon in 011 reCOvery by looklng at pseudoplast1c1ty effect

' They concluded that prov1ded the polym\r concentratlon in the

: fflood water xs such that the average moblllty ratlo is favor—

)

a

.

able of unfavorable, the oil= water contact may exhlblt a

stable or unstable situation durlng the course of the flood

s

: Thelr v1sual study on a Hele Shaw model verlfled thelr

2

tqualltatlve'predlctlon of the_flngerlng based;on pseudo—f .

. . N : . - .
10 .

plastmcrty effect., However, there is considerable«evidencen

’ NERIES

to doubt that the power law model 1s suff1c1ent to predlct

the flow behav10r of polymer solutlon in real porous medla

under all. condltlons of 1nterest. ”}u ,,; ng~* ”:¢

‘b - ; ' ‘ .‘!‘ R
’Burc1k (35 38) attrlbuted the moblllty control of

r‘:

e

..)\'_ N
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the polymer‘solution not only to the \‘/iscosity"improvement'~
but also to the reduction of the effectlve~permeability A
due to adsorption‘of polymer molecules on the surfabe.of

pores. Hedobserved'dilatant behavior.of polymer solution
flowtthrough a dlsc-of Berea Sandstone whlch,‘presumably,“ {
was a result of'the bound polymer molecules within thefpore
structure reduc1ng the effective permeablllty To distlnguish—
thlS behav1or from true dllatapcy, the author suggestedjthat
the_phenomenon obsérved be des1gnated as pseudo—dilatanCy;
yPlugging effects, as well*as adsorpbion have also been noticed'
by‘bther investigators (20, 24}y28, 29; 31}._iln:another
paper,bBurcih- d Walrond (39) proposed that'small‘particles‘

of mlcrogel mlght be primarily respon51ble for the perme— '\;;
ability reductlon; however, Lynch and MacW1lllams (40) .
response to Burcfkl claim'showed'that gel particles need‘
not be present to have polymer unlts o{ the order of one
,mlcron and 51ngle polymer molecules of that sfze can be
reasonably expected in the ranges of 3. mllllon molecular
welght.,yPatton, et?lf (41) revealed that the polymers with
less adsorption'affinity on the pore surface arecmore effec—'
tive at the flood front and alSo on the oil recovery.— They
‘ﬁfound that the quantlty of adsorptlon varled w1dely from one
'polymer to another. For one spec1f1c kind of nolymer'the
liadsorptlon varled from one type of mlneral surface to another
and increased w;th salt concentratlon (28) Reduction_inf

relative permeability observed by Patton,et'al. (41) was

attribued largely to the tight_connate water-saturated
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pores. Thesé colloidal particles couldrphysically blockf,
the smaller(capillaries ahé lnhibit the‘displacement of the
connate water.;

‘The relative permeahility becomes insensitive to
_the concentration of the polymer solution above a mihimum
vValue of concentration,v The‘depehdency of the relative
permeahility on the‘polymer'concentration hasAbeen discussed -
by Jenhings, et al. (34l; | ‘ | | _

At this‘stage it is feltvfrultful to define two
factors namely "Reeistance Factor" and "Residual.ReSistance
”.Factor." Both are descrlptlve of polymer behav1or but 1n.
different 51tuatlons. Re51stance factor, as deflned by
Pye (23), is the-ratio of the brlne moblllty to the polymer
solutlon moblllty Resistance factor rs indeed anmeasure4
of adsorption together with entrapmehtvor-the~large molee.
cules‘in the small,eizeipores:and also elastic'by Which.

T
moetly.has been'ignored; Jennings,etal.;(34) showed that .
resistance factor'decreases as'K/EiincreaseS;I?here K is‘
permeability and”e,ithe porosity’of'bed; Res}dual Resietance
.‘Factor Called‘"Permeablllty Reductlon by Smith (28)‘iS[
deflned as the ratlo of the brlne moblllty in a rock, not
prev1ously contacted by polymer, to the brlne moblllty in -
bthe same rock after belng swept by polymer soluf*on. Smlth
'(28) p01nted out that permeablllty reduct16h,1s Aue to the
ﬂlmmoblle polymer retalned within the porous medlum.. It rgp

C e

greater in less permeable rocks . and 1ncreases with the

; . v
w Y
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polymer molecular weight.and also with the flow rate.
According to Jewett; et al. (32),’the_oil reoovery‘increases
with both factors which'is inconsistent with Patton, et al.
(41) . |

In flows which are non-steady from a Lagrangian

point ogyview/'the flow behavior of polymer solutions is §
. . y M .

‘often‘surprisingly different from that of Newtonian fluids

and is very dependent upon exact details of velocity field;
e.g. flow around ‘submerged objects or flow in converglng—'
dlverglng channelé{ Ultman, et al. (42) studled the flow
of polymer-solutlon around ’a submerged-SLngle cylinder and
sphere using - Polyacrylanlde and high molecular welght
Cellulose Gum as polymers.: They 1ntroduced Welssenberg .
number and studied the effect of the magnltude of the
Welssenberg number on the effect of v1scoelastlclty
Weissenberg'numbef was defined (42) as,,

N o= =, - | - o (I-11)

> . . , . ‘W D e ‘ “tg

° [ "‘. 5 id

:whereYO is the llmlt of - relaxatlon time at low shear rate, .

fof the Newtxnlan fluf

i \

, the approach veloc1ty, and D, dlameter of the cylinder

or sphere.‘ They noticed a significant difference in the

~

‘shape of-.the streamlines. For 1nstance the streamlines of

thc flow of visco lastic flufd‘across a submerged,cylinder

responded to the p esence: of the cyllnderJearller than those

«

d s ‘and returned £0 the undlsturbed

motlon sooner.‘ The p051tlon of Lthe separatlon p01nt at the

aft. portlon of. the cyllnder was notlced to be dependent upon .

=

I3
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the magnltude of -the Welssenberg number ‘ ’ B
The effects of elasticity’ of‘polymer sohutlons in
porous medla have been completely or partlaliy(lgnored in
a great number of‘papers published 1nrthlszf1eid. Some
authors.such as Jennings, et al. (34), Smith (38), and
Harvey [§3)‘believed that the effect of elastieity of the‘
low polymyr\eoncentrations of polymer solutions -in porous
media is insdgnifioant.v Sadowski and Bird (44), to justify.
" their oapillary—hydraulic radius.model based on -three-

parameter ElllS model whlch suffered from lack of the time-

\.\

dependent elastlc phenomena, reasoned that‘no 51gn1f1cant\‘
_efastic effect‘wouldvbe observed provided. the fluid relaxation
’timedis'small'withirespeot to the.transit;time. }
t,By the same reasoning one can conclude that-the
effect of elasticity could be-significant_if'the geometry
of the media is such that the transit.time-of.the fluid'flow.
through a contractlon or expans1on 1n a tortuous channel 1s
comparable with ‘the relaxatlon tlme of the flUld ThlS
expectatlon has been theoretlcally shown and experlmentally
verified by Marshall and\Metzner (45) . They gave a correlatlo

of*the effect with Deborah number'for»Polylsobutylene‘and

partlally hydrolyzed Polyacrylamide solutlons. Deborah

B énumber was deflned as,‘

NDeb T o . . : v (1—12)
o “Pr . . .

where O_. 1is the relaiation time of the~fluid, and. 6.
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| _duration'of‘a process which represents eitherlthe duration.'
of a glven deformatlon state or,,equlvalently, the rec1procal
of the rate at which the deformatlon process changes (46, 47) .

In thelr analysis,: Marshall and Metzner (45) used the convected
2’7

Maxwell model to approx1mate the behav1or of the viscoelastic

fbﬁld and thus could estlmate the fluld relaxation tlme from
:wsteady shear flow measurements of the normal stresses. By

assuming the porous media te be a serles of converglng

sections in the flow direction Z, they showed that the
fﬁ#;gt approprlate measure of the process tlme in a packed bed of

spheres 1is the rec1procal of the deformatlon or stretch rate
Bu
hin'the flOW dlrectlon, i.e. (5;') 1 whlch in turn is approxi-

oy mately D /u where um is average 1nterSfitta&—yelogityﬁand oo

. T —l
Dp‘the particle dlameter. Wlth thlS choice of 6 e’ Equatlon
(1-12) becomes,
. * u -
B . au’z 0 _m.
Nyon =-Off§}_ = -?>DP o - _ (1—13)

[}

_ The quantlty m/D Fay also be v1ewed as ‘a measure of “the

deformatlon rate or so called elongatlon rate in the flow

T , el

7d1rectlon. In pure steady elongatlon flows, the Maxwell

model they used predlcts 1nf1n1te stresses must occur when

Deb’ deflned by (I 13), approaches 1/4 Intultlvely ' |

~ the N
- theny they suggested that the pressure drop required to
4 pump a v1scoelast1c fluld through porous med ium would rlse,

vto 1nf1n1ty as ND b deflned by (I 3) approaches a value of

i/4,' The experlmental pressure drop measurements presented

by Marshall and Metzner 1nd1cated that apprec1able 1nfluences 'J

’J

s . ‘R‘%‘ 3y
’ A 2 . v .~
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Deb w

Equatlon (1-13), was approxlmately 0. 05 0.06 and at the very

of the fluid elasticity were

low values of the Deborah number the effect of elast1c1ty
‘were negligible. It is worthwhlle to mentgon_that some
investigators'(IS, 485 have failed to see the-viscoelastio
dev1atlon 1n friction factor——Reynolds number plot even at

hlgher values of Deborah number than that from Marshal and

Metzner g45)'or’5adowski (44).
'Elasticity has no effeot;on fiow behavior in.
‘Lagrangian steady flows. .Theretore, the - 1ncrease in. pressure
drop due to elastlc1ty can only be observed in an elongatlonal

flow experiment; i.e. a converglng—dlverglng strata whlch is

very much’ likely to appear in>porous med fra . _The_failure of”
the capillary. tube model'of'porous media toipredict'this .
\nw . - N : - ) - ) ) .

phenomenon is, therefore’. evident.

»

Pye (23) seems to be‘the figs; one who observed the

N to;be-noticeable only.in“tortUOus passages not straight'

ey

capillaries - Similar observatlons and statements have been

RN

brought up by Gogarty (24); Dauben and Menzie (25),_Sm1th

.(28), Jennlngs,_et al; (34) and Harrington, et al.. (49). It

" is 1nterest1ng to mentlon that Jones and Maddock (50) observed
bthls behaVLOr of viscoelastic fluid in porous medla,'but they
oon51dered 1t dlsadvantageous‘rather than advantageous for‘
_011 dlsplacement. | |
The effect’of elasticity of the viscoelastic fluids,”’

contrary to’what Jennings, et al. (34) stated,‘need not,
. \ T ) L

‘increase in resistance factor with advance rate which appeared’

ki

N
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-necessarily, be expected to happen only qErngbﬂilgwf~f”’””
' ) v - B . e ’ L
'rates. Jennings, et al. (34) tried to include the relaxation

time into the flow resistance correlation. They considéred;
the ﬁotél pressure drop, ‘P; across a system to be thé sum
~of the'viscous,‘kihetic energy, and an.elaspic term,

vAP ; i.e. | | | |

5 P um2'+>APey * ©(1-14)
P

where Cl and C, are constants and p, density. Théy made: &

L
ek

;YAB = Cq u Louy +C

further assumption th;;'ﬁﬁe elastic pressure’ drop befpro—
pbrgion@l to the normal stress differénéé. The final

, . . o & . ‘ . ) B N Il
correlation appeared to be,- ‘ '
] T -

LR _ L m o1
T Ll L+ C2 p\um + C3 U bf———z, | (I-15)
. _ d Wl
c ' A
where, Cj is constant:and dé,‘tﬁeidiameter bf the constric-
tion. = They plotted'f—lE v.s. u for two different molecular .
. m : . + . .

weight polymer sofiutions passing through a core specimen of

rock and noticed -a significént difference in the slope which

_ was presumed to be due to the sensitivity of 6f--not visco-

-

‘ sity——withvm91ééular weight, and“quantitativé'juséificétion
‘was avbﬁdedf‘ | )

- To éonciﬁde, thiélentire section cénAbe summarized-
as-foliqws;; Addition bf:polymers gb‘wafer*has,beep sho&n to-
“bev;ffective'in enhancing behavioer of waterzflqdds in pofoﬁs ‘
.media. Thé‘mechanism and ﬁhereforé contrbliing«factors,

?,However, are poorly undeistqod.v In:a'number of experiments .

“increases in pressure drop, much above what would be- expected:

& . o ' o . ’ 2



from a- conSlderatlon of v150051tyb,haVe been obsefved
I
-effect has beéen varlously attrlbutédato pore blockage, a

. Ay Aﬁ,, :
"tion and v1scoelast1c1ty In thef&ase‘ ﬁ»vlscoelastlcy

‘%s‘
‘.

o ‘
o K - “

suggest 51gn1f1cant changes can occur 1ﬁ%&low,dlstr1butlon

and in pressyre drop. It is slgnlflcant that the predlctlons

°

SN .
and. resultant dlmen51onless groups are very dependent on the | .o

Veloc1ty field of the fluid.  As pointed out in steady"flow ‘
:in.a capillary tube, elastlclty has n&thing to do w1th elther'
'pressure drop or veloc1ty dlstrlbutlon

| Since experimental data and an analysis‘ane available
fot.flow axound,a single cylinder; it was declded apbfopriate
fto:study thﬁfflowgof a viScoelastiC‘fluid:in a porous b%d ,
 composed of:c10sely'spaced cylinders. The scale of the
experiments is such that any effects of blockage, etc. can
be safely 1gnored and attentlon can be focused on any changes‘

in flow fleld that mlght occur as a result of contlnuum pro—

. perties of the-polymer.

-
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‘ability to portray time-dependency, has been successfully

kwmll.be”followed for the'present bed. It 1s worthw!lle trﬂn

" CHAPTER II

. THEORY
£ . 7

II. 1 Introduction - -y .

A

4Solving the equations'df chahge to prediCt the

velocity field and pressure drop with the exagt boundary

"’conditions of the,present model would be extremely tedious---

-if.at all possible.- However, as a first approximatiOn,
=N

for slow flow- the opening between two parallel cyllnders——

"

espec1ally when the gap between is small compared to the‘
,dlameter——can be 51mulated by two parallel plates with an

unknown equlvalent length The unknown equlvalent length for

“the entlre bed can be obtalned experlmentally by experlments'

~with a Newtonian fluid. The procedure would be the same as

forfthe capillary tube model commonly used in porous media.

The capillary tube model, in spite of 'its lack of

-

S A

vapplied in porous media to predict‘the pressure drop or

frlctlon factor——Reynolds number ‘relation of purely v1scous

flow_(lS, 51). The model is based on cyllndrlcal P01seullle

”flow using hydraullc radlus of the med' m- nstead of radius

-~

of the cyllnder :Then,.a correctlon factor due to the
7\ :
tortuou51ty of the bed is. con51dered Aksimllar approach

but w1th parallel plates approx1matlng the caplllary pores
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‘mentlon that the pores of the péesent bed are actually
rectangular channels w1th dlmenSLOns d and 2 vwhere dis

the openlng between two rods and 2, the exposed length of v

[

rods. wdver, since 2 >> d the channel can be fairly taken

LD

as a_tw0'infinite_parallel plates.
" To achieve a more compreheqﬁﬁye reeling concerning’

the above approach consider the plane perpendicular to the

' paper along the line A-A in Flgure (Il—l), ‘The space between
the glass rods along the llne A—A are simulated as parallel

plates and at the reaﬁ side of the rods, say along the line

' B- B the plates are dlscontlnued Since the gaps are very
small mpost of the pressure drop will result from the flow
between adjacent cyllnders%ln a given row rather than\flow

'from one row to’ ‘the next.

The shape of the 1nterst1c1al veloc1ty proFlles of
"the assumed model 1is the same as that of flow through parallel

B plates. The equatlons of the veloc1ty proflles for the flow
of Newtonlan and power ~law model flulds through parallel |

plates, which can be found elsewhere~%52a, 53) and are .

5--

presented in Appendix D, w1ll'not ‘be dlscussed in thlS

chapter.

CIIL 2 Parallel—ﬁlates Capillary Model——Pressure Drop

Consider the floW‘of'a'fluid.through two'paral]el

: plates in- the a{direction as shown in Figure (II-2)... ~ne

can write, |
& b - Q

a2 R a, dy ks AR 5 S5
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Flow Direction .

o Fl GURE II . 1 PARALLEL- PLATE .
' e | CAPILLARY MODEL
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FIGURE Il-2 RECTILINE/.\R FLOW THROU(;H

P/_\RAU EL PLL\TES
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'wﬁere;?qi is volumetric flow rate, uZQEiélécitx in thgi
Z—Qirectiohylﬂ; the ieﬁgth of‘thé'channel in t;ansvéése
'diréction.and R} halfiﬁhe gdﬁkhetwéeﬁ’the plapes;fi;e'lb

R =d/2. € ¢ ST
Siﬁée'flOW is éssumedvfebtilinear, ?;~;§;%'fu§§3ié? if x
~only, iié" | | ;:A | ;, .;s A
g9 ’ ' S
I i “

o= = fR u ax.
Z

" Integrating Equation,(II—3)?by pafts,
 &$ u, dx = u x/R - IR

x du_. : (IIéﬁy'
Z . Z 0 X 0 - Z- - ) <o .

" Assuming no slip;atxthe‘wail, . c L o ’f
Cul x/R=o00 7 '  (11-5)
: Z p L : ‘ ‘ R .

ﬁFrom Equation (II-4) and (II-5), Equatiqn (II-3) |can be

written, 4 o - . S /////
. . ¢ ‘ - o ‘ . . :

: ,§§h= 7% _Xtduz;' | o 3 : ?;l76)

Lty

or,

a .

basd

- co @ ~ | ‘ »
The equation of motion’ (52b) for/the laminar flow of* Figure
- (II-2) takes thé'following simple form,
VP o= - Vo, o ; . - (11-8) |

'whére_P'is pressure and'r, stress ténsor,,‘IntegratingA
quuatibn (31—8) fof(the‘presént case,

s

' : . ” o
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© U p.- P | o
T iy L, AP c L o

3t )x_“'AL * SR (1I-9).
T represents Ty From.Equationl(IIfQ),the wall shear

is obtalned ,'jvj;_ L -

S

LR

St"r‘eSS‘,‘v’[:‘g( .
. W R 35; R , S -(I; 10)
" Dividing Equation  (II=9) by (II-10) and solving for x,

| O (TI-11)

b
I
C A
SRR !w
fes |

and, .. % . I |

fdx = ——.dT. - - : R (I1-12)

: rw . 7

T If we substltute (II ll, 12)_1ntoe(II47), we_gei;“
iﬁﬁ?.fﬂ ar du ' ”V_iff".;q‘. R

: f ( )dT,_ o o (II-13)

or, , _
A R . RO : Zy e - s . . F1aYy .
B B Tl s SR AL B A S L TII-14) -
: S RN R S ST
S _*'v’W: N

is average veloc1ty and du?/dels shear rate and

o :
L

»Whereeu
o m

w111 beaﬂes1gnated by G, so that,sﬂ ’ﬂ;;af i el
. ~ 2.,fWro dT V&E'-7” e . I1-15)
o e ?- G e

AN

‘:/ J For

'-a;fﬁngtien only‘of'f,_
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,1? IR ‘ (II-16)
and tor a.fluid’aphrexiﬁated hy~the power+law ﬁodel)
T:; ml‘o] N ,‘: > S ‘ (II-17)
.hwhete lo] 1s»the absolate‘value of 0, ml and n are rheolog'hal
parameters.. By deflnlng.F as -an average nomlnal Shear rate,
S nv'f}-(.i,'“:‘A .,.~. ' (11-18)

Equation'(II—15)}can be written in the fOllowing form, -

r =~ - SWored . oo .. (II-19)
; Tl 0. Cole A

YTQandlfy Equatlon (II 19) for the multlcyllnder

;bdx,iit is sufflClent to 1ntroduce V/e ‘1n place of u_, i.e.

m
u.m ,—E—s_’f'. [; : S ‘ (I,I 20)

‘where € isgsurfaji.porosityg-'Surface perbsity is‘ealculated,f
‘as fbliows,v' -

£d

fs T T@F 0. Lo . (xr-21)
' ‘Therefore, Equations (II-18) and (II-19) become, <
CoT = Egﬁ'; i‘ T 7 %-_ Tod T” | ‘”(11_22)

-

'fwhere the subscrlpt (> lndlcates that the equation has been
‘modlfled.for the porous bed. Also, Equatlon (IIle)véah be
'modifiedafor the poroﬁs bed as fbllows,

| Ap L e
s R . . | (I11-23)
~ where ﬁ'ﬁisjwritten instead of L, the length oﬁ-the bed ¥

to include tortuousity, i.e. . v AU
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L' =c, L. o - (1T~ 24)

.C4 lS qeomttrlc constant whlch accounts for tortuou51ty of

\the pa'W of the fluid partlcles The magnltude of. C, 1is

4
estimated from Figure (II-1) to be apylox1mately equal to,

oy IRALN 5 o | -(11‘25)

N

whefe (tD/2) 1is half the c1rcumference of the cylinder

and N' the number of rows. A more accurate value of C4 whlch

vw1ll be presented later, should be determlned experlmentally.

'Substltutlng (II 24) into (1I-23), -

T = E'-—L R. ) o ' ' (II—26)

4! o SN
. For amNethnian fluid, Equation %!1—22) by using Equation

© (T1-16) becomes, S o ‘
‘ TE : " ‘ . ) v‘;,.
e o S . IT-27
,FE 3u _ , o — (I1 .)

(11-28)

The expre581on found for uo1is defined'as Dércy'S‘ViSCOSity.
Substituting (II- 22 26)'§nto (I1-28),
A (11-29)

By comparlng Equatlon (II 29) w1th Darcy s law, Equatlon

(I 4), the expre351on for the permeablllty of a Newtonlan

' fluld in the parallel plates caplllary model bed is obtalned ‘

{ .
as,

k=S . (11-30)
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o

as'statea_earlierf‘has‘to_be evaluated

”»

in which C4;

eXperimentallyt'

II. 3 Power-Law Model
' ' S . - !1»"
‘Assuming fluid flow.is purely viscous, the power-
law model‘can be\dSedlto approximaté the properties of the =
polymer solution.. Solving for ¢ from ﬁguation‘(II—lZ),
(:[_ )1/n, . ‘f r

m

(I1-31)
M :

"where the mlnue,51gn 1s chosen because of the ch01ce of

/coordlnates, ,SubstItutlng (II 3%) 1nto (II 22) and inte-

o . B < |
‘grating, o ' ol _fh
| : n e 1/n o
e = o .<m—l) ' - (11-32)
or, o - ‘ S
o = 1420 om0 T g
T l[ n Fﬁl T s (II-33)
LR : S _ e :
Furthef, we write T; and.Tefin termsfgfhKvénd.C4‘using

.,Equatlons (II 22 26, 30);‘V |
T /§§7E—E— AP ', . ."’“kf | ‘(11_34)

CIf we substitute (11—34' 35);1nt8 (11-33) and solve for V"

n 1/n c™? [ R
vt o 3K/c4E ) (3C4K ) AR, el T 11-36)
s (l+n)n‘ - : L Lo e e

Comparlng Equaklon (I1~- 36) w1th the modlfbed Darcy s law,

RN Equatlon \1—5), H can be obtalned ;‘ "‘1” LT

-

.
.
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.- xuns are calculated.
. \\— ] R

‘ ke L PR
for a Newtonian flygid.” .

~.

my (i+2nn (1-n) /2

H = '—3 n ).1 v (3C4KES)

(I1-37)
From (II—37),/it isﬁéyidehtvthat H=m=}I when n = 1 as"

N
II. 4 Modified Friction Factor'ana_ . -
Reynolds Number ; :

.28

If we use Ergun's definitio%,of the friction factor

o o i : {i
(54) , we obtain, . . d ’

. X R EY
4 ;-

fooo2d e Coep | B ;
K. —_‘2 . o _ (I1-38)
Cg 2 V- L N : ' o o
The Reynolds number is arbitrariiy defined sb'that,
. : : : o . . sy : o
fK-: 1/NRe. : ‘ | _ ‘ (I1-39)

After’straiéht forward algebraic maﬁipulatign, it follows

™
< .
v ,

;frqm‘EquationS (II—2, 30, 38) and-(I;S),v -«'

. 2—1’1 . : ) . ) . . ) g J
\ _ o dwv _ . - _
NRe =74 ¢, H° - . - (II-40)
4 . 7s :
For a Newtoniah_fluid; we set n = 1 aﬁd'therefore, L
I 1 B i L (II-41)
;-Re L2 4 C4 CS u‘ ‘ o :

II. 5 Application of Theory

' ‘“The‘pérmedbility,'K,-of thevbed can be determined

o

from.Equation (I45Y_by a;Newtonian fluid flow exper iment .

Thén; from Equation (Ii—30),the tortuouéity factop, C4,‘can

.be predicted. Therefor®, H from Equation’ (II-37), and con-

sequeﬁtly,QAPlfnom,Equatibﬁ_(I—S) for the polymer Solution"

L
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a o i . o ’ ‘ N '
;Eqpation (I-5) predicts that a plot of AP v.s. V'
_ q '
on log-log scale is a stralght line w1th slope n in the °

abcence ‘of inertia and elastlc effects. Upward dev1atlon of
Cex perlmental p01nts from thlS stralght llne mlght be due to
the inertia’ effect elastlc effect or both Effect of

. clast1c1ty would be conflrmed by show1ng the absence of
lneltla effect W1th a Newtonlan fluid of 51mllar viscosity.
An equlvalent verlflcatlon can ‘be’ obtalned by plotting fric-

't

tlon factor V.S, Reynolds number Wthh accordlng to (II- 39)

would give a: stralght llne w1th slope -1 on log-log scale



CHAPTER ITII

) ! [ C v - ’ ) '
EXPERIMENTAL EQ_UIPMENT AND PROCEDURE

III. 1  Multi-Cylinder Matrix

_To simulate flow in porods media_a'regularly_spaced
matriy of 6mmAdiameter glass rods in ahtriangularvarrangement
was used. !Figuref(III—l) illustrateS’a unit oell of trian-
dgular pitch; The.cylrnders‘were containéé.in a rectangular.
chahnel of insidé;bross sectioh‘5.2 cﬁ X 6.5'cm——Figure

(ITI-2).  The top and side Walla of the ohannel were made_'
of l/2f Plexiglass.sheets and the bottom: inlet and outlet;
of staihless steel. On the bottom plate a lmm’brass sheet
was set to keeo'the cylinders fixedhin‘their'poSitions. The
ihside sur face of the'rearvside wall»was painted'black by
"Wrought Iron Black"™: paintdto eliminate reflection. 'The d,v, |
front ‘side of the -box -(i.e. the sideﬁfacing thellight source)-
was covered wrth a. black5hard paper which had an approki*‘
mately Ilmm horlzontal Sllt at the mlddle to prov1de a narrow
.slit of light from the- broader 'slit comlng from the light — :
source. - o - . P //) ' :
w.To minimize the 1nlet and outlet dlsturbances, two ' B
dlstrlbutors,v26 cm apart, were used one before the flrst
row and the other after the ldst row. The distance between

,,,,,

the dlstrlbutors and the 1nlet/out1et plates was 1.5 cm.
"The length- of the model was}40 rows of of cyllnders, eaoh

IS

’.I._\l 30 » ‘\ v. . . ‘." . v . V. . b . 4
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 FIGURE III-1 TR]ANGU.LAR—P'{.TCH ISOCELL .
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N , : . :
:Lmeasured._bKnOWLng the total volume

\
.row alternatively 9 or 10 cylinders

and maximum pore openings, shown as

- 32
across. The minimunm

d and b in Figure iII-l,

4

were apprdximately 0.5~and lmm, respectively. The volumetric

porosity,-g, of the bed was 0;357.

-~

performed by measuring the void volumes,_vv. The box was

filled with water, then the volume of the water, V_, was

)
I Y/

'.t6‘0.787mm——exCluding the openings

w§§'obtained by,

-Measurement of ¢'was

of the bOXy VT’ porosity

Lad ]

(II1-1)

Void volume can also ﬁé approximated by,

& . . : . ) /ﬁ{"
v =V, v, o, =
PR 4 T - C
&;& BN .
wherejvc is the volume occupied by
U A . .
€0, . |
’4r PR _ 1D 12. I\]r \ B r
, Ve = g r

T C _

N is the total rumber cf cyl
) - )

A similar: model with cylinders of .shorter length

and- larger diameter was used by -Kyle, ct al. X55L.

(ITI-2)
cylinders and is eqdél_
° N

(III-3)

inders: - -

O

diameter was chosen for the-present_study to ‘achieve larger

eldngational'rates‘(i.e._auz/az in

Equation'v—3) which 1s -

Ta

required to observe any significant elastic effect.
a .o ’ o R ’

N
7

The model was cdnstrudtqd to represent a uniform

in the microscopic¢ scale existed.
‘(‘ ‘ - ) N . .
“opening, which' was nominally to be

o

‘»hbmogéneOUS bed, but it was-foundAthat some inhomogeneity

Specifically;‘the_minimum

0.5mm, varied between 0.46

neéxt to the walls. These
- _ (

i

A smaller:-
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vopenings‘are giVen in Table_(Cflj for threebrows; And
'the'diameter of rods which were nominally 6mm circﬁiai.
cfossfgection varied from 5.9 to. 6.2mm. The cylinders were
lnét perfectly circular and tﬁe maximum to minimum diameter
ratio was as lafgeias 1.03.
| The‘twentieth, twenty first and twénty second rows--
‘numbered from)the inlet--were chQsen to represen£ the béd.
Thevpositions are numbered from 1 to 32 asjéhown, schemati-
-caliy, ianigdré (III—B)} A complete %ap of these rows,
mgasdred atva total'magﬁ;fication 100 w?g prepared tq’dcfine
the spaqings of the éylinders. This Was performed by pro-
jécting the‘pictureslﬁaken of tﬁe‘differgnt positions which
covered the whole area of intefést.

| An attempt wasvaAé to'obtaih velocity profiles_
at,the_minimum openings,iiherevthe_maxiéum éressure dfop
and the maximum déformation rates océur. Tﬁese positions
,are'along,thevliﬁe A=A in Figure (III-3). However/ due to
therdifficuitiéS‘involved in photographyF—e.g.'not having
enough light at'éaﬁe centef linq'positiénéf—it was not t
poSsiblé to have phbtpg?aphs;ofvuSable quality at’fhe;e
positions for all the 32‘d§épingé. uAs.a’result of this
‘the comple;é,distribution.of the:flow éc;oss a roWw had to be

determined ,indireétly.. Thus some of the pictures had

to be. taken from the positions below. or above the

[
t

line A-A, say B-B. .The center line openings

(i.e. " the openinﬁs along the ' line A-A such»las‘
. N "bv.."‘ o ) . . (

.
« O

S

~
kY
y
Gy, ’
. NS
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~ CD in Flgure III-3 are de51gnated by d; and the openlngs

above or below A—A are called NCL, 1mpf§1ng‘“Not Center Llne
bThe relative magnitude of NCL with respect to 4 is an 1nd1c—
“ation of the relatlve p081tlon of the line B-B with. rpspect

to the line A-A. In the case of NCL, the orthogonal component
of the streaks length was taken; but for the center llne‘
1.openings this need not be con51dered because.all the. streaks»
. are perpendicular_to ATA. For the p051t10ns l, 11, 22, and

3 2 the "Not Center‘blne,‘ NCL, was takémn even farther than

N
B-B, say C C, and those streamllnes, crossing c- C, Wthh
. /

. -
\ P

passed through these p051tlons were chosen. - \

Es

Every,alternate row of the matrlx had two“large
openlngs next tozwalls. These openlngs were .in the order
of" magnltude of the radlus of cyllnders,AL .e. 3mm, while thel
'imlnlmum openlngs between two cyllnders as .was already menﬂv
tloned, were de51gned to be 0. 5mm These large openlngs
‘ caused by pass channels near the walls. - That is a larger RS
fractlon of fluid passed from the: openlngs next to walls

The by- pass area is shown in Flgure (III—3) by dashed llne.

‘III. 2 Experimental:Fluids' .

, A partially hydrollzed Polyacrylamide product of
Dow Chemlcal co., trade name SEPARAN AP- z7§9was used as
'upolymer. ThlS whlte granular powder is soluble in water
d has a molecular wélght of approxrmately three million.

Its solutlon in water shows effects of elast1c1ty and the .

rheologlcal propertles of 0.2% (by welght) solutlon, whlch

9



-3

~ solutions and care was taken to avoid'mechanical degredation

'III 3 Pumping -

© two pumps were used. The pumps‘Were calibrated by.weighing

‘system-was used. For the polymer solutlon, to‘av01d

.
| 36
p .

‘was used for the entire experiment, are given in Appendix

A. Domestic tap water was used for preparation of polymer >
d . . . ! ¢ ¢

—

of the polymer molecules by stlrrlng the solutlon very gently

durlng preparatlon. The solutlons were protected from

~

bacterlal dcgredatlon by approx1mately lec of Sodium Benzoate

powder in lo6cc solutlon. The spec1f1c grav1ty of tht polymerf

solutlons, determlned for every new. solutlon, was 0. 9965 gr/cc.
To prov1de a w1de range ofﬁfrlctlon factor Reynolds

number for Newtonlan flulds, Glycerol solutlons,ranglng from

- 96 to 58% Glycerol by volume in tap water were used.

Aluminum metal‘dust manufactured by'J T‘ Baker 1
Qbemical'Co., Lotiﬁo. 2347, was used’to visualize the flow i
pattern; The volumetric concentration of Alumihum'dust was
approximately 2cc of the bulk dust in”lQGcc solutiob.“

\
.

Fluld flow at a- de51red rate was obtalned by a

_ZENITH gear pump dylven by a variable Speed’transm1551on.

For low flow rates (1 e. 0. 685 to 6.85 cc/sec) one pump was

used but for hlgher flow rates, ‘which were requ1red to
b' .
1ncrease the‘range,of flow;rate for pressure drop measurement,.

i a

‘the polymer solutlon collected over a known perlod of tlme.

Slnce the Glycerol solutlons (1.e. more than 85% Glycerol by

A

volume) are hlghly hygroscoplc a complete c¢losed recycle

v . R e R : i
» . . Ce a



degradation of thevpolymer molecules, reCyclingowas avoided.

'_Rheologlcal propertles were measured’before and after running

‘and con51stency was checked to assure absence of any

St

- degradation.’

‘IIII; 4 Streak Photography Technlque\
| ‘“Strtak photography not only gives the streamllnes.
_’but also the veloc1ty perlle can be establrshed by measurlng
the length of the streaks of known duratlon. These were pro-
vided. by plac1ng a chopplng dlSk perpendlcular to the llght o
beam to 1nterrupt the llght for known duratlon of tlme. In
the present work the streak photography uslng a. photomlcro—-w'>
~graphy technlque was applled to obtaln the local velocity

aproflle“

e ’_’ . ) . . T e

.\'- ﬁ

*If@.w wuﬂHOptlcal System {,‘; 1 v , : VA
- ‘37e main features of the optlcal systemiaré shown in

4“ﬁFigureH(III 4) which @ae brlefly revlewed,below.
) o . .

a. Light Source . .- .. = - R B oL l,

Y

The' llght sourée used in the present study was the:

same as the one - used°t Rollln (56) and Catanla (57). It was

¢

a CHRISTIE Xenon arc- 2 which operated from a three phase

¢ ~

CHRISTIE\transformer cf D.C. nax1mum output of. 3300 Watts

at 100 amps The necessary optlcal allgnment and adjust—

ments of the lamphouse No.»BSF 50 were made to achleve the
o :

' -‘max1mum brlghtness and llght unlformlty Immedlately in- N

‘front of the lamphouse lens an adjustable horlzontal sllt, ST

then a converglng lens were placed Therefore a narrow beam k‘
X : - -
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. , ‘ , 5 T
to a thickness of;, approx1mately, 2mm, less‘than the slits”on
the chopper dlSk but broader than the Sllt on the box was ag .
produced. The llght slit was_ set horlzontal so that the
plane of llght beam was perpendlcul@r to the rods.

b. Chopper Disk

o Two transparent lucite disks were assembled on a

variable speed transmiSSion through a pulley connection
with a - ratlo of dlameter of dlsk pulley to transm1551on

AN ) <
pulley 2. 7 l ‘In order to 1nterrupt the llght and prov1de

' streaks of known duratlon, a paper wheel w1th 8 equal radlal

~the lrght slit. ' C ',*‘ B

~

U,

| SlltS and spokes was plaCed,between the luc1te dlSkS and T.

W oo

fastened together.' The chopper disk was placed perpendlcular'

to the llght beam with the axis of rotatlon 1n the: plane of -

The rotatiohal speed of the motor was set in order

to obtaln reasonable length of streaks. In an acceleratlng

-

7

flow long streaks/are not representatlve of . the local wvelocity;

~

on the other hand uncertainty in the length measurementrof“

1 ) L

very short streaks is more than that of longer ones. It is
. “‘V’l’(_‘
ev1dent th hlgher flow rates require higher rotatlonaf

speed . The rotatlonal speed of the chopper above lOO RPM
.f‘% Pl . .

l

was measured by a Stroboscopeg&ype 1531-A STROB!

lOO RPM, speed was determlnedvu51ng a stop watch.
After the . experlment was finished a dlsagreement
was notlced between the actual and experlmental total flow-

v

'ratesx The actual total'flow rate’Waﬁ:measured by the,

P e T e

formerly‘calibrated:pump, while'the’eXperimentaI,flow'rate
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uas calculated from the area under the ueloc1ty profllesr
This disagreement appoared only for the two hlgh flow rates
where the rotatlonal speed of the chopper was above 100 RPM.
By checklng the stroboscope, 1t was found that the stroboscope
_was not callbrated and the measured RPM 'S werellO 4 per cent
ross than the actual RPM's Wwhich was;’ 1ndeed equal to the
dlncon51stency of the flow rates. B , ;J" E
| o Ce photOerrographyvAssembryv

As;iliustrated ianigure'(IiILS),Ja Miranda 35mm
camera was.positioned'at the topgofna phototube of a Wild M5
'miorosoopel The.phototube wasvperpendicular to theplight and

the'camera'film-parallel. Magnification on the microscope

wat

fwas 12X butfthe real magnlflcatlon on the film was 4X.
s v

Thirty- flve mm. Tri- X fllm w1th ASA speed of 400 was used.

-‘The exposure tlmes/ﬁere determlned after a set ‘of trlals and

-fwere approAlmately 15 tof

i

;O'Seconds The exposure times

o

were dlfferent accord&pg’to the brlghtness of the p051tlon

' Fer the 3051tlons whefe.the llghtfwas not'suff1c1eﬁt he
exposure tlme was ektended even to one mlnute in order to
1ncreaSe the pfobd%lllty of havrng a brlght partlcle pa551ng

3
&

',that p051tlo§ AN S =

'1

CIII. 4—2n'Measurement of the Streak Length S (21‘ L

'~-AﬁBeIl & Howell.projector_Was used to project the

negatlves on ablargefsheet.of graph‘paper. Total magnlfl—

.0

catlon of the strtaks on. the graph paper was-100 in all cases.
'The dlstance between the prOJector and graph paper was adjus—’
o . ‘
t%d so as to obtaln the flnal magnlflcatlon of lOO “'Thevgraph
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paper had 0.1" lelSlons and the length of the streaks

were read dlrectly from the graph paper at the total magnl—
\ .
flcatlon of 100. Therefore all the reported lengths in’

l

Tables (E—l, 2) are 1n unlts of lO —3 1nches.
4

&

‘5' The system was callbrated by progectlng photographs
\
of a prec181on steel ruler w1th 0-. 5mm d1v151on .

To ellmlnate the error due to the half- shadow at
i 7

" the beglnnlng and the end of every llght perlod of the

<

chopper S opening, all measurements of streak length were

.performed on head—to—head or tall—to—tall bas;s; That-is
: - Q : : _ . i

o

the length 'a' was meaSured not 'b'. ‘ | ; -

' Some typlcal photographs are glven for Glycerol and Separan

in Flgures (IV-5, 6)

"\ e

Two major sources of error whlch caused the data s

"points to be scattered in Flgures (IV-7 to-lZ) or (IV 13) are

how accurately the streaks could be located w1th respect to.

the edge of- the rods and the hazy beglnnlng and end of the

. f\“"{% . . :
streaks. , . § < ’

. By observingyseveral photographs,'points on the
'c1rcumference of the rods were located and the cross sectlons

-qf the rods were drawn onto the graph paper. In plctures

s -

which did- not prov1de sharp edges, uncertalnty 1n;determ1n1ng

'

the p01nts on the c1rcumference is in the range of a few

1tenths of an 1nch in the magnlfled scale. ThlS uncertalnty
' : , .\»



is, approkimately, 10 per cent the nominal center.line '
iopening; d'z“ﬂ,gﬁ%; Notlng that the slope of the

16251 velocdty proflles near.the walls is hlgh, the uncer -
itaihty ﬂg theilocation of“theﬁstreaké causes signlflcant_ __';
:scattering.‘lForvinstance; the'velocit§ profilesof position

'TfNo. 13'of>Separan in Figure Clv413)~is a\good eXample. ln “

this profile, two groups of data points whlch belonged to two

k7

-dlfferent photographs are observed at the left side of the j
|

- mld p01nt of the openlng By shlftlng the upper group 0.05mm
to the rlght, the scatterlng could be mlnlmlzed 51gn1f1cantly
ThlS effectﬁls more severe near the cyllnders where the '_‘ ' ,.j

.slope of the veloc1ty proflles 1s hlgh but i's zero at the

'mld p01nt of the openlng where the slope is ‘almost zero.:

The ermerly mentloned second source of error is. the.

wgmeasurementﬂ%f the length of the streaks whlch is due “to the

w;ha;y beglnnlng and end of the streaks. ThlS could reach

5

two tenths of an 1nch in "the magnified scale for’ good plctures.

The peqcentage contrlbutlon of[thls error is negllglbLe for N

long streaks,'say 3 1nches in’ magnlfled scale,. but is

51gn1f1cant for the short ones which are near the cyllnders,

i e. .g. for a O 4 1nches long streak in magnlfled scale,»the

B -\ P S

epercentage oﬂ the error °in measurement is .50 per cent.
P051tlon No. 13 of Glycerol n Flgure IV 13 1s a good
example of thlS klnd of scatterlng For. the plctures of

poor quallty, the hazy part of streaks was much larger than '_»'

what.was reported above.v Thls‘could reach to even half an -

< W .' S . - o «. ’ o
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L SR : S ,
inch 'in magnified,scale} Some of the data points of

W

positioms No. 15 and 16 of’ Separan in Flgure (IV 13) belong

to this klnd of plcture
The "Not Center Line" positions werelohosen so that

both of these two’ sources of error were minimized That 1s,'
they were<ehosen along a line where sharp lmage of the
cylinder allowed .accurate p051tlon1ng ‘and also where sharp

Stfeaks 1mages occurred

"7 III. 5 Pressure Drop Measurement“ .y

Mercury and also two colored manometer llqulds,
MERIAN No. D-2883 and D- 8325 w1th spec1f1c grav1ty of 2.95

'V_'and l 75 ﬁespectlvely, were used to measure the pressure j?/

drop. Pressure taps were 1ocated on the rear 81de of the
%éX, 22 2 cm apart, between row No 3 and row No. ,382“)-:4‘
- Pressure drop was,measured for_pure, 96% (by volume),fgl%‘(by.
“volume) , 58% (bypvolume)' Glyoerol tap water, and'O 2% (byh.

,weight) Separan"solutions. The range of flow rates. for" the

dlfferent fluids is qlven ‘below, - .

Fluid - - - ﬁange of Flow Rated
_Pure élycerol Q.’ o 0. 431 - '3.42 cc/sech ’
.96%'Glycerol ' ,f pL835 }'17;56 cc/se¢ ‘i‘
al%iGlyoerol? © 0.835 - 10.76 co/seo v
58% Glycerol': - 2.13° - 34;35~ éc/setf A
tap.water . fl »110,76‘°f.34;35'.cc/séc

0}2% Separan: o - .0.431 - 34;35,dcc/seo



v . 'CHAPTER IV ‘ 4/).

RESULTS
- "‘y I
. - ’9
IV. 1 Préssure Drop S
R o ¥ . o
Figure (IV-1) ib% a plot of the, measured pressire

~drop v.s§‘superficial.yelccity for the several‘Newtonian ‘

,fluids.”.ln this plet the empirical correlation-of.Bergehip,
et al. (58) for.the flow abross?%?pks of cylindérs has been
_shown} This empirical correlation rs'discuSSed in Appemdli
B. The'data'pcints of this plot, tegether with the‘calcul— )
VJatea'perﬁeabillty, are’reccrded in Table (B 1). The per~ X
‘meablllty of the bed has been calculated for 1nd1v1dual

’ N '
runs u51ng Darcy s.law, i.e. Equatlon (I—4). The arith-

metic average permeablllty of the runs number 1 to 41 in
_Table (B—l) has been chosen to approx1mate the permeablllty
of the bed, i.e. 1 . o _ o _S o
x=13x10%e® C (-1
Fiéﬁre (IV—Q):shows‘the pressure drop.meesurement V.S:
superficlal yelocityﬂfor polymer solution. nIg‘this plot.the
predicted'ccrve of pressure drop by Equation-(IQS) based on

-

_the parallel plates caplllary.model is presented he

. ,

emplrlcal'correlatlon of Bergelu1 whlch gave a good predlctlon
i““’

for Glycerol solutlons was modlfled for the polymer solutlon

~and tbe predlcted_curve is also given in Flgure (Iv=-2).

45
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 IV. 3 Local Velocity Profiles

, . R 4 ( 49

N ! ’ N
. : : ¢S ) . . o
Figure (IV-3) shows the behavior of friction’'factor v.s.

Reynolds number for Glycerol and polymer solutions. The

. correlatlons used.an this- plot are Equatlons (II—38” 40,ﬂ

41) . The Separan data points of this plot and also those

"

from Figure (IV-2) are recorddd in Table (B-2). The Glycerol

data points of Figure (IV-3) are presented in TPable (B- l)

IV. 2 Streamlines

Photograph'No"l in Figure (IV-4) presents the

shape of the streamlines of O,2° polymer solutlon across a

s1ngle submerged cyllnder,w The\élameter of the cyllnder

was 3mm and the exposed length[ 5. 2 cm Thb photograph

has been takeﬂ'ln a plane perpendlcular to the cyllnder at

Il

flts.mld p01nt. The approach or free stream veloc1ty was

R

0. 437 cm/sec _ﬁhotographs No. 2, 3,rand 4 in Figurd (IV-5),

ken‘fromhpos§tlon No 25, present typlcal streamllnes of

~—

- purenGlycerol through the xﬁnk of‘glass rods. The flow rates

l

1 were O 685, 1. 717 anﬁ 3 42 cc/séé\{espectlvely Photographs

T
et

’___/.

No. 5, 6, and 7 ln Plgure (IV- 6) have been 'taken from the

same p051t1dn and the same flow rates as Glycerol but w1th

the 0.2% polymer solutlon.

o

Local velocity profiles haVe been studied for three

vrows,-namely.row nambers 20,'21 and 22, and were estab 1shed

for total flow rates of 0.685, 1.717, 3.42 and 6.84 cc/dec.

It was,noticed that the peroentage of the total -flow rate

N

£
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to (IV—lZ) by different symbols. -For the sake .of brev1ty,

_dlscussed in Appendlx C.

passing through each openlng was 1ndependent of the hotak

P Y

, 'flow”rate through the bed. In other qprds, flow dlStrlButkOE‘

" remained the same for all sets of data. " This suggests that

r . ) . =
by. ch0051ng a proper factor, the four sets of local velocity
x‘iﬁj . '
profiles could be;superlmposed The data pornts of different

ot

flow rates are shown in the same plot Ln the Flgures (Iv- 7)

‘this’ has been performed only -for one p051tlon of each row,‘

. . : )
namely p051tlons No. 2, 17, and 27, and &he veloc1ty proflles
. ‘ ~

/

: : : %
of the other positions are not presented here. In these

plots progected streak lehgth as: measured dlrectly from

graph paper at the total/%agnlflcatlon of lOO are plotted

.S, the p051tlon between two cyllnders However, the scale‘

’

given in the plots has been chosen so - that the proflles~

present the dimensionless 1nterst1t1al veloc1ty, 1.e. u/V}\

v.s. position. The procedure to obtain the scale factor is

B

4

The total data p01nts obtalned 1n7the present study

was over 5000, but the complete set of data points are pre--
. . . k-1 ) .

'sented'only for row No. 21 and minimuf £low rate, i e. g =

0.685 cc/sec and for one - p051tlon of each row, namely
p051tlons 2, 17, and 27. Agaln, for the sake of brevrty,

only some of the data points are presented for,the\oth:r

- positions and flow’rates. “These data points are.recprded

,_j/' .0 C . -

-

# , R . PR

- The .complete’ set of plotted local veloc1t profiles
is available from.the Chemlcal Engineering Department Un1ver~
sity of Alberta, Edmonton 7, Alberta, ‘Canada. :

s

R
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I”hrghder the locat“velocity profiles as well nh
as the d's'(i.e. center line openings) are given in Table
‘(C—l).' It 'is evidentlthat the area under the velocity
profile--in appropriate uhits——multiblied by’the'length
of the cyllnder glves the portlon of the. flow passing
through that specific openlng, no matter whether the
veloc1ty profile 1% chosen at d or NCL. This flow rate

will be des1gnated by q;

It should be noted from T _(G-1) th t.some'of.
the values of d's of Gly%erol e} utlon runs are different
"from those- of the/polymer solution runs, although they were
:from the same p051tlons The reason 1s that, after the runs
with polymer solutien were completed,.the syetem was taken
apart and washed, Therefore, those glass,rods whioh were
Lnot perfectly tight in their positions‘did not return to
,the same\piace as before. Also, ashwas mentioned in Sectioq
(III—l),\the giass rods‘were'hot perfectly uhiforﬁ; therefore,
their relat%ye positions coqloicause 5n/increase or decrease
in'd._fThis,'ofvcohrse, occurred only»for a few positiohsL

“The max imum interstitial'velocity“oceurs at the
mid-point of d--assuming symmetry in local velooity.prof;le
which ié not egactly SO. “N0n~symmetry.in experimental
velocity_profiles, which is evident. from Figures'(IV—7) to
'(iV—lZ), is:due.to.nOnhomogeneity'of.the bed. For the.
positions that the center line local velocity profile eo@ld

_ _ ol
not be obtained, the maximum velocities.were calculated by



62
EQuatiOns-(D—lS,l7f: The dalculated aﬂd AlSO'exreri—
mental‘values aré presented‘in Table (V;B).

In FigureY(IV—13)athebretical parabolic lOCit§
‘p?ofiies for the flow of Newtonian fluids through parailel
éiates*are compargﬁ with experiméﬁtal data péints for three
poSitiQné.' To compare with egperimental daté points of

polymer,soluﬁion, the yeloéity profiles predicted~ffom floQ,
of a power-law fluid through parallel @latesvare also pre-
sented in Figure (IV-13). ' The Equations of these profiles

’ . O
are derived in Appendix D.
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CHAPTER V

' DISCUSSION OF THE, RESULTS

1 . ‘ . - '

V. 1 Pressure Drdp

N

T . 3
#

The linearity of the pressure drop with superficial
velocity is evident from Figure (IV-1) which suggests the

~ applicability of ﬁafw" il aw , i.e. Equation (I-4). Except

ical correlatlon of: Bergelln,

et al. %58l'to prg‘\ pressure drop across ‘an ideal bank
of'ERbes is in. exceTlentAagreement with the data. The calcul—
7atlons and use of this equation are glven 1n detall in Appendlx
. K e
B.N The water data are slgnlflcantly hlgher than the. predlcte
line. Slnce this is 81mply a Newtonlan fluid it 1s expected
'1nert¢al effects cause the dlscrepancy T'Althqugh thc value
of Reynolds number at whlch inertial effects become 1mportant
cannot be unlquely deflned for dlfferent porous medla (l4b),
the partlculan Value for a glven/medla can be determlned by
experlments over a suff1Clently large range of flow rates.
Thus the Newtonlan data as plotted on Flgure IV-3. show- that
-1nert1al effects become Slgnlflcant at a Reynolds number

~

.(deflned by Equatlon.II—4l)>of-order unlty.

| Assuming the flow of the polymer solutlon 1S pure
viscous, Equatlon (I—S) which 1s equlvalent to (II 36) can be
'applied. That 1s the slope of AP v..s. V on log- log coordlnates

is- equal to the power law parameter, n., The pressure drop
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@

measurement v,s. flow rate for the polymer solution 1n‘
Flgure IV 2 1nd1cates the pseudoplastlc nature of the polymer

solutlon However, the slope varied from approxlmately Q. 35;

v _i‘g»c

to 0. 92 over the/range of flow rates while the slope of the e

t

v1sabmetr1c data rahges from 0. 35 to/O 44 1n Flgure A 30 *
0 . /

Note 1n Flgure A-3 the bestaflt llnes have been taPen over

&
" €,
N

. two portlons of the curve to dtflne power - law parameters used

e

o 1n the calculatlons ThlS is of llttle consequence in that

.
~

calculated p&rameters, such as Reynolds number are not very
sen81t1ve to.the exact value of'the slope. The large slope
?

at hlgh flow. rates and the fact that the Reynolds number is

81gn1f1cantly belOWmthat at whlch 1nert1al effects are expec—ﬂ

«ﬁ» ArA
ted suggest elast;c1ty effe ts are occurrrhg Thusgpredlctlons

for the pressure drop of the polymer 3§lution—need to be

. R

llmlted to the lower flow rates

K

-
- -

leferent approaghts were trled to predlct the:

. ,’

pressure drop of polymer solutlon 1n the bed. _Flrst the

- modlfled caplllary model dlscuss\d in Chapter II then, the

e

]

emplbncal*correlatlon of Bergelln;*et al (5& ’w1th apparent"

;*- v1sc051ty WS applled . Potr estlmatlon of appa(ent v150051ty

: ®
Equatlon (B 38) was assumed to deflne the %pear rate——nefer'

*

to Appendlx B. To. predlct "D from Equatlon (I—S)Jrone nefds ia

)

to &stlmate the v1sc051ty level paramgter, H. H- for the.

- &

~4
must be determined, experimentally,-by a Newtonian fluid,'71n
éection"(lvll);K was reported to be equal.to 1.3 x;l0f4‘cm2

P

present'model lS glven.by_Equatlon‘(II—37) inpwhich C, and K-
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and surfacejboroslty for the present’model ls'calculated
g from (ll—Zl) to be, _,° | |
L, = 0.134. | u - ‘ (v<1),

Th S vafﬁgﬂig_the arithmetic average of. two¥conseCutive
‘, one w1thout by- pass channel and ﬁﬁe other w1th twa
by pass channels near the wallsJ The-values of' K and Es
Were used in Equatlon (II—30) to calculate_C4. ‘; 7
¢, ?'0.682.@“. B S w2y
Theﬂfalculated pressure drop together with H are

;‘recordedfin Table (B-2) and the complete'predicted'curve.Of

QL:APJV.S.QV is shown‘in Figure. (IV 2).
In this appnoach the openlngs of parallel plates

- are taken equal to the mlnldﬂa center line openlngs,Ad. .This/'
! s S
llgives the highest p0551ble value for a characterlstlc'Sheapd
' . . e

. } 1rate, therefore, smallest value for7v1sc051ty In viEW of
,Eéhation (I—S)Lluhlch is equlvalent to (II 36),,thls gives

“~
’the lowest possmble value tor AP In‘fact,Aln the bed, ¢here;
- ,is a’range ot values of v1scos;ty whlch occur and therefore,
the bed would have a sogewhat hlgher value/of‘average v1§;:3nm"

.- . R
-
N 1 . ~ Yo M ‘. (

+

0COSlty, and consequently AP, Tﬁﬂ”\the mﬁnlmum whlch comés
from- thq angly51s Thls problem does not qQccur for Newton—

- .

1an;.because, u o is constant In terms of f - NRe’ the low
w - . B \/l . . . j : S -
value of vi50051ty»causes hlgher NR which-makes the data‘

p01nts of Separan systematlcally shift to the rlght of
Newtonlan in Figure (IV 3)

“To further show the possibility_of~elasticity effect,

Y



Az is approximately‘0.§3 cm for the,present model and u
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-

Deborah number was calculated. Deborah number was defined

in Section (I-3) and is rewritten in the following form,
i U . ' T -

auz' : . :

£ T - | L ey

3N5éb’='20

Referrlng to the geometry of the bed Jua; J*z dan be estlmated

via max1mum veloc1t at center llne cper.ings. Accordlnc to ~
p g

‘ -

-~

Flgure (V l)

Qué 'amax -0 L_llmax n Jﬁ-;f; ‘ -0
5z T A% = Az ‘ L - (v-4)

Y
max
1s the average value of the maximum veloc1t1es at center

& [q\ . Sr “‘~.A'\_i

4 Lrme openlngs for two\consecutlve rOWS.A To be on the

conservatlve é@de, ‘the s\\a dependent relahatlon time Was

v used for Pf which was.read from Flgure (A-4) .- Thib“requlred
shear'rateato estlmate Of The value of- shear rate occurrlng
- S P AR
at the mlnlmum openlng is" of the order of, . _' R
: 1 - . um i 2 le : i o . SR ’) ! v. - N ‘,
. . BN . R - . -
T = F = - (Vv=5)
Qa : :(WZ o d ) e , LT e STa
o e : - . oo - -~
and, ‘ , De s
T T O
« .. 3 S -, PO <4 \" ;f‘ v N
b . , FA% . >y N ot g\'\ s NN I
Therefore,, IR . L .
[N o . 2q' A ) , - -n
~ '
ol =z, (V=7) -
> 24 . v
: r , ' - o
- Recorded values of ¢ in Table (V-1) are the‘arlthmatlc
. B ! vl . . - , -
average value of -two consecutlve.rows. That is g. (d at:
A givén flow. in thc bcd has bcon aJcraged for .gcningTin‘
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the two rows. - 9
i -

Calculated Deborah numbers are prdsented in Table

(v-1). dAocording‘to Marshall gnd Metzner (45), the magnitude ‘
i . i 2L L] - ' '

of Deborah number‘ls hlgh’enough to expect significant o

— elastlcity effect. As'mentioned ih Section (I—d), Marshall
and Metzner revealed that\appreciable influences‘of‘the fluid
elastieity.Were obserVéd'wheh Deborah number, defined(by\\'
Equation (1—13), reached 0.05-0.06 or, defined by Bquation

(V—3)' reached 0.2-0. 24 4 It is noted'that Deborah number

. defined’ by Equatlon (V-3) is four times as large as that of

Equatlon (I—IB>. ’ <. e ’
: 1 .IntFigure (v—-2), fﬁNRé'was_plottedxv.s. Deborah
'number for polymer solution. The‘upWard deviation’of the

data pOlntS a% hlgh flow rates, 1s 51m1lar to that observed

‘ A
;—’»".y. ,—\

by Marshall and Metzner (45), althoughothe ahaly51s is not_
. o« . ) 4 - ~ N . : N ! -
- ‘<\suf@101ent to indicate ‘when this might occur in the figure.

‘»

}

L

v, 2 Stfeamlihes

~—
[N

. The elast4c1ty effggt predlcted by Ultmaﬁ) et al

Yo : B I N

" (42) in the flow past a submerged cybhndégzls obv1ously

Vo present in photograph No. -1 in Flgu1e~(lv—4)q\ "The eaply
bulge of the upstream streamlines, the earller return to
undlsturbed flow downstream of the rod and ‘the non- s?mmetry ¢

of the flow arc characterlstle behav1or of viscoelastic fluld

flow p!gt a submerged cyllnder The approach veloc1ty whlch
- . :‘ga ..

h-was.calculated from the length ofrstreaks'was'u=dl437 cm/sec.
. : : e

L#
-~ .
e,
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Reynolds’number is.defined as, ) ¢
Fe - R | L weey
. o . ! . . . .
-~

wheré density,.g =el; dlamete@ of the rod D;= 0 326 cm, and

:

H = 42 p01se is the llmlt of;§@50051ty at' low shear rate.
Therefore, , 5,& : , ';;///”
e ~Re¢1:.o.ooj39. L . (V-10)

:

'%%uation (I-11)
(42), OO =

3.126 sec was estimated from Bueche's t i.e. Equation4

Al
‘ |

(A-6). Therefore, -

Ny = 419, . : | (v-11)
we . : , )

To compare the sLtuatlon prevalllng i the submerged bank
of rods with that of single smeerged,rod,_the followihg_

justlflcatlon 18 made. The average veloc1t at the center

llne openlnq 1s/taktn as the approach VLlOCl v,
(V=-12)

L

“Jthererort, approath veloc1tlos varled from U = O.lSl'cm/Sée

. v

to I.Sl cr/s>é. 'The other_parameterS'remained the same.

N
Therefore,. -~ . .~ -~
Re = 0.09216 to 0.0216, (V=1 ..
" . T e - . - e v \
by = 0,787 to 7.87. . : - . (V=14
|y ‘ - \
- -
; _
} o '}\A » N

¢
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- , i 4D
v A ‘ - @i}» -
By comparlng the Reynolds and Welssehberg numbers of bank

I
&

of glass rods-w1th thosefof/égﬁgle rod it was felt that the

range of flow'ratesfetgdied was broad enough tﬁ‘cover any

elasticity effects observable in the shape 6f the streamlines.

pad A
fa

The initial goal of photographlc sbudy was to seek

1f the bulge effect for the polymer solutlon would be 1ntenw

sified by. the presence of the other rods. The behavior could
he} hopefuilly, related to the increased microscopic sweep

efflclency ln polymer flooding. However, on observation

1Y

of streamllnes in the bed it was apparent that 51mple

determination of the‘streamllnes would not clearly show

the major differences in flow field oﬁ the two fluids:
Therefore,<the direction of:étudy‘was changed'and fooused

.' ’_—- ‘ 4 v - ‘ N N \‘ - " .
on local velocity profiles and flow distribution.

b

V. 3 Visual Observations.

Visual observations were,limited_to the positions

e - :'i‘“ g r ,_' 7 . o Lo cre L ° 'v" '.{,5;,' ,

along rows, l9 to 23 for Glycerol and Separan The flow , U

'rateS‘studied'Were q 0 685 1.717 3.42 and "6.85 cc/sec

- N

The observatlonq at p01nts where the- flow was anomalous

~ . -
A

Levealed some - 51gn1f1cant dlfferences between Newtonlan and
fPOlymer solution. " The posis}éns where anomalous‘bchavior

)
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occurred with the description ‘of the peculiarity are

’

given in Figures (V-3, 4). These positions are where nod
flow exists, .i.e. dead zoneé;‘flow is slow compared to the

normal neighborhood openings, or the flow is in the opposite “

direction of the normal f%pw direction. It is noticed from

'Figdres‘(v—3, 4) that the number of anomalous points for

-

Newtonian fluid are 15 while those from polymer solution
“are only 5. The observed differencé{féspecially the number

of dead zones or nearly dead zones, might‘be,a good quali-
tatiﬁé'explqnation of the increased microscopic swéep*
Y

efficiency in- polymer flooding.. These points were usually
near the walls where by-pass flow existed, however, this

éituation;is not unexpectable  in . the oilTreservoir fields.

The above obserVed distinguished difference imply
that the streamline$ are not"ﬁhe same for Glycerol and
Séparanrsolutions. This is also révgaled~in‘sectibn (V. 4)

. by 6bserving:the differencévin'flow distribufiong'

> <

'{ V.kdfﬁLOCal Velécity Profiles and - %@ . yfx ~J
. - Flow Distribution -~ C .

! '9

It is clearly observed from Figures (IV-7) to
) ’r : :
that the local velocity profiles were Tot the
. ’ . -4
- ) ’ '
the different openings. That, is the small

¥ C s
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1. OF AMOMALOUS BLDHAVTOR

Very small flow, in the opposite dirgction ot the normal
flow direction at 5=0.685, 1.737, 3:42, and 6.85 ce/scc.

Very small flow at c=0.683 cc/sccC.

- & . . R L -
Same as (1). SRR S -/
) Lt ' ' ) e i
Same as (1) N
Same as (1). % A ‘

N ' |

L6385, 1.717 cc/sec. and’same as (1)

-

v

Alrost no £ four flow rates.

Same as (7).

Same-~as (£>'

Very small flow atc all- four flow rates.

Same as (10) . ) K

Same - /mS (). ‘ ,

. : . ; .

same as (L « ¢ .
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. &

D,ESCRIPTION OF ANOMALOUS BEHAVIOR

\’:

-

1. A;most-no flow at g=0.685 cc/séc.‘aﬁd very small- flow at
q 1. 717 3.42 % and 6.85 cc/sec. - '

very:, small flow in the opposite dlrectlon of the normal
'flow direction at g=0.685, 1.717, 3.42 and 6. 85 cc/sec

st no flow -at g=0.685, 1.717 cc/sec. and very small
-at g=3.42, 6. 85 cc/sec : . p

:Emall flow at g=0.685, 1.717, 3. 42 .and 6.85 cc/seg.

St. no: flow a; g=0.685; 1.717, and 3.42 cc/sec. and
y~small_flow ‘at g=6.85 cc/sec. . S

>

’
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1nhomogene1ty of the - bed caused - 51gn1f1cant dlfferences

s
< st

in velocity proflles Also, the local veloc1ty,proflles‘ f.
glycerol ‘show larger” dlfferences between p051?aons than_ f

'th\se of Separan | This shows that .the nonhomogenelty T

f
has less effect on polymer solutlon%than Newtonlan To

empha51ze the dlfferences in flow dlstrlbutlon, the maklmum

veloc1t1es af the center llne opdnﬂngs of rows 20 21 and 22

——
R

are plotted agalnst pos1tlon for Glycerol and Separan solu-~

tions in Flgures (v- 5) to (V-7). The. max1mum ve1001t1es

,vof the positions Wthh could not be determlned dlrectly——due i

to the dlfflculty 1nvolved in phg;ography at the center line v

p051tlons—-were calculated by Equatlons (D 15 l7) The :

justlflcatlon for thls can be found 1n Table (V- 2) where
.the predicted'and experlmental maximum veloc1tr%§ are

‘compared. "In all cases, except one or two), quantltatlve

-

-agreement wasbobtained, No usable pictures could be taken ..

from position No. 3 of polymer solutlon runs——nelther at

‘

‘ center line. nor at’ NCL. The ‘flow rate zhrough thlS p051tlon

‘was calculated by subtractlng the 'sum of the flow rates

*

Ipa551ng the other openlngs of row No. 20 from the'total flbw

rate

From Figures (V-5), to (V- 7) it is clear that there is

~

& Ggre Zor varlatlon in veloc1ty at the center of the openlngs

S ycerol than with Separan " It should be notlced that

‘the value of;um' /V for p051tlon No. 3 in Flgurek(V-S) as’

N
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! . TABLE V-2
MA_X~IMUM VELOCI'I“IES .AT CENTER LIN&Z OPENINGS
u _ /V, DIMENSIONLESS '
¥ P'osition’ i Glj‘f:%%ol ) Separavn E
No. - Calc. > . Exp. . Calc. Expl
'; 5315 ? 311 2
2 18.65 " 18.5 14.2 14.66
3 14.16 ? 5.42 2
a4 12.7 2 10.76 2
5. « P 8..,‘644 | ?‘
6 ? ‘9.3 ¢; 9.16
7 10.28 L8.14 863
8 12.32 7.27 8.05"
K 16.9 17.1 9.82 10.28
10 13.4 £3.l4 12.9 ?
11 16.93 ? 10.7 ?
1k 6.92 6.57 7.9 8.64
13 7.62 7.6 5.06 6.16
14 10.56 ] ? 7.52 2 |
15 '10.28 . 11.1 8.35 9.5 R
, 16 12.1 ’ 12.33 6>57 8.22
f ‘ A17 10.02 9.86 6.29 6.57
lé . 15.53 14.8 8.06 9.45
19 7.56 ? 6.82 7.97
20 6.9 ? . 6.82 7.4



|
H’vI‘AB‘:LE V-2 (convtitn‘u‘ed)
Posit .on'-‘ Glycerol _ ' Separa_h v
No., " Calc. Exp. Calc. Exp .
S
21, 4.89 4.11 3.8 3.9
22 24.5 2 3.6 :
23 s 21 ? 25 e
S 24}/ 10 10 6.95f> o 8;§§
25 1655 16.24. 8.85 9.87
26 11.36 " 10.78 642 tf»', 7.82
27 10x4?‘~. 10.7 : 7?%3' ) '7532
28 1o‘jt 10.28 6.79 ,atl'
‘»29:\ fﬁ.é#i 5 8.24 9.17
130 15.06?. ? 8.64 10.17
31 13.54 13.6 "12:7f | R
52 o i7‘5 2 L{}4 o ?
k{
o N
! o
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'« . mentioned before is uncertain. Also, as was mentioned

\‘"‘ *

b»bﬁﬁr_before, the'openings of some positions'have changed from

Glycerol runs to Separan whlch makes a detalled-p051tlon

by p051tlon comparlson w1thout accountlng for the openings

1nvalld ' _ i

.' / .u’:"v' - ~ . )
PR TR The three curves of max1mum.veloc1tle were added

i'"{‘together to find the flnal resultant They ‘are presented- in

4
- cA

Flgures (V 8 é). Agaln,~same klnd~of:behavior observedifor )

‘\‘

the 51ngle row in Flgures (V=5, 6, 7) is notlced " The

resultant curve for Separan in Flgure (V-9) is much smoother

o

”gg thﬂn that for Glycerol in Flgure (V 8). To‘c1arify the

“f 5qUalltat1ve.concluSlon derlvable from Flgures (v-8, 9), let .

B3 . .

us assume a. stralght undlsturbed llne of fluid partlcles
before row No. 20.> The shape of thlS line of fluld partlcles
'after pass1ng through rows -No. 20, 21 and 22 would be,
roughly, the resultant curve——assumlng that the major dis-
turbances'were at the. mlnlmum center llne openlngs

It 1s also shown from Flgures (V=5, 6, 7) thath
the flow rate pa551ng through p051tlons 1, 12 and'22' which
‘are next to the wall are 51gn1f1cantly larger for the ca;e
of Separan' than ‘those ofA Glycerol The increase'

-

'in by pass flow should not only be attributed tb

//

wall effect but the relative magnltude of the op nings next
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to the walls and also the effect of the other nelghborho?d

~

“openlngs

To ellmlnate the effect of by- pass flow the S
’follow1ng procedure was undertaken. P031tubns'i 5( 10, ll

—

'12}_13, 21, 22, 23, 31 and 32 whlch were near e walls were

ignored. The flow rates of the remalnlng openlngs of - each
, . pe S
row were added together Then the percentage of thlS total e

flow rate pa551ng through each openlng of a LOW’ was calculated i
These valéﬁs will be referréd to as> co;rected fractional

flow rates", f;'~Th1s procedure makes it also- p0551ble to
compare, quantitatryely, the flow rates of the 1nd1v1dual ’ "<
openings in’ dlfferent rowsr Slnce every alternate row has

two by~ pass openlngs and more flow rate w1ll pa. s’frgm these
‘openlngs, there}ore, less flow would be avaliable for the'
openlngs far from the walls comparlng w1th the‘openlngs of
ﬂ'those rows w1thout by pass channel However, by applylng

A\

the abovegprocedure, all the remalnlng openlngs of. the three

rows: i ﬁled‘up on the same basis. Corrected fractional’

R e
flow g?zi are- recorded in Table (V 3), but fractlonal flow

rates w1thout applylng by~ pass correctlon are presented 1n

7

Table (C- 1). . ‘ . o g

“An ‘attempt was made to £ind the behayior;ofuflow
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)

distribution‘with'respect to pore openings. Equation (D-8)
+ predd.cts that the floW rate varies with’opening to the power

(1 + 2n)/n. Since n < l, Xt . is expected that the effect of

-

'ropenlngs 1s aggravated for pseudoplastlc fluld compared to

Newtonlan in which n = 1. In Flgures LV lO) and (V ll)

3:

corrected fractlonal flow rates for Glycerol and Separan,
respectlvely, are plotted v.s. dlmens1onless openlngs, l.e.

d/d_. , where d .= 0. 33mm is the mlnlmum d from Table (C—l).
7 “min min

The llne with slope 3 is the theoretlcal equatlon for a ‘

Newtonlan flu1d through parallel plates, i. e Equation (D-11),
~and the llne,w1th slope 4.5 in E;gure (w—ll) is preSentlng

Equation (D-8) with'n = 0.4. It is evident from.Figures

Y
"

(V-10,11) that the effect of openlngshon polymer fractional
. flow rates is somewhat less thanéexpected theoretically.
- Furthermore &@llne.w1th slope even less than 3, probably,

e e s %

ffﬁ#plll fit the experlﬁen$al data points of Separan ‘

. Since the, openlngs ;re coupled ‘i1.e. the effect of/lkf
the nelghborhood openings can not be’ ellmlnated theref’yéJ
the data p01nts of Flgures (V 10, ll) are expected to be
scattered.. However, fG 1s a measure of local permeablllt‘
and portrays the comblned eﬁfect of the nelghborhood openlngs;
Slnce the fractlonal flow rates of Glycerol and Separan are

‘ dIrectly proportlonal to local permeablllty, therefore,ib
,A.\lt is felt that a plot of f_ " and £ v.s. fG d. . and
ﬁG,ds/dmin' respectlvelyf w1ll'be‘less.scatterel. :These
are presented in Figures (V5l2).l3)5vAThe eye—fitjline°'
upassing through theppointsIof‘ngure-(V—ldj has less_lepe'

[
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than that of‘Figure.(V—lz) which-oonfirms the former
discussion. . From Figure (V- 12) one can conclude,

' 0.71 " \ o '
Ee v (fG ds) o . . (v-15)

or, abproximately,

£, v a’ . o (V-16)

And from Figure (v-13),

| ., 0.5 | ., SO
Lg™fg dg) | - S e

or) égbstituting for fG from_(V—lG),

£y wa® - . (v-18)
- That ‘is the fractlonal.flow rates of the Glycerol solution
is proportlonal with the openings to the power three, whlle
, those of Separan solutlon 1s proportlonal w1th the openlngs
to the power ‘two.. - o . ‘ )( .

f The fact that the effect of openings is suppressedL\»
due t Ehe use of polymer solutlon may have major effects. on
~the SfJblllty of a dlsplacement front: one via conventional
‘A dlsperslon and the other- v1a dlsperSlon.coefflclent
Accordﬁng to Scheldquer l4o), the most conservatlve o
depen ency of dlspers1on coeff1c1ent on 1nterst1tlal"
velodity 1s,. | : © *

c -=,'b' weooob (v-19)

where C 1s dlspers1on coeff1c1ent b a constant’;and u, -
in erstitlal ve1001ty“3 Thls 1mplles that by addlng some
'%Attle amount of polymer to the water not only the nonunlform

.'1nterst1t1al veloc1t1es will tend to be more unlform but the

N
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\5 » effect of non-homogenéity of the,bed on- dlsper51on coeffvl
ficient would, also,;be damped ont %
The above experlmental observatlon reveals that
the flow dlstrlbutlon of polymer solutlon in the bed can
not be predlcted 51mply by power law model and some other
- effects such as elasticity have a 51gn1f1cant influence.
The fallure of the power-law model in predlctlon of the flow
behav1or of polymer solut;on is also shown by direct .
comparlson of the experlmental data with predlcted veloc1ty
-proflles_‘ The experlmental data ahd predlcted ve1001ty
proflles by power law were given for pos*tlons No. 13, 15
and 16 in Figure (IV—lB) As it is notlced from the Flgurel
(Iv- l3), the experlmental data of Glycerol solutlon is falrly
close to the parabola obtained from flow of Newtonlan fluid
”~,Lh§6bgh parallel plates In contrast .although not shown_
v1v1dly by the partlcular proflles plotted predicted power—‘
law profiles are sIgnlflcantly flatter than the polymer
-solutlon data. ’ThlS feature 1s best shOWn by Table (V-2) !
.where the calculated values of u /V whlch are based on

power - law fluld flow through parallel plates, are, without

'exceptlon, less than the experlmental values.
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CHAPTER VI.
CONCLUSIONS AND RECOMMENDATIONS

VI. 1 Conclusions : S ? \ ,
- : i :
r . . ’4' . .
‘ The following are the main .conclusions of this

-

study; ‘

;l,_‘Nonhomogeneity of the bed'affected‘thelflow‘distri—’
Abution si&gificantly. The effect of polymer solutlon was to
suppress varlatlons in veloc1ty w1th pore openlng to levels

even below those for Newtonlan flUldS.

2: The experlmental veloc1ty profiles for.Glycerol
'solution were consistent with predlctlon for Newtonlan fluld
'flow through parallel plates. -On the other hand those of
the polymer solutlon were much more rounded than the predlc—'
Jted veloc1ty proflles for a power law fluld

3.7 Con51stent,w1th earlier studles, 1ncreased preSSure
drop because of elasticity were observed.f,HOWever, these
'occurred.at flow rates in excess of those»at which' velocity
measurements were'made.: Therefore, the'elasticity of Qhé
fluid affects the flow dlstrlbutlon before it affects the
ﬁpressure drop.

‘Qualltativevvisualvobservations reVealed that the
number of the dead zones or nearly dead zones and rec1rcul—

'atlon reglons for polymer solutlon were reduced relatlve to

lOOI
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the Newtonian dase ‘ This lmplles the pos51b111ty of

Jg;hanced displacement eff1c1encv in a mlcroscoplc sense.

VI. 2 . Recommendations

!

1. Two-phase flow, ife.'displécing.oil wirh Newtonian
and ,150 polymervsglution in the present bed, could be use-
ful in visualizing flngerlng which, hopefully, could be

. related to the present single phase behav1or It is recom-
-mended that the by-pass channels be ellmlnated in therfuture
model design. | |

2. A study of Hocal veloc1ty profiles and flow distri-
butlon should be undertaken using the same klnd of model

with mora,dlver51f1ed pore size dlstrlbutlons
L2 .
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 APPENDIX A
TﬁEFOLOGICAL_PROPERTIES OF THE SOLUTIONS

A WEISSENBERG Rheogoniomet ' was used to'measure

viscosity of the Glycerol and polymer solutions: It was cali-
brated/with a‘standard oil. Also,vnormal-forces were measured
for‘polyner-SOlutiOn to estimate relaXation time of the soluei
tions,i To eliminate the'surface evaporation of the solution
ﬁat.the edge of the platenua thin film of a light nonvolatile_(
,i.oil waslused as recommended in referencen(60l Howeyer,
~1ncons:Lstency :n the dlfferent setdg of the measurements for
the’ same fluld forced ns to change the procedure and dlamegir—
correctlon method which.' ill be dlscussed later, was per—‘
formed to correct for evaporatlon._

Plotsfof shear'stress and yiScosity v.s.'shear'rate'
are given.in’Flgdfe (Ale and (A-3). ;Flgure'(A—2) in¢ludes
standard»oll “pure Glycerol and € »% Glycerol‘:while the visco—v
_metrlc behav1or of polymer solutlon 1s presented in Flgure

: _ L g

(A- 3). The stralght lines of shear stress V. s.,shear rate w1th

slope unlty obtalned for standard 0il and Glycerol solutlon

G

1nd1cate the Newtonlan behavior of these flulds.'jlt 1s also
checkea_by constant yiScositynhorizontal llnes'obtained‘for 'iﬂ
thesefflnids. fThe curve;pf 0. 2% (by welvnt) polymer solutlon
indicated pseudoplastlc behav1or in the range Of sheaﬂmgates lf
‘studied. The flow behav1or 1ndex varied from 0. 8 to 0.346 for

'_low“sheaf‘faté,region”andffrom~01346 tomO‘443ﬂﬁerehigh;shearmuw—

107
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rate regibn; The apparent viscosity varied:from 0.2 to 42
poise at‘the lowest shearlrate. ‘Téble (A-2) rep;esenté the
viscometric data and.the results obtained ffoﬁ the Rheogonio—b

meter for all the fluids used in the present study.
i «

I..‘Rheogoniometer Parameters o . : -

» /

. [ X . . 3 o
From (6l), the shear stress is given ‘by,

Loo3T o 3.82r, , _
sy =“———f§—— ' , (A-1)
2T Rpy 9p1 |
. D?‘ -
where,
- 1T = shear stress, dynes/cm2
T _ ' _ ,
r = torque = SlAt Kt N
Id

 Sl =.tQ;que trdnsducerjﬁepsitivify,_miqron/voit

At = movement of torsion‘hééd transducer, volts

,th=ltorsion baf cénstant in dyne cm pef micron
rmovement of the t:ansduce£, 

RPl = radius of the platen, cm.

dpy = diameﬁer,of the platen cm.
The shear rate is given by,." L v
' _ 360 : o o
JOLE o (A-2) .
where,
S o -1 ‘
o = shear rate, sec

« = angle 6fvcone4 degrééS-
-t :£2n/8,'second/revdlutidn

B

‘angular rotation bfvthe platen,,rad./sec:

v il

- s

Thé‘hormél force is calculatéd by,



P117P22
where,
Pi17 Pos
S )
F
5,
Vt

The normal force
analytic weights

tivity was found

curve is presented in Flgure

(A= 1)
.Apparent
Loz
'Uvo'

and relaxation time

P .

5 11

o2
r .

The plot of relaxatlon tlme v.s.

Figure (A-4) .

to be S
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(B-3)

= primary normal stress difference,

dyne/cm2
t

—.52 gvty normaleforce, dyne,

= sensitivity of the normal force trans-

iucer, gr/volt °
= acceleration ofegravity, cm/sec2
= output of Lransdueer,'Qolt

transducer was callbrated by plac1ng

on the plate whlle rotatlng and thé sen51—

= 0.2 gr/velt.' The callbratlon

2
(A-1)

and the data in Table

viscosity was celeulated by, o ._;fJ
(A-4)

(62) by,

P2
T o

(a-5)

shear rate is given in

The maximum relaxation time was estimated by 

Bueche{sftheery (63),

12(M6 ~

Hsy M r

0O =
0

where,

(A—G):e
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= viscosi%y of thHe solvent, poisé,
M = solute m;lecular'weight, g-mole
C =1soiute concentration, gr/cm3
_Rg = gas'conétantb'grfcmz/secz,g—mole ok
’h) T = absolute tehgerature, ok -
fhe abo&e parameters for 0.2% (by weight) Separan A§?273.

solution are,

42 pois

=
i

—y
0.013 poise

o=
It

=
N

3 x 106 g-mole

0.2/100 = 0.002 gr/cm>

O
Il

¢

8.3 x .10’ gr'cm2/S4ec2 g-mole ok :
\\CR= 2_920}( : R ’

Therefore,

BN
Il

0 = 3.126° sec. ' o (A-7)

For the entire set of runs two different platens
but only one torsion bar was'used.

‘Runs with small platen, -
dpy = > cm
« = 2° -~ o' - 53" - L

Nv
It

106.6 &yneé cm/miéfon.f

i
Il

1.008 micron/volt. L i

n
il

0.2Lgr/volt(

Therefore, Equations (A-1, 2, 3) becomes,

| T = 3.285 At, o o (m-g),
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Pip m Py, = 10w | (A-10)
)

Runs with'Largéuﬁlaten;
d= 7.5 cm .

T«.= 55', 10"

=
i

106.6 dyne cm/micron,

16
]

1.008 micron/volt.

' Therefore, Equations (A-1' 2; 3) beéome,

T = 0.974 At, | o © (A-11)
_ 392 ' S

o = =22, (A-12)

P - P = 4.443 v (A-13)

F11 0 22 t

iI; Evaporaf‘wn»Cofrection

Care - .ould be taken that the fluid covefs the whole
areavof the platéné- Howgver, due to the evaporatign,at the
edges of the platens, thgiaréé covered by the liquid wpuld
always be less than ﬁhe platen’'s afeér Therefore, the
pléten's diameter in former célculatibh'should‘bg'réplacea

by the exact diameter of the portion of the platen which is’

,coVered with liquid.
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TABLE A-1

CALIBRATION OF NORMAL FORCE TRANSDUCER

- . S . '
Run - o Mass Velt
. No. : - (gr.) ‘ ‘ (at XI)-
u;% 1 1 4.9
é
& 2 3 15.4
3 5 26 e
4 o 10 . 49.4
5 20 101.5
6 30 150
7 50 © 247
) TABLE A-2

VISCOMETRIC MEASUREMENTS FOR STANDARD Oo1L, GLYCEROL,
. ‘AND POLYMER SOLUTION

- Standard 0il : ‘ .
VISC. No. S- 600 68-1h was used as standard oil, which‘had
.'v1scos1ty of 1974 C:P. at 20°C. and 1294 C.P. at 25°C.

The temperature of thlS experiment was 21°C.

Run | ,‘O -1 - At - T 5 : TR
No. : sec T . Volt dyne/cm K/A\Qyﬁ.
: ' - v ) ‘ . . - : ’ \J'Y;Jf
1 .26.5 S 150 . 493 861
2 42.6 248~ 815 1915
c3 T eas 490 -~ . 1610 - 1900

4 g.48 c4g . 157.7 . 1860

B 'xn:x
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TABLE,A72'(continued)

Run o S 4 ‘ At .‘ » T 2 ¥
No. X sec Volt - dyne/cm ~ C.P.
5 2065 15.5 . 50.9 1922
6 ~ o.s48 5 | 16. 42‘@;‘ 1934
7 - 0.265 1.6  5.26 1982
8 ‘ 0.0848 ©0.55 1.808_. 2130
o -
2. Pure Glycerol,T.=“2l°C
1 9.23 130 126.7 1373
2 18.4 260 . 253.5 K13‘77
3 5.75 80 w 78 1356
4 1464 20.8 ©20.25 1382
5 3.68 51. . 49.7 1350
6 9.23. 128 ‘124:8 1350

,&9 NOTE: Run No.'s 1-3 are for the pure Glycerol before

belng used, whlle runs 4-6 are for the same solutlon

¢ . after being used in the system
R R S . &

3. 96% Glycerol,-T = 21°C L '
1 18.4 | 115 112 609
2 4.62- - 29 2825 611

3735 . gs 43.8 -~ 596

L © 72.5 70.6 608
.4, '81% Glycerol, T = 20°C *

1 . 35.5 & w65 26.65 75

y -y ) ; ' D
2 22.4 a2 172 ° . T76.8
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TABLE A-2 (continued)‘
Run - o _i . ‘  st T y
No. _ sec - "Volt ' ,dyne/Cmi C.P.
3 , 14.13 27 . 11.08 78.3
- 55.5 105 | 3.1 77
5 89 165 67.5 75.8
6. 141.3 : 260 - ,166;6 . 75.3
wS. 58% Glycerol, T = 20°C » .
1 iae ™ 10.5 o431 9.66
2 71 S 19 | C6.98 . 9.83
3 112 : 26 . 10.67 9.6
L4 177.5 a1y 16.8 o e.a7
6. Doméétid Tap Water
1 71 ' 1.8 ~0.739 - 1.p4
2 112 | 2.8 1.148  1.025
3 S 177.5 4.5 . l.saa -1.039 
4 112 2.8 1.148 0 1.025
s o224 . 5.75 | . 2.36 o 1.053
6 355 . 9.2 3.77 © 1.061
7. _d.z%gSeparaﬁ AP-273 Solution, Test No. 1, T = 20°C.
Run o, pe o1 5 Cn Ve P117F22 o ,
No. sec Volt dyne/cnm”- C.P. Volt  dyne/cm sec-.
23.24' 26 28/55  122.6 57.5 277 0.209
6.8 . 31.2 34,25 93.1 61.5  296.5 0.1177
» » , SRR |
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Run - o - - A£ %:, , " Ve o PuitPaz g
No. - sec Vglt _ dyne/cm. C.P. Volt . dyng/cm " sec.
Z 1
3. .57.5 °.36.5 . 401 69.6 86 414 0.0897
4 73.5 :4Q95_z;,44,4 60.4° 80 385.5e 0.059
5 923 445 Cas.8’ s2.9 o1 439 0.0486
6 116 49 S3.8 46.3 110 531 0.0426
7 146.4  '54.5 59.8 10.8 120 579 ¢ 0;033'
8 184  59.5 65.3 35.5 144 694 0.0289
%;Jfégz;g 65 71.4 30.7 160 771, 0.0232
To ,292;5 72.5  .79.6 27.2.0 188 906 "~ 0.0184
11 368 80 87.8.  23.9 * 220 1061 - 0.01645
12 462 89 97%¥_ %1Qi 240 1158 oﬁb128k"‘
13 575 100 x'109 8*? 19.1 240 1158 0. 00916
' NOTE: The sample was taken f;om a Freshly prepared solutlon,"

before being used for the experlment and the period between'

the time of solution preparatlon and the time of performlng

v1scometr1c measurements was- .15 days

Test No. 2,

1 23724

2 36.8
3 s7.s
4 73.5
5 92.3

6 116

7 146.4

8 184

T

= 19.5°C

- 27.2

32.6
39
42

46:.5

50.5

55.5

61

29}85

35.8

~42.8

46.1

- .51

55.4

60.9

66.9

e,

S~

\
128.3 . 64.

y L

{

' 97.3 .
Lo =
S o748 93

62.7 88
55.3 - g5
47.8 100
41.6 °.118

36:4  146-

311

313.
354,

424

458

482

569"

704

(G2

234
.1189
072
.0625
.0486
.03745
.0319

.0286
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‘fljun'~ G“:i ‘.‘At. T ’2 u Ve '¢¥€11—P22 -0
No. sec Volt: dyne/cm -C.P. ' Volt dyne/cm sec.
9 232.4° 68.5 75.2 32.4 169 815M 0.0233
10 292.5 75 . 82.4 28.2 204 9844:'0.6203
11 368 84.5‘. '_96.6 26.2 240 1185 0.0167
Y o | - : : ' o
S 127 462 94 107.5 23.2 262 1298 ®o.01306
13 575 . 105 120 20.9 282 1395 0.0101 |
NOTE : The sample was teken from the same solutlon as Test No. ]
1 but after experlmental runs and v1scometr1c measurements
| ‘were performed same day as Test No. 1. —
Test No. 3, T = 19.5°C |
1 0.575 8 9ule 1159 . - - N
2 0.923 _'9 10.3 1117 ,5f‘ L -
3 1464 10.5 '12.02 821;. - - “f~
4 2324 125 143 15 - - -
5 3.68  14.s 1:16.6: -451[ - - - Lo
6 5.75 S 16.5,  18.9 - 328.5 - - - -
7 9.23 195 . 22.3 . 241.5 - :;’— -

& 14.64 23 26.35 go 226 1118 0.1455
¥ '23;24 27 30.9 133 37.2 . 184.2  0.1282
';0 36.8 32 38.25 104 53.5 '\273 - eo.o97
11 57.5  37.5 44.8 77.8 70 357 0.0693
12 73.5 415 49,6 . 614 s 382.5 0.0525
13 92.3 45 s6\1 6,.g 94 494 . 0.0477
14 116 49 , 51,1 © 52.4 100 525  0.037
15 146 4 54 67.4 46.1 120 630 0.0319

€7
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Runi‘ (y -1 At T 5 U Vt , ’Pll_P222 0
NQ -1 sec ,, Volt dyne/cm C.® Volt dyne/cm” - sec\.//
16 " 184 59 73.6 40 100 525  0.01938'»
}7 232.4 67 83.6 36 153 803 0.0206
ig 292.5  72.5  90.5 30.95 170 893 0.01686
19 368 82 102.3 27.8 180 945  0.01252
20 462 ;90 112.3 24.§7f'§5b"’ 1156  0.01113
21 - 575 1000 124.8  21.7 262 1375 10,0958
" Test No. 4, .T = 19;55C
1 0.232 6. 6.23 2730 - - -
2 0.575- . 6.8  7.47 1300 - - -
3. 0.923 8.9 " 9.77 1060 -, - -
4 1.464 10.9 11;95 817. - - -
5 2324 " 12.2  13.44° 576 - - -
6 3.6é 14.8  16.25 442 T - - -
7 5.75 16.8  1g.44 321 - - -
8 9.23 19.0  20.85 226 - - -
Y9 14.64  22.4 246 yxi6§; - - -
10 23.24" 27.6 31.6 136 - - -
11 36.8 32.5  38.83  105.5 34 173.4
12 s7.5 37 44.2 76.9 50 255 )
13 53:5 * 40 47.8 65 - 55 '280.5
14 92.3 45 "53.8 58.3 75 - 382.5
lzv‘ils, 50 so.g 51:6 éQ, 408 0
16 146:4 - 54 :67.4 46.1 190 472'.;f:o.02395‘
17 184 60 74.8 0.7 © 111 583/4% 0.0212
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Run o _ At T, Ve Pll"Pzéé e
No. sec Volt dyne/cm C.P.. Volt dyne/cm sec.
S |
18 232.4 68 84.8 - 36.5 125 656 0.01664
19 292.5 EZ 89.8 30.7 158 830  0.0158
20 368 82 .. 102.2  27.8 . 14 966 0.01283
21 462 90 112.2 24.3° 213 1118 . 0.0r082
22 575 101 126 219 260 1355 0.00942
. i
Test No. 5, Tﬁ=,20°C
: Run~ | o _i At | T 5 . ‘u
No. - sec _ ~Volt dyne/c . C.P.
T "o.pé925 0.9 1.228 4200
2. _,-'070462 | 1.3 1.774 . 3840
DERE 1 0.0735 1.8 2.46 3345 .
4 _Q,llg S 24 30275 2820
stt 0.1464 L300 3,74, " 2555
6 © 0.184 3.4 apa 2310
7 . 0.2324 3.6 4.9 1930
8 0.2925 4 .i_ ©4.99 . 1706
g tb.358_ L 4.5 - .5.38. ;462
10 0462 t 5.5 - 6.04 1308
11 Cos7s e © 6.59 o 1146

NOTE: 'TestsiNo 3, 4, and 5 were performed on the samples
»of the same solution which was different from that of tests
No. 1 and 2. However, the sample of test No. 3 was one day
0ld and was taken from theﬁgreshly prepared solutlon, while
the samples of tests No. 4 and 5 were 10 and 17 days old
respectlvely, and were taken after the experlmental runs
The results of the different tests 1nd1cate the lack of
major degradatlon of the samples

3
L
=
il
&

v



APPENDIX B

PRESSURE DROP AND RELATED CORRELATIONS

Bergelin, et al. (58) suggested the following f
empirical corfelation’to predict pressure drop of the'flow
‘across an ideal bank of t oes,

APB = 4Kl H WB N u m . . . ..;(AB_:'L,,) [

2 0‘.SBD U

For isothermal flow the viscosity correction need not be
considered; therefore,

AP = B .
B ’ (B_z)
_ 2 0 SB D .
where;
WB.Z P g = mass flow rate, gr/sec.
Sg = qkszm = minimum free flow area, cm?
Nm =‘number of the minimum openings in one row,
N = number of major restriction'encountered‘in
flow through the bank,
B = indicates an ideal bundle of tubes, i.e.
without by-pass flow. ' -
Kl = dimensionless constant which is determined by
the following procedure,
‘fB‘R—e't SR S ’ B3

where fa is friction factor and Re is tube bankvReynolds

123
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number , defined as,

D‘WB . . '
Re = — . . i : L .v : (B“4)
£ SB; ‘ ' , .
In general, for tube banks (59), o
( p -1 o » S v
6 Pyl | R,

‘This is obtained {(59) by integrating the Hageaneiseuille‘-

equatlon for a creeplng flow between two tubes and u51ng the

'tube bank frlctlon factor deflned as,
24P o S

o 2 |
? 2 n. . e

In Equatlon {B- 5),VF(P ) is7equal to,

o= e aw ‘t o B {(B-7)
- - ’ZXex2]3' . o

P, 1is pitch ratio and,is”defined‘as,

t i . '
'S . . . . T, w o
- T R R . L (Bi
Pe=E SR T R
where S is transverse pltCh as shown 1n Flgure (III 1). It? . ”ﬁ

~is worthwhlle to mention that 1n staggered conflguratlon the v

smaller pitch (1.e. SL»or ST whlchever 1svsmaller) shottd i

‘be taken to calculate pitch ratio. - For the present model,

P

e

S = 0.65 cm - (B~9) ‘ .

T T
Therefore, C I Efl SRR _
: ) | . . . ) R ’ L V'r :
P = 1.08. oo , S 4 (B-10)
" By graphical integration, F(Pt)fffdm Eguatibn_(Bf7)sWas¢“

determined tb be,
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-

F(P,) = F(1.08) = 462.8. 0 (B-11)

Hence, by substituting into Equation (B-=5),

=

76

s = ® L e B
comparing (B-12) with (B-3),
2 - e o B ; e
K, = 176. g B T (B-13)

"1
As‘mént;oﬁedAbefore, thé_Equation (B;i) was for an ideal
bundle of tubes, i.e.‘Without by—pass flow. To apply this
equatioh t+o the preséﬁt‘model) the'by?pasérflbw sth;d be
elimiﬁated. That is according’ to Figuge (IIi;Bf, oniy the
flow passing through ﬁhe;positions>13 to:2O should be con-
sideredfl Hehce, an imaéinary wall isféssumed‘to pass th:éugh
the centers ofvthe outerméét cylinders which was shown by
dashedQline in Figure (III-3).  Therefore, ideal bundle

8 4

volumetric flow rate,qu, is,

dg = 1i=13 q . ‘ , (B—l4)
: Tzl . _ : R ,
oz By
S 1=12 .

From Table‘(c—l),qu:for Glycerol is,

w

© 3,405 - .. | S _
‘Qp = 7s5 9 = 0.556 q . | V(B.lS)

(e}

'ThatviS‘approximately 50% of the flow passes between the

cylindefé in rqﬁﬁkL 21. For Separan, -
_2.465 . _- L - e
_.qB = _:69’—5_4— g = 0.436 qg . ; (B 1:6)

In the above galCUlations, the flow rate paSsing through the

. S PR . had _ ) ’
'imaginary'wafi'and the outermost cylinders of row No. 21 was

-
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neglected. ‘A9further aééﬁm?tion Qade ié that the flow
:ldistribution ngld'reméin the same for the whole range of
.flow rateégﬁtudiéd_in préssure:drop measurémént.

) X : - - )
CéﬁSide:ing-the above assumptions, the Equation
(Bj2)ican béfﬁéga‘for the ﬁréseﬁt‘model with,the leloQingv
known parametéiSj

176 -

s '_Kl =
Wy =.0.556 pg o
N = 35 (i.e. the numbet'of_;ﬁws-Bétwéen the two
préssure‘taps)i'g o ,
Sp = dxAxN 5«10.05)(5.2)(9) - 2.34ﬂ§m2
D = 0.6 cm | | | B
po= 13.6‘poi§e (pure Glyéerbl soiution)
’;ﬂ = 6.06 poise (96% Glycerol solution).
= 0.765 poise‘(81%‘Glycerol‘solution) .
{u = 0.0964,poise_(58% GiycerOl solution) |
u = 0;0104 poisé (DOmeétic Tap Water) 
vSubstituting into Equation (B-2) and‘performiqé the~necesséry

algebraic operations,

APB =v6.63 X lO4 q d?ne/cmgikpﬁre'Giyéerol)(B*l7)
'APBf= 2.96 x 104 q' dyne/cm2 (96% Glycerol)_(B¥l8)
S =‘3775'x 10° g dyne/cm® (81% Glycefoli-(3—19)
‘APB1= 4:7 yx‘loz q dfhe/ém2 (58% Glycerol) (B—20f”
4P = 50.6 q dyne/cm? (Dom. Tap W.)- (B-21)

B

"In terms of

superficial velocity, one can write,

f(B{zi}y»
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where A = 33,3 cm2 is the cross sectional area of the box,

therefore;

APB = 2.24 x 106 \Y% dyne/cnz'(pure Glycerol) = (B-23)
APB'zul;O % 106'V dyne/cmz_(gl% Glycerol) (B-24)
APB = 1.27 X lOSlV glyne/cm2 (81% Glycerol) ’(B-25)‘
APB = l;59 X lO4 \Y dyne/omz‘(58% Glycerol) (B—26)
APé = 1.71 x 10° Vj'dyne/cm2 (Dom. Tap Ww.) (B=27)

Equations (B~23) to (B- 27) togetHer with the experlmental

f‘ data points were*presented in Flgure (IV 1).

To apply Bergelin' s‘correlatlon, i.e. Equation'(B-z),
to the polymer solutlon, an apparent v1sc051ty must be defined
for each flow rate, whlch the flow behavior 1nd1ces, i.e.
mi‘andlL can be con51dered constant. As a first- approxi-~

',mation, these parameters are estlmated dlrectly from the
‘experlmental curve of pressure drop v.s. superf1c1al veloolty
in Figure (I1V- 2) Accordlng to the figure (IV 2), the whole

L . ‘

reglon of flow rates studled can be lelded into four parts,

»Reglon of flow rate
‘

cc/sec. - a . n my
0431 - 1717 034 - 10
2.13 - 6.84 0.443 .5
8.53 -21.52 © - T giess 2.93

culated by assumlng power law
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M =W . | o (B—28),

To estimate the appareht'viscosity, the following procedure

was uhdertaken. .

‘The wall shear rate for flow'through parallel plates

is given by,

2n + 1y o :
oy = =y - d¥2 S ' (B=29)

where o, is wall ehear,rate, G, average velocity and a is’
“Shcun in Figurev(II—2). Equation (B—29) can be easily derived
from equation of motlon for power-law flu1d flow through
parallel plates (53). To modlfy Equation (B-29) for thet
present model, v should be replaced by average 1nterst1t1al
uelocity, l.e.

v

mi<

. | o (B30

and d/2 should be replaced by volumetrlc hydraullc radlus
of the bed. Therefore,,

2n + v : | S o
o, = 221 1 = o (B-31)

on the other hand, RH can be calculated'as follows (52¢),

volume of voids.

RH - wetted surface‘
volume.of vcids" £ ' ' B
B-32
— Vvolume of bed - = = ,f ) . (_ )
wetted surface v

volume of bed

where Sv represents the wetted surface per volume of bed
Spec1f1c surface, SS’ is deflned as,-

S' _ Wetted surface ) : : (B-33)
s solid volume :
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For the'present‘bed,
s - (TDR) NT
(nD%2/4) N

(B-34)

!
Ol

T

In calculation of sS, the area of the surroundlng walls has

been neglected. One can also wrlte,

sV‘= ssb(l—éj._ , | | (B-35)
From Eduationsv(B—BZ, 34, 35), |

i eV - - (B~36)

H 4(l-¢) | | S

Substituting (B—éz 36) into (3-31),

L

r €).2n + 1 (B=37)

g
W AEZD ,n
, L | g?& o
Knowing the follow ng parameters,
A = 33.8_cm2 f / s
. ‘A.) .
e = 0.357 i
D= 0.6"cm. 'fﬁ
. - . ,‘I :
Equation (B-37) bécomeﬁ,
2n 41 , _ ‘ 4 '
O = Q. 99 - 4. ’ - | (B~38)

The_estimated dw from Equation (B—38) laid in the redlon of
2.1 to-100.5 sec—l.i Over this range of shear rates Flgure
A 4 shows n to be approx1mately 346 to .4?3. After the

3
1n1t1al estlmate of shear rate using (B- 38% by n estlmated
from the pressure drop measurements, these hew values of-
flow behav1or 1nd1ces were used 1n apparent 1sc051ty
calculation. Therefore, the calculated appazknt v1sc051ty,
: consequently, the predlcted pressure drops w%re based on

the-Viscometric measurement of the: fluid.

3
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The calculated values of wall shear rate, apparent

S
v1sc051ty, and pressure. drop are recorded in Table (B-3)

and the predlcted curve of pressure drop v.s. superficial

velocity by Equation (B=2) 1is presented in Figure-(IV—2).
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APPENDIX C

CONSTRUCTION OF VELOCITY PROFILE FROM
- STREAK LENGTH

1 2

¥

g oA . .
As was mentioned in Section III-4-2, the length

.of the streaks and openings were taken from 0.1- 1nch lelSlon

graph puper at total magnlflcatlon of 100. Data points pre—

sented 1n Appendlx E and the local veloc1ty profile plotted

“

“in Figure (IV 7 to 12) are based on thlS magnlfled scale.

B v

:However, the scale glven in the plots has ‘been chosen so

,that the proflles present the dlmen31onless 1nterst1t1al

_.3

fvelocrty, 1.e..u/V V.s. position. The RPM's reported in

o

.

Tables (E-1, 2) are based on" the chopper disk with one

-radial‘slit. That is, if the experimental RPM was 25

revolutlon per minute with a 4- Sllt chopper disk, it would

,be reported 100 RPM. BecauSe the time duration of every'

perlod of openlng or c1051ng the light would be game for a

4-slit chopper at 25 RPM as for ohe—sllt at 100 RPM. For' -

""every rotatlng dlsk, one can write;

60 : ' : _
'tvf RPM | sec/rev. K | : (C~1)

where t; is the duration of 'ne revolution. For a one- -

i

"slit chopper disk, L o ®

_ 60 1 3 ' ‘ .
p TR ¥ 2T mEN. €S- . (C-2).

-where'tP is the time of every period of opening or ‘closing

e o !

139
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. the light. Therefore, taklng ;S as the length of streak,
the velocity is calculate@ by,

ts 30 ~ . i Q@

(C-3)

The flow rat@ pPassing through each opening is

,gg%alned by,
N - é ’ .
qi = Qf_ udx, ' . (C-4)

where x- dlfectlon is shown in Flgure (V-1). Substituting

"»(c 3) into (c-4),

_ RPM .4 S o '
P qlr— W Q/fo SdX. . . . (C“S)

The area under the velocity\profiles;_Av, is obtained by,

A = [T udx = f

d RPM sdx. = . _ ~(C-6)
V. o] g L

-

However, the plots‘in’Figures (fo7 to 12) are‘u/v'v.s.

X. Therejore, the area under the proflles, Ai’ Which'have

been presented for three- p051gr fs in Flgures (IV-7 to 12),
aﬁtw '

id

is given by,

A : ,
_ V_ RPM .d - RPN
By =77 309 sdx. N e
Ai S are recorded 1n Table (C-1). Comparlng (C—S) with

(c-7), q; can be obtalned in terms of A
q. = A. v, . S (c=8)
It is understood from Tables fE—l, 2) that all the lengths

are reported in 1nches, 1.e;

Jd‘

2.54 dM

I

2.54s, | e



S | o 141
x = 2.5 X. o .g;ivﬂj» |
Total volumetrlc flow rate can, bexobtalnéd éy using

. sum of thc A 's for each row in place of A in Equatlon (C- 8)

TThese values Were in a good*agreement with the flow rates

measured by the formerly calibrated pump.b ForvinstanCe,

for the Glycerol solution,

i

- row No. 20 +ma> 7 A, = 6.632 cm. .
row No;_Zl rrr o F Ai = 6.497 cm.
row No. 22 »ss> % A, = 6,567 cm.

Therefore, the calculated flow rate iromlEquation (C-8) in
the case of minimum flow rate, i.e. q = 0.685 cc/sec. or

V = (0.685/33.8)cm/sec.

It

row No. 20 »++»+ g 0.698 cc/sec.

row No. 21 e | 0.684 cc/sec.

It

;ow 22 ++»%‘q 0.621 cc/sec.

and for the, qsgi;if olutlon,.
‘ row o LA 5.956 cm.

1

it

row No. 22 -»>->> 7 'A.

6.142 cm.

Therefore, the ?alculated flow rate,

il

row No. 21 4»>> q = 0.628 cc/sec.

row No. 22 »»r+s q = 0.648 cc/sec.
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“'TABLE C-1 3 _
' %ﬁ‘OPENINGS, d, AREA UNDER THE DIMENSIONLESS VELOCITY
' PROFILES,. A., AND FRACTIONAL FLOW RATES, q3
. . / :

Position . axlOz, cm. lAino3, cm. : . q’é A .
‘No. . Glycerol ~Separan Glycerol Separan Glycerol Sepasrgr
: . . ) -]

ROW NO. 20 '
7.5 7.5 . 1193 1891 31.3
5.69 5.21 720 562 9.29
5.08 5.06 . 488 . o 2
5.74 4.57 493 . 400 6.61
5:84 487 437 34 5.63
-7 67 6713 ysi - 7.45
5.49 5.49 392 337 5.57
5.71 5.71 467 - 312 5.16
" 7.87 6.66 . 901 = 528 8.74
4.9 4.9 446 512 8.46
3.68 3.68° 422 440 7.27
o - ROW NO. 21 ,

40 3701 1877 2380 28.9 39.25
6.35 6.35 ° 326 - 249 5.03 4.9
6.6 6.6 509 402 7.84 6.82
6.1 5.51 . 424 - 374 6.53  6.17
6.12 5.59 502 - 399 7.72. 4.91

5.26 . 4.96 356, 252 5,49 4.17
6.76  6.76 - 710 418 10.93 g.19
5.21 5.21 -~ 401 - 288 6.17 4.75
20 5.44 5.44 - 382 - 286 5.88 4173
21 32.8 32.8 - 1010 1010 15.56  16.64
ROW NO. 22

22 5.94  5.94 . ogg . 1660° 15.2 27.45



@'

@ TAB#E C l (contlnue&*

w 3

! A
Position r dxlOz, cﬁ. ' Ay xlO cm'%‘% _ d%f
Nol Glycerol Separan Glycerol Separan ‘Glycerol Separan
23 6,99 - 5.14 . 991 1038 15.27  17.13
24 5.59 . .5.59 . 378 300 boh3 4.96
25 | 6.7 6.7 790 461 12.16 7.61
26 5.41 © " 5.08 417 301 6.41 ©4.98
27 5.67 5.21 399 318 96.14  5.26
28 5.11 Ml 5.11 369 258 - 5.69 4.26
29 6.76 6.76 734 451 113 % 7.45
30 '5.46 . 5.46 . ss7 ¥ 357 8.57 . 6.29
31 4.96 : 4.96 509 510 7.84 8.42
32 3-3 3.3 437 464 6.73 7.67

NOTE: g% for Separan are based on average ZA of row No. 21
_an%J22 while g% for Glycerol are based on the minimum total
-flow rate, i.e. g = 0. 685 which is equivalent to Ai = 6.49 cm.




S APPENDIX D \

5y

FLOW THROUGH PARARLEL PLATES""PQWER LAW MODEL

The equation'of motion can be, easily; solved for
a power-law ﬁluidrflow'through two parallel plates to obtain

the velocity p}ofile.' The direction of the coordinates are
; , : L
given in Figure (1I-2)
: ' - 1+4n
: : ‘ : 1 1l+n — .
& 1 AP R Xy n&
_ -= n P.n o n [1-(%) " =
4y =M on oy Gp)OR R ¥

>

(D-1)

where m, ahd n are power-law model parameters and R = d4d/2
shown in Figure (II-2). Also,

3= 243 u, dx. (D-2)
After ingegrating with Equation (D-1)

| ] 1l s 1+2n
q _ -= .n AP.n . n
7 2m, n ——

1 ™ T33n (EE) Ro - (D=3

‘Equations (bflabandv(b—B) may abproximatg thé'reétilinear
flow throdgh the bﬁndle of glass rgds,_éssumiﬁg.that_the
minimum qeﬁtéf‘line opening betwéen.two coptiguoué rods of
ﬁhe same row, withflength 2, is d and the flow rate passing 

through that épéning'is g - "Therefore,

L1 1 l+n | |
- = 4 1+n
_ n n AP,n d, n 22X\ .
u, =My T3n (Z—) (7) | (1 (‘ d) nl, (D 4)
g Lo 1 1 : |
i - n n AP.n ,d, n ' -
e T =N S A . R



where %f 1s unknown, but can be cl%m&nated‘by dividing
Equation (D—4),by (D-5)". Hence,

1+n

1+2 9

. - Y 2%, no , _
S Y2 TTIxw 1g =) I (D 6)'

where q; is known prerimentally. Therefore; the velocity

profile can be established for each orening. Also; by

Settin%)x = 0, the maximum velocity at center line opening

can be obtained, i.e.

=’l+2n 'qi

umax 1+n 24 B : {D=7)

" From Equation (D-5) one can write,

o (1%2n)/n R " (D-8)
9 = Cgd '

v

where.C5 is a constanﬁ. Equation (D-8) is based on the

that AP/AL is the same for all the openings.

14

o

Eaic ‘ons (D-6, 7, 8) can be applied to a Newtonian

fluid by sett n =1, i.e.
: 3 - 2x | 2 L i
Yy T35 0. [l"(‘E) l' : ' - (D=9)
-3 g, : . ‘
u. = 5 _1 . Ty —
X ) a3 v , (D-10)
3 » - e
4 Cd , - (D-11)
[AEaARE - (D-6, 7) can, also, be written in térﬁs of the
dimensionless velocity, N ‘;fy ~‘§
u 1¥n
z = .1+2n 93 2X, n

\

vV  Ten fav [1-(53)

1. | . (p-12)
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\ B .
R ' : - .

B = 1+2n 93

"~ 14n 2dv - ' : : ' (Dfl3)v
%ﬁing Eg ion . (C-8),

v

1+n

u A, _ i*n
Z _ 1l+2n i _¢2X, n A A
V" I#n -d '[; ( a I (=1

umax. - l1+2n Ai

Irn @ - - (0-19)

For Newtonian fluids,

3 Ay 2%. 2, - '
> T [l‘(jg ,I'. _ o .- (D-16)

=N
{

(D-17)

s
=
v

b
I

N W

ol

The calculated vallles &f u /V by Equations (D-15, 17) are’
) IO - max i .vi('én
4

recorded in Table {V=2) and~th§é§%§bCity profiles obtained

from Equations (D-14, Lﬁ) have been shown in Figure (IV-13)
) a‘g . A . . v ‘gz £

. : N . L _
- for three positions. . T ' »//\\\
: S L AT :
Y
‘ﬂ*‘%’gf + .‘_.!:
?f\? r
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APPENDIX E o
EXPERIMENTAL DATA POINTS

The complete data pOInts of row No. 21 forvthe
volumetrlc flow rate of 0.685 cc/sec, and the'complete data
points of one arbltrary positlon in eaeh'row will beipre—
~sented. For the other rows ang other flow rates only a few &

- necessary p01nts .to” show“the shape of the profiles. w111 be

*»,v

y

given. The RPM reported i 'fol&ow1ng tables are based

on the chopper dlSk with one radlal sllt——refer to Appendlx,
C for more details. The plctures are labeled by the number

‘@t rolks and the numbea’ﬁ% exposure, E. The reported data

sy g
in the follow1ng table&~h§9e already been converted to
‘i:',A(

the same RPM The neces?ary OOrrectlon due to the error

of the strob03cope readrng mentloned in Seotlon (III 4-1 b)
iy ? v * .
lS also 1ncluded 1n the reported data

Lo,

The length of the streaks, S,Vpositionwx; and the‘ AJ

openlngs, er were read dlrectly from the 0. l - lnch d1v1s10n
o LT .
" graph ‘Paper on whlch the plctures were progectedmand the

total magnlflcatlon was lOO in all cases The procedure
»to analyze the data p01nts was dlscussed 1n Appendlx C 5

The p051tlon numbers are presented in Flgure (III 3) andi}

.. .,

. the dlrectlon of X and the origin w1th respect to ‘the: *:9 .

llght and flow dlrectlon ‘is glven in Flgure (E= l)
+ . ‘c.
. v"i,” ’ v s ‘ N
LTl o 147
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Flow Direction

B "

Light ‘Beam

!

&

FIGURE E-1- DIRECTION OF - x. AND THE POSITION

- Ok OR’IGIN WITH - RESPECT TO THE. LIGHT AI\JD FLOW
DIR’ECTION .
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STREAK LENGTH DATA OF GLYCEROL?‘ )

51 15.

"22.2

xx10°> sx10°  xx10° s5x10° xx103, sx10° xx103 sx10°
Inch ”I_‘ngh‘ Inch | Inch 1Inch o Inch "Inch Inch
Position No. 1 55 15.5 E19 " NCL=62x10 | in-

, R 73 15.1 7.5 42.6 4.8 ' 5.8
Roll No. 238 79 15.1 NCL=40x10-3in. 23 19.5
NCL=91x10~3in. - 86 l4.6 - . E17 . - .32 120.7

~q=0.685cc/sec. . 10.5 18.5 44.6 11.8
RPM=100 g=3.42cc/sec. 22 22.2 %*48.2 , 5

‘El1 - " RPM=500 31 17.% . El2 |

12 6.3 T OEl1l _ E18 3 3.1
2% . T11.1 0 10 6.4 25 22.2 4.5 9 o

37 12.9  32- 12.§' E19 ~ 12.5 12.4
42 14.8:° 37 13.5 16 '22.2 19.5 17
A7 15.5 47 14.2 .- E20. . '23.5 18.2
58 15.9" 63 15.4 32 ., 18.5 43.6 13.3
61 15.9 71 15.2 NCL=62x10"3in. 50 7.4
82 14.8° 86 15.2 '~ El8 3.8
91, | ~ 1l4.8 - - 26.7 E13

- E2 -~ g=6.82cc/sec. 27.1° o 12.4
25~ "7l1.1 0 RPM=1000 \ 33.6 — 18.5 24 16
44 . 14:8 ‘E16 g '35 . 18.1 29 19.2°
51° ©15.5 77 - 15.6 E19 * .35.8 17.
64 . 14.8 50 - 18.6 19.5\ 14.8 38.7° 15.4
74 .1s.5 . - " El7 . 21.8 ° 18.5 44.3 . 12.6
83 ¥5.5 50 15.6° 36.5 17.4 El4

- ‘) 55 15.6 58.3 2,96 9 ' 10.1
q=1.717cc/sec. 82 15.2 ‘ : 25 16.7
- RPM=250" . ... Els B g=1.717cc/sec. . El5
- . E6 », 40 - 15.2 RPM=250 3.4 . 3.1
12 - 6.9. 53 15.2 d=20.5x1073in.  21.5 ©17.8
34 - 13.3 » , Ell» - 56 9.6
44 14.1 Position No. 2. 1.1 - T2.e , :
54 . 15.2 - NCL=40x1073inT~ g=3.42cc/sec.
57 . 15.5 Roll No. 239 E1l RPM=500 _.
66 16.1  d=20.5x10s"3in. 2.5 5.9 NCL=40x10 “in.
76 15.5  g=0.685cc/sec. = 35.4 .18 . E6 C
79 15.5  RPM=100 - El2- 7 : 11.5 .
91, -14 . E16 1.6 . 3.7 37 6.2
Y - 5.2 33.3 6 .- 10.1 NCL=62x10-3in.
22 , 9.9 15.5- - 4.7  EL5. - E6 ‘
35 .. - 13.5 - El8, . 3.7 6:2 3.4 329 ¢
- 5  12.4 44.4. 17 ‘ - 7.4 8.5

1 .
i
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TABLE E-1 (continued) , ) . ;ﬁ
Xx10° sx10°  xx10° sx10° Xx10° sx10°  Xx10° Sx10°,
Inch Inch Inch Inch 1Inch Inch Inch . Inch
10.2 10.9 41 126 - , o EL
18 16.2 - 44.4 10.9 g=6.82cc/sec. - ,37.5 15.8
22.5 15.5 48 8.6 RPM=1000 __ 's7.8 2.4
- 33.4 18.5 © 52.2 5.4 NCL=62x10 “in. CE2.
35 17.7  54.2 3.7 El - 9.9. 9-9
39.5 12.8 E18. - 7.6, 8.4 15.8 . 14
45.5 10.1 4.5 .. 5.4 VE2 | 42 £ 13.1
52.8 4.7 15 4% 15.4 6.2 7.7 43.3 i+ 11.8
56.4 -~ 2.7 18.6 18.7 10.2 . 10.9 47 . 9.6
E7 , 22 ' 17.7 30.7° 17.7 - "E3°

9.2 10.3. 27.6° . 19.8 56 . - 3.3 27.5 ' 16.8
12 . .12.8 30.5 19.4 . - E3 51 - 7.2
14 13.5 39 16.8 37 . 15.2 E5
45 9.6 50.5 7.6 55.6 . 3.5 7 6.9

A9 © 7.2 NCL=40x10-3in. ™ - E4 ' 12.8 9.1
567 - 2.6 ~ Ell .. 5.4 6.1  43.5 . - i
E8 14.8 18.8 50 6.7 |

3.6 5.7 . 24 : 24 E5 Position No. 3

18.1 18.5 35 7 8.8 2 . 3 }
32 . 15.8 E13 o 6.2 7.8 Roll No. 263
33.3 7 16.8 4.6 ©10.9 49 8.4  NCL=58x10-3in.
°37.5 14.5 16 -~ 22.8 54.5 - 3.8 g=0.685cc/sec.
39 - . 13.5 * El4 ‘ "E6 RPM=100 -
46 -+ . . 9:9 . 3.8 8.3 40 . 14.3 E1l6
55.8 3. 34 +10.1 53 + 5.3 20. 11
. E9 - El5 56.3, 3 22 12.4

8 . 8.5 11.8 16.8 B . 33 13,2
21.8 16.5 28 - 19.4 4 C 4.4 35.8 - 9.
34.4 - 19.4 34.4 - 12.6 E8 . 41 : 8"
38 . 14.5 - El6 7 8.6 =47 6.2
41 14.5° 1.6 3.9 16.9 50.5 4
.. ELO0 - 8.5 S 15.2 6.7 . El7 ‘

5. 4.9 17.2 . 23.6 10.4. 5.9
17.8 - 14.2 .- 31.3 16.1. 14.8 9.1
36.5 . 16.1 - E17 - 24.2 12.8
52.5 6.2 295 - X7.7 24 1427 31.8 12.1
Roll No. 262 ~ E18 . 32.5 15.2 7 3577 —. 12.1

- EIlL 11.8 23.4 34.3 14.7  36.8 1201

3 5.9 14 22.4 . ELO 47.4 6.6
19 = 18.9  28.3 . 20.2 30.5 16.4 o
21.7 19.4 E19 50.7 6.2 g=1.717cc/sec..
25.5 ¢ 22.8 31.6 ~+18.5 52.5 5.6 .RPM=250
31.6 18.5 = 4 - E20 55.5 3.4 E1ll

"33.8

~17.7 16 ©  21.1 Roll No: 239 - 3.4 2.5
. o .



TABLE E-1 (continued)
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27

“Roll No<f 264

El12-

[l ~ N ~ AN

x1 Sx10~ Xx10 sx10° xx10° Sx10 Xx10° %10
rich Inch Inch (¢ ‘Inch ‘Inch Inch: 1Inch Inch
8.8 5.1 g=0.685cc/sec. S 15 9

29.4 13.2 RPM=100 _ g=3.42cc/sec. 22 14
0 39.4 9.4 NCL=57x10 “in.. RPM=500 ' 38 6

44.8 .7 El E9 , E13

48 5.1 15.2; 10.2 30 . . 14.4 7.2 5.

53 2.2 18.8 11.7 44 : 8.1 9.8 o 7.

El2 , 2424 13.2 E10 16 . 10.
5 3.7 32.5 13.9 - 5 4.2 40.5 6.
7.8 4.7 37.5 12.4 34 : 11.8" '
11 6.6 43.7 8 44.2 7.6 g=3.42cc/sec.
11.7 - 48 -32-5 49.5 . 4.6  RPM=500

38 10.7 NCL=37x10 “in. - Ell © E6 -

47 5.9 10.8 15.4 9 ' '5 17.4  * 11.8
" 49.5 4 27.3 15.7 49 6.6 30.4 12.9
. 55. . 1.76 30 - 9.1 : - . E7

‘ 32. 8.8 g=6.82cc/sec. 5" - 42

d=3.42cc/sec 34.3 ¢ 5.5 RPM=100 ~ 26777 0 11.3

RPM=500 ; E2 El5 .« 31.5 11.8

S b 17.4 18.3 28 .- 13.5 E8

11,5 6.2 25.8 - 14.6 32.4 13.7 15 : 9.9

19.3 10.3 28.3 11 o 24.6 . 12.6

35,5 11.3 ®CL=57x10-3in. Position No. 5. ’ ,

46.8 5.7 _25.5 14.3 _ ‘ g=6.82cc/sec.

E2 .38.2¢ c11 Roll No. (265 RPM=1000
8 4,2 %15 8.8 - g=0.685cc/sec. El

20 - - 12.3 46 . 5.9 RPM=100 _3 29.4 . 11,

48 5.4 49 3.7 NCL=48.2x10 “in. E3
'51.5 3.3 , El6 8.9 -5,

: o g=1.717cc/sec. 13.4 - = 10 29 9.

g=6.82cc/sec. RPM=250 ‘ 17 . 12.2- 39 6.
"RPM=1000 . E5 5 . 24.5 14 _ E4 .
- E6 , NCL=37x10 ~in. ~40.5 . 7.4 22 12.

7.4 5.4 12 : ©17.9 .43 5.5 - :

: E7 © NCL=57x10-3in. =~ E17 " yPosition No. 6

11 © 6.2 11 8.8 20.5 13.3 , RE
44 7.2 19 . 12.5 27 ‘ 13.3 Roll No. 243

o . EB8 . 35.3 "12.9 43.5 ~ 4.4 g=0.685cc/sec.
t21.2 - 11.2 45 6.4 - T RPM=100 _3 -
- E9; ' E6 g=l.717cc/sec. ‘NCL=43x10 “in.

©5 Y&, 4 3.5 10.5 7.2. RPM=250 ' Ele6

o “aﬁﬁé'. 13 7:9 Ell € 6.6 11.3
~Position No. 4 24 13.9 23 S 14.1. 11.2 . 15.7

» 31 13.6 42 .. 5.2 18.7. . .22
45 6.6

20 .23,
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TABLE E-1 (continued) . @
Xx103 sx10°  sx10° xx10° $x10° & xx10° sx103 " xx10°
Inch Inch Inch Inch Inch - Inch Inch , Inch
21.5 24.2 El4 ‘ 5 25.2
28 22.3  32.7 17.5 . 8 | 12.6- '10.3 31
32 18.3 ’ E15 17 ~18.3  15.5 . 26.3
38 11 14 8.¥'17.9 . 18.7
E1l7 : . E16 21.4 16.8 g=l.717cc/sec.
8.6 ©12.8 8.8 6.2 ‘ : . RPM=250
34.8 12.4 48 10.9 g=3.42cc/sec. . Ell
_ RN RPM=500 1 . 6.8
q=l.7l7cc/EFc.‘ g=6.82cc/sec. E11 4.1 ‘ 19.3
RPM=250 - RPM=1000 , 2.2 "~ 3.6 6.1 . 25.5
E1l _ i B2 - 5 , 9.3 12.4 . 29.1
7 12.3 16 - 13.1 10.5 .-  11.8 . El2 - ,
16.6 . .21  E3 6.5 . 15.2 1.2 - . 12.1
23.3 22.7 7 4.6 21.3 15.5 3 . 7 17.6 .
32 16.3 11.8 8.8 ~El2 . 5.4 - 23Ug"
E12 _ S 5 8.5 12.2- T 28:8
7.3 11.6  Position No. 7 6.3 -10.1 14 ¢ . . -25,97
16.5 19.5 12.5 16.8, '17.7. . - 14.5;
26 ‘ 20.5 Roll No. 244 22.1 JA2.67 L
E13 - . g=0.685cc/sec. - & . gs3.42cqg/sec. '
10 .12 RPM=100 -3, g=6.822cc/sec. ,'* RPM=500 . * -
11 - 14.6  NCL=32.8x10 ~in.RPM=.000" "~ =+ s B v ..
20.6 o 23.4 El El6 b2l e 13050
5.2 9.1 © 4.8 . r5.7 3.8 -w I8:5
g=3.42cc/sec. . 10 . 14.3 23 s o L3 e 4B v 122030
RPM=500 - 13 16.5 RS o5 I B T BT
.- EG6 7.7 16.5 - 1.2 2 . 6| 2y . 000803
4.5 8.1 27.2 9.9 24.5 105 471 v 18.5
15 . ~18.5 "E2 ... El8 2.8 7 2603
31.4 16.8 8 Sl2.40 1 20, TNl
35 12.9 16 =~ 18.6 26.8 . 7.4F g=6,82cc/sec.. .’
37 10.1 S . - . - e  RPM=1900 . < 7
E7 - g=1.717cc/sec. Position No. & ?@ﬁg’.E3; .
3.4 6.6  RPM=250 o a0 26,7
" Roll No. 266 E6 Roll No. 245 . 8« - 25.3
NCL=63x1073in. = 5 = " ' 8.8 qg=0.685cc/sec. - 19.5 . 20.4
. E1l 13.8 16.1 RPM=100 . BRI E5 -
13 6.9 18 - 22 ¢ d=22.5%10 “in. - 3.4 16
, El2 23 - 16.1 - . E16 . 17.3 - 17.1
11.5 7.8 d=21.6x10"3in. 3 15.1 -
35 - 1909 12”7 2hs 7 27 Position No. 9
~ E13 - . 'NCL=32.8x10-3in. 14.4 25.9 e
35.2 16.8 ' E7 19 10.8 Roll No, 246
- 47.3 11.8"- 6 :

8.1 E17 q=0.685cc/sec.
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RPM=100

. -
xx10°  sx10° xx103 sx10° xx103 Sx10°  xx10° sx10°
Inch ~ Inch "Inch Inch Inch Inch - Inch Inch
RPM=100 . Roll No. 247 NCL=64x10" >in. 45 4.6
d=31x10"3in. q=0.685cc/sec. -7 E1-
El - RPM=100 _3_ 2.0 0. 9,2 g=6.82cc/sec.
11.6 - 43.27 d=19.3x10 “in. 55,7;*5' © 9.2 RPM=1000
14 43.2 E19 RE 0 9.2 E16
15.3 43.2.° °10.8 o LoRRE & S I3 9 8.8
-21.5 . 35.3 : E20. Foolw 38 6.1
24.5 23.8 14 9.2 47 4.2
E2 ¢ ' E21 9.2 56 2.2 .
7 32.4 8.9 9.2 60 1.1
11.4 39.6  10.3 . . 4.5 E1l7
21 37.8 15.2 23.2 40 4.5 28 ‘ 7.4
B . : . @#5.5 4.1 33 6.5
g=1.717cc/sec. g=1l.717cc/sec. ' ' ‘ 46 4.6
RPM=250" . RPM=250 g=1.717cc/sec. 59 1.7
“E6 Ell RPM=250 -
4.5 21.6 13.8 o 22.2 E6 ‘ Position No. 12
- 16.2 40.3 E13 2.5, 9.6 - :
21 33.1 12 28 4 9.6  Roll No. 228
26 22 11 9.6 g=0.685cc/sec.-
- E7 - gq=3.42cc/sec. 19 - 8.1 RPM=100 ‘
20 36 "RPM=500 . 36 . 6.2  d=157.5x10 "in.
23.2 27 E6 - Y 42 o . 5.2 E16
o 16 12.6 507y ¢ 7.0 0.3.7 . 17.6 6.98
q=3.42ccfsec. - E7T & . ¥UUELECTD 0 36 11.76
RPM=500 [ 4. ' 20.6 . 1 . S 9.7 39.5 12.85
. E1l ~. E8 3 907 4203 12.85
1.2 9.8 10 - 32.2 17 vt 807 76.6 15.8
28 8.1 12.4 19.1 23 8 E17
E13 . E9 ' 44 4.7  41.5 13.22
2 9.3 13.8 22 53 3 58 - 14.7
22.2 30.3 “E10 . . o 70.4. <16.52
El4 ‘15 . 10.9 g=3.42cc/sec. ‘ E18 o
6 =" .29 o RPM=500 41 - 13.22
15.5 . 40.5 g=6.82cc/sec. E11 44 .4 13.22
3.7 22 “RPM=1000. 0 . 9.8, 61.8 16.15
o ' EL 10.5 . 9.5 E19 . .
q=6.82cc/sec. 4.5 26.1 28 . 6.7 17 ' 6.24
RPM=1000 S . El2 42 13.6
ELl7° : Position* No. 11 0 9.6  63.8 15.42
-, 16.2, 38.3 ) . 8 9.5 74 16.52
: Roll No. 248 13 9.5+ 92 . 16:52
Position No. 10 g=0.685cc/sec. 21 8.5 97.4 15.42
38 5.9 8.45
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TABLE E-1 (continued)
[
Xx10° sx10”  xx10° sx10° xx10° sx10°  xx10°3 sx10°
Inch Inch ' Inch Inch Inch ~ Inch In&%)‘ “Inch
. : N
E20 . 90 16.1 27.7 - 7.35 9.4 17.8

11.5 . 6.24 - E3 . E2 - T ET -

15 6.24 . 28 _ 10.6 5.6 9.2 24 3.68

43 13.22 139 . 7.1 8.2 11 | . ES8 '

66.7 15.8 . ¢ . 12.6 12.1 10.6 * 18.8

© 80.6 16.52 Position No. 13 15.3 14.7 . E9 " .

R o : 18.3 13.2 4.4 - 11.7

g=le71l7cc/sec. Roll No. 229  “22.5 11.75° - 7.5° 16.4

RPM=250 q=0.685cc/sec. 29 : 4.77 1l4.6 16.1

Ell ' RPM=100_, " E3 22.3 .7 3.08
21 8.1  d=25x10 “in. 7.4 11 P 3

58 15.7 . El ' 12.7 12.8 .g=3.42cc/sec.

71.5 ;;/ 16.6 7.4 16.2 14.6 14.3  RPM=500..

74 - 16.2 9.8 17.3 17.6 13.6 ELLl ,
79 -~ 16.9  .10.9 19.1 24.4 1 9.55  13.7 17.1
: E12 17.8 “16l2 27.s : 7.35 ~E13 -

10 4.4 20.6 8.8 E4 9.55 5.1 . S 12.6

16 5.7 E2 3 4.5 . 9 - 16.8

19 '~ . 6.6 7 . 15.4 .9 11 NCL=32.9x10-3in.
o 31 10.3  13.%6 19.8 14.7 12.8 Ell

~ 17 16.5 20.5 12.5  10.2 12.8
"g=3.42cc/sec. 23.8 . 2.94 23.6 7.6 18.1 15.2

RPM=500 . E3 25 7.6 - E13 .

" E6 . 5.1 14.3 29 "5.9 6.5 -.10.5

16.7 6.3 6.1 14.3 'ES5 Y 11.4 . 13.8

27 9.1 - 13.4° 18.7 3.3 . 5.4 - -  El4

33 . 11.8  21.1 10.3 8 11.7 27.2 6.6

- E7 - - ‘E4 - 11 . v 13.6 IR

9 4.3 7. 13.6 18.8 "14. q=6.82cc/sec.

23 8.8  14.8 17.6 28 g 6.24 RPM=1000

29.5 10.5 21 11 SR ~ d=25x10-3in.

44 13.5 - " E5 ~ - g=1.717cc/sec. ' E16: -
68 15 2.6 " 6.25 RPM=250 - - = 4.8 9.6
103 15.2 3.6 6.6 - E6 . . NCL=70.8x1073in..
124 12.2 7 14.7 6.1 27030 8 1.6

_ 14.6 18.4 .12 13.6  13.4 2.8
g=6.82cc/sec. 19.3 -14.7 E7 o 20 4.8
RPM=1000 ' ‘NCL=32.9%x10-3in. 8 : 9.5 = 38.2 7

El ' El 29.5 “t2.1 0 57.5° 4.2

19.5 © 7.6 5.1 8.45 ES8 _ 64.4 2.2

23 . 8.5 8.8 11.4 14.3 S 13.6 . E17

32 . 10.9 12 13.6 19.6 _., 126 = 24.3 5.5

; E2 T 14 15.1  d=25x10 ~“in. ~ 31 6.6

20 ° : 7.1 23.5 ' E6 6.4
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xx10% . sx10°  xx10° 5x103 xx10° - sx103 ¢ xx10° Sx10
Inch -Inch' Inch Inch . Inch * - Inch ' Inch Inch:
49 _ 5.7 NCL=45.3x10 3in. 39 9.9 . E4 VL
o , E1l , E13 0 19.6 16.5 ">
Position No. 14 6.8 ©11.5° 27 11.8°. - - ES .
8.8 10.6 30 12.2 27 . 15.5
Roll No. 230 . . 38 7.9 : . ©31.3. . 11,8
q=0.685cc/sec. E1l2 - - g=6.82cc/sec. . :
RPM=100 -3 8 .. 10.3 RPM=1000 . ~  g=l.717cc/sec. .
NCL=31.7x10 “in. 9.7 12.5 NCL=45.3x10 “in. . RPM=250 :

, El6. 18 18.4 | El : o E6 ..

3.2 /. 11.4  21.5 16.3 20 16.8.- . 11.5 12.4-°
10 . i 22.4 - 24.4 16.2 39 . ©4.2 '-18.8 ¢ 18
14.4 ) 21.7 43 &whQ 40.2 - 2.7 - E7 I
19.8 0 20.6 -  _§§}@. E2 . 35.3.. 7.8
21.4 17.3 qﬁ3.42cc/se8¥§§?28 . 13.5 " - .- E8 o
25 11.8  RPM=500 35- 5.6 5 - 6

* E17 °© . NCL=55x10 “in.  E4 S 13.1 12.7

3.7 . 9.56 .. E6 ‘ 129.4. 1l1.6 '~ 20.8: _3 14.7
18.8 - 22.8 .22 - -10.9 - ,, d=24x10 ~in.
| E1l8 38.4" 8.6 Position No. 15 - ES8

5 7 12.5 E8 .. _ , 2.5 11
.7 . - 18.4 9.2 . 8.5 Roll No. 231 - '

13.8 . 24.6 23.5 ~15.2 g=0.685cc/sec. , g=3.42cc/sec.
“"E19 . 30.5. 12.6 RPM=100_, . ' RPM=500

7.4 19.1 - 41.6 > 9.3 d=24x10 “in. Roll No. 261 |
10 20.6, - . ‘E9 o . E3 Cn NCL=42x10"3in.
11.6  23.9 5 5 + 10.6 27.2 ' El
28 © 9.2  15.6 12.3 "E4 o204 3.7

~ E20 . 25.7 12.9 10.5 26.5 10.4 11.8

5.7 . - 16.2 - 37 11.8 " E5 26 . 13.8

7.8 21 44 6.7 18.3 .. . _;16.5 28.3 - 10.9
13 22.1 . 47 . 5.  NCL=42x10 “in. 34.4 7

-14.8 22.8 L El .. 38.4 3.7
20.6 ©20.2  Rodl No..260 9 - 11.8 , E2 \
23 2 19.1  NCL=59x1073in. 10.6 12.9 24.4. . 12.9
24.3 17.3 - Ell 17.2 -~ 14.7. 31.7 - - 8.1
SR : 22.5 9.9 20 14.3 . 39 2.2
g=1l.717cc/sec. 29 12.2 E2 . 0 s
RPM=250_3’ 50 5.9 13 14.7 gq=6 .82cc/sec. .
+ d=26x10 "in. E12 18 .~ | 16.6 RPM=1000
. Ell 1.8 1.18 35.2 . 6.62 E1l
25 7.2 19 . 8.9 " E3 6T
4.8 . 15.5  20.6 '10.6 - 12455 14.7. 26 10.1
. El4 . 27 '12.6 -20.5 17.7  33:4 6.4

8.8 - - 27.2 36 11.5 26 14.7 - El2

: , . N -

pes) i )
o _
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TABLE E-1 (continued)

00”10 %10 sx10% xx10% sx10% xx103 sx10

P”_i jnchhg . Inch. Inch Inch Inch Inch . Inch Inch

16.5+ 19.8 18,2 ~12.5 26 - 10.6 .31

25 11.8 28 . 13,2 - 23 14.7
28 . -10:50 36.6 - 11 Position No. 17 30 8.7
S0 L TEL4T T 41,30 7,38, ) . E7 ‘
- 30:4 9.3 47. . 4.4 Roll No. 233 7 7.3
SREE C _ . .. g=0.685¢c/sec. . 10.5 10.3
P051t10n No. 16 g=1.717¢¢/sec. RPM=100 _3 20 . 14.7
‘ RPM=250" " - d=19.5x10 “in. 27 11
Roll No. 232 -2 UELL E2 o ES8
q=0.685cc/sec. 20 % . 12.5 2. 7. 12.7 13.2
- RPM=100 - *» .. 23.8 . 15.3 5, 20. 20 : 14
d=2471x10"7in. 27 - - 14.3 11. 22. 25 13.2
4. ELT - 30 o12.8 0 13. . 22 ' E9
20 L. 3.6 .13 “E4 T 4 7.8
15 - . 18. .8

21 4 12. 38 9. 4 1. -7
3. 17 18. 4» 17.3 . la.7

uut N
oY W

FENS
g9 f\)

. E18 L4604
21.87 2 6.6  d=24.1%10 jin,‘ - "E5. "~ E10

© E19 . . "E1l .0 10 246 2 '
9.5¢  31. 19.6 ~  11.5 ;NCL—35 2x10-3in. 4
15.54% 24. o E13 El 8 o
21.3 - 9.18 17 1 20:6. . 8.8 " 10.6 10.8 1
E20 : vEl4 ceT23 Coo011.77 0 200 1

H Ao N

NCL= 52xlO 31n : ijlS o w B2 s @=19, 5x10-3in.
_El6 15.3,- . 23.1. 4. - 6.24 A E6
29 °© l4i7 19.8 . . 15. 7; 8. 11.4  10.8 24 .2
45.3 i5.5 o 11, 4.3 - E7
| E17 ‘ S g=3. 42cc/sec. S22, 1407 0 12.8° . 22.3
28.5. 15.06  RPM=500" 3 25 11 Rl 23.5
30,6  12.5 NCL=52x10" n... 27.4 8.45 - - E9 _
39 8044 T ET u;;,?ﬁ['; E3, - 4 - 2. o 11.5
"45.3 .. 5.5 16.4 . 229 73, ‘ Co
o E18 . 23.5° B4 g=3. 42cc/sec.g
31.3 12.8 42 230014 Y 0 RPM=500" . N
33 '12.8 " 48.5 © 2605 0 11 . #6L=35.2x10 “in.-
45 B A S ) - 0. S <1
El19 - g=6.82cc/sec.” . - ‘ES/T . ldle T 12.9

20 . 9n,13.6 0 RPM=1000.7 - 5 °10.3 . . 14.3  16.4. .2
22 4.3 CEl.. 18;2.vf?ﬁifigtjiff?U&ff“~f~%&5~i;;_
26 . f-‘15 423 .. 1302 ‘ Jol e 250 S.12.5
32.6 12,5, 26 012 . g=l.717cc/sec.. . 31.3 a2
41 © - 8.1 . .35 7 10.9 RPM=250 " o E12..0
45.6 4. 04,'42- - 37 5- ‘E6 . ... 8 8.6
| E20 d=24.1x10" #0015 -5 13.2.. 13 . - 11.8
14.7 - a13.2;/.15 5. 22_,_»19‘--.3j» 15.4 - 16.4 - . - 14.8

ST U100 L1 oo

e

U e W
LLooan



TABLE E¥1° {continued)

¥57

3

29

Xx10°. sx10°  xx10° Sx10° Xx10° S%10° - xX103 sx10°
Inch Inch Inch Inch 1Inch " Inch. Inch’--- Inch -
17.6 13.6 2.2 -+ 19.¢6
19.2 14.3 Position No. 18 18 S24.01 q=3, 42cc/sec
22.8 12.6 , 22.8 24.8  RPM=500
E13 - Roll No. 234 23.8 24.8 - . E6
.8.4 10.9  g=0.685cc/sec. 29 21.9 " 23.9 . 14.8
13 14.5 RPM=100 320 18.9/ © 7 E7T
26 9.6 d=26.6x10 ~“in. 35.4 14.4° 11.8 ;' 34,2
E15 El6 40 -, 9.25 14.5 L 32.1
6.7 .. = 8.6 4.5 - 20.4 .7 E20 o211 Lo 22.3
30.4 - 5.9 E18 7.6 14.8 v}EB a
15.4 - 12.6 2.8 15.5 9.5 '16.3 12.3- 35, 5
8 29.6 .12 18.9 . NCL= 45x10 3in. 7,
- g=6. 82cc/sec. 13 38.2 13.5. 21.1 . E6 . .
RPM=1000. " 16.7 32.6  18.4 . 24.1 2 =5
' E17 21.6 120.7 20.8 "24.8 20 :23.6
S 7 8.5 E19 "33 17:8 . 26 .18.5
13.3 13.9  10.5 = . 35.2 36.4 15,5 33 - 8.8
18 13.9 19 28.5 o .40 9.3
NCL=67x10"3in. 21.4 = 21.8 g=1.717cc/sec. o
. El6 L VE20 . RPM=250 . ! g¥6.82cc/sec:
14.6 - 5.5° 5 . 25.9 ‘E1l1 - RPM=1000
16.1 5.9 8.5 32.6. 14.7 22.2 ‘ El
19.5 6.7 19.5 - 25.2 22 22.2 . 39 6.2
22.2 7.1 21.3 22.2 40 7.8 E2 - A
25.5 8.1  NCL=45x10-3in. L E12 " 344 15.59
35.5 8.7 El6 .13 - 20. 7 . . E4 .
37.5 9 7.5  12.6 16 20 21 22
61 1.7 . 18 23, 18.5" - '22.2 38 9.3,
- E17 737 9. 25 20.3 19.2 35 o 11.8
14.5 5.4, E17 25.5 $22.2 NCL=66x10-3in.
17.2 6.2° 8.8 15 5 31.2 -17.8 : CEl
26.4 8.8 .15 20.4 37.6 _3.9.3 25.4 14.3
34 9.3s 27 20.4 d=26.6x10 "in. 30 15.2
46 6.9  29.8 20 9.3 '27.4  57.5 - 4.2
. E18 . 31.7 o 15.2 23.2 .. 15.5 E2
45.5 "8 E18 “E13 50.4 - 9.3
E19- - - 4.2 8.9 13 . .33.3 E3
11.2 - -+ 4.3 11.1 20 : El4 _ 18 - ©1473
20.4° 7.1 17.5 '21.8 11 32.6 21 16.8
50 - 5.9 21 24.1 15.3 . 31.1 - 28 17.2
E20 -~ 27.8 20.4 - ElI5 - . 30.8 16.4
34 7.8 7 30 18.5 4.4 18.5 47 10.8
57.4 .4 37 14.8 15.4 31.1 ~E4
61.4 2.6 - -E19° 22 20.7 : 16
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Xx10° sx10°  ¥xx10 5x10° xx103 Sx10° xXx10 Sx10
Inch Inch - Inch Inch Inch Inch Inch . Inch
7.7 6.4 26.2 11.8  RPM=500 16 15.9
50.5 8.5 29.4 12.2 El2 18 15.9
54.5 6.1 32 11.1 5. 12.9 24 16.6

: : 36.3 8.1 8.3 16.5 28.7 13.3
Position No. 19 E3 12.5 _3l7.2 £20
‘ 20.6 11.5 NCL=50x10 “in. 5 6.7
Roll No. 235 31.6 10.7 10.3 8.8 29.2 vo11.1
g=0.685cc/sec. . 39.3 7.4 16 10.9 , Lo
RPM=100 _, - 43 . 5.2 24 - 12.9 g=1.717cc/sec.
NCL=27x10 ~in. E4 27.3 - 11.8 RPM=250
E1 14.4 11.1 29.5 - 10.9 - E11 |
6 15.2 25 11.5 38.5 7.5 5.6 6.7
7.5 17.7 28 12.9 A 17.6 14.%
11 20.4 29 12.6  g=6.82cc/sec. 24.5 14.7
16.5 22,2 36.8 8.9 RPM=1000 27.5 11.8
.. _ E2 ’ ES ‘ El6 31 8.6
7 14.8 23.7 14 24 .4 12.3 34. 5.8
17 - 18.5 24.8 13.3 28 - 10.9 36.4 3,1
E3 . 28 . 12.9  34.4 7.2 o :
21.3 12.6  35.3 8.9 38.7 = . 7.1 g=3.42cc/sec.’
23 9.6 37 7.4 NCL=27x10 “in. RPM=500
25.2 5.5 39.5 7.03 5.5 13 - E6 -
E4~ 46.5 2.22 10..3 10.9
7.5. 19.2 e Position No. 20 12 11.3
15.3 20.4 g=1l.717cc/sec. ' | ' 13.5 12.8
: E5 , RPM=250 ; Roll No. 236 15 13.7
9 .18.1 © E6. .~ g=0.685cc/sec. 19 13.9
S12 ©20.4 6.2 ' 4.6 RPM=100 . 3 35.2 5.4
13.2 18.9 15.6 10.7 NCL=38.6x10 ~in. 37 3.3
15 - 19.6 17.2 S11.1 . El6 - o
18.5 '16.6. 18.8 11.1 10.5 - . '12.9 g=6.82cc/sec.
NCL=50x10-3in. 19.6 . 12 17.4 15.9 RPM=1000
. El - 31.3 10.4 20.4 14.8 El
11.3 12.2 33 10.4. 29.2 o 11.1 4.3 5.9
14 11.1 36-. 4 7.8 E17 : 4.7 12.9
16.7 11.1 44 _34 9.6 - 9.3
20 11.5 NCL=27x10 ~“in. 19 e E2
21.3 12.9 ES8 31 ' 6.
26 12.9 . 3.8 10.4 E18 8.8,
29.8 11.8 7 18.6 18 10.6 *
34 S 10 12 . 19.2 26.4 11.8
- E2 . 24 7.1 36.1 11.8.
13.5 - 9.6 - ' E19 2.6
24.6 .12.2 g=3.42cc/sec. 2 ’

/




TABLE E-1 (

continued)

159

RPM=500

xx10°> sx10°  xx10° sx10° xx10° sx10° xx103 03
Inch Inch: Inch Inch Inch Inch Inch "¢ Inch
J
Position No. 21 78 - 10.3- 32.5 8 \}\%\—ii>
' 85.5 10.3" 34 8.4 1= 5
Roll No. 237 95 9.2 36.1- 9 19 7.2
g=0.685cc/sec. : , 0 6l1.2 10.1 24 9.6
RPM=100 _, g=1.717cc/sec. 70 9.5  44.3 14.2
d=129x10 “in. RPM=250 - °80.4 9.5 53.2 14.2
El6 % El1l 102 7.9  66.5 15.8
59.8 9.2 ﬁ&;z 3.1 107 6.8 81.1 17.2
64.2 10 %1.8 3.7 120.3 4.7 E7 O
68 10 i 4.7 - 25.5 9.5
70 10 7.8 Position No. 22 ~ 78.8 16.7
81..2 *9.2 ik 8.4 A 84 16.5
- 85 9.2 4% 8.4 'Roll No. 249 : '
109.5 - 6.7 4 9.2 g=0.685cc/sec. g=6.82cc/sec.
127.2 3.3 .t 9.3 RPM=100 ., RPM=1000
o E17 - 67 10.1 NCL=84x10 “in. : E3
34.4 8.1 72 9.8 E16 7 3.3
39.2 . 9.2 87 9.6 7.2 ‘ 2.22 11.7 4.7
48.3 8.9 93 9 25 8.1 15.4 6.9
©52.4 10 97 8.4 39 1171 18.4 7.6
55 10 109 6.7 64 14.8 21 8.1
57 10.3 84 14 E4
72 10 g=3.42cc/sec. E17 5.6 2.3
86.5 9.2  RPM=500 44 : 12.2  27.3 10.1
105.8 7.4 E6 ~ 53.8 13.7 32.7 10%8
114.3 7 41.2 8.9 8 - 13.5
- - E18 - 45 9.6 g=l.717cc/sec. . T
30.4 8.1 53.4 9.5 RPM=250 Position :No. 23
35.2 - 9.2 66 - 9.9 Ell o ' ,
58 11.5  72.3 10.1 12.5 . 5.5 © Roll No. 250
68 10 80.3 9.1 24.7 8.9. g=0.685cc/sec.
84.5 10 85.5 9.3 35.6 '12.37 RPM=100 _
E19 92 8.6 54 . 9.9 NCL=60x10 “in.
41 8.9  98.8 7.8 65 ©15.2 El
46 .2 10.3 107.8 6.6 79 ‘ 16 8.3 11.1
53 '10.3°7111.7 6.6 El2 - 26.5 25.5
58.5 10.3 13 - < 5.5 31 - . 25.1
76.2. 10 g=6.82cc/sec. 22 : 8.9 39.4 - 19.6
82.5 9.2  RPM=1000 27.4 10.2 . 44 16.6
90 .. 8.9 ~El _ 78 15.5 56.4 4.06
94 8.1 11.2 4.2 82 15.7 ~ E2 :
107.8 7.4  23.2 6.9 o 29.7 £ 24.8
- E20° 25 . 6.7 g=3.42cc/sec. 37.3 22.2
27.3 7.4 27.6 7.7 39.4 21.4
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TABLE El- (continued)
Xx10° sx10°  xx103 Sx10° xx103 sx103  xx103 Sx10°
Inch Inch Inch Inch Inch Inch Inch Inch
50 10.7 1.5 10.7 s2.4 - . 1.7 7.4 7.3
} 5.5 20.5 E12.* 17.2 14 .7
g=1.717cc/sec. 8 23.7 21.5 © 6.8 20 16.2
RPM=250 10 23.2 44 4.8 " 21.5 '16.9
. E6 17 22.7. 50 2.8 25.3 20.2
22 24 .4 E18 E1l3 28.9 19.8
29 24.5 .- 10.8 25.3 21.5 7.7 35 19.8
42 17 17 14.7 12.3 4.6 39.3 19.1
JdJ . E7Y NCIL= 59x10-an 42 16.9
24.6 25.1 E1l1  g=6.82cc/sec. 49 . 12.8
"El0 6.8 3.2 * RPM=1000 52.4 9.9
14 . 15.2 16.2 7.7 El 57.5 6.2
39.3 22.2 19.1 9.3 7.6 3.5 60 4.8
52.2 8.9 25 9.6 15.8 6.6 S '
32.5 ° 8.3 19.2 6.8 g=1.717cc/sec.
g=3.42cc/sec. 41 6.4 E2 . RPM=250
RPM=500 45 4.5 6 3.1 E1l5 .
E1ll 49.5 2.9 18.4 6.5. 13.8 11.5.
35 17.1 26.3 7.2 17.2 14.7
. . El2  g=1. 7l7cc/sec 52.5 , 2 19 14.7
44.4 12.2° RPM=250 E3 " '30.5 . 17.3
52 6.1 El s 6 3.1 41.5 15.4
o E13 11.1 5 45 3 45.5 © 17
44,4 12.7 16 6.1 . . 50 11.5
55.8 4 20.2 7.4 Position No. 25. 61.5 _33.2
 El4 41.6 . 6.2 : d=26.4x10""in.
38.5 ° 16.2 . 43.5 6.7 Roll No. 253 . 18.5 30.8
40 13.8 51.3 3.3 . g=0. 685cc/sec ' "El6 ,
53 o 5 54 _3 2.3 RPM=100 3. 6.5 0 27.3
. d=22x10 “in.  d=26. 4x10 "in 20 27.2
Position No. 24 E2 E1l8 - E17
. 0.9 7.3 7.8 34.2 6 . 27.2
‘Roll No. 252 7.2 8.3 13 39.3 15.1 38.2
g=0.685cc/sec. _ E7 24.8 12.8 19.5 32.3
RPM=100_, 5 17.1 . . El9 ‘ 24 13.2
€d=22x10" "in. 11.5 20 7 33.1 _
' . E12 : 15 . 40.4 . g=3.42cc/sec.
7.7 24 g=3.42cc/sec. E20 RPM=500
13 - 23.7 RPM=500 8 36 “ES8
E13 . RoOll No. 251  10.6 39.6 3.3 16.1
4.8 . 15.7 © NCL=59%10-3in. 13.2 _340 5.4 23.4
9 23.5 Ell NCL=66x10 ~in. E9
11.6 22.7 +21.3 - 7.9 E18 1.8 12.9
El4 ' 27.5 8.6 5.4 . 5.5 NCL=66x10" -3in.

—
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TABLE E-1 (continued)
Xx102 sx10% xx10% gx103 xx103 sx10°  xx103 5x10°
Inch Inch  Tnch’ Ingh Inch. Inch  Inch Inch
E8 "El . 9.8 26.4 . 5.5 20.5 .
2 1.7 7.4 5.9 19.5 - 5.7 11.8 27.3 "
8.2 7.2 10.5 7.3 ' E11 16 . 18
13.5 11.8 = 13.4 9.9 9 < 26.1 . E4 o,
27.2 19.9  29.6 "13.2° - - El2 13.4 - 241
37 19.9 32 12.5 5.3 ' 20.7 19.4 1 9.3
47.7 10.1  33.4 11 - 7.2 22.8 E5
55.5 9.1  35.8 - 9.9 NCL=49.5x1073in. 2.6 ~ 12.6
57.3 7.6 37.6 8.4 E9 - .. 6.2 21.9 .
42 . 5.5 2.4 2 11.1 25.4
g=6.82cc/sec. 44 4.8 10 ' 7.7 - E6
RPM=1000 45.7 ° 3.3 14 8.5 1.4 -10 .
. El . 22.2 12.8 12 25.9
16.5 12.3  g=1. 7l7cc/sec 3¥.4 . 12.3 0 14 21.2
32 14:3  RPM=250 - 37 10.1 E7 . _
E2 © E5 - 46 2.3 2.3 10 |
1.2 3.2 11 ‘ 9.8 . . 6 S 21.6
8.8 9.1 15 12.9 g=6.82cc/sec. '16.3 -~ 15.4°
35.5 14.3  16.8 12.9 RPM=1000" " ES8
E3 . 20.5 12.9.° E13 6 22.3
15 11.5° ~22.3 13.2 8.2 .6.8 l4:5 - 21.6
16.5 11.1 24 13.2 30 : 12.3 , E9 o
£4 .26 13.1 . "E14 11 24.4
2 2.6 27.2 12.3 - g.7 7.1 12.6 24.1
59.1 . 5 28.8 13.2° 25.5 . 11.8 WwE10
63.3 1.9 -35 10.3 ‘ E15 , 7.2 22.6
: 37.7 .. 8.5 8. 6.7 13.6 L 25.2
Position No. 26 40 7 33 "10.9  £17.2 12.6
_ T 42 4.4 39 . 7.9  NCL=44.7x10-3in
Roll No. 254 d= 20x10 47 S 202 - El
g=0.685cc/sec. 5 . l9.l T S 7.8 - 7.2
RPM=100 7 24.2 Position No. 27 9.2 6.5
d=20x10" 10.5 27.9 ‘.(:~ R 12 9.7
El 18 ~ 13.2 Roll No\ 256 ‘14.4 11.5
16.5 . 18.7 . E6 - g=0.685cc/sec. 17.5 11.5
E2 6 21 'mReM=100 . 18.2 12.6
6.3 - 22 8 - 25 d=20.5x10 "in. - 22 14.4
- 9.8 286 12 24.2 El 24.5 § 14.4
17.5 17.2  16.4 19.1 10.3 - 25:2  32.5 11.1 .
¢ E3 .- 18 ©13.2 E2 - 37 83
16.5 18.3 - o ‘8.8 1 26.6 40 - _~""5.4
E4 g9=3.42cc/sec. 11.6 27.3 e 3.6
15.2 20.9  RPM=500 19.2 ,”/§4%//’A3 E2 o
NCL=49.5x10~3in. E9 .. E3~ - 12.8 9.7
o R -
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TABLE E-1 (continued)
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3

42

Xx10 Sx10°  Xx10°  sx103 xx103 sx10° xx10° Sx10
Inch Inch Inch . Inch Inch Inch Inch Inch
13,2 10.8 6.1 5.7 9.9
15 12.2 . 9.8 9 16 7.2
17.8 -12.9  13.6 12.2 18.8 E13
18.6° 12.2 20.3 . 14.4 20.4 3
20 11.9 22 ©15.5 24 4.2
22.2 12,6 24.6 "14.7  28.5 7.9
23, 12.6° 32 11.5 .41.7 10.6
24.2 14.4 29.8, 4.7 - 13.6
27 12.6 E6 - w17 13.6
28 12.6 5 4.7 17.8 14.8
.30 11.9 11 9 .22 1202
33:7 _§%7 13.7 - 10.8 25 o.. 10.2
35 i g 19.6 14 27 8.3
36.5 7.9  26.6 12.6 29.2 7.3
40 4.3 ° 28.3. 12.6 31 5.7
: 2.52 31.5 10.8 34.5 , 4.5
E3 . .34.5 ) 35 El4
5.2 4.7 38.5 5.7 38 " 6.5
5.5 5.4 E7 : . , 12 . 10.6
11 9.7 5 . 4.7 g=l.717cc/sec. 19 ~13.6
13 11.1 ° 12.3 10.4 RPM=250 25.5 13.6
18.6 12.9 13.8 11.5 CEll 30 10..8
21 13.3 15.3 - 12,6 3 ©2.59 3L 10.6
24 12.9  18.1 . 14.7 5.7 4.5 39 4.6
25 14.4 - 21.5 14.7 7.5 7.2 40.5 . 3.6
27 12.2 26.2 13.3 9.4 6.8, E15
29 +12.6  29.7 12.2 12.5 10.3 -8 7.2
32.8 10.1  30.6 11.9 14 . C11.9 11.2 8.6
35 T 9. 32.5 9.3 15.8 11.8 12 9.6
36.5 7.5  35.4 7.9 19.5 +13.6  14.3 11.5.
41.4 3.96 .- E8 22. '13.9 " 15.7 12.6
42. 3.6 6 6.5 26 13.2  20.3 13.8
43 2.5 9.4 8.6 28 12.3 21.8 15.1
: E4 - 11.6 10 29,3 12.8 - 22.6 ©13.6
14.5 1.1 13 10.8 " 34.5 7.9 23.7 12.9
16 11.5 17 12.6 .38.6 5.6 28 - 11.9
19 - 12.9 18.5 13.7 E12 C31 10.3
20 14.4 .21.8 12.9 .. 3.4 3 =40 4
23.8 14.4 23 13.7 ° 5.2 4.9 . El6 :
28 . 12.8 2475 - - 14.4 7 6.6 8.2, =+ 7.2
32 10.8 - 28.5 12.2 .10 8.3 . 10 8.5
37.4 6.5 31.4 10.8  14.5 11.6 13 10.3
40.4 3.96 33.2 9.3 -22.5 15.1  14.8 10.1
ES 135.2 9 24.3 14.4 21 12.9



cou

TABLE E-1 (continued)

163

Xx10°  sx10° xx10° sx10° xx10° sx10°  wx163 sx10°
Inch Inch  Inch ‘Inch- Inch Inch - Inch’ Inch
22.4 212.1 12.3:  .10.8 . '8 6.9
25.5 14.1 15 ' - .12.9 qg=3.42cc/sec. 11.4 9.1
28.5 13.6 19.2 - . .13.5 RPM=500 15.3 11.6
30.2 12.8 23+ . 'I4.4 Roll Np. 255 17 11.8
.-35.15 9.2 25 . . 15.1 EX1 : 19.7 21246
41,5 . © 4.3 29° 12.2 5.8 20.3 22.3 13.9
~ E17 d=20.5x10-3in.  NCL=24.7x10~3in. 24.8 128
2 4 or7e . .. El1 - 06 L 6.6 3403 . 10.1
4.4 4.5 2 " 12.9% 9.5 7.8 365 6.21
9.1 <+ 9.9  12:7 21.6 10.3 N ..8.5 - ‘El6. - -
11.4 10.2 1, -15.2 12.6 11.5 -7.4 5.9
23.2 A15.4 18 : 9.3, 15 ', 13.2 9 7.4
27.8. . 11.4 " EI2 21.5 % 12.3 14 *10.9
29.4" 1.6 . 1 . - 6.6 30.8 - 11,5 23.8 11.6,
39.3 3.9 11 0 24.8 36 , 8.3 - 28.5 . 11.3
41 2.2 EI3 . . . 42 3.3 36 © 8.6
. El8 = 1.8 . 24.4 ~ El2 43.5 2.6
1.6 0.7 El4 3 3.3 E17
~5 T 4.3 5 21.3 5.6 5.7 - 6.7. - 5.4
6.5 5 10 *25.9 10 « 8.8 ° 9 7.5 4
9 . 7.9 ,.17.8 L 9.5 12 . 9.3 17.4 12.6°
12 10.3 = - E15 . 16.5 ~10.9 * 18.4 10.8
20 11.9 3.2 - 13.9 28 12,2 . 30.6 9.8
26 . 16,1 09 L0260 32.2 L0.1° . 38.4 6.2 . -
32.5 $10.3 E16 .. . /37 pE7.6 0 42:S 3.3 -
335 103, . 4 17 a3 ¥# 6. - Elg . =
42 0 3.0 13 21.8 ( . E13: » 5.6 57
. E19 18 . 9.3 \ 6.5 | . 6.6 ,11.3 9.1
L 15-2 4.7 . El7: 10.3 =819 15  “1§§L'
L4 12.2 .3.2 18.4 13 . 10.9- '17.2 . 118
ag, - <13.2 & 5.5 ¢ "19.4 21.2- "13.5  23.5 »l2.6 - -
.20.5 14.4 9.5 0 23.2 25.5 14.4 738.5°, - 6.2°
-23 14,47 18 S 7237330 9.3 43.4 2
25 ¢ "X2.9. . E18 36.3 7.6 .. .. “E19
29 - - 1202 0 1.3 - 79.2 38.5 .. 5.4 10 : 7.
/30.5 L1107 . '23 0 4lis,c T3 .10:8° . ., 8.8
31,59 - 10.5 - 14. « ":20.8 - . Ela Cooo-r13 o 1001
35 .. 8.9 . UEl9 o8 T A2 1Y P I e E
35.6% ¢ 7.2° "3.2.0'" 496 '14.5. 7 .  12.5 19.¢ ° 1145
39.6" . ©"3.6+.10.5 , . 25.9 '26.5 ' ¢ 13.5 , 43. e s 3.3
o, B0 LT » "E20; 1.31.5 0 e 11 .8 . E20
4.4 4.5 .3 13:6° 43.5 3.2 5 ' 4.2
6.2 5.5 6.6 w 23.4 E15 - 6.2 5.2 %
7.6 7.2 10 23.7 - 6.4 5:4 9 7.
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¢ -.}64 .
, TABLE E-1 (con}inued)i
. 1
Xx10°3 sx10°. xx10° sx10% xx10% " isx10® xx103 - sx10
Inch. Inch Inch Inch 1Inch Inch Inch ‘Inch
39 6.6+ 4 17.6 16" - ;15' RPM=250
9.1 24.8 17.2 10. E1l .
q= 26. 82cc/sec. 14.7 20.2 : E8 - g 4 15.4
RPM=1000 16.6 . 12.6 5 19.4 10 19.2
.- El E3 ) 7.5 . 22.8 22.7 24
13 8.8 1.4 256 16.3 315.2 25.8 23.6
17 ° "10.5  NCL=35x10"2in. eiCL=35x10"3in. 42 :
19.3 . 12.6 El “Efi_# E7 E12
B2 5.8 8.3 2.5 3.7 12 - 1gﬁﬁ
4 3.1 7.3 10.8 ~ 7.7 10.1 16 1879 -
4003 T 4.7 .9 10.8 14 13.5 19.5 ¢ 19.5 °
43.5 2.9 11 12.6 19.5 11.8 23 21
© . E5 12 13.3 29 . 10:1 30 -15.5
8. 5 24 13.3 32.2 +5.9 36 14.3
39 4.3  29.3 9.4 Z . - 37 13.6
o E6 - 33 . 2.9 g=6.82cc/sec. . 40.5 6 2
10 s 8 RPM=1000- o
40 75,4 ';q—l 7l7cc/sec. ~ 7 Ell g=3. 42cc/sec
. E7 U RPM=250- 3 C4.7 RPM=500
6.4 4.7 B4 4.2 6.4 E6
22.6 - 12.3 3; 6 .- 5.8 13.7 - 14 12 : 18.i3
43 . 2.6 4.8 7.2 ~22.1- 14.6 14 : 17.5
. . E8 6 7.9 25 . 1.8 -24.4 21.6
11.4 8 7 lo.1 27.2° . 10.1- 36 _ 18}7v
43 2.8 8.5 © 10.7 29 6.9 o BT
- E9 10.4 13 16 ©24. F
25.3 . 13.5 15 13.4 - Posltlon No. ‘29 22 23,
. - E10 16.8 15.4 , S P
11.5 ’ 9.1 21 .. 14.8 Roll No. 223 _g=6.82cc/sec.
37 7 7.6 27. . . 11.5 g=0.685cc/sec.. , RPM=1000
) 29 9.2 RPM=100 -3 . El
Position No. 28 34 2.4 NCL—45xlO TAin.s 18" 20
. d=20.: in. - “El6 . 22,4 23.4
Roll. No:.257 2.2 -12.5 13- S 21 0, .. 17.8
q=0. 685cc/sec 4.4 18, - 15 24 . 32.6 17.7
RPM=100. 6 - 21.6 19 | v 25.5 " - . E2 N
'd=20.1x10 “in. .9, 5 ° 25.5.23 25.8_ 115 v wT1g.7 Y .
_ o B oo l2oteo 23,8 0 ELT o 22080 2q. 4
0.6+ T f379% | 16. 5 v 45.4 7.2 13 0 3405, 171
g 6.4 s‘fﬂlgzl', : 2 12.8 . 722.5 -
13.3 .21.6) g=3.42cc/sec. 26 - & ~24.2 Position No.30
17 . 16.7 . RPM=500 230 L~ 7t 227 T
. E2 .0 BT _ R Roll No. 224
1.8 . 10.4 16.7 g=l<717cc/sec. -q=0.685cc/sec.

e




ot ——

‘d=19.5x10~3in.
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. TABLE E-1 (continued)
Xx10° 5x10°  xx10° $x10°  Xx10° sx10°  xx10° $x10°
Inch Inch  Inch Inch Inch. Inch  Inch Inch
RPM=100 _y.  13.3 14.4 ‘E6 57.5 3.8
NCL=44.2%x10 Jin. 14, 6 12.8 4.5 . 30.4 - :
 te. EI | 32% . 12.3 6.4 7 32.9 Position No. 32
27 20.3 38 e6.6 . E7 o T
36.5° 12.5 s 3.9 25.3  Roll No. 259
" E2. Position No. 31 9 ' 32.9 g=0.685cc/sec.
20.4 19.2 ' 12 '~ 27.9  RPM=100
25.6 18.5 Roll No. 258 ES - A/ yNCL=70x10 ~in.
34 0 13.7 g=0.685cc/sec. 5.1 - 32.% El1 - - ‘
40.3 © 5.9  RPM=100 _ 14 22 0 S 2
o E3 NCL=40x10 ~“in. 7.7 32.1 18 7.4
.16 .4 16.6: ; El6 “Roll No, 225 CE2
17.6 19.2 341 4.1 NCL= 62xlO 3in. 30 6.66
20.7 16.6 5. o 8.1 'E6 : . E3 7
25 3 .20.7 6.7% 10.4 5 - 2.6 24 7.4
34 14.8 8.5 12.6 0 7.7 4.2 . ' E4
L . 10.5 ° 14.8 15.8 10.1 . 2 9.2
. g=1l.717cc/sec.  20.2 19.6 22 12.1: 8 9.2
RPM=250 c 25 ¢ 16.7 45.8 : V9.1 L o
: CE6 - e 728 15- - E7 " % g=1l.7t7cc/sec.’
3.7- 2, % 3.5 31. 3 \\ 11.1 16.3 QQj RPM=250
11.4 ~. 14.8 © 26 : 13.2 ES
13 15.7.. g=l. 717cc/s\b{_ 31 T4 6 9.9
17.5 '+ 18.9% RPM=250-. \é9 8.5 49 - .5
23.2 % J19.2 E1l" 5.4 39 ool
37 ® 11.5 . 2.1. . 2.4 {‘f_‘ . 5 10.4 .
42 4.6 -24.8 - 15.5 g=6.82cc/sec 10 9.5
.« . 725 Y. 17 . RPM=1000 = “ 19 p 9
gq=3:.42cc/Bec. " 3217 11.8" EL " © 30 84
RPM=500 _ \és L 8.9 10.4 6.1 55 3
- { Ellz , « . \37.5 '+ 5.9 *17.8 ‘ 9.5 | .
6. 3" 8.9 - El2 - 23 12.3" Roll No. 226
10 11,.8 Q2 1902 457 12,37 “g=3. 42cc/sec’.
1.7 7 10.8 gi‘ﬁ’” ©16.3 55 . 5.1°, RPM=500 -3,
.21 ©17.4 7 29 11.8 .57 - .. 3.8 L NGL= 65 5%10° .
. 287 7.4 31 " -110.8 o B2 e L ElLl ‘,A'. ‘
“305 - \;:'16'1v ' oo e 29050 3T ~5r5 “¥ﬂ-ﬁ§¢§'lf'h
. o g=3. 42cc(secw; 15« . -8, 19.6 - R S
q=6.82ce/sec. RPM=500 . . . 28.8. - 12.9 © El2 . .
RPM/lOOO _ E7 . 34.5 135" 19.5 . -17.6
~E16 23 . 17.7 39 | 13 E13 '
. 8.5 11.8 ‘. E8‘_ 4 43.7 11.4 - 2 8.8
9.5 11.4  14.8 16.8 45.5 - 10.1 2817 . 6.4
12 '12.6 50.5 8 E15
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TABLE E-1 (centinued)

2 ) . . 4 3
-XxlO3 Sx10™

‘Inch. Inch

5 8.8
~ g=6.82cc/sec!

" RPM=1000 ',

Roll Ne. 227 , -~

1.4 9.3 A j

Ty E3 y

19. s 7.5 J .

25 é§ . 7.2

: E4’ \ o
, 1.5 8.1

12 ‘:\’ 8 .

25, - 7.2 ! g



* TABLE E-2
b, N

STREAK LENGTH DATA OF SEPARAN

167

[y

3

Xx10 sx10°  xx103 sx10° xx10° sx10°  xx10° Sx10
Inch Inch Inch Inch "Inch Inch Inch Inch
Position No. 1 102 17.8 d=2o.5x10"3ing\ 14.2 . 15.7
: - 111 13.5 E18 ‘ ‘E18 .
Roll No, 205. . - E1T ‘14 28.2  21.7 13.3
NCL=118x10"3in. 30 14.5 - - E20 - _ £20 . °
d=0.685cc/sec. 55 13.9 10.4 35.6° 22 10.4
RPM=100 : ‘ E1l8 - o :
. E6- - 36 14.5 g=3.42cc/sec. g=3.42cc/sec.
39 . 18.3 72 17.8 RPM=500 " RPM=500 .
42 18.7 ‘ . : El .~ «.. NCL=37x10" “in.
' E7 a=6.82cc/sec. 2 _yL17.72 o El
; 43 18- . RPM=1000 -~ NCL=40x10 “in. 29.9 9.4
42 19, 1 7 E1l 19 24.8 E3 :
.- 85 19%1 113 9.6 E4 .- 72705 11.4
' 110 14.3 s E12 21.5 25.6 . ES g
113 12.8 109 11.1 - S : 19.4 16.1
' E8 ° E13 .g=6.82cc/sec. )
41 16.5 104 « 11.9 RPM=1000 . .g=6. 82cc/sec
62 -18.3 . w El4- . E6 /. ©-  RPM=I000
72 19.4 T30 .7 11.9- 19 7 T le.2 - E7
74 19.4 108 " 10.6_.. - - E§ ° 10 8.5
95 15.4 ' 29 8.5 13;5, o Tewl.
97 #u .16 5“'Position,No.’2 , 'El0 . . -
S C ot 26 ‘ 10.5 P051tlon No. 5,
T g= F‘¥17cc/sec .. Roll No. 206 - _— L
RPM=250' T 'g=0. 685co/sec Position No. 4.’ ,Roll No. 209
-~ El. - RPM=100" o o ' q=0. 6850c/sec
+ 65 118.3 -+ NCL=40%10 “in. Roll No. .208 " .. RPM=100- -3
Co86 . . 119.1 7 - -El2 g=0.685cc/sec. NCL=58x10."in
< ?}2 ' 20.5 ZY.3 RPM=100" 5 . - E6 v
38 /0 16.9 317 12.8 NCL=29.5x10 ~in% 41 : 5.9
94 7 S 17.6 - : ' , BLLY . " "ET
- E3 ° " g=1. 7rﬂcc/seq1« ‘ /rl;su ©31.5 " W 7.4
30 .17 RPM=250, ‘ “EL2 . . ES -
LTAL XT3 TELe L. D1ty R IV I I B g
B B - Lé.e”‘;'ll 8 Ry t19e3 - ';.‘El4°a T 4005 6.7
! R EL7 ;'.ﬂf‘*f- SRS EF SO NS o L
g=3.42cc/sec. 13 216 ) S 27 010
“WRPM=500 29, 37.6. . 7.4,
e 3 \ E16 o L. ' E10 - .
57 s, 4.5 0 =27 6.7
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TABLE E-2 Adcontinued) \\
Xx107 sx10”  xx10°3 sx10° xx103 Sx10°  xx10° gy103
Inch . Inch  Inch Inch  Inch .  Inch  Inch Inch
NCL=44.5x10 3in. - g=6.82cc/sec. IR o
¢ E7 L 73 . RPM=1000 . . d=6.82c¢/sec
28 . . 11.5 - . NCL=43x10 “in. p
*Eg s 6.6 . T E7
53 7 12,270 ] 24037 7 16,2
On'No.: 6 32.2 10.6
q l 7l7cc/sec R : &/ E8
RPM=250 " , T, 210 5.7 5.5
‘E4° q 0. 6&5cc/sec ElO &é .
19 w -39.3  RPM=100 3 11 10.2
‘NCL=58x10""in. NCL=43%x10 ~inh. 24 % J11.9
e E2 Ell AT o
“e50.5 -, 3.8 .9 ~ .9.5 Position No.7 ST
E3 £ 29.5 . 12:8 ’ I . - Roll No. 212
19.5, . 5?9 o E13 Roll No. 211 q=0.685cc/sec.
32.5° 8.6 0 - 11 g=0.685cc/sec. +* RPM=100 3
o E4 © 25,5 14.7 RPM=100 3y d=22.5x10 “in.
17.5 7.4 L Bl e d=21.exl0  Ey El
20.6 7.7  14.8 12.8 - 'E6 . . 3.8 12.1
30.3 ¢ 9.6 0 270 . & 147 6.6 =85 22.4
45 S 4y9 % - E15 S 3.6 14,7 g2 {
ES .. " 353 9.2 "10.2 ¢23.1 4.2 - 14.7..
30 ‘ m9.5" ' . ETee g _16%.5
33.5 %, 6 g=1. 7l7cc/sec‘“v10.3> o 2331 e <E307
" T RPM=250 0o . pg - - 1A - 18.7
4=3. 42cc/sec L Eo O ELeEET T 4.6 v 1g.9 bt E4
RPM=500 | VL aeR0.2 1T s B9 .1 22
El6. 31080+ 12,5 3-5.0 <147 . " E5.
45.8 ~ 4.9 , 16 S 202 16.2 - 14.7
"~ El17 - " g=3.42cc/sec. S R ' . .
137 4.2 RPM=500 - g=l.717cc/secin _g=1. 717cc/sec
. E20_ . E - El ‘. RPM=250 , RPM=250 "
12.2. -~ 4.1 6.6 I R s D A o/ RS .
‘NCL= 4& 5%10~ 3ln -7 R S +iler9 17,20 .0 12.57 -
y £17 . 17;"ﬁ. il T g TS . kg~
14 . 772607 1505 3.5 - L35 9. 16,4
) ‘ ©u.C B4 14,5 - L20w7 E9 - . ...
g=6. 82cc/sec. 21.3 .77 16.2 . BS Tl 16,9
RPM=1000 ,3 ) ES - 2.3. r8.8 . E10
NCL=58x10""in. T 36.10 . S 1 R
- Ell d=26.4x10 “in. Sg=3. 42cc/sec _
20.6 C6.4 - E4 . ‘RPM=500 . v g=3.42cc/sec.
37 7:1 13.2- 22.2 Er9 . RPM=500
40 ‘5.4 . 8.5 19.2 ... g1l
~ 7
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TABLE E-2 (continued)
Xx10° 5x10°  xx10° sx1075.xx103 Sx10°  xx10° sx10°
Inch Inch . Inch Inch Inch Inch Inch Inch
7.2 13.6 . El5 ' R O .
14 . 15.4 17 21.9- Position No. 10 * 7/ " 8.4
E12 27 16 : ' /. _

2 5.6 d=26.2x16"3in. Roll No. 214 g=1.717cc/sec.

: , El1 g=0.685cc/sec. RPM=250 '
g=6.82cc/sec. 3.3 16.3 'RPM=100 3 E1l
RPM=1000 -7 20.6 NCL=51.2x10 ~in. 0 © 8.9

BT . o E12 El 14 9.1

5 F17.9 . 2.4 9.3 31.5 - 13.9 47 5

‘ ; . /1L.3. 24 E2 E13 :
Position No. 9 E15 32 13.9 -0 10.3
_ 13 : 23.5 40.5 11 : El4 -
‘Roll No. 213 . , ' E3 20 8.2
'q=0.685cc/sec.  g=3.42cc/sec. _ 36 11 El5- .
RPM=100 _, RPM=500 : 39 11 45 4.8
d=26.2x10 “in. .~ E6 : 45.2 ' ., 6.9 :

E17 - 6 - 22.9 " E4 q=3.42cc/sec.

5 20.8 E8 . .10 7.3  RPM=500 "

N 14.4 27.4 2.1 10.6 .48 3.29 E6 - . ,
E18 . 13.2 24.3 0 0. 9.4
16.2 27.7  NCL=34x10"3in. g=1.717cc/sec.’ 7 9
E20 : E6 - RPM=250 23 S
4.3 . 26.3 8 15.4 E6 . o - E7 _
NCL=34x10"3in. 26 . 1622 28.8 16.1. 18 = g.g
E17 . - -ES8 - . E7. ‘ E8 o

4.8 . 13,1 - a2 7.7 .20 T 1127 . 47 - 4.8
19 & 19.3  17.2 19,6 28.3 . . 15.3 - “TE9
24.8 15.3 o _ 46. , 6.6, 52 Y. 3.9

.. . E18 . g=6.82cc/sec. . ElO \ j EL0
_ 19.4 20.1 -+ RPM=1000 23 ' 14.9 43 4.8
T 22 18.2 " El. . o R
L7 E19 6.5 - 16.2 Position No. 11  'g=6.82cc/sec«
no10.9 Y 19 8,2 . 172 T S RPM=1000- ~. 3
T ¢ S . LE3 . Roll No. 215 . " E1 ¢ -%
" g=1.717gg/sec. - 6.1 | ° 15,2 q=0.685 . 0 ' 9.3 ..°
‘RPM=250. -~ 12.8 - 16 * RPM=100 _, - 10 . 8.5
LEL - o 29.2 <10.2. NCL=68x10 ~1in. Yo E2T
5 12.8 FTEs ) ‘ . . El6 .25 @ 6.6
8.6 15.8 ° 1872 - . .18.7 23 ' T B4 S,
El2 - d=26.2x10"3in. ° CVELT 24 i 6.8

3 ’ 8.8 E3 7 8.8 ; - E5
14.6 20.4 5.8 7 22.2 E18 .38 - 6.4
: E13 - ES: , 5 . .8.8 R I

3.2 . . 7.3 "16.4. - 29.8 738 - . 6.2 - Position No. 12
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'+ TABLE E—%l(cdntiﬁﬂed);xgﬁ
X%10° . sx10° xx10° . sx10° xx103 sx10°  xx10° 5x10
Inch Inch [ Inch - Inch Inch Inch Inch Inch
. A R L
AR -95 . V20w 102 19.8 + E6
RO11l No. 138 -. ...0 " ERia - . E2 ' 64 21.4
g=0.685cc/sec.. . 25,5 - 14:39,- 19 -~ 15.1 140 7.5
RPM=100 _37 35 T 017014 45 20.3 E7
d=146x10 ~in. -39.5 . .17.6 .74 22 _104: 19.3
. El. -~ =56 L 18,17, E3 " E8
15.5 - 12.95: 104 . .7 16.2 - 13 11.9 38 ©19.8
21.5 15.13 - - E15. .7 . 112 16.9 60 22.5
32 17.61 . 27.5° 7 "15:5 " " - E4 90.5 23
34 17.9 "33 .- 216.2 'i33 11.5 98.5 20.9
43.5 19.04 "69 -~ . " 19.3 “Roll No. 177
49 19.04 - El6 S EL : g=3.42cc/sec.
-59.5 20.1.  30.5 15.8 39 19 RPM5500"
82 20.95 45 17.3 60 21 . El4
92.5 '20.59 88 19.6 - 91 .21 .48 . 214
101.6 19.42 107 : 15.8 108 16.7 47 - B 23.1
121.5 13.33 E17 130 ~ 10.5 . - E15 o
‘ E2- 42 18.1. , E2 19 24.4
13 13.04 75.5 20 43 19.25 El6 -
16 - 14.1 0 114 14.5 .. 74 22 21 19
- 28 17.13 E18 .1 98 19.25 39 20.1
55 20.1 - . 35 16.95 127 11.55 627 - 22.8
67 . 20.3 63 19.3 " E3 ‘ E17
. 94 - 20.77 81 20.1 28" 17.1 32 - 20.5
~ 115.5 . 15.72. " 95° 18.6 85 - - 19.25 34 - 21.8*
i . E3 - 121 ~12.4 - . E4 39.5 ,21.9
40:5 19.23 - k19 - 16 - 12.83 80 " 23.5
e .20.2 63 .20 37 18.2 86 . 24.1
E4 100 17.8 720 21.4 98 22.2°
7 9.33: 137 <2067 . ES o e -
19.5 14.86 o E20. 17 . o+ 14.1 g=6.82¢c/sec. .
38 . 19.04 ® 26.5 15.7 41 19.24 RPM=1000 .
ac 10.04 ' 28 192 53 21 Roll No. 177
55 20.1 32 17.1 - « < E16 .
65 . 19.6 - 37 18.1 g=1l.717cc/sec. _-=. 35 19.7
72 20.95 42.5 17.8 'RPM=250- CEL17T
. ES ] 64 19.5 " Roll No. 139': 74 S 26.1
11 +12.76 95 - 19 v ES C - E18
32 17.33 111.5 15.4 55 20.9 32 ‘ 19.4
46.5 . 19.62 129 9.5 116,5 15 - 46 . 20.58
54.5 19.7 Roll No. 139~ 1278 10.2 . E19 -
64 20 . E1 ) E6 " . 31 - .5 20.5
84 20.95 71 '21.9 13 15 - 40 ©20.5
89.5 20 7 88 22 0 p2 16.4 £20

5



TABLE E-2 (

e

céhtinued),
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T

Xx10 S5x10°  Xx10° 5x10° Xx10° sx10°  xx10° Sx10°
Inch Inch' .. Inch - ~Inch 1Inch . Inch . Q?ch Inch
L : £ :
43 17.2  Roll No. 160 ‘18 19.1 17.5
_ El ‘ E3 | 16
~Position No. 13 7.2 12.1. 11 17.1 E7
20.8 7 23 - '15.9 - 12.5/
Roll Nb. 140. “ E2 .27 5.3 i
g=0.685cc/sec. 4.4 - 10.6 E4 ' 17
RPM=100_, '~ 19 4.1 7.3  16.3 E8
d=25x%10 “in.. l4.6 4.3 22.5 - 17.1 2 ' 5
" El4 , . ‘ ES © 235 14
20.8 11.4 g=3.42cc/se 6.2 2.2 27 5 10
Roll No. 158 RPM=500 E6 E - e
"E1 . . Roll No. 159 12.5 17.3 q=6.82cc/seg,
12.3 14.7 El 21.3 . 16.5 RPM=1000 o
15.4 14.7 4.1 5.9 E7 - Ell oo
E2 5.2 , 7.6 18 20.3 18 T2T.4
5.6 11.8 g2 7 23.4 17.1 27 4.5
‘8.5 13.6 13 o la07 - , - E12
\ E3 . ES5 © g=1.717cg/Sec. 4 . 8.8 ~
T 14.4 . 13.8- 5.6 S8 RPM=25@: . E13
g ‘E5 ‘ 7.1 . B ' CE1L 18.2 o 13.4
4.5 10 . E6 18 - 20.3 8.8 1203 £
11.2 14.1 4.4 6.8 ~ El2 o o ¢t
E6 21— 9.6 6.3 . - 12.3  phsition No. 154
8.8 10.7 ' 17 5 i 17.4 *K
20,5 9.17 g=6.82cc/sec. . . t ‘Roll No. 165
. TE7 RPM=1000 B 5 8.7 a=0.685cc/sec.
17.5 12.8°  + E11 g RPM=100_.
v ES8 16.8 . 14.4 24 - 9.4 d=24x10 "in.
22 ..8.23 sEL4 o 22
- . E9 2.5 . 3.9 124 17: w107 Tanls.
t12.0 7 11208 g e 16 - 2. 15.4 T2 :
24.4 1.76 - . Ble B S 11.5 22.2
E10- 6.4 .. 110.6. 25 ©011.90 13, o T22.
6 10 " EL7 T ES
8.5 12.5. 7% | "11.1 g=3.42ce/scc. 17 : 22.4
- o o " RPM=500 , EG
q=1.717cc/sec. position No. 14 Roll No. 162 L
RPM=250 ' : E3 20.5 14.7
215 Roll lio. 161 4.2 10,4 : RO _
19 . 10.8 ¢=0.685cc/sec. 13 - 20.5 20.9 . TIi.e
116 ~ RPM=100 17 20.3 - 5 o11.2 .
1.1 3.4 NCL=30x10 “in.  26.3 . 1007 £9 o
E17 ‘ £2 : ‘L6, o 6.8 ©16.9
7.3 8.9 11.3 - 18.6 7 - 13 NCL=35x1073in.
R . - —



TABLE E-2 (continued);

3 ' 3

Xx10° sx10>  xx10 Sx10° xx10° 5x10° xx10° sx10°
Inc¢ch - Inch Inch Inch Inch Inch 1Inch Inch
El 10 14.3 El - . Roll No. 147 ’
9.5 o0 13.7 11.6 6.6 El ¥
: E3 g=6.82cc/sec. 32.6 7.2 14 16
18 - '14.7  RPM=1000 ' . E2 E4 T
6 10.1 E7 22.5 6.7 10 19.7

E7 5.5 9.8 E3 ' L7 L

.24.5 ' 11.8 ES8 _ 22.4 7.8 11 18.5
- E8 . 4.8 9.1 25 7.8 E8
3.9 8.4 8 12.5 ES : 6 13

E9 : E10 44 3.12 NCL=52x10-3in.
9.5 13.1 23 _3. 13.4 E7 ‘ ELl
- ‘ d=24%10 “in. - 40.3 4.2 21 0 7.6
g=1.717cc/sec. - ES . ~ ES8 E5 %
RPM=250 5.5..  1l.6. 24.5 6.96 23.6 6
_ E1l 40.3 . - 4.8 . 37 .. 6.8
21 S 1202 Position No. 16 - E9 .~ ’ . E7

3 E12 ' . 33 5.4 18 . 7.5
23 13.5  Roll No. 146 - ST . E8
-~ TEI7 4=0.685cc/sec. g=1:717cc/sec. - 13:2 co 5.6
8.5 ©13.5  RPM=100_ RPM=250 S 195 7.1
19 16 d=22x10 “in. El4 < '

E20 - : . El -5 2.1 q=6.8Zc¢c/sec.
11571305 5.8 12.6 28 8.8° RPM=1000- -
d=24x10 ~in.- , E2 . EL15 Roll No. 167

' E12 . C13] 18.6° 3 3.2 " . L El3
16 . 19 E3 22.5 . 8.4 13 7.2
_ 18 6.3 127 44 . 11.9 35 . B.4
18 16.9 13 8.6 L . E17 TS T oomigt Lo
, LT "E8 .020.3 07 7.7 3005 - 5 -8i3
q=3.42&c/sec. 2, - ro.ew 287 Loy 7.7 ha=22x10 Tin,
RPM=500 18.5 _ 11 - d=22x10 Tin. ‘ E13 .-
Roll NO. 163 . . . Elo . o E11l 8.3 14.5
, S k12 T Tas 8.16.21.6 . 2.8 17.4 T 17.3
8 16.1+ Roll No. 166 - - E12 B ' E14 -
£E16 L ‘E11 0 - o+ 13,4 18.2 0 13.% 21°3
7.2 . 18.7 2.2 Y 7.34 - E13 -
NCL=35%x10"3in. , 20 19.5  .14.4  position No. 17
. 4 ElLl . 13 22.2 20 p 14.4 '
13.5%, . 17.2- NCL=32x10-3in. - CEl4 Roll No. 149
o E12 CE11l 1.7 - 4020 g=0.685cc/ser .
7.5 12.2 4 - '3.14 12.9 18 . RPM=100 .
. . El5 - - E15 B ~ ' d=19.5x10 ~in.
6.2 g 10.7 18.5 8 g=3.4Zcc/scc. E12
jﬁ__»El§v Roll No. 146 < RPM=500 & 12, PEIT



173

TABLE E-2 (continued)
Xx10° sx103  xx10° Sx10° xx10° sx10°> xx10° sx10°
Inch Inch Inch Inch Inch Inch Inch ... Inch. .
13.5 13.9 E7 14 6.5 ¢
17 12.9 6 6.3 - EL5 g=6.82cc/sec.
E13 7.8 7.1 29 5.3 RPM=1000
£.5 16.1 E10 ) E17 El
El4 12.5 - 8.1 8 3.7, 30 6.2
9 15.7 24 6.7 21 8.5 19 8.6 *
13 15.2 31.5 . 4.06 E19 17.3 8.6
E15 Roll No. 149 - 3 _3.2-7 Roll No. 168
17 13.5 E12 d=19.5x%10 “in. Ll .
E17 20 © o 11.8 E17 19.5 12.8
16 14 E1l4 4 " 7.3 E2
. E18 - 17 .4 "10.1 Roll No. 149 2.4 4.8
13 15.7 . 25 9 _ E3 13.5 10.3
15 12.1 E15 6.5 12.4 E4
16.4 . % 12.4 29.5 7.1 17 10.3  19.4 10.3
Roll No. 169 ' Ele6 o E6 , - E9
"~ ES5 8.5 6.7 18 12.1 10 . _37.8
11.6¢ 16.6 . El7 K . A NCL=40%10 “in.
‘ 27 7.3 g=3.42cc/sec. ~EL-E9
11.4 E18 RPM=500 " 21 7.8
3in.” 22 10.1  Roll No, 168 23.6 7.4
- - NCL=40x10-3in. 3.8 3
© 4.06 ‘g=1.717cc/sec. \ E1l 18.5 8.3
8.5  RPM=25Q" - 21.4 7.4 7.5 4.2
' . El - E12 32 "5.9 .
6.1  20.4 10.3 30.3 6.3 6 3.8
8.1° 23i{5 . 8.3 . g3 . 11.2 5.7
S " E3 .. 22.5 . 7. 21.4 7.2
4.67 12°. 8.5 " - 15 ) -6 4.1 S
S 7:1 29 -« 7.5 12.8 5.6 1 10.7 - 5.2
6.9 "E6 - . Y . ple “ .14.3 5.8
5.7 29, 7.6 12.8 . - g.5 20.5 8.1
. 3.04° Rall No. 169 E17 11.6 4.9
M & El2 . 12.4 6.8  13.5 5.6
8.1 a%22.8 7.1 16 8.7 21.4 8.9
CTeB Ve EBl14 | L20 : 10 - 4.5
cL 1005 . 23 ‘ 6.8 11,1 5.1
6.1 320800 0 2. NCL=35.2x16¢3in. - _
.. NCL®40:x10731% £13 Position No. 18
8.1 o UEE2 - 0 1905 .4 ‘ -
6.3 26.5 7 P 6.9 Roll No. 148 Roll No. 170
~3in. E13 . . £14 q=0.685cc/sec.
31 5.3 18.5 9.8 RPM=100 o
8.7 .. Bl4 27, 8.9 -d=If.6xl0 “in.
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TARLE E-2 (continued)
Xx10° sx10°  xx103 sx10° xx10° Sx10°  xx10° Sx10
Inch Inch Inch Inch 1Inch Inch Inch Inch
‘ b
" Ell . q=1.717cc/sec. 23 12.9 5.3 12.3
4.3 15.2. " RPM=25(Q - . : ' El2
20.8 S17%2 - UE14 _ Position No. 19 8.3 17.5
~ El2. .. 22.5 14050 T ' 16.5 14.6
10 . 21.2 E18 ﬁ%ll No. 173 El4
1z 25.1 6.5 20.8 g=0.685cc/sec. 5 .11.9
E13 Roll No. 170 RPM=100 3. 11~ 50193
13.5 24.3 . . E1 . d=20.5x10""in. NCL=27x10"3in.
17.7 22.1 7.8 17.1 El A El2
© El4 : E2 15.2 16.7 13.8
7 17.2 5.8 l4.6 . ¢ g5 a
9.8 19.8 ; "E3 .3 10.5 . 13.6
6.2 - 22,3 12 . 17.3 E7 NCL=50%x10"3in.
| E15" ©20 16.8 9.5 ©19.8 | E12
8.8 - .17.8 - 21.2 17. 13.4 19.8 18 : 6.8
18.8 23.3 E4 17.3 10.5 El4
. E17 . 15 21.5 EQ ' 11.6 5.2
22.4 13 13.5 19.5 2.1 7.3 22.4 6.8
E19 C o 10 19.8 o
15.7 22.5 q=3.42cc/sec. : E10 ‘ g=6.82cc/sec.
E20 RPM=500 16.5 _315.9  RPM=1000
5.3 15 Roll No. 171 NCL=27x10 “in. . E3
‘8.7 19.2 El o E9 23.5 ©o8.1
Roll No. 150 1.3 4.8 12.2 _3I5.9 37 . 6.2
B2 . 6.3 17.1° NCL=50x10 ~in. E5
2.5 2.8 12.6 . .24.8 22.5 8.8 20 ) 8.5
14 21.3 17 .. 23,9 _ d=20.5x10 “in.
17.5 21.3 E4 : g=l.717cec/sec. E1l
19 - 16.2 12 22.1 RPM=250 3 10.4 18.4
. E4 - : E5 - . d=20.5x10 “in. ES
6.1 S 12.3  720.3 20.4 " E11 9 14.7
12 19.4 16.2 16.7 14.3 14.1
16 21.3 4=6.82cc/sec. E12 16
25 8.3  RPM=1000 9.5 5.1 10.3 17:3
7 . Bl2 18 15.1 12.6 16.8
20 16.8 8 13.9 £13
25.2 7.03 ' Fis 17 12.5  Position No. 20
E8 9 16.6 £L4. , ’
5 S 103 14 25.8 16 17.6 Roll No. 154
22.5 13.6. 0 E15 ‘ q=0.685cc/sec.
E10 , 5.5 ' 13.6 q=3.42cc/sec. . RPM=100 _3
11 16.1 El6 RPM=500 : d=21.4x10 "in.
17.5 21.3- 7.8 16.2 Roll No. 172 . E2
: ’ 15.5 9 EL1 9.3 17
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Xx10° Sx10° X103 5x10° xx10° ; sx10°  xx10° Sx10°
Inch ‘Inch. Inch Inch Inch - ‘ Inch Inch ~Inch
8.5 18.4 25.¢ 8.35 11.3 5.8 53 9.4
g - E5 42006 4.2 45 3.2 54.2 9.1
6.8 17 S _ i N 56.3 9.4
16 lO.&“’Mq=l.7l7cc/sec. q=6182cc/sec. ™ 57.5 9.4
« E7 - RPM=250 RPM=1000 60.2 9.3
7 14.8 ' E1-E10 - . Ell 75.4 8.8
Roll No. 174 17.5 7.6 30 : 2.8 85 7.6
E11 24.7 8,1 E12 94.2 7.15
12 18w wrigerBadi -84 23 - 8.5 E5
oo “E12 7 21 7.8 . E13 ' 27.3 7.6
1.1 2.92 17.7 6.8 14.1 . 10.6 58 9.4
6.6 15.9 2.5 1.67 © E15 63.2 9.4
17.3 14.6° 14 6.7 44 .6 RS ) 66.6 - 9.1
. - El4 35 8 - El6 . 69.2 8.8
19 < 10.4 10.4 5.4 9 N 7.2 100 6.6
E15 41 4.4 27.4 9.8 105 6.2
6.8 Ig<7~ 19.8 6 40 4 4.2 109.5 ° 5.3
9.8 1A.7 NCL=38.6x10"3in. d=21.4k10  in. E6
14 165q o EL /E12 33 8.3
El6 12.4 9.9 .;/;f, - 19.6 36 8.6
11.3 19.4 25 9.4 oo 56 9.4
: “E17 E6 - | Posit\ion No. 21- 90 - 7.4
11.5 17.7 25 9.2 . R b
NCL=38.6x10"3in. 'd=21.4x10-3in. YRoll No. 1 7 e 3.5
E1l1 - ' - E1 g=0.685cc/sec. 5 5,9
20.3 . 11.7 7 - 17.4 RPM=100 __ 40 8.8
. El4 ~ 14 15.9 d=129x10 ~in. T61.3 8.8
32.4 6.3\\ ' tE2 . " EL " 76.6 8.7
“El16 - 3.2 - 11.5. 37 8.8 . 94 7.15
20 9.6 6 15.4 42 9.1 95 6.8
NCL=49.2x10-3in- £2 85 7.6 123 3.16
- El1-E20 © 8.4 18.4 89 ~ 3 B9
29.3 8.35 B2 17.5 6.3
38.2 6.9, g=3.42cc/sec. 30.8 7.6 87.3 7.5
5.1 3.34 RPM=500 98.3 9 96.5 7
6.6 3.7¢  Roll No. 175 693.5 8.4 . 10
12 .4 4.6 E2 ' 59 8.1 9.3 5.4
13.4 7.7 4 . 18.7 121 » 4.1 NI q.2
33 3-8 NCL=49,2%10"34n. £3: SN 9
17.1 7.5 ES . 37.3 3.8 L G7L5 9.3
30 7.7 1205 6.8 55.8 9 90 7.6
30 8.6 15 8.5 110.8. 5.5 95,0 7015
30.6 8.35 By ' ma SEa s 6.9
7.3 6.4 ™S g 31 .2 Roll No. 176

5
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TABLE E-2 (continued) -

3 3 o3 L 3 01,23 3 3 3
Xx10 Sx10 Xx10 Sx10~ Xx10 Sx10 Xx10 Sx107
Inch Iich Inch Inch 1Inch Inch %gnch Inch

_ E16 E1ll 37.2 18.1 E16 :

29.8 . 7.5 8 6 49 19 30.2 10.6
. 32.3 S 7.7 10.8. 6 68 % 19.2 ' L
116 4.7 37 9.5 : Position No. 23
° ELl7 ) 64 .3 . 9.5 g=1.717cc/sec. ,
9.8 4.3 68.3 10.1 RPM=250 Roll No. 204
. 27718s 6 RepS 9.4 El4 g=0.685cc/sec.
. 86 :6.9 35.3 18.1 RPM=100
- 71 . 17.3 NCL=53x10 “in.
45 9.1 " E15 ~ Ell
83.6 8.7 - 43.3 17.9 32.5 o 27.6
91 St 74 17 42.7 18.5
s ec.. ' 98 : 16.2 E12
52 e e E17 34.2 C27.7
- 75.6! S a7 ls 19.1. 50" © 6.3
$82.3 % 9.8 E18 £14
- 9.7 37 ©18.7 7.2 15.9
. 60.8 et 8.3 51.7 5.2
66 - 50 8.7 g=3.42cc/sec. - - ,
- 92.4 - TS 90,2 8.9 RPM=500" -q=1.717cc/sec.
112 5.35 100 7.9 Roll No. 178 - RPM=250
) ' o E2 B £l ~ El6 \
g=1l.717cc/sec. 61.8 9 . 46 17.9 « 9.4 - o1g
RPM=250 83.7.. 9 - 65.5 17.9° 48 A 1 I
- Roll No. 157 92.3 8.5 94.5 19.9 E170 Vs
' E1ll : ) B2 : 11.4 - 2202
69 - 8.9 Position No. 22 37 . 14 16 E14.
70 8.9 . : ' 41 . 15.3 1.5 S 2.2 g
78:5 8.3 0ll No. 179 E3 19.5 23.6
113.2 5.6 g=0.685cc/sec. 12.5 10.3. 24 ) 22.9 -
121.8 - 3. RPM=100 . 28 14.3  37.5. 25.4
: £12 . NCL=100.5x%10 °in.52.3 16.2 44,3 17.7
37.5 .5 Bl 72 14.9
“43.5 9.1 5.8 66 o g=1.42cc/sec.
50 9.4 79,4 19" - g=6.82cac/scc,” RPM=500
1 52.3 9.8 - E2 © . RPM=1000 ROIT No. 181 g
S6u.4 9:1 23.6 14,3 ¢ o Bll ; £2 :
74 - 8.3 a7 21.3  32.5 1;.x Y13l e 1%
87 e} 64.5 18.1 80.6 | 164 b5 .
91.5 7.8 31.8 17.5 ST o 11.4
’ ' 13,4 B8 :
g=3.42cc/sec. . 28 12.4 37 .8 19,4
RPM=G 215 /
Roll vl:‘() . 19 12 .9 4’ sloosooe, )
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L¥¥4\ s ) TABLE E-2 (Continued) NN
X%10° Sx10° “ Xx10° 5x10> xx106° sx10% - xx10°  sx103
"Inch. . Inch, “Inch Inch‘.Inch .: Inch Inch Inch
"RPM=1000 % ., “E20._ - 19 9 24.8
' EL15 10 : 2D,9@,35 9 L
35.4 22 L CoAs 9 . 2.5
M = ’ q~é 42cc/sec o E9 7 _ ~18.3
'Position No. 24 REM=500 T 10 . ‘5.4 22.8 IR
.' % RGYL No. 182 15 ' 7.9 NCL=66x10-3%
‘Roll No. 183 \ E17 177 0 7.9 L El
q=0.685cc/sec. 12 Sow 212 25.5 .0 9] 27.2 9.9
RPM=100 _ .. Roll No. 203, 28.5 N -9 .42 e 9.1
d=22x16 ~in. . NCL=59x10-3in N . B4 |
. E1 EL15 q=1.717cg/sec. 31.2 10.1
- 8.1 19.8 36.6 . . 6.8 RPM=2501} 51 6.5
14 ! 241 R ' Ell ; ES :
" 1 E2 . Position No. 25 1 10:1 15 7.6
10.8 . 17.3 . B 10.1 K
16 -15.8 Roll No.. 185 g=6.82cc/sec.
.- . E4 S q=0.685cc/sec. 9.4 RPM=1000:.
9 16.9 .- RPM=100 - -3 ‘ E11l
15.3 ~  16.2  d=26. 4x10 7.8 54 6
: - EO. " EL : 5 : E12
14. 19.8 3.6 2 14.4 _3. 9.4 31 8.3,
NCL—59xlO 3in. 13.3 .~ 23.8 in. El4
. EI - E2 ‘ * 16 L 7.4
26.5 7.2 10.5 120.2 20.2 El6
.. E9 - 21.8 .© . 16.9: W 23:8. 19 8.7
34.4 - 7.2 ‘ E3 ~ o - E19
b ey 11 Lo 22 19 - 30.8 9.1
g=1l.717cc/sec. V1716.3 23.4 20.9 36 9.6
RPM=250_ 1 . E4 21.6  d=26.4x10"3in.
d=22x10 ~"in. =207 ©10.8 E1l4
El4 22 16,2 1 22.2 7.2 19.3
20 S 3.2 E5 14.3 23.6 9 « 20.4
E15 . 12.2 0. 22.7 17.4 g 25 11.5 = 17.4.
7 .. -13.7 - "E6 22 "15.8 _ E15
-~ El6 8.3 19.8 : . 4.1 16.5
11 ' 23.3 21 19.4 g=3.42cc/sec. 6.8 22.5
5.4 . 13.4  NCL=66x10" 31n RPM=500 . 9xﬂqb 19.3
E17: : .~ E3 "Roll No. 186 17.5 . 20.2
13 . 20.9 24.4° . 9 : El . E17 - ,
- "E18 27.8° . 9 10.9 . 18.4 15 23.9 7
14.8 12.2 .38 9 122 21.2 12.5  24.8 7
© EL9 ' "E6 . - ' 18 25 . E19 '
2.8 4 39, .. 8.6 . E2 4.8 . 18.4  ~
18 4.6 ES .. 10.7 S 18.4 14 21.6\\,,
‘1 '\ }1 '
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- . TABLE-E-2 :(continued) "(
. N . - - i > »

xx10° sx10°  xx10% . . sx10° xx103 sx10°  xx10°  “sx103 .

Inch Inch | Inch Inch . Ifch Inch .Inch " Inch*

\ - - ’ o

17.3 18.4 Roll No. 187" T 8.4 17.3

S . EI1l Roll No. 189 11.4 17.7
‘Position. No.. 26 17 . 5.4 Yg=0.685cc/sec.. E2 :
S . . El3 - RPM=100., o % 17 . - - 14.4

Roll No. 188" 4 S .9.1 d=22.3x10 “in. I E3 |

q=0.685cc/sec, - rﬁ. . El6 : E13 8.5 - 17.6

RPM=100 a3 10, " 21.5 19.5 12.6 "ES

d=20x10 “in." ' . EI18 o El4 4 - 15.3

El | 8 ©18.2 14 17.3 : "E6
2 86 15 - 17 . E16 9.1 . 17.1
3 18 -  NCL=46.4x10-3{7.18. 8 13 v E7? -
.. E2 ~El1 ‘ . .E17. 2102 0 5.3 ¢

10.2 . 18 42 2.6 8;3' 16,9 ' " E8 -

,  E7 . . E13 ° E20 © 12050 0 J19.2
4.3 11.5 4.6 - 3.7 9.6 . '18.7 o e

S E9 . El4 NCL=44.6x10-3in. "g=3.42cc/sec.

13.8 17.3 27.8 8.3 E16 - RPM=500
"NCL=46.4x10-3in. 40 SH.5 22 . < .10.1 Roll No. 190

'29.5 7.2 - . E15 .38 5.4 E5

.30.8 . 7.2 10 S 5.4 . E17 - 9.9 17.6

32.7 7.2 24 8.3 14.6 - 8.3 18 - -13.4
o ' E20 a ‘ E6

‘q=1.717cc/sec. g=6. 82cc/qec 19 ., ' 9. 5.4 . 17.6

RPM—250 "RPM=1000 18.4 13.4

Ell : EL - g=1. 7I7cc/sec. » E8

23-\ 7.2 105 5.2 RPM=250" 14 18.2

€14 E2 - L . El Voo - E9:

19.3 7.6 16.4 ~ 7.4 11.8 7.2/ 9.5, 18
- El5 ., C E3 17 9.4 NCL=44. 6x10 ~in.
- .23.5 7.2 27 7.4, 22.6 - 10:4 . E2

El6 o "E4 ~ E2 - . 23.5 9.6
7 L. -6.9 19.8 7.4 35 ‘ 6.9 " E3
=17 a=20x10 in. E3 . 15.2: 707

20 . . 6.6 El 21 8.6. 23.2. . 7.7

: E18 - . 4.6 14.4 ES .. E5 . |

' ‘3. 8.5 E2 ~ _~. 8.8 6.5 7.8 - 6.4

d=20x10 ~in. 7.8 13.7 * E6 - 18.9 77

' E14 : CE4 - 19.5 . .8.2  35.5 5.2

10 ©18.1 5.3 .. 12.2. E7 38.5° . 4.5

' ‘E18 ' 9 . . .14.3 28.4 9.1.. E6 -

11.1 S 18.1 E10- . - _ E8_ R 10.5 - 8
L 3 - 11.5 19.7 24. 5 _5. 8.8~ 21.8 9.3
. g=3.42cc/sec. C ' d=22. 3xlO in. 33 8.3

'RPM=500 ‘ Position No. 27 " El 37 6.8
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- TABLE E-2 (continued)
xx10%  sx10°  xx10%  sx10® xxin? sx10% xx103  sx1o?
Inch ~Inch Inch . ,.Inch Incly N Inch Inch . Inch
. 'E7 -~ .El8, . 18 -~ 6.3 E167,
34.2 : 6.8 16 - 15.8 o " ’ 9.4 S 21.8
- . E8 ~ .+ o g=3.42cc/sec. . 1.5 - 6.5
20.4° 9.5 '\ Position‘No. 28 RPM=500 : \ » "E20
©23.5 - . 8.9 ~ “Roll No. 191 . 13 © . -21.8.
30.6 - 8.6 Roll No. 192 El2 | e
E9 g=0.685cc/sec. 1.5 5.7 g=1.717cc/sec.
19 9.5 RPM=100 . 4 8.5 .. 18.3 : RPM=250
o o d=20.1x10 in. . E13 ‘ E3
¢=6.82cc/sec. - E1l 8.8 ., .19.7 16.1 21
RPM=1000 6.4 .16.5  13.6 18.5  19.5  16.8
‘Bl .0 14.8 ©15.4  18.3 6.8 E4
22.6 ~ © 10.Y E2 ~ El4 ‘ 20.6 . 14.5
: El2 . 13.5 17.2 13.2. . 18.5 CE9
8.1 7.6 . E3 . E1S5 ~ 10.5 23.8
© EL3 9.8 -~ 18.3 13 ' 19.5 o
23 8.5 2 ©19.1 _ . g=3.42cc/sec.
35.2 . 6.1 _ ES o~ g=6.82cc/sec. RPM=500-
. El4 . 10.4 18.3 RPM=100Q Roll No. 202
14 9.3 . ET . E2 . El. -
B 6.8 10.4 18 11 ©'22.6 - 8.8- .21.4 .
E15° 5 . 14.7 . . E3 17.3 23.6
34.8 7.7 ~15.8 . - 14.3 11 . 22.3 ES
- El6 NCL=35x1073in? .14 16.7 22.8 1 e
30.6° 7.7 - ES8 " E4 W o B
40 4.2 14 . 8.4 15.7 13.4 g=6.82cc/sec.
24.3 8.6 E9" . . ES o RPM=1000
N E17 11.2 7.7 14.3 21.2 \ E20 -
12.5 - 8.8 ’ ~« E6 13.4 - 14.4
21.5 9.8 . g=1.717cc/sec. 16° 17.2 7 Roll No. 194
24.5 9 . rpM=256 . - ‘E7 : | 8o =
9.8 _ El4 5.2 12.8 4.1 ™ 17.3
50 - -475 25.4 g.2 10.8 ~ _ 19.7 .
. 18 7 d=20.1x10"3in. - ; " position No. 30
4 3.3 7 E11l Position No. 29 - -
14.5 9.5 . 12 ST B ' 'Roll No. 196
5 9.5 ’ " 'E12 Roll No. 193 " g=0.685cc/sec.
. E19 o2 6.5 qg=0.685cc/sec. RPM=1003~;3 -
4.2 3.9 4  12.2 RPM=100  _4 d=21.5x10 “in.
- 1E20 10.8 - {17.6 d=26.6x10 ~in. ) El
15.3 .. 8.6 ' 14 16.6. - E1l4 .- 18.5 14
d=22.3x10 “in. 17 10.3 15.2 - .20.3 E3 =
El12 N E13 7"  El5 12 . 25.9
6.5 . 22.3 16.9 22.5 - 14.5 E4 :
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TABLE E-2 (continued) S5 £
. T St
3 3oc. o3 3 .03 3 3
Xx107- " 8Sx10°  Xx10 +5%107 Xx10 $x10 &x10 . Sx10
Inch .Inch Inch Inch 1Inch Inch ° Inch Inch
L | SRS . o
. [ — - p 3 i ; K
6 Y 19.8 3 13.7 . £14 . " E20
- E5 16.3 - 19.4 15 - 15.1  35.2 O 7.1
4.5 - 16.2 E4 - 23.3 - l4.4 27.4 \16.1
8.2 19.1  10. 249 E1l5 ~ -
17.4 18 - NCE=44.2x10- 31n 14.5 . 18.3° g=6.82cc/sed. -,
NCL=44.2x10-3in. E2 CBEl6 - -RPM=1000 ;o
El - 17.4 10.9 19 . 19.8 T El '
37.8 - .. 6.5 22.6 S 12 . T*E17 . 12.5 13.5,
OB E3. 6.0 . . 12.6 22.7 12.9
23 - 12.6  .7.3 6.8 19.5 - "19.4 20.5 . - 13.5
. . E4 34\\, B 9.5 32 " .y 14.4 E2 !
- 13.3 10.1 0 v . E4 . E18 7.5 0, 1.8
. ES 18 : 11.8 12 S 14.4. 12.5 . 15.2
..10.3 10.1 .+ _ES 36 . 8.3, 20 . 4.7
34.3 O 10 7 : .} E4 -
. E6 O 'g=1.717cc/sec, 7 , 10:9.
35 .7 7.2 g=6.82cc/sec. s RPM=250 | 20.5 4 1611
, , . . *RPM=1000 ¢ E5 . : T
g=1.717cc/séc. E11l 11 . . 19.4 Position No. 32
RPM=250 . - 8.5 6 - : E¢ ' o oL
Roll No. 197 17.5 ., 10.2 26 . 18.7 Roll No. 199°
E2 & E17 - E7 g=0. 685cc/sec
10 - 7.5 -19.2° . 11.1 34.5 . . 9.4  RPM=160 ° '
16.4 - 10.1 E18 ‘ , E8 - 'NCL=70x10 ~in..
. E4 ; 32 - 10.9 22, 19.4 . El )
212 10.4  d=21.5x1073in. ELD o 8 7.7,
d=21.5x%10734in. _ E12 3 - 6.8 33 7.7
~ E2 5.4~ 12.4 16.5 18 E2
2?5  15.8 8. - 17.2  28.5 15.1 7.7
8. - 21.6 E1l8 } 7.3
B3 14.5 19.7 g=3. 42cc/sec 7.3
6.3 . 16.6 . E20 . RPM=500 N7
L 14.3 22.6. 5.4 * 14.2 Roll No. 201° . E3 " N
o R4 o : - E13 -6 7
‘10.5 . 21.6 Position No. 3138 ~ - . 6.7, 34 7.3
- e - S E1l4 . E4 S
" g=3. 42cc/sec. "Roll No. 197 30 15.2 . 30 6.6
.. RPM=500 . " g=0.68%cc/sec. . E15 40 7.3
- Roll No.-195 JRPM=100 17 177 ES ,
5 El . NCL=40x10 ~ipZ 32.5 10.1° 0 - 7.3
2 11.5 ' E13 ' EL17 3.5 - 7.3
- E2 12 -17.6 7.8 - 11.8 9 7:3
9 . 23.6 24.3 . 18 E18 14.5 7.7
E3 29 18 26.2 : 16.2 26 7.3

3

4 -
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. TABLE ‘E-2 (cgntinued)y”
xx10° - sx10°  xx103 Sx10° T
~ Inch’ . Inch Inch - Inch
© 40 €.6 g=6.82cc/sec. .
" 45 6.6 RPM=1000
52 5.1 > Ell
SR A I 7.5
g=1.717cc/sec. . 21 7.5
RPM=250 . . . 50 4.8 '
© . nEll i 58, 4.8 .
4 s 7.5 62 3.3 . Lo N
‘5 7.5 - El2 Lo . ‘ ’ ‘
16 7.5 49 5.5 :
22 7.5 55 5.1
26 7.5 . E13
53 6.6 10 .- 7
57 5.9 19 . 7
> El2 : 37 &.4
0 7.3 39, 6.4
4. 7.3 55 5.4
13 7.3 5998 4.2
-'25 7.3 . ' El4
27 7.3 .75 7.5,
35, 7.3 9 L5
56 5.9° 23 L 7.5 j
. - . 58 . 5.7 . ,
g=3.42cc/sec. . :
'RPM=500, " ‘
Roll No. 200 - : ' _ :
. El1 N o v ‘ o ‘ ‘ e,
: 5 : 8.1 R T, .o . S
- 10 8.1
i5 8.1 |
28 8.1 i
. 53.5 5.2 ¢ "
64 3 -
ST E2 - :
22 ' }.6.9\) .
© 27 6.9 o _—
41 6.7 I
57 4.9
‘ E3 *;;PJ ‘
21" 7 S -
39 .7 -
57 B 4.7
60 - 4.2 F



