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. ABSTRACT

The.objectives of this research were: (a) to measure and
correlate axial velocities upstream of an abrupt contraction,
(b) to describe the upstream flow field by measuring cone
semi-angles and location of eddy centers, "(c) to determine
the effects of instability on- the Bagley plots, the total
pressure loss flow rate curve and contractlon losses, and
(d) tO»present a criterion for the onset of fracture based
on inlet conditions.

A flow visuelization method was used to measure axial
and radial velocities. Qualitative observations of the up-
stream flow field and the jet of fluid'issuing,from.the
capillary tube were obtained; preSsure'traces were measured
at a pressure taé upstream of the contraction. The‘coh-
traction losses and shear streSses'for three;aqueous sugar
solutions, an oil Priﬁoi—355 and an 0.20 percent aqueous
*solution of Separan AP-30 were obtained from Bagley plots,

~ The Newtonlan solutions were used to establlsh the experiment-

al accuracy.,

The experimental results and conclusions are: Within
region I, (a) a stable wine glass structured flow field
was observed (b) the axlal veloc1t1es w1th1n the central

acceleratlng core are represented by

A

v* = exp(~(z**)1+%) 11 0+0.41n2;72-0

(c) the radial velocity component at high flow rates or

iv



small initial cone semi-angles, and for r<D is negligible

(v 20.15v_ ), (d) the initial cone semi-angles are represent-
" ed by | ‘
' D>, 0.60

¢ = 19 ()
‘ 0 GOQ

(e) as flow rate 1ncreases the 1ocat10n of the eddy centers‘

progressively moves farther away from the contractlon along
a well defined path, (f) compar;son of eddy centers at the
same flow rate reveal that the egdy centere are-located
farther upstream in larger'sized reservoirs, and (g) the
pressure traces and the jet of fluid are smooth.

Within region I1, the centralucore of fluid oscillated
to and fro (swirling motion); the intensity and frequency
of these OSClllatlonS 1ncreases with flow rate There are
no measurable changes in the pressure traces and on the jet
of fluid.

Withih region III, (a) the flow field is "chaotic",

(b) the onset and magnitude ef measurable pressure fluctua-
tions,'ihdependent of L/D‘ratio, coincide reasgnably with

- the visually observeé onset of region III, (c) the jet of
fluid oscillates with a frequency approkimately equal to the
frequency of the pressure fluctuations,i(d) the oecillation
of thevflow field between stable and fchaotie" flows results
in'two Bagley plots, two values of»the contraction iossee,
and a discontinuity in the total»pressure loss—-flow rate |
curve. The flow curve is uhaffectea byfthe onset of flow

y .

T ke
W

instabilities.

o



Ret

The dependence of contraction losses on capillary tube

diameter, feserﬁbir size, and Reynolds number can be ex-
plained‘in“térms of the"uéstreém.flow field i.e., stable,
swirlih;, or "dhaotic" - It is incorrect to correlate con-
traction losqes ‘with Reynoldu number when, over the same
range of Reynclds numbers, the flow field ghanges from stable
to "chactic". 3 Huj .

Hencky's strain measure, based on inlet conditions,

-suggevts that the cnset of flow instabilities (reg1on II)

commehces at a flow ratc glven by

n'+1,2 p3

3T+ B

Q. = 120.52(5077 -

At fixed flpid properties, this criterion qualitatively pre-

'diCts the dependence of tube diameter on the onset of flow

instabilities.

vi
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INTRODUCTION

The char?cter of velocity fields of polymer melts and
solutions is of considerable rheologiqal importance and
technological interest; Mucu time and effort have been spent‘

5
by rheologists on developing experimental techniques to
determine normal stresses of polymer melts and'solutions/
€.g., the rotational viscometer and capillary rheometer.
The rotational viscometer is limited to low shear rates,
whereas the latter is sui. 1ble for measuring normal stresses
at hlgh shear rates.* Among the p0551ble geometries for.a

caplllary,rheometer, the flow from a reservoir or pipe to a

tube of small diameter.haslreceived'codsiderable attention

N
A\

during the past decades. The flow at Pe entrance of a

-

capillary, which is the main focus of this dissertation, is
described as a convergingﬂaccelerative flow. This conyerging
accelerative flow is aeparticularly importaut one because of
the wealth of data and experience derived from the use of
caplllary rheometers. Many 1ndustr1ally 1mportant processes
such as the flow of a polymer melt into a die- or spinneret,

. the drawrng—doun of a moltgn polymer fibre, sheet or tube

are examples of this klnd of flowu.

The polymer process inéustry ﬁas long realized that the
rate of productlon is limited” by dlStOItlonS 1n the extrudate
(melt fracture) whlch 1s related to Flow/and stress fleldS in
the entry reglon Several onset crlterla have been suggested

These crlterla based/on cor elations of melt fracture with

rheologlcally relevant dimeénsionless or dimensional para-

XXv



. meters, seem justlfled only on empirical grounds 51nce the

1
\

-actual upstream flow—fteld 1s complex. These correlatlons,
if successful do not constltute an explanatlon for the
onset of fracture. -It has been conjectured'that the oﬁset4
of‘these flow instabilities may be initiated either’in the
entry region ahead of the capillary tube_or within the tﬁbe
. T
itself. It is not possible to state unequivocally that the
initiation site is either one or the other. There.is
general agreement (27, 52, 132, 184) that: (a) the initia-
'tion site for melts exemplified by low density.polythyiene
(LDPE) melts and fgr sevifal polymer solutions occurs with-

in the entry region, and (b) the onset of melt fracture

’ .
results in ‘the breakdown of the characteristics "wine glags" .

flow field within>the entry region. With high density \~
volyethylene (HDPE) melts, the ;nitiation site is?belie ed —
©o occuy within the capillary tube (27, 130, 183). Exp ana-
tions for melt fracture based on 1nlet conditions (59) have,

not been tested severely since detalls oéj%ﬂe upstream
veloc1ty fleld are not well known.
In ordep that the design of processes involving polymer

nelts or solutions proceed on a sound engineering basis, a

[

-

quantltatlve understandlng of entrance flow is urgently ,

4needed. Based upon the aforementloned the objectlves of

this research are:
.o

1. To measure and correlate the velocity fleld w1th1n
the acceleratlng region of flow upstream of a caplllary

0

entrance.

o

XXvi



!

2. To determine the onsetiHf flow instability as ob-

served in the upstream velocity field,wthe pPressure traces,

and the jet of fluid.

3. To evaluate onset criteria based on inlet condi-~-

tions and on steady laminar shear flow (SLSF) in the

capillary tube. Y

C 4. To determine the effects of reservoir size and

ucaplllary tube length to diameter ratlo on the onset of

flow instabilities. .
5. To determine the effects of instability on the

o

contraction losses.

Xxvii
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CHAPTER I
REVIEW OF LITERATURE

1.1 . ' CONTRACTION LOSSES ‘ -

The review deals ;ith: (a) the analySes which have
beeﬁ developed to predict contraction losses, and (b) the
comparlson of contraction losses predicted through these
analyses w1th experimental data for SLSF. The types of
fluids con31dered are Newtonian and non-Newtonlan Non~
Newtonian flulds, those whose shear stress is not linearly
dependent upon the sheer rate, can be classified into purely
"viecous and viscoelastic. With purely viscous non-Newtonian
fluids.the,shear streSS'ie a function only of the shear rate,
whereas with the viscoelestic fluidstthere is a partial

recovery of deformatlon upon the removal of the deforming

stresses (131)

1.1.1 NEWTONIAN FLUIDS

When a fluid flowe from'a reservoir into a capill-
. ary tube the velocity dlstrlbutlon undergoes a change from
some 1n1t1a1 proflle at the 1nlet of the capillary tube to a
fully developed veloc1ty dlstrlbutlon downstregﬁ. With
refarence to”Figure 1.1, if fully developed flow existed
froau Sectlon 2 up to the 1n1et referred to as Sectlon 1,
the correspondlnq pressure loss,~Pi - Pz; over the leng 1

L, is given by the Hagen-Poiseuille law (20) . This laé
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states that

P* - p

1 2 _ 64 L - 11
o V2,2 Npe D |

where V is the average velocity in the capillary tube, D

Re is the capll-

lary-tube Reynolds number, and p is the fluld den51ty.

is the capillary tube internal diameter, N

The contraction losses, defined as P0 - Pi, are comprised
of: (a) the pressure loss due to fr1ct10nal dlSSlpatlon up-
stream of the contraction (assumed to be negllglble), (b)

the pressure loss due to the restrlctlon in the Cross- -

_sectlonal area (P - P ) ‘and (c) the pressure loss arising

- from the development of the veloc1ty proflle in the entry

' length of the capillary tube (P - Pl)'

'Inertial Contribution'

Con51der flows with significant. 1nert1al ef‘ects, i.e.,
caplllary tube Reynolds numbers greater than 1000 but less

than 2100 (161). By assuming: (a) negligible frictional

':dissipation upstream of the contraction (69), (b) an

B
e

infinite reservoir, and (c) a flat velocity profile at
Section 1, the macroscopic mechanical energy (ME) balance
when applied between Sections 0 and 1 yields the relation-

ship .



Hagenbach (69).§ssumed that the remaining pressure loss,
Pl - Pi, was;due to thg'change in kine;ic energy arising.
from the development of a flat velocity brofile at o
Section 1 to a fully developed parabolic profile. downstream

of the contraction. This results in

- '
PP

P V2<’-

Overall, the contraction loss, ¢, is

= 1.0 - 1.3

/' p_ _ pt A
¢H.=';9_7;_l = 2.0 1.4
p'vVT/2 :

- Other theoretical analyses leading to predicéions of ¢H

were summarized by Catania (38) and Sylvester (161).

Values of éH are reported to vary from 2.08 to 2.41 (26, 33,
35, 36, 45, 1001 148, 1504 167, 181) dependingvuéon the
analysis and tﬁe assdmptions'used. Therefore, contraction

P

losses at high Reynolds numbers can be summarized as

¢H = K' .00 < K! < 2.41 . 1.5

where K' is the Hagenbach correction factor. If an infinite
conttactioﬂ is not assumed, then the éverage velocity at
Section 0 is not negligible with respect to the average
velocity in the capillary tube (Seétioﬁ 2). Based on
kinetic ene;gy.consideraﬁions AIOne, the macroscopic ME

balance, whén applied between Sections 0 and 2, yields



| ¢

o =20 (1-8% | | 1.6
)
where B is .the ratio of the capillary tube area to the
» féééfvoir area (93). Equatioﬁ 1.6 reduces to Equaéion‘l.4
when B = 0, i.e., an infinite reservoir. .The deveiqpment

of Equatisn 1.6 assumes fully developed flow at Section 0
and negligible frictional dissipation upstreaﬁ of the con-
traction (92). The létter éssumption was indicated by ob-
serving thgt bressure gradiehts upstreaﬁ‘df the con%rac—
tion were negligibie, gs a first appgoximation, compared

to pressure gradients downstream of the contraction (4).

' Kaye and Rosen (93), using a 0.409 inch I.D. capillarx
tube, experimentally measured the contraction losses through

a sharp edged contraction for values of B that ranged from

0.026 to 0.636. The data were represented by °

o, = (2.32 & .05) (1 - 82) 1.7

Over a wide range of values of B and for geometries other
than a sharp edged contraction, experimental resulfs, with
one ekception.(4 ), can be summarized as Eqpation 1.8

(6, 59, 96, 97, 161)

0 = (2.26 + .26) (1 - 82) 1.8

Astarita (4) reported a Hagenbach correction factor of 5.48.
This large value could be the result of ‘a vena contracta
observed in the pressure profiles along the capillary tube

*

"which has not been taken into account in Equation 1.7.



»

’
1018 p01nts to a limitation of the precedlng analyses

=~ overlooking the ex1stence of a vena contracta angd the

associated entry losses,

Viscous Contribution

The equations of motion were solved'numerically for
flow through a sharp edged contraction and for Reynolds

numbers less than 200 (180). The predlcted contraction

losses are represented-by

K (NRe'l B )

Cc | NRe. i

L

where K(N ,B) is the Couette correctlon factor. with

~contraction ratios less than 0.25 (36, 180) and under

Re
factor is predicted to be constant. The particular value

ereeping flow conditions, N << 1.0, the Couette correction

for this constant depends upon the geometry, the assump~
tions, and the analy51s (40, 86, 127, 145, 146, 164, 185),
hence, the value may range froﬁ'l4 52 to 47.9. Experi-
mentally determined Couette correction factors are reported
to vary from 24.0 to 37.3 (28, 30, 40, 102) which agree
with the theoretical analyses. )

At eapillary tube Reynolds numbers between 5 and 100,
the experimentally measurea contraction losses (4 93, 162)
are greater than those obtained from numerical analyses (36,
180) This difference may be the result of larger circula-
~tive flow in the corners of the reservoir - Kaye and Rosen

(93) suggested that the Couette correctlon “factor may be



expressed as
¢c = (159 * 30) (1 - 82) : 1.10
This dependence of the'gouette correétion factor sn the
. contraction ratio/is‘invagreemeﬁt with the analysis present-
ed by Vrentas and Duda (180).
Over the complete range of Reyholdsinumbers, Holmes

(84) stated that the results can be cast into the form

or ‘
K(NRe,B)
N

Re

-

® = K'(B) +

1.12

|

The Hagenbach and Couette factoré,aré given by Eéuations
1.8‘and 1.10 respectively. It must be pointed out that
Equatiog‘l.lz was not obtained.theoretically, i.e., it isl
not a solution to the equations of motion for laminar flow
of a Newtonian fluid through a sharp edged sudden contréc-
tion. The merit of. Equation 1.12 is that it can correlate
B experimental data (93, 154, 161) over“a.wide range of

Reynolds numbers.
11.1.2 PURELY VISCOUS NON-NEWTONIAN FLUID

A simple viscous model that gives good representation
of shear behavior for purely viécous non-Newtonian fluids is

the power law represented by Equation 1.13 (113)

_ DAP _ 8v.n' A
Tw = =1 = Ko( D) 1.13



where K0 and n' are taken as constants. KO and n' are

obtained from caplllary Viscometer data as

n' d(lOgT )/d(log(——)) : 1.14

=
It

T /(BV n' S 1.15

Here, T, is the shear stress evaluated at the caplllary
tube wall under SLSF and 8v/D or y is the apparent shear

rate. The capillary wall shear rate is obtained from

!

. - av
- z ~ 3n'+1 8V
*lg )y = T ) , 1.16

=
]

The power law model predicts that shear.stress has - linear
relatlonshlp with apparent shear rate when plotted T Hg-
log coordlnates Many fluids approximate this beha. or er
a rande of one decade in apparent sheéar rate but show . gn: -
ficant Curveture over wider ranges;. Hence, compared with
Newtonian fluids; the non—Newtonian fluids cannot be
characterlzed simply by one rhe010g1cal parameter such as
viscosity. _ |

Dlmen51énal analysis (13) suggests that the Hagenbach
and Couette correction factors depend upon the flow be-
havior index. Therefore,

K(ﬁ' ,B,n')

L =-K'(B,n') + Nl ' .l.'l7‘
Re . ¢ )

where the Newtonian Reynolds number- has been replaced by

the generalized Reynolds number, Née' This was defiﬁea,by



Metzner and Reed (113)‘as

2~-n'

SR =D V p ‘ ) -
NP _E“EHT:I_ | | ., l.1s
0

and was developed in the following manner: 1In SLSF through
a circular tube, the friction. factor, f, is given by

Equation 1.¥9 (20)
2,
f = Tw/(p v /2) ‘ 1.19

The substitution of T, from Equation 1.13 into 1.19 gives

;nl_l ' |
16X 8 |

f = ; : 120
TRYOCET .
pp" y<Tn

|

For Newtonian fluids in l%minar flow the friction factor

and Reynolds number are related by
: |

|
{

f = 16/NRe 1.21

| .
The generalizegd Reynolds number is obtalned by equating
Equation 1.20 and 1.21, Therefore all fluids whose shear
behavior is represented by a power law model must follow
the usual f versus NR reiatlonshlp in the lamlnar flow
reglon when use is made of the generalized Reynolds number.
The dependence of the Hagenbach and Couette correction
factors on the flow benav1or index has been predicted by
several authors For an 1%f1n1te reservoir, assuming a flat

velocity proflle at the Eontractlon (26, 36, 41, 45, 165).

|

1
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A comparison between these predictions and experimeneal
data is shown in Fiqure 1.2 for the Hagenbach correction
factor with the flow behavior indices being less than unlty
Overall, the Hagenbach correction factor, and hence the
eontractlon losses,.are‘p edlcted to be less than the value

for Newtonian fluids (n'

\1.0). The relatively large’

differences between predicted and experimental values of

K' is partially attributed |to the elastic natufe of the
experimentel_fluide._ The e feé} of.elasticity, as will be

: N
. . s A . . .
explained in the next sectloﬁx 1s an increase in contraction

losses ‘
on ‘the flow behavior index proposej by Collins and Scho-
l

walter (45)‘jas beeT experimentally verified for 0.585 < n"

L
< 1.00 and 20 < N!_|< 1942 in a 2 to 1 contraction (144)

and is in reasonable agreement wit experimental results
reported by Dodge and Metzner (55). For flow behavior in-
dices less than unijy, contractionclosses can be represent-
ed, therefore, by
@y = K'(B,0') = £(n") (1 -] g2 1.22

where f(n') is given by Collins a?d Schowalter (45).

The dependence of the Couette,correctlon factor on the
flow behavior 1ndex for Nﬁe <<’ l p, proposed by Tomlta (165)

was modified by Boles and Bogue (29) and for infinite con-

traction ratios is given by Equ t Pn 1.23 on page 12.

bt
{

[N
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P = 13'38 o 1.23
] - 1] '>, .
(n*) NRe

]
~

(]

To account for finite‘contraction ratios, Equatlon 1. 23 is
modlfled by the multlpllcatlon factor (1 - B ), as is the

case for Newtonlan fluids.

1.1.3 VISCOELASTIC 'FLUIDS

For many polymer melts contraction losses were mea4
sured at capillary tube Reynolds numbers less than 10 -3
(22, 30, 73, 102) Contractlon losses with polymer solu"
tions, although measured at hlgh Reynolds numbers (5 l44
154, 1e61), support the conclu51ons ‘that can be drawn from
data obtained w1th pPolymer melts.

A v1scoelastlc flpid with the same shear stress—shear
rate behavior ih SLSF but oharacterized by different elastic
-Properties may result inhdifferent values of the contraction
,losses, APc. Therefore, the Couette correction may depend
upon the elastic nature of the fluid. Ag'a fixed value of
lB (B = 0.1616), Astarlta, Greco, .and Peluso (5) measured
contractlon losses for several concentratlons of Separan
ET—597 and Carbopol. Fo; each concentration the flow be—.
hav1or index, n', was constant over the range of apparent‘

shear rates where contractlon losses were measured

o

Furthermore, log-log Plots of ¢ versus Nﬁ were linearly
related w1th,a slope equal to' -1. 0. They concluded that
the Couette correctlon factor may be a unlque(functlon

of the flow behavior index. Unfortunately, the data’



for the highly elastic fluids (Separaa ET-597) and for
the weakly elastic fluids (Carbopol) erflappeé only‘over
a limited range of n; (Figure 1. 3). | This left open the
question of whether elastic effects would result in ]
family of curves relatlng the Couette correctlon factor to
the flow behavior index. Th}s question was partially re-
solved by Sylvester {161) who measured contraction losses
!

at a fixed B (B = 0. 0156) and for several . concentratlons of

three dlfferent polymers. These polymers were Separan

13

AP-30, Polyox, and CMC and each had a flow behav1or index -

-

approx1mately equal to 0.40. The Couette.correctlon factors,
plotted in Figure 1.3,. ranged from 185 for the weakly
elastic Polyox solutions.to 490 for the highly elastic'
Separan AP-30 solutions. -The results substantiated the
claim that flulds having the same shear stress~shear rate

behavior but dlfferent efastlc properties result in differ-
: £ P

{

\

Since contractlon losses are dependent upon the ature

ent values of APC.

of the flow field in the entry region and since polymer

rheology affects the flow field in the entry region, we

elastic flui as implied by Han (72).

o] .
Prediction and Measurement of Contraction Losses

A method w1dely used to lneéasure contraction losses is

the Phlllppoff -Gaskins ana1y51s (3, 30 58, 95, 103,Al37).

. -

» M
9
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1

This analysis was modified by Bagley (8) in order to separ-
ate the viscous and elastic¢ contribution of the overall
‘contraction losses and shali be referred henceforth as the
PGB énalysis. The PGB analysis assumes that the contraction

losses can be represented as an additional length of the

. RN
capillary tube in the developed flow regime, evD, where €y

is an end correction factor (8). The total pressure loss,
APt; measured from a position upstream of the contraction to

the end of the capillary tube is given as

Bl

¢ = bRy + AP . .

AP

AP, + AP+ AP 1.24
d v e

where APd is the pressure loss under SLSF within the capill-
ary tube; APV is the fraction of the contraction loss |
arising f:om‘visgous dissipation, ...d APe‘is the remaining

- fraction arising from the elastic nature of the fluid.

Exit pressures are assumed to be negligib;e. Philippoff and

Gaskins (137) assumed that

AP .= 1 S 1.25
e ‘ :

‘o

where Sy is the recoverable shear strain. The substitution

of Eéuation,l.zs into Equation 1.24 with

bRy = 471 L(D | : 1.26

and



'APV = 4rw€v 1.27

yields
— L ‘
APt = 4TW(Q7+ e, * SR/4) 1.28

A plot of APt versus L/D at a fixed shear rate (Bagley plot)

gives a line with slope equal to 4Tw and an intercept of

_ 1.29
AP 41, (e, * Sp/4)
Bagley (8) extended this analysis by using Hooke's law
(Equation 1.30)
: | ‘
T, =G S ' 1.30

where G is the elastic modulus. TherefOre; for visco-

elastic fluids the contraction losses can be represented as

= +
APC APv APe

- ‘
= 4Tw€v + Tw/G . | 1.31

If a power law model (113) is assumed, Equation 1.31 becomes

n' K2

_ -2m
APC = 4¢ Koy + (——0

1.32

N A .
where m is assumed to be equal to n' and y is the apparent

shear rate in the capillary tube in SLSF. The exponent,
2m, appearing in Equation 1.32, is the same as that which -

appears in the relationship of the normal stresses with

17



18

apparent shear rate (27)

(Py17PFpo), = Kyy2m \ 1.33

Vz-iations of either Equatidﬁ 1.31 or 1.32 have been re-
ported in the literature (72, 102, 161, 169).

~The prediction of APe using the PGB analysis, Equation
1.31 or 1.32, is questionable since.Hooke'e law is not
valid over a Wide range of fluids and shear rates. Hooke's
law is valid only.when the flow behavior index, n', is'eqﬁal
tp the exponent, m, and G is equal to,Kg/Kl. This can be
shown by writing Equation 1.30 as

2m-n'
G(P,.-P..) GK, Y™ :

w R , Tw Ko

However, the Bagley plots are useful in determining the
total contraction losses and is a preferred method when-
ever capillary tube diameters are small. It is preferred
because of experimental difficulty in ensufing thet burrs

at each bressure tap are removed when small diameter capill-
ary tubes are used to obtain pressure profiles. Further-
more, even if the burrs were removed the presence of a \L
pressure'tep alters theiveloeity field in the immediate
vicinity of the tap (73, 79, 12s, l§3). This gives rise

to pressure tar errors as large ae 40% of the primary

ngrmal stress difference.

An empirical correlation of APe with the primary normal



.

stress difference in SLSF in the capillary tube was present-
-ed by LaNieve and Bogue (102). After‘subtracting the vis-
A . ‘
cous contribution, as estimated by Weissberg's analysis

(185), they correlated the experimentally measured con-

traction losses with the primary normal stress difference

by Equation 1.35.

). . = 1.35

APy = az(m,B) (P),-P,o)

The proportionality constant, Ay is empirica iy related
to the exponent, m, and the contraction ratio,Lﬁ. There-

~

fore, LaNieve and Bogue's results can be rewritten as

_ *2m A . 7 _
_APe f a3(m,B)KlY 1.36

Equation 1.36 is equivalent to the second term in Equation

/ 1.32 when m=n' and
«.(m,B)K, = K2/G | 1.37
3 ’ 1 0 -

Metzner et al. (116) presented an analysis whereby

_A?e was not only predicted independent of Hooke's law

but waé based on flow bondifions within the entry region
(prior to the contraction)i"%ﬁése authors used a momentum
balance to show that the contraction iosses, APe, at high
- Reynolds numbers are equal to the primary normal stress
difference evaluated at the contraction. This primary.
normal stress differenée can.be related té measurable

. L : O o
physical properties in -SLSF in the capillary tube provided

19
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the kinematics upstream of the contraction and a con-

stitutive equation are available. b4
&

A

Ueblexr's (173) analysis of the velocity field within
“two diameters of the contraction‘suégested that, as a first
approximétion, the flow is radially directed towards the
origin of a spherical coordinate system. fThe origin is
located downstream within the capillary tube at a point
determined by the extrapolatiaon of the streamlines. . This
gave rise to kinematics referred to as sink flow kinematics
(90). By using sink flow kinemétics and a convective Max-
well model (116), the primary normal stresses at the con-
traction are found to be p{Oportional ﬁo the shear stresses

evaluated at the capillary tube wall under SLSF. fhere—

- fore,

AP, = al(rm)rw VNS 1.38

where al is reléted to a constant r . This constant enters
. _2 ‘ '

into the analysis in order to satisfy the boundary con-
dition whereby the primary normal stresses tend to zero

at sufficiently large values of r, i.e., r = r . As

pointed out by:Metzner et al. (116):
( .

Quantitative assessment of the prediction
of the analysis, for elongational flow described
by the kinematics ... are hindered by the.form of
the result ... which contains two parameters that
‘are not known precisely in most cases. -

The two parameters referred to above are ay and r_.

Experimentally, log-log plots of APe versus Tw do -not re-
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sult in, a linear relationship as suggested by Equation

g38 (72). 1In general, the PGB analysis (8, 137), the

.emplrlcal correlatlon of AP with the primary normal stress

difference (102) the analysis of Metzner et al. (11s),

-and experimental results (161, 72) suggest that

o 2 3
APe = ?lTw + BZTW +-83Tw + ... 1.39_

where parameters Bl, 82, 83, etc. are evaluéted experiment-

ally.

Thé sink flow kinematics used by Metzner et al. (11e6)

does not allow for the existence of shear within the con-

verging flow region that was observed in the stress-bire-
ffingent patterns (30, 63). The use of this klnematlcs

has been made questlonable also by the analyses of the
photographs of the flow field in the entry region (24, 130,
140, 142). These photograbhs show that shear exists within
the conveiging region and the streamlines are not radially

directed toward the origin of a spheridal coordinate systen,

except. for the immediate vicinity of ‘the contraction.

Furthermore, Cogswell (46) and Boger and ﬁama Murthy (24)
measured velocities at the eage of the converging stfeam of
the order 10% of the.centerline veloc1ty which is not
approx1mately equal to the centerline velocity as measured

by Uebler (173). More recently, Nakamura et al. (123)

presented experimental-evidence which shows clearly that the

\ v .
axial velocities measured within 1.5 diameters upstream and
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for values of r < 0.275D are dependent on radial Position.
For example, at 0.50 tube diameters upstream the axial
velecity at r = 0.275D is equal to 0.55 times the centerline
axial velocity.' The above experimental evidence does not
negate Metzner et al.'s method but .poimnts out the need for
a better descrlptlonvof the upstream veloc1ty field w1th1n
the acceleratlng flow region in order to predict contrac-
tion losses independent of Hooke's law.

Basxcally, two flow patterns have been visually ob-

N
served in the entry region upstream of the contraction for
‘polymer melts and solutions. These flow patterns are
exempl;fied by considering a high' density (linear) polyethy-
lene melt (HDPE) and a low density (branched) polyethylene
melt (LDPE). For HDPE (27, 132, 188), polybutadiene (176),
and pblypropylene (10, 47), the flow field is similar to
that observed for Newfonian fluids in creeping flow (43).
The fluid converges into the capillary'thrbugh a 180°
solid angle with a small recirculation in the corners c 2
‘reservoir. For LDPE (10, 12, 188), polymethyl methacrylate

(12, 47), polystyrene (27, 188) and for eeveral dilute
polymer solﬁtions (12, 67, 119, 142,4168, 116), the flow
field is more complex. Vnder creeping flow conditions the
flow fleld is similar to’ HDPE ‘Increasing the flow rate
results in a flow field that is described as being "wine
glass shaped" (WGS) (116, 173) and hereinafter is referred
to as a stable flow field.

A qualitative description of the stable flow field
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is shown in |[Figure 1.4. The fluid entering in&gﬁthe Fapil—
lary tube i confined to a central core which eXténds up-
stream into |the rqservoir.‘AThis distance is dependent upon
.theicontrac'ion ratio, the flpw rate, aﬁd the capillary tube
diameter. he lengths of the arrows within the central
core qualit tively represent the axial distances that a
"'particle wounld traverse over a short time interval. Sur-
rounding the céﬁtral core are largg.eddies that extend up
to the walls of the reservoir. .The velocities within this
region areg significantly less than thode“within the central '
core. As/ the. flow rate increases the location of the eddy .

ove farther away from the contraction with the

centers
central/ core extending farther into the reservoir (50, 188).
The tanhgent to the outermost streamline that enters into

the capillary tube at the‘contraction defines an initial
cone/ semi-angle, ¢0- This initial cone semi-angle de-
creases with increasing shear rate (46, 47, ilG, 129; 130)
';qé elasticity (12, 44, 188). This suggests that the
primary correlat;om quantity for %0 is D3/eOQ. White and
'Kondo (188) have shown that other quantities such as

AP '

and —?9 are derived from this primary

w W

(Py1-Pyy),
T

1
2
correlation quantity.

1.2 INSTABILITY

As polymeric materials are extruded from a capil-

» . N . ’ ’\N‘
/ lary tube at high flow rates, irregularities are noted in

/  the extrudate. This phenomenon is known as melt fracture

/

i
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(27, 177, 188), although it is best described as flow in-

stability (12, 134). Bialas and White (19) extensively

reviewed the distorted extrudates of various polyher melts

and have categorized them into basically two types:

a. Thé extrudate has a screw thread-like appearance
typical of HDPE.

b. The extrudate has an uneven swell and eventualiy
a Very severe distortion at high flow rates. This is
typical of LDPE. | "
The distortions in the extrudaté and in the flow field‘
upstream of the contractioh observed for pélymer solutions
(119, 130, 132, 143) are similar to those observed for
LDPE melts (12, 188). Therefore, it can be: inferred that
the initiation site, the méchanisms causing the'ogsét of
fracture, and the effects of reservoir geometry.and capill~
ary tube length on the opset of melt fracture for LDPE
should also be apbliéable to polymef solutions. |

Experimenpal studies have been -directed toward the’
determination of the initiation site for the onset of flow
instabilities and the resulting features of the disturbed
flow (12, 24, 53, 63, 130, 142). In general, the initia-
tion site may occur within the inlet region (inlet type‘
fracture) 6r within the capillary tube (capillary iﬁitia~
tibn). As.poiﬁted out by Rothenberger (149) and others
(27, 134, 136) the initiation site itself may be a vari- -
eble. Visual observatidns of changes in the velocity field

within the reservoir (12, 24, 130, 132, 142) or within the

25
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capillary tube (17, 53, 107) are used in determinrng the
initiation site. indirect methods sucH as the tetal pres—~
sure loss-flow rate. curve reFerred to .as the apparent shear
stress apparent shear rate curve (52, 53\ 105! 120) and the
flow curve referred to as true shear stresseapparent shear
-rate curve (136, 182) have also been useg/j The flow

curve is obtainable from the total preséure loss-flow rate
curve once the total' pressure losses are corrected for end
~ffects. The ‘end effects are obtainable from Bagley plous

or from pressure profiles. '

1.2.1 CAPILLARY INITIATION
It has been suggested that therlnltlatlon 51te nay
exist within the caplllary tube rather than in the inlet
reglon (19). In HDPE melts, the flow curve 1nd1cates, al-
most w1thout exceptlon 4 double value of the shear stre%s
or apparent shear raLe at the onset of flow 1nstab111t1es
(23, 53, 105). However,-plots for entrance effects, i.e.,
log~log plots ef the total pressure loss versus flow rate,
show that at tgg onset of instabilities no discontinuity.ﬁ
is present.
The existence Jf a double value of the apparent shear
3rate is revealed by the use of a constant stress rheometer
(1, 3, 179, 183). A constant stress rheometer is achleved
by maintaining a constant pressure in the reservoir pro-
ducing a cbntrolied piston force or by direct application

of a gas at aVcontrolled.pressure. The volumetric flow

rate is measured to obtain the apparent shear rate. On

T e e A e et Pt S b et ¢+ an s o m
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the other hand, the existence of a fluctuation of the shear

rate (53, 120) and a double value ésthear stress is re-
vealed by a constant rate rheometer‘which is é‘hydrauiic
cyliﬁder mqving at a constant réte. The shear stress can
be evaluated either by the Bagley plot'or by bressﬁre
profiles‘S It can be deduced that éhe qauble value of the
shear stress and fluctuating-Shea: rate can be explaihed

best in terms of the relationship bétween voluﬁetric flow.

rate and reservoir pressure as given in the flow curve (105,

)

134). The flow curve givgn in”‘Figure 1.5 is divided into
.three regions: a stable region, an unstable reglon, and a

second stable reglon ‘At flow rates less than QA the
velocity field is stable and viscosity decreases with

increasiné'shear stress. The extrudate is smooth. The
. AR N

cyclic path indicated by the arrows represents the periodic
pressure flow rate seéﬁence that would Be followed‘for an

Ry
imposed mean flow rate lylng in the unstable region. The

RS

horlzontal lines represent essentiaily discontinuous jumps

A

in the flow rate. If the chosen volumetric flow rate Iies
in the unstable region, the acﬁual volunetric flow rate
alternates between the two liqgts, Q, and Q,, and the ex-

trudate surface changes accoxdingly from snooth to rough,

N

This 1nterpretat10n 1np11es that the nature of the flow

field within the capillary tube is 1mportant 1n settlng

-

up égt 1nstab111ty. The onset of flow 1nstabilities can

*”L

be shifted to higher apparent shear rates by broadenlng the

molecular weight.distribution (120), by reducing thé mole-

~

27
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FIGURE 1.5

RESERVOIR PRESSURE AS A FUNCTION OF VOLUMETRIC
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cular weight (179), or by increasing the temperature of
the polymer melt (103, 117, 177).

Moet authors attribute the cause of.melt fracture in
HDPE melts to slip at the wall (18, 135, 182) although other
mechanisms or explanations have been discussed by Casey
6\537)’ ﬁagler'(7OY, Bogue and White (27), Petrie and Denn
:1u1136) and Myerholtz (120). Direct evidence of slip at the
wall) is limited. Benbow and Lamb (18) presented evidence
'that this occurred above the onset of”nelt fracture,
Recently, den Otter (54) found elip at the wall in low temp-
ature flows of ethylene-propylene melts. Indiiect evidence
has been presented by Lupton and Regester (105) and Blyler
and Hart (23) by the inclusion of a non-zero velocity at
the wail as & boundary condition for flow tnrough a eircuiar
tube; the shear rate or the velocity grdadient at the tube
wall i§ linear with respect to D! at a constant T, In
the event of slip at the tube wall the slope of this line
i; positive while for zero slf% at the wall the slope is
equal to zero. Results for HDPE melts substantiated the
mechanism of slip at the wall (23 105).

iﬁlthough photographs of the unstable flow field in
the entiy region are few andAnot very detailed,‘Bagley and

Birks (10) concluded that the ffequency of observed recoil-

ing in the flow field (description given on page 30) are

greater than those observed for the flow of LDPE melts.

1.2.2 INLET INITIATION

[a]

The discontinuity noted in the flow curve of HDPE

.
\



melts is absent for LDPE melts (16, 23, 105, 179), poly-
styrene (179), and polymethyl methacrylate (16). The plots
of the entrance effects, 1.e., log~log plots of the tota
pressure,loss versus flow rate,‘exhibit a discontinuity at
the onset of melt fracture, Hence, for the flow of LDPE
melts, polystyrene, and polymethyl methacrylate, the onset
of flow instabilities is believed to occur within the inlet
region (136, 187, 188). The pPlotting of the experimental -
data for LDPE according to the analy51s -Presented by Blyler
and Hart (23) conflrmed that”slip at the wall was non-
ex1stent In addltlon, the experlmental measurements of
veloc1ty within the vicinity of the capillary tube wall
(17, 53) showed that the velocity at the Capillary tube
wall was equal to zero for polybutadlene and LDPE nelts,
Maxwell and galt. (107) measured velocity profiles but thelr
resglts are doubtful due to errors in measuring the

distance from the wall.

eénters into the capillary tube through a central acceler-
ating core as it passes from the reservoir into the capill-
‘ary tube. At the onset of flow instabilitijes the stable
flow fleld breaks down (12, 188).ﬁ The fluid normally
entering the capillary tube through the WGS core recoils

and as the material re001ls the fluig enters 1nto the
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flow rate. Correspandingly, the extrudate is distorted.

Prior to the recoiling of the fluid, observations of a

siight swifling Oor spiraling motion have been observed

(12, 132,°188). The intensity 1ncreased w1th increasing
flow\rate w1th a corresponding helical’ distortion of the
extrudate. Fluctuations in the pressure were measured when

IS
S

the spiraling motion became mbre accentuated "(12) .
2 : ’\An unstable flow fiéld similar to that reported for
LDPE melts has been observed for, polymer solutions . (30,
119, 130, 142). Recently, Rama Murthy (142) reported
visual observétions based on the flow field for a 1.49%
solution_of Separan AP-30 in a 50% by weight glycerol-water
mixture. He observed that at low flow rates the flow field
wag WGS but at a certaln flow rate this flow field develop-
ed a splralln flow (descrlptlon given by Rama Murthy)
whose intensitly increased with fldw rate. The flow field
failed to exhibit any regularlty with further increasesg
in flow rate and was descrlbed as being "chaotic” (descrip—
tion given by Rama Murthy). At even higher flow rates
this "chaotic" flow field abruptly changed to the stablé
flow field that is associaéed with the stable flow of HDPE
‘melts. In all of the above observations no attempt was
' made to obtain photographs from which»theQdetails of the
velocity‘components can be measured. These 5. rvations
do suggegt, however, that failu;e of the raterial,/as an
explanation of melt fracture, need not be invoived.

In an attempt to predict the onset of flow instabili-
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ties certain theoretical considerations such as linear
stability theory (135), the accelerating wave mechanism

(37), and the growth and maénitude of the normal forces
within the entry region (116, 119, 173) have been considered.
The application of such theories requires a.tractable con-

stitutive‘equation and a detailed knowledge of the upstream

‘velocity field. Since the stable flow field is complex and

has not been fully described either mathematically or
empirically, existing analyses have dealt only with the

stability of shearing flows in the capillary tube (147).

This was simplified even further to the analysis of the

stability of shearing flows between infinite parallel plates
(109, 138). Ultman and Denn (174) suggested that when the
velocity of propagation of the shear wave is of the same

order of magnitude as the frictional velocity, a disconti-

nuity occurs in the slope of the streémline. Although the

streamlines were hot obtained directly, Boger and Rama
Murthy (24) observed that for several aqueous polymer
solutions the Velocity distribution at théientrgnce of 'the
capillary tube underwent/an abrﬁpt change. This apcurred
when the ratlo of the shasr wave velocity to the fflct10n—
al veloc1ty, evaluated- under SLSF in the capillary tube,‘
was equal to unlty.

Since the;e is no detailed empirical description ‘of
the stable flow field in the entry region, mechanisms
previously mentioned cannot be tested rigorously as to \

.their ability to predict the onset of instabilities in
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polymers where initiation occurs in the inlet.

1.2.3 EFFECTS OF ENTRY GEOMETRY AND CAPILLARY
The effects of entry geometry (48, 70, 114, 152,
\ .
170, 188) and capillary length to diameter ratio (12, 13,

70, 85, 134) on the onset of flow instabilities are not

- firmly established. When the initiation site is ‘inlet

initiation, Tordella (170) reported that shear rates at the
onset of flow instabilities increased by an order of
magnitude as the die entry half-angle was altered from- 90
degrees to 20 degrees Metzner, Carley and Park (114)
reported a slight increase in shear rates whlch was 51g—
nificantly less than the two orders of magnitude increase

observed by Cogswell and Lamb (48). On the other hang,

" Schreiber, Bagley and Birks (152) stated that the entry half-

angle had no effect on the delay of flow instabilities.
They coneluded that for flows in conical shaped entrances
the frequency of rec0111ng of the center flow 1s higher and
the magnltude lower Thls reduced the dlstortlon in the
extrudate and could cause mlsjudgement in estimating the
flow rate at which instability commences. Finally, Hagler
(70) reported critical shear rates (or shear stresses)

30 to 50 percent lower in a‘45° entrance than in a 90°
entrance. When the initiation site is in the caplllary,
the effect of the die entry geometry on the onset of flow
instabilities was found to be 1ndependent of die entry
geOmetry (53).‘ However, Hagler (70) observed that the‘

shear rates at the onset of flow instabilities for HDPE
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melts decreased two to three times as the die entry half-
angle increased from 45 degrees to 90 degrees. This is
consistent_with resulté repérted_by Cogs&ell and_Lamb (48)
and Ferrari (62) fof polypropylene helts. Cogsweli and
Lamb (48) used slightly tapered die entry half—angles,.half—
angles less than 4.5 degress, whereés Ferrari (62) varied the
tapered angle from 90 to 3 degrees. A more detailed in-
vestigation of the flow %ield within the entry region
would assist in understanding the effects oftentry geometry
on:the onset of flow instabilities. |

The effect of thexlength to diameter ratio 6n the-
onset of fiow instabilities for several polymer melts is
 summarized in Table 1.1. With the exception of the resulﬁs
reported by Hagler (70) and Ballenger et al. (13) for
JHDPE melt and Ferrari (62) for polypropylene, all £he cited
authors reported that tﬁe length to diaméter ratio of the
capill;ry tube had an effect on the onset of flow instabilit-
ies. Tﬁe majority of these results indicated that as the
length to diametef ratio increased the critical = ar
stress inéréased, i.e., higher throughputs could be
achieved prior to the engydate being distorted. ;t was
.postulated that fluctuations should decay down thé capil-
~lary tube so that increasing the length of the capillary
tube Should tend to stabilize the extrudate (85, 134, 152).
Han and Lamonte (80) measured thetpressure fluctuations

for a LDPE melt along the capillary tube length. They

found that the pressure fluctuations decreased along the
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TABLE 1.1

EFFECT OF L/D ON ONSET OF INSTABILITY

AUTHOR " i

Ballenger et al.

Bartos, Holomek
Cogswell, Lamb
Dennison

den Otter

Ferrari

Hagler

Han, Lamonte
Klein, Fusser
Myerholtz

Rama Murthy
Tomita, Shimbo
Westover

Case 1

Case 2

Case 3

POLYMER

polystyrene
LDPE -
HDPE

. polybutadiene

polypropylene
HDPE

LDPE &%
HDPE

polyproplylpne

LDPE
HDPE

LDPE
polyisobutylene
HDPE

Separan AP-30
Solution

polyethylene

oxide solution

HDPE

No effect of L/D

As L/D increases

eval. -ed at the
(TW)C' increases

As L/D increases
evaluated at the

(Tw)c, decreases

CASE 1 CASE 2 CASE 3

X
X

the shear stress

onset of fracture,

]

the shear stress

onset of fracture,
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capillary tube length and distortdions in the extrudate
occurred only when théc;ressure fluctuations existed up to
the tube exit. Contrary evidence was presented by den

Otter (53). He showed that when LDPE melts were extruded
between flat, parallel plates there were no pressure
fluctuations downstream of the entry region, even at very
high shear stresses when the extrudate was severely distort-
ea. The reason for this contradiction is not resolved,
~therefore,. the results must be considered with caution.

To summarize, in LDPE mélt flow, the pressure fluctua-
tions in the entry region arise from velocity fluctuations
or from a vortex-induced aiternating flow. This points
out the need for details on the upstream velocity field

-and theories which "determine the ability of the:

system to propagate a disturbance" (136).

1.2.4 EMPIRICAL CORRELATIONS - PREDICTION OF FLOW

INSTABILITIES o

The correlations of melt fracture with rheologically
relevant.dimensionless parameters seem justified only on
empirical grounds since éctual flow pattérns are complex
.(134). These oorrelations, if sucéessful,Ado not con-
stitute an explanation for the onset of flow instabilities.

It wés suégested (134, 136) \that the Reynolds number
{inertial phenomenon) which succeas ully correlates the

. transition from laminar to turbulént f ow (20) was relevgnt

36
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because there appeared to be a slight correlation between
the Reynolds number and the onset of flow lnstablllty.‘
Experimental values of the Reynolds number at the onset of
melt fracture varied from 10”% (114) to values of the order
100 (142). . Conseqguently, a suitable criterion was not found.
The inertial phenomenon. would predict: (a) at fixed fluid
properties, the critical flow rate would be directly prqpor—
tibﬁal to D, and (b) at a fixedvdie diameter, the critical
flow rate would Ee directly proportional to the apparent
viscosity. Héwever, expefzmental evidence, as indicated

by Tordella's results (171) , showed that for fixed fluid
>propertie5\the critical flow rate is directly proportional

to D3, whereas at a fixed die diameti§ the critical flow
rate is inversely proportional to the apparent viscosity.

. The experiment of Spencer and Dillon (158) indicated
that the onset“of melt fracture for several polymer melts
and several die diameters occurred at a constant value of-
v/D or,‘equivalently, a constant apparent shear rate, 8v/D.
With the aid of a flow curve,'this implied a constant shear
stress. The introduction of a dimensional quantity, having
the dimensions of time, allows for the formation of a
dimensionless group, V6/D, which has been used also as a
criterion (24). Spencér and Dilion (158) further
proposed that melt fracture for polymer melts occurs when
the shear stress is of the order lO6 dyn/cmz. The de-

pendence of 1nstab111ty on entry geometry and L/D ratlos

need not imply a simple straightforward critical shear
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stress or shear rate criterion. The critical shear stress
for polymer melts and solutions tabulated in Table 1.2

s
show a sevenfolq.variation for polymer melts, a 250-fold
variation for polymef solutions and over four orders of
magnitude variation between polymer melts and solut%gns.
Therefore, the shear stress criterion proposed for polymer
melts, i.e., melt f;acture occurs whenever the shear stress
is 10° d§ﬁ7ém2, is not applic;ble to polymer solutions.

Bagley (8) attempted to correlate the, onset of frac-

ture with a critica R of the recoverable shear, strain

/

1.40

%

B ‘a? .

where‘krw)M is the shear stress evaluated at the onset of

fracture for polymei melts. By using a Maxwell model, the
elastic modulus, G, can be related to the viscosity and’

the relaxation time of the fluid (147, 190) by
G = u/e , - . 1.41

The substitution of Equation 1.41 into Equation 1.40 with

(Tw)M evaluated under SLSF in the capillary tube yields
s, =g Y8 - | 1.42
The Weissenberg number, defined as the ratio of the primary

normal stress to the shear stress in SLSF in the capillary



AUTHOR
Bagley
Bartos
‘Blyler, Hart
Hagler

. ¢
Lupton,
Regester

Metzner, et al.

Myerholtz
Oyanagi !

Vlachopoulos,
Alam

Viéchdpoulos,
" Lidorikis

Westover

Murch

Oliver,;Bragg
Paul, Southern

Rama Murthy

Vinogradov,
Martin

<

POLYMER
MELTS

Polyephylene

numerous polymers

LDPE

LDPE
HDPE

HDPE

Polyethylene

HDPE
HDPE

LDPE
HDPE
Polypropylene

-Polystyrene

HDPE

SOLUT IONS

0.5% Separah AP;3b;
30% glycerine-~water

‘mixture
0.10% ET-597
Polystyreﬁe*
benzene

o

1.49% Separan AP-30; .
508 glycerine-water

mikture

Aluminum
naphthenate

TABLE 1.2

¢

w C

“

CRITICAL SHEAR STRESS AT ONSET OF INSTABILITY -

1.28 - 2.26
0.695 - 4.0
2.0

0.586 - 0.863
2.04 - 3.21
3.0 “

3.17

2.9 ~. 3.3
1.96 - 3.49
1.02 - 1.433
1.464 -

1.062 - 1.41

0.68 - 2.15
1.65 - 3.78

0.0003

0.0006

0.015 - 0.932

0.00006 - 0.00024

0.00075: - 0.006
00 y

2.592
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tube, has been suggested also” as a criterion (134). This is
equal to twice the recoverable shear strain as shown by

the equatien below-

b~

(P, ,—P,;) : .
_ 11 "22°w _ _ ve _ " Coy
\ Nws = T = 2y0 = 16 b ZSR . ,1.43

el
-

Reported values of the recoverable shear strain at.the onset

of fracture are given in Table 1.3. S_ varies from 2.2 to'

66.81 for both polymer melts and solutions. This variation

~ny

is due in part to the variation in methods ‘of estimatingf

-

the elastic modulus, i.e., .the pressure loss measurements

(Equation 1.31), or the normaI'sfres§ measurements.. )

[

Southern and Paul (157)‘eitended the criterienwof*aﬁ '

recoverable shear strain by noting that -

Sy = (Grls | o 1.44
: - . : " | " V ‘/ * |
The proposed criterion foerolymer sdfutions takes the

N )

form of’

. C = @ . s .
(T )2 (T g 2 Ty | 1.45

“ . .
. - . . LY

L
©ln

where phis the density ofithe‘polymer‘melt; C is the con;
centratiom®of the,polymer eolutien, (C/p) is the polymer
volume fractrpn, and (TQ)SfiSAthe shear stress. evaluated
at the onéet of fractdre for polymer selutions. Thefshear

stresses at melt fracture predlcted by Equatlon l 45 for

several polymer solutlons are in agreement w1th experlmental

s W



TABDE 1.3

RECOVERABLE SHEAR STRAIN AT ONSET OF INSTABILITY

AUTHOR'
Bagley

Barnett

- Gruver, Kraus_
Han, Lamonte
Howells , Benbow

Huseby
Rothenberger
McCoy, Denn, Schott
3Spencer, Dillon
Tordella
Vlachopoulosf Alam

o e

Kroesser

Com

Williams

o

POLYMER

MELTS __

LDPE =~

. HDPE
Polypropylene
Polybutadiene
Polystyrene

Polymethyl-
-methacrylate

‘theory
‘theory
HDPE .
Polystyrené
Polyéthylene
Polystyrene
Rolypropylene
. LDPE ., . '
'HDPE

' SOLUTIONS

Vistanex:L100
B100

*‘Polyethylene
Boger, Rama Murthy  Separan AP-30

S.

R

15.0
6.4
12-02

11.0

2.2.

7.2

25.1

2.6

- 7.42

7.08
5.0
3.0 °

. 13.59

5.46

31.08 -

- 17.0

12,7

"11.0

6.0

35.5
19.6

8.08

. 7.67

66 .81
28.74
13.65
53.87

27.0°

41

42.8

- 28.0
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results (119, 133, 142).

-In general, the preceding h"€teria correlate fracture
with measurements in SLSF in the capillary tube. This is
not consistent with experimental observations. Experimental
observations show that for many' polymer melts and solutions,
fracture occurs within the inlet region (inlet initiation)
and within this region thgwfluid is subjected to both shear
and elongatlon deformatlons (12 24, 47, 63 77). For
these flulds, the mechanisms put forward as the cause of
fracture, based on 1n1et condltlons, have not been severely
tested since details of the converglng valocity field are’

not well known. If one assumes, as a first approximation,

.that the coverglng veloc1ty field is effectively an exten-

51ona1 flow then a criterion for the onset of fracture
: o
should be related to fluid propertiesiin extensional flow
(48, 60). den Otter (53) statedlthau 'when the pressure
has reached a suff1c1ently high value a breakdowh of melt
fracture takes place."” Thus, me t fr cture as.-a %Pnsequence
of tensile fallure*ln extensional flow may be correlated
wit.. the pressure losses inuthe entry region (70, .88) g
inhe concept of a crltlcal pressure loss is also reflected

in the apparent shear rate-apparent shear stress curve:

wherein, at fracture, a dlsCOnthUlty is observed 1n_the

f_curve (page 27).

Cogswell (46) assumed that the.converging. jlow through

r—'.‘:

an or1f1be can-be analyzed in terms of the exten51onal and

This allowedifor derlvatlon
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-



-

of the relationships between volumetric flow rate, pressure
drop, and the maximum extensional stress at the die entry.
In ngmary, melt fracture is predicted to occur whenr

the extensional stress, T, exceeds some critical value

given by

-3 ' 1.46
(Ve =3 Gr'+p - i

and Pu is the pressure loss in the upstream c¢ntry region

~given by

T .
=8 A ey oo 1.47
u o 3(nt+1) tan¢o s

<

5where “A 1§ the apparent v1sc051ty evaluated at y. As

¢0 tends te 90 degrees, the entry pressure losses and the
“exten51gnal stresses tend to zero. However, as ¢03tends to

zero degrees both P and (;)~1

e tend‘to infinity. This is

believed to be hlghly unlikcly.* At intermediate values of
¢0, Pu and (r) are dlrectly proportlonal to the shear
© Yo

Stresses evaluated under SLSF in the capillary. Hirlimann

and Knappe (88) also postulated a critical. contraction loss.

From the.PGB anal, "3, the contraction losses are given by
tv3 [}
AP = 47 €y 1.48
At melt fracture ’ Ao
hw’M MW = critical value = 1.49

T
g
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hence, Equatione 1.48 anq,l.49 imply that whenever APC
exceeds a critical value, (AP ) or’ fracture will occur.
Hagler (70) measured the contrac?}\n losses for a LDPE
and a HDPE melt for flows in an abrupt contraction and
found that at the oafet of fracture (AP ) = .29 to .30 x
108 dyn/cm® for LDPE and (8P) = .72 to .76 x 10° dyn/cm?
for HDPE. These data lend supr 'rt to a critical value of
AP at the onset of fricture. The significance of 3LQ§;
’limann and Knappe's sis is the correlation Of'mﬁnﬁ_
(APC)cr with.a critical-extensional® stress level at frac—
ture. They concluded that "melt fracture starts when the
extensional stress in the die inlet exceeds a critical
value. "

Everage and Ballman (60) proposed a critical extension-
, . N
al stress level directly by postulating that fracture is .a
consequence of ten511e failure in extensional deformatlon.'
l'

Whenever the mat&rlal attains a critical value of the

stretch rate, Fc, given by the limiting condition
26T = 1.0 1.50
~ c ' .

the - terial is unable to reach steadyigtdte or as stated
by Eyerage and Ballman (60) "... the material is. unable to
deform with suff1c1ent rapidity to reach a\steady state
stress level and fracture may result." From a Maxwell

model, the relaxatlon time of a fluid is K

"}e = up/Gg 1.51

“ :‘C‘@_‘\S .

A=



45

where the subscript E refers to extensional deformation

and the elastic modulus is. given by

u.T
G, = L =_E 1.52

E ER ER

where ER.iS the recoverable extensional strain. Combining
Equation 1.51 and 1.52 yields

er = €r ] | 1.53

Everage and Ballman's (60) hypothesis implies; therefore,

a critical valué of the recoverab®e extensional strain.
This hypothesis can be tested quantitatively by determinindr
if the maximum stretch rate is effectively constant at the
onset of melt fractgre. An approximate calculatibn 6f‘ '
the maximum stretch rate, utlllzlng the velocity fleld for‘

the flow of an 1ncompress1ble Newtonian fluid through a"‘“

cone (60), yields

(l-COSZ¢ ) ‘.:;. .
= 120 1.54

r
max 3 3
D cot¢0 (l-cos ¢ ) (l+2co§§ng

In terms of the capillary wall shear rate, the

maximum stretch rate is

o

. 35 (1-cos24,)
T o= w g 0 ] ~1.55

max 8cot¢g (1-cos ¢0)2(l+2cos¢o)

Therefore, .for a constant initial cone semi-angle, dgr @ -

critical volumetric flow rate or a critical capillary tube

]
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apparent shear rate criterion is implied from the recover-
able extensional strain criterion. By using Equation 1.54
and the data reported by Ferrari (62), Everage and Ballman
(60) calculated that rmax at the onset of ffacture was
réasonably constant (760 sec“1 < rmax < 1195 sec~l)_ .Thesé‘
results quantitatively support the proposal which Stifeé
;... that melt fracture is a consequence of tensile failure
of the material in elongation deformation" (60). It has
been shown in the previous seétion (Section 1.2.3) that the
onset of instabilities within the inlet région varies with
‘the entry geoﬁetry, the capillary tube length and the type
of polymer.  Hence rmax is“gﬁ%%éggd to vary accordingly.

The hypothesis presented by Everage and Ballman (60),
which is an extension of the horklof Denn ;nd Marrucci (51),
is based @pon a time dependent stress growth resuifing‘from
the converging flow field. Since this converging flow field o
is affected by the magnitudé of the flo& rate (see pages 22-
23) for a description of the flow field_with flow rate), the
fluid iéasﬁbjected to different strain histories. It seems
. sensible, therefore, to compare all fluidg at a c&nstangh
strain level, S, which takes into account not only the.
“magnitude of the stretch rate but also time, i;e., Hencky's
strain measure (70), which is also referred to as the total

L)

‘strain (98). The total strain is defined as

4. . f
L S = [ﬂ I dt 1.56
< Jt,
' e B
i : ‘J‘f% )
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Parameter S has been used successfully to cofrelate velocity
data (90) and transient elogational viscosity data (1).
Acierno et al. (1) found that the transient elongational
viscosity-total strain curves obtained from spinning (where
the melt is extrﬁded, solidified, and then drawq up as a
filament) and inverse siphon experiments (fluid is drawn
vertically into.a capillary tgbe creéting a vertical liquid
filament) resulted in a single curve. The data obtained
from the inverse siphon experiment coveredithe initial part
of the Eransient curve while the data from the spinning
experiment &ielaed the upper part of the same transient
curve. By using the total strain rather than the strain
rate'in a fibre spinniné experiment, the axial stresses,
measured at different rates of exfrusion, and take-up rates
were‘correlated by a single curve (87). Therefore, an ex-
ﬁehsion of Everage and Ballman's proposéi integrated with

the work of Acierno et al. (1) suggests the total strain as

a criterion for the onset of meltdgracture.

RE



CHAPTER II

EXPERIMENTAL EQUIPMENT AND PROCEDURE

2.1 EXPERIMENTAL EQUIPMENT 0

- The experimental equipment consisted of the flow
system (Instron and a stainless steel hydraulic cylinder),
the entry region, and the caplllary tubes.

‘ o

2.1.1  FLOW SYSTEM '

h constant flow rate was maintained by an Instton,
Model TM, and two stainless steel hydraulic cylindera
which were 15.24 cm I.D. (cylinder 1) and 15.60 em I.D.
(cylinder 2)1 Cylinder 1 was used in obtaining the data

Mfor the Newtonian solutlons while cyllnder 2 was used for

the v1scoe1ast1c solutlon._ The calibration of each cylin-

Jrevealed that the calculated

B}

and measured flow rates were w1th1n one half of one percent

der, glven in Appendlxnhy

of each other. Hence, it was concluded that -there was no
* seepage of fluid between the inner cylinder wall and the
piston. The cross head speed_of the Instron was calibrated

as outlined in the Instron manual.

2.1.2 ° ENTRY REGION - o < p

The physical dimensions of the t&o s&uare reser—-
vcirs are given in Table 2.1. The internal 1eﬁgth of each
resérvoir assured that the velocity distributions for the*

; . ' ¢
Newtonian and viscoelastic solutions were developed at \

-

N . : N a8,
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TABLE 2.1

INTERNAL RESERVOIR DIMENSIONS

RESERVOIR WIDTH (cﬁ) LENGTH (cm)

Small (S) 2.62 A 25.40

Large (L) 25.49 ‘ 71.70
TABLE 2.2

CAPILLARY TUBE LENGTH TO DIAMETERSRATIOS

L/D RATIOS: -
CAPILLARY CAPILLARY CAPILLARY
TUBE 1 TUBE 2 TUBE 3
CAPILLARY NO. 0.10 cm 0.20 cm 0.30 cm
A -— 31.60 —
B 35.03 34.99 34.97
c 55.08 54.96 55.04
D 71.32 71.23 71.13
E 96.45 96.38 . 96.36
F —— . --= % 145.00
G 148.48 148.45 . 148.53
H, _— ~ 151.00 -—-
o -— 160.16 -_—
J ¥ 222.08 222.36 213.38
Kk . 305.08 304.95 304.83
L 450.00 - 457.43 -—
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the location of the éressure taps even unde} the worst
possible condition, i.e., the highegt Reynolds number.

The pressure taps,'schematically shown in Figure 2.1, were
loéated 10.2 cm and 27.9 cm from the entrance in reservoirs
S and L respectively where pressures and pressure traces
were measured. In reservoir S the fluid entered through a
diverging .cone hav%ng a maximum diameter of 2.54 cm while
in reservoir L a diffuser plate was ldcafed approximately

5 cm from the inlet end;~ The sides of each reservoir

were constructed of 2.54 cm thick transparent lucite o

-plate to allow for flow visualization. The end plates were 4&

of anodized aluminum.

2.1.3 CAPILLARY TUBES 5

The precision bore 0.10, 0.20, and 0.30 cm T.D.
borosilicate glass capillary tubes, hereinafter refem;ed'to
as capillary tubes 1, 2, and 3 respectively, were manu-
factured by Fischer & Porter Co. Tpe internal diameters
of the capillaries had a tolerance of i.OOO?é cm. For each
diameter, several tube lengths were cut into lehgth to
diameter ratios that varied from 31.60 to a maximum of -
457.43. The various length to diameter ratios for the
three capillary tubes are given ih Table 2.2; capiilary
no. C was ﬁsed'in the measurement of velocities. The
capillary tube_lengths\used in the measurement of pressﬁre

losses are given in Appendix B.

Schematically shown in Figure 2.2 is the device for
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FIGURE 2.1 o
RESERVOIR AND PRESSURE TAP LOCATION

PRESSURE TAP
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holding the capillary tubes flrmly in place flush with the
1ns*de surface of the aluminum end plate. This holding
device was capable of withstanding maximum pressures of
.7 x106‘and.4‘x lO6 dyn/cmz‘in reservoirs S and L re-
spectively.

\

|
) i

2.2;” EXPERIMENTAL FLUIDS' AND TRACER PARTICLES
Several aqueous sugar solutions; an o0il, and one

concentration of Separan AP-30 were the experimental

fluids while aluminum dust particles were used as tracer

particles in the photographic method.

2,2.1 EXPERIMENTAL FLUIDS

The Newtonian fluids used were thrice aguceous
‘sugar solutions of 46%,'53%, and 61% by meight and an oil,
lPrimoI?BSS. .The puysical properties of theee sugar
solutions and the oil are tabulatea in Appendix D, Section
D.1. - - : o -,

The polymer solution was a 0. 20%.aqueous solution
of Separan AP-30 which is a high molecular welght synthetic
polymer (molecular weight between 2 and 3 x 10 ) manu-

‘factured by the Dow Chemical Company. The approximate
comp051t10n of this polymer is represented by the

. formula given below:

U

CH ——

C=

O-Na
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Al

The physical properties are given in Appendix D, Section§§$5
D.2. The solution showed no significant changes ip; physical -

properties over a two' month interval. Degradation due to

- bacterial presence was eliminated by the addition of a small

amount of sodium benzoate. Futthermore, the solution was
used only once to ensure that the physical ri‘nerties did

not ohange from run to run owing to mechanicwffdegradationh

2.2.2  TRACER PARTICLES | | X
The flow visualization method of injecting hydrogen

bubbles (approx1mately Ol cm dlameter) 1nto the fluld

‘proved to be 1mpract1tal. Thls 1mpract1ca11ty resulted

from the extremely small velocitiee'in the'recirculation
region surrounding the central core of fluid that.entered
lnto the capillary tube.- The hydrogen bubbles accumulated
and adhered to the v1ew1ng surface of &he reservoir dis-
torting the- ;maée when v1ewed through the camera lens.

To circumvent this problem aluminum dust particles (manu-

factured by Baker, lot number 2347) at approx1mately

0.00075 volume percent were used as the tracer. The mea-
sured maximum width of each of these thin, irregularly '
shaped particles, given in Appendix A, Section A.4, varied
from 3 to 34 microns with a mean maximum length of 13 mi-
crone. The maximum width was 0.7 times the makimum length
mith'the thickness estimated to be 1 micron. To prevent

the particles from adhering to each other in the solution

they were dlspersed in a small quantity of weter (approxi-

/

vmately -k .cm ) prlor to being mixed with the polymer solutlon.
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2.3 . PHOTOG"APHIC METHODS  °

~An optical method of,measureﬁent‘was used.to

obtain streak photographs of aluminum dust particles in

" the polymeric solution in order to measure the local axial

~

“and radial velocities within the converging'flow field.

2.3.1 OPTICAL‘SYSTEM ' R
The optlcal system, sehematically shown in -
Flgure 2. 3, con51sted of"’ an-arc lamp, a converging lens,"

a chopplng disc, a reservoir, and a camera assembly. A

b

Christie transformer with a max1mum output of. 3300 watts‘
o) ) )

D.C. operated the Chrlstle Xenon arc~lamp. The set of

conVerglng mirrors in the lamp housing, No. BSF 50, were

, N
located so that they dlrected the llght beam through the

narrow slit located on the reserv01r. An adjustable slit

placed immediately prior to the converging lens producedf
The 38. l cm dlameter, 0. 32 cm ‘thick, dhopplng

disc was d1v1ded 1nto an equal number of radlal sllts

ahd spokes. The varlable speed motor dr1v1ng*the chopping

)

dlsc~and the 1nterchangeab1e pulley sxzes allowed the
o7 X

‘ tlme 1nterval (the tlme for the Sllt to cut the beam of

’

' llght) to vary over the'de51red range.l A stnoboscope was

.q.

used to determlne the revolutlons per mlnute (R.P.M.) of

the motor. Table 2.3 lists the varlous comblnatlons of
\4

motor R.P.M. and . pulley turndown ratlos that allpwed the

-3 ¥

time xntervalwﬁp vary from-§.98 X‘lo seconds to 137.92

I

g -
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-f“\ TABLE 2.3

e i ) . . . - ‘

TIME INTERVALS FOR STREAK ANAYSIS ’ -
‘ ‘ Dy - / ’

' PULLEY TURNDOWN MOTOR NUMBER TIME INTERVAL
RATIO (P.T.R.)  ReP.M. SLITS-SPOKES (sec x 1073

1.0 334 20 - 8.98

1.0 259 20 - . 1l.61

1.0 218 20 | ~ 13.76
™10 . 79 . 20 N ~ 38.10
1.0 ‘?&543 . 7% 20 39.87

, "1;0\¢§§Eﬂﬁ 71 20 . 42.10

“Eo 315 gy 141 20 /11341

.375 306 30 e 52.28

I 302 .20 N 26.49

3 97 Jv20 o 82.47

375 462 . 20 T 6.50

375 . 4 - 188 | © 30 417432
L3750 g2 |
3750 g7
3715 760.5-

y 375 s Ti7s
L 375 g7

S e L 137

<.375 7 291

©E0375 L 145
w0 L3715 . oL 330

T g 83715 e mg
0 a31s T s
& 315 73 r . , 54.61°

.375 17205 5 46.38

-375. . 63.5 . Ao .. s 125.98

375 - C 63 200 - T 126,98

Cw375 0 e gt 20 45.19

.37 325. .- 20 3 & 24,61

| g

S
N

3%
,

91.95"
132.23
45.72

- 64.78
- 27.49
5514
24.24
-~ .88.85
*137.92

50..79 L

91,95 .
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é?ﬂwc x lbr3 seconds. The pulley turndown ratio is the ratio
of the diameter of the pulley on the chopplng disc to the
dlameter of the pulley attached to the motor. The chopping

d;sc was located perpendicular to the light beam with its
center in .the plane of the light beam. To minimize reflec-
o . ' . ,f,‘ . ' )
tions, the interior surfaces, with the exception Of the

light slit on the side of each reservoir and the camera .
viewing area, were painted black. 1In addition, th% room
was in total darkness ‘during the exper1menta1 run.

R " A rod hav1ﬁg a dlameter equal to the internal

‘diameter of the reflon 1nsert ﬂshown in Flgure 2.2) was

tapered to a p01at at one endwco that the camera could focus'
. ?V .\ b

onjithe center of the-caplllégﬁ gnﬁﬁ ‘%hls rod was palnted

“i\,»"

black to mlnlmlze reflectlons.‘ It Was pushed through th%h

k)

tteflon rgsert suéh that. only the tapered portlon protruded

<JJ ~

1ntqlthe reserv01r. ‘a’ eranda 35 mm camera was located
'_ ST g : st & L
Coew perpendlcular to the llght "beam and was secured to" Sétco */
2 & w 1
LS
Bu11d1ng°Bloc§s whlch were equlpped with mlcrometers graduated
N -v-&,, om . & 0 s o qy

>*1n 0 001 inch’ 1ncrements 1n the vertlcal andwhorlzontala?. 'ﬂw

&
3

)
. Pplanes. - The camera was focused oqgthe ‘tip of the tapered 3 »

rod. - Sinfeﬂthe depth of the “-of the camera was greateg
_gwtg‘txan thegﬁﬁlckness of the beam of light, alumlnum partlcles "'9
' Wlthln the beam s thlckness were 1llum1nated\and’recorded
on-the £film, ' The error in measured velocitfés associated N

w;th ‘the depth of the fleld of the camera andvthe thickness

of the llght beam is dlscussed in Appendix G.
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\Ib

The projection of a frame onto’ the dlgltlzer screen
using the digitizer method (a detailed descrlptlon of the

method is given in Section 2.3.3 and a schematic represgnta-
> ~',.‘.\

tion of the digitizer is shown in Figure 2.7) was used to

magnify thephotos obtained. ' The data obtained from reser—

et

oy

voir S.w re magnified using a 1:2.8/105 mm lens and extension -

.camera was 0.20 cm-and
! »»A e

tubes. ‘he depth of fleld BN
RN \.
the - lting magnlfloatlons_”

8;225,'9.063, 18.00, and

o

24.5 For reservoir L data, a 1: :1.9/50 mm lens and an
unextended he11c01d tube adaptor resulted in the magnifica-
tion of 2.175; the depth of field of the camera was 0.40 cm.

Tri-X film with ASA rating of 400 was used throughout the .

Py

experiment. ' S ; : '\; ‘ R
2.3.2 | STREAK PHOTOGRAPHS e e RS
-'Typical streak photographsﬂgfe shown in Figures . Sl
2.4 and 2.5. The flow field shown in Figure 2.4 was d%l .
talned wrth capillary tube 2 in reserv01r sxat theJmax1mum

e flow rate of 0.318 cm /sec (flow movrng from left to right)

L0

oy

1

E‘hu; The fllm exposure time was onE)second and the time

1nterval for a streak was 55. 14 X 10 -3 seconds. Flgure
. b -~
2.4 shows “ne typical WGS core surrounded by large eddles

g
and the acceleratlon along several - streamllnes w1th the
. AN
s \ maxlmum[gF the center of the core, Veloc1t1es were deter-
/ - 2
mirfed by either, the dlgrtlzer or dlrect method using '

- - g

severalq¥hotographs 51m11ar to Flgure 2 4 ' Figure 2.5 shows
\ 3 i ) N

. A .
», - N
. : . 3

S— : B )
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that even at’ the lowest flow rate of 0.040 cm3/sec the flow
field is still of a central core surrounded by large eddies.
However, the eddy.centers are significantly nearer to the

plane of the capillary entrance than at higher flow rates.

i

In addition to measuring the velocity development
upstream, the location of the eddy centers and cone semi- -

:angles were measured to co- ate the description of the

a,\..

flow fleld Flgure 2. 6 is a representatlve photograph used

in determlnlng the locatlon of the eddy centers ~ Photo-
N z* o W,
graphs similar to thls flgure were-obtalned with the film
*ﬁfm :
exposure time of 5 seCOnds and a f stop of f 5.6. Cone

seml—angles were measured from photographs 51mllqr to those

"shown-ln Flgures 2 4 and 2.5. The results (cone semi- angles

. dand locatlon of eddy centers) -are. reported rn Appendlx F
z v

dQSCussed 1n Chapter~III (pages 135- 141)

"‘.‘ i ‘#,_ R N -‘\ B . . .
R sy T PR ‘u s P . i .

2.3.3 ' ANALYSIS OF 'STREAK PHOTOGRAPHS = DIGITIZER  METHOD
- The digitiéef is cohprisedTOf a‘projector and a
: 7
stand, a mirror, and a frosted glass screen ds shown

schematlcally in Flgure 2.7. The X-Y frame of the dlgltlzer

screen ‘was 58. 10 cm by 55 10 cm. The&mlrro}“uas posxtloned
1wsuch that. the reflecﬂgﬁ light was normal to the glass

screen, To determine the magnlflcatlon, a Keuffel and

Esser ruler graduates in 0.01 inches as well as a cross

hair device graduated in O 10 mm intervals were photographed

progected onto the dlgltlzer screen, and measured The

e B | Y

-
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magnification was altered by moving the projector and the
stand either closer to or farther away from the mirror.

The dlgltlzer method con51sts of projecting a

aerles of frames ontn the digitizer: sbreen. The coordinates

:a,

*--

the reserv01r wall and the strea)‘.‘ﬁ %‘oordlnates were

it ¥ .
recordeg and stored in an IBM computer. The location of
-each coordinate was obtained by the use of a cross hair

device that was connected to a variable resistor for the
. 9 . . ! C

X and Y axes of the digitizer screen. The errors

associated with the digitizer method are discussed in

L) -«
e N

Appendix G.

Flgure 2.8 schematically deplcts a proyected series
of streaks vyewed in a plane normal to the camera assenibly
in an accelerating region of the flow, The arrows represent

the streaks and their direction for the;time interval

requlred by a Sllt in the%hopplng a'c to ocut the beam

of llght.¢ The dotted lln“f bresent” fhe axial and v

. o ML“‘;«’ oy ) . =
' radlal distances measured relatlve to. the wall of,the
reservoir. " These distances (for a given streak), obtained
from the transformation of coordinates from one Caftesian
coordinate system to another, are represented by Equatlons o
2.1 and 2.2. | e |
) S | R 2 B o 2y . i LA

. o (Y, - Y))m, (X, - X.) | |
axial distance = AX = 3, 3% 1+ g, - 3§ 2.1 %,
” ' (m1 + 1)° (my + 1)

P

» - R
. W

it
)

g

¥
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(Y, = v))

radial distance = Ar = +
‘ : '(ml + l);

where my is the slope of the wall of the reserv01r relatlve
to the dlgltlzer s X axis. The coordlnates (Xl,Y ) and
(Xz,Y } were used to determlne ml for reservoir .I. while

(X ,Y ) and (X ,Y ) were used for reserv01r S leferent
6 7

B

coordlnates were used for reservoir S because ‘at the
magnlflcatlon of 24.50 and ‘with the center of the reser—

voir c01nc1dent with the center of the dlgltlzer frame

s

the reservo;r wall was pro;ected beyond the screen.

$°
Hence, the ‘slope ml was calculated by .
‘ _ i .

4 T . N ERE A

I L 7 T e T

m, = =z — A :Qpa e 2.3
R =

xl‘ ° N b . ) [
. . o . . . ~ ¢

Q- g

JIt was‘necessary, therefore, to record fout coordlnates
relative to the dlgltlzer s X ax1s in determlnlng th

'locatlon of a ‘streak and the veloc1t1es. In most cases

A 3

a single. streak was -used to determlne the local velocltyrA;

In reglons where the flow was slow several streaks were /
used 51nce 51ngle streaks were t00 short to be measured

accurately. The dlstance from coordlnate 3 to the wall

. of .the reservoir (cobrdlnate 5) was determlned by O

N B - ) B . : I, g . . S .. . -
. . ' ' Lo X - : 7 R
. o Lo : R L -
> . . S L ; . ; : -
. . . T - v ' , oas . - . !

.
\

P

<
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\'"\ . ™)
|
2 . 2% |
] —_ — -
r' = [(Xg X7+ (Y3 = X)) 7] 2.4
The location of coord}hate 5 was determlned by the inter-
section of a line passing through coordlnate 3 and having
a slope equal to -l/ml, i.e., perpendlcular to the
reservoir wall. ,
With the axial and radial dlstances, the number
of streaks, and the tlme 1nterval per streak known, the . .
. local axial and radlal éloc1t1es were: determlned by
. (= . S
"u‘ ""9\;:" ‘ S
" ‘.@‘ i u"}\: '-b;" . - . ’-‘ ' ) . . : l. h ) - " LI
am . Vo= Ax/EM. . e | 2.5
T : : v x S A
T V_ = -Ar/tm | oA 5
, r / ' . , o
2 o ’ L S 0'5;)'
60 1 -~ 2.7
WN = P.T.R.q . ¢
:l’ b 4
51 PR Y o 5
* ) - . -
: . o S e v
/ M= nuﬁber ofvstreaks oo N L . s
- . N = number of sllts and spokes én the chopp*ng dlSC " ;
bl - St '.
. W= number of" revolutlons pemelnute WQ ‘ é
v L : R . I
: P.T.R. = pulley turndown ratlo. : -
: These'velocities, whlch were measured only. at three up- .

stream ax1al p051tlons, are’ tabulated in Appendlx E;, -

\ . \ s e

2 . . s 1
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. [
By

vSection E.2. The three ax1alupqsitlohs correspondlng to

I.5, 1.0- and 0.5 tlmes the ' ‘axial locatlon of the eddy

center are glven in Table 3. 4 (page 124). ‘

&

2.3.4 ‘ ANALYSIS OF STREAK PHOTOGRAPHS - DIRECT METHOD

~

In the later stages of thls work 1t was found

more convenlent to prOJect the photographs dlrectly onto

3

graph paper which was gradhated in 0 lO 1nch lelSlons.
The streak lengths were traced dlrectly onto the paper
for all frames on the film correspondlng to an experl— L
mental run. The axial veloc1t1es were determlned as aljij
contlnuous\Funetlon of ax1al 1ocatlon.£‘Thus; in contrast f

2 a

to 'the dlgltl%er method, ax1al veloc1t1es wé%e,measured

n q Fd

locatlons upstream of the contractlon A

for a1l axia¥’

dlscus51on of the error assoc1ated w1th thls method 1s" . "Mﬂ

glven in Appendrx G, §ectLon G. 2._ Flgure 8 9 shows\ l .:°

streaks g}ong several streamllnes as’ﬁraced onto the graph

d/ >
paper w1th caplllary tube 3 1n reserv01r S and at a fl o

: I .A___.;‘.

rate of 0 40 cm /secﬂ The streak 1engths were’ converted
) F AN

1nto ax1al veloc1t1es by uslng Egnatlons 2 1, 2. 5 and 2 7.\\\\

The resultlng ax1al velocatles afe plotted 1n Flgure 210
- - . \()
for streamllnes correspondlng to those ,in Flgure 2. 9, 07

‘ Radlal veloc1t1es were measured w1th the%dh?étlzer hethod‘

and- are tabulated in’. Appendlx E,‘Sectlon E2. '/pv'

— i R ~
EE A .
. |

f_, The dlrect method was used also/ZP,meaStre ‘dné“;‘vi:'"

seml—angles w1th1n the entry reglon. These angles are.:

—

' deflned as the tangent’to the outermost {stre@mllne that

lwl
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Q
entered into the capillary tube. This streamline, however,

was not known pfecisely for all of the experimental runs.
For example, in Figure 2.§ the initial cone semi-angle,
i.e;; the cone angle at theLcontraction, and the cone

angles upstream of the contraction\were estimated by stream-
line labeleé ;s humber 7, which as shown, was not exactly
the outermost streamline that entered inté the capillary
tube. Tfor this example the initial cone semi—-angle was

\.

equal to 20°. The maximum error in estimating the cone

semi-angles was as lﬁrge as 15 percent.

|
2.4 PROCEDURE

Tkis section déScribe; the procedure used in the.‘
preparation of the polymeric solution and the procedures
used in obtalnlng‘pressure data,. velocity data, and
observations of the jet of fluid issuing fromfshe
capillary tube exit. |
2.4.1 PREPARATION \OF POI‘;YMBR

Sincé two batches of a J.20% weight solhtiqn of
Separan AP-30 Qere used and’since it was necessary to
ensure that the physisal properties were the same, each— -
batch was prepared in an identical manner. The followingy
procedﬁre was adhered to in dissolving the solute: A
stainless steel tank, 79 cm I. D., was fllled to a height
of 91.5 cm with tap water. The solute was added slowly

so as to ensure that all particles were wetted without

the formation of large lumps. At the same time, a mixer



agitated the solution at a moderate speed and_continﬁed
to do so for a period of 10 hours after the final amount
of solute was added to fhe sélution. The.solution was left
unsheared for a period of 24 hours.

The fluid properties were measured.and results are
reported in Appendix D, Section D.2. The datazindicated
no significant differences in the physical properties for
the two batches} The first batch was used in obtaining the
total pressure losses which in turn were used to construct
the Bagley plots. The second batch was used in the measure-
ment of velocity distributions upstream of the ;ontraction.
In all experimental runs the temperature of the polymer

\

solution was maintained at 68 + 0.5°F.

2.4.2 DATA COLLECTION .

z

(1) PRESSURE

The transducers were balanced and then checked
against the calibration»curves given in Appendix A, SECEYon
A.l prior te the{commencemen% of every experimental run.

. The pressure transmission line and transducer were fillgd
with t@e solution used in the expefimentai run with one
side of the transducer open to the atmosphere. After
ensuring that.no air pockets were trapﬁéd in'eiEher the
pfessure line or in the transducer, pressures were measured
with typical transient-steady state pressufe“displacement
tracés giyén in Figures 2.11 and 2.12. The time required

. Q
to attain steady state at a Reynolds number equal to 10.49

73
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(shown in Figure 2.11) was approximetely 18 minutes: in

comparison to 4 minutee at a Reynolds.number of 1540 (shown

in Figure 2, 12);. The steady state values of pressure

obtained w1th several length to dlameter ratlos are

tabulated in Appendix B. These data, as dlscussed in

Appendlx c, were used in constructlng the Bagley plots. ?

The pressure correction factors glven ‘in the tables in

Appendix B account for the fact that the centers of the

eapiliary tube and pressure trensducer were not in the-

same horizontal plane. These pressure corrections must

be added to the 1ntercept of the Bagley plot to obtaln the

correct values of the contraction losses. 'The shear '

stresses under'SLSFlin the capillary tube.wére‘obteined

from the slope of the Bagley plots. These éeta (contrac-

tion iosses and shear stresses) are tabulated.in Aépeedices

C and p respeetively for both Newtonian solut&qgi;fnd

_the polymer solution. g o Sl
The time required for the centerllne velocity to ““‘\\f>

.reach 99% of the fully developed centerline velocity, t o,

was approximated by considering the reservoir to,be an

.infinitely long, Horigontal tube, (20) : thus,

The experimental values of t,/ (tw)e’ for the data in .

Figure 2.11 and 2,12 were'lé.minutes and 4 minutes
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respectively. Thése are significantly longer than the

1.2 and 0.3 minuées calculated.by the use of Equation

2.8 and are representative of the maximum difference between
experimental and'calculated values of t_. 1Initially the
_difference'was attributed to the'trapped air with%n the
hydraulic cylinder. This was examined by comparing the
experimental and calculated values of t_ for the remaining
rups.in both reservoirs (this was possible since the same

procedure was used to fill the hydraulic cylﬂhder in all

experimental runs). In reservoir S results can be

summarized as ‘ -

2t < (tm)e < 20t ‘ 2.9

-~

whereas in reservoir L summary of results is

-~

01t < (), < 20t 2.10.

o

In view of the large discrepancies beéween experimental
and calculated values of t, wé.qannot conclusively state
that trapped air within the hydraulic cylinder resulted
in the large values of (tw)e obtained from the data in
Figures 2.11 and 2.12. With polyﬁer solutions in a
parallel flat plate viscometer the time to attain steady

' ' ) L~
state increased with elasticity number (128) defined as
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2.11

equal to 3.2 and 0.03 in reserv01rs S and L respectlvely.
This suggests that as a first approximation (t ) shoulad
be at least equal to or greater than the Newtonian values.
However, ekperimental values of t. Wwere, in a significant
nﬁmber of experiméntal\runs, less than the Newto»ian
values. It can be concluded that the time to reach
steady state seemed to be a result of experimental -design.
(ii) VELOCITY.DISTRIBUTIONS

No velocity profiles were measured for the
Newtonian solutions. ‘The two methods used to measure
vélocity profilesvfor ﬁhe ?olymer solution are discuésed
in Sections 2.3.3 and 2.3.4 of this chapter. The
digitizer method was used to measure the axial Veloéity ‘
profiles at high flow ratesiin the reservoir L; the
results are tabulated in Appendix E, Section E.2. 4The
direct method was used with reservoir L at low flow rates
and for all flow rates in resexrvoir S; the results are
tabulated in Appendix ﬁ, Seétion E.1. All radial velocities

\

~were measured usiﬁg the digitfgér'method and the data
are tabulated in Appendii E, Section E.2.
(iii) QUALITATIVE OBSERVATIONS,

The qualitative observations are: (a) wvisual

observations of changes in the flow pattern upstream of
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«the contraction, (b) recording pressure traces aé the
pressure tap 1ocaped upstream of the contrac£ion, and
(c) visual observétions of the jet of fluié issuingjf;pm
the capillary tube. The instabiiities affected the obtﬁ

servations, the discussion of which can be found in -

Chapter III.




CHAPTER III

RESULTS 'AND DISCUSSION

3.1 NEWTONIAN FLUIDS
" The discussion deals with friction factors and con-
tr;¥ti6n losses obtained from Bagley plots for all New-

tonian fluids used in this research - three aqueous sugar

solutions and an oil, Primol-355. .

3.1.1 FRICTION FACTOR -~ REYNOLDS NUMBER

’ A comparisén between the experimehtal and, theoret~
ical values of the friction factor determined under SLSF
in the capillary tube was used to establish the accuraéy
of the e£perimental technique. Bagley plots were con-
g;ructedafor the four Newtonian fluids by plotting the
total pressure/iosses, measured in both reservoirs and for
several lengths of capillary tube 2, aéainst she capillary
tube length to diaﬂeter_ratio. The total pressute lo?f -
'L/ﬁ data are tébuiated in Appendix B.. By curve fitting
the§e da£a to'Equation 1.28 using the leaét squares method,
‘the shear stresses at the capillary tube wall aqd!the con- “
traction losses\were obtained from the slope and ihtercept
respectively. Thg vecnverable sheér strain, SR, in
" Equation 1.28 is e¢ '‘al to ieroAfor Newtonian fluids.
Typical Bagléy plots for the Primol-355 oil and for the
sugar solution (#1 are shown in Figures 3.1 and 3.2 res-

.

pectively. Figure 3.1 iepresents Bagley plots for low

f-
80
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° A

" Reynolds numbers’ while Figure 3.2 presents those for
intermediate and high Reynolds numbers. These and the
:Bagley plots obtainediwith the remaining data in Appendi#
B are linear. The pressure correction referred to in |
|
Flgures ‘3.1 and 3.2 arose|from the fact that the centers
of the capillary tube and the pressure transducers were
.not in the same horizontal plane Consequently, the
correctlon factor must be added to the value of the 1nter—
cept. to obtain the true value of the contraction losses.
The friction factors were,calculated'by using Equation

3.1 and the shear stress data are tabulated in Appendlx D.

. The results are plotted in Figure 3.3.
\ : 2 S |
) f = Tw/(pv /2) ‘ 3.1

,For Reynolds numbers that varied from 2.60 to 1569, the
average deviation from 'the theoretical relationship,

f = lG/NRe, was less than four percent.

ﬂ

3.1.2 CONTRACTION LOSSES

L

The contractlon losses, obtained from Bagley. plots
and tabulated i~ -endix C, are plotted against the
Reynolds number in F..gure 3.4 (page 88). To d.. -rmine

the»accuraey ir *he ~2asurement of the contracz:i.n

losses, the estim¢ u standard errors (e.s.e.), Equation "

3.2 (page 85), were obtained at a low, an inter-

3

nediate, and at a high Reynolds number for each Newton-

o

ian fluid.
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n
s° ) x2
i=1 *
e.s.e. = 3.2
n
n X (x.-x)
i=1
W‘he re o~
n \
s? = €i/n-2 ' ' l3.3
i=1 \

The minimun values of the e.s.e. are given in Table 3.1.
, !

For a given fluid, the contraction losses became an in-

_creasingly larger fraction of the total pressure losses

as the Reynolds'number inckeased. Hence, the percent error,

sed with increasing Reynolds
. \ .
ample the data for sugar solution

as shown in Table 3.1, decre

number. Consider as an

No. 3. Although the e
to 1.55 x 104 dyn/cm2 as geynolds number incrgased
ent error‘igsﬁagzé;;ined by

Equation- 3.4 below) decreased from 16 percent to 3 percent.

from 46.73 to 870.7, -the pe

$ error = Ejgiﬁ: x 100 . 3.4

Thé largest percent error occurred with the Primol-355
oil'ﬁhere the conﬁraction losses were small, hence, diffi-
cult to meabure accurately. iﬁ”édditién there was sub- -
stantia;,scatter in the total pressure loss-L/D data. '
This sé;tter was a result of experimental location wherein
temperature fluctuations of *1°F resulted in the viscosity

varying by53;9 percent. (The expérimental location was

changec vhen data were taken with the sugar solutions. 1In

‘increased from 0;09 X 104 dyn/cm2
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the new location the temperature of the fluids was main-
tained within *0.5°F.) This temperature fluctuation re-— o
sulted in a 1.7 percent chaﬁge in the viscosity of the

sugar solutions, hence, there were smaller percent err?rs.
As a result of the large percent errors in measuring thg
contraction losses it was not possible to claim significant
differences between the contraction losses obtained with
either rese;voif.

The contraction losses plotted in Figure 3.4 and the
‘data reported by Syl§ester((161) as well as those reported
by Astarita and Greéo (4) can be represented by Equation
1.12, 'More’specifically, for contfaction ratios approaching
zero, the contraction_losses, a%cording té Kaye and Rosen

(93), can be represented by Equation 3.5

153130 : 3.5
Re

s

¢ = (2.26 + .26) +

. Equation 3.5 ié plotted -in Figure 3.4 aﬁa is indeed re-
presentative of the contraction losses measured in this
research for contraction ratios approaching zéro. At
finite cbntraction ratios, ¢ is pfedicted to decrease as_B
increases (Equations 1.8 and 1.10). Sylvester (161) and
Astarita and Greco (4) reported an increase in ¢ as B
increased. This contradiction can be explained in terms of

\ .
the presence of @ vena contracta and inaccurate measure-

§

. ments of pressuré*both of which gave rise to larger values

\

of ¢,
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3.2 QISCOELASTICFLUID .
The friction factogs and Reynolds numbers obtained
~ from the aqueous 0.20% solution of Separan AP-30 are dis-
éussed. In addition, visual ohsérvatiqng are givéh on:

(a) velocity.fieid witﬂin theg;eservoir,\kb) pressure
traces, and (c) jet of fluid. A diséussign on criteria

for thé onset of instébility is also ipclu?ed in this

S, + \
section. i

3.21? FRICTION FACTOR —'REYNOLDS NUMBERS
The friction factors and Réypolds numbers obtained
with the viscoelastic fluid are shown graphiéally in Figure
3.5. Individﬁal points deviafe less than 8 pergent-from
the straight line, f = 16/Nﬁe, for generalized Reynolds
number§ from 0.13 to 1866. Thé shear stfesses'used in
computing the friction factors were estimated‘from the
sloées'of the Bagley‘plots. Measured pressure losses used
in constructing the Bagley plots can be found in Appendix

N

B; the resultirng shear stresses are tabulated in Appendix

N

.
D. o

/.
3.2.2 YISUAL OBSERVATIONS "
Three obseryations used in determining the limits
‘ .

of stability were; (a) wvisual observations of the flow

. field withir - » rcservoir, (b) observations of fluctua-
tions in the p: "2 traces, and (c) visual observations
of the jet of fi. ssuing from the capillary tub€.

/
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(i) Velocity Field Within Reservoir

At low flow rétes, hereinafter referred to as
region I, stable flow fields existed within the reservoir,
Theﬂqualitative features of the stable flow field discussed
in Chapter I, i.e., the cone semi-angles, the center of the
eddies, and the velocity distribution within the converg-
ing flow field, were measured and will be diécusséd in fhe
following sections af this chapter. At intermediaté‘flow
rates, in what will be termed ?egion IT, a departure from
the stable flow field was observed; within this region.the
flow field developed a swirling motion. A further increase
in flow rate resulted in a flow field that failed to exhibit
any reéularity and could best be described as “chaotic."
This will be referred to as region III.

A departufe from the stable flow fiel? occurred at the
onset of rggion II.. In this region the flow field developed
a very sl;w swirling motion. The following description
given by Rama Murthy (142) and observed by Ballanger”and
White (12) and Oyanagi (132) is also representative of the

features of the flow field that were observed in this study

when {the word "reservoir" is substituted for the word -, .
\ , .
A

~——

"barr 2
N
\The stream entering into the tube appeared
to oscillate to and fro in the barrel like
a snake tail when viewed in a single plane.
This swirling motion in the barrel swept
the fluid in the secondary flow region,
continuously dragging it into the tube ...
L) At increased shear rates, the swirling
flow became more vigorous ... The overall )
nature of the flow appeared to remain similar
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except for the intensity of swirling.

»

It was found in this research that if the crosshead speed
of the Instron was‘gradually increased to the desired
'setting, ghich amounts to a gradual increase in.flow rate,
" a stable/ﬁiéwAfield could exist wilhin region II. This
procedure did hot always guarantee success. The procedure
had to be repeated several times beﬁpre obtaining a suffi-
cent number~of ppotographs from which the velocity profiles
ceuld be constructea.

Within region III the flow field failed®to exhibit any

4

regularity and it is described as "chaotic.;} In a few

' experimental runs the flow field within the/reservoir was
observed to oscillate between stable and "chaotic" flow
fields. This seemed to occur at random and the duration
" of time that the flow field remained stable or "chaotic"-
was long enough so that the oscillation .could be observed
by eye. 1In a preliminary experimental run a stable flow
field was observed ovét.a ﬁeur minute duration before the
flow field abruptlybec%me AChaotic." The seven experi-
un number 11 for capillary tube 1,

mental runs where th ‘gscillating flow field was observed
f:

in reservoir L wer
run nﬁqpers'S, 9, and 10 for capillary tube 2, and run

numbers 10, 12, and 16 for capillary tube 3. 1In reservoir
S, thls was observed for run number 9 with caplllary tube 1.

To the best of the .. _hor's knowledge, this is the first

time that observatlons of the flow fleld oscillating between

a stab%e and a chaotlc" flow reglme w1th1n the reservoir



havé been reported. This observation offers an explanation
for the behavior in the pressure traces reported by Kizio

' (94) and in the jét of fluid issuing from the capillary
tube reported by Kroesser (98). In both experiments the

flow rate was constant. :

t

The flow rates at the visual%y observed onset of reg-
ions II and III are plotted in Figure 3.6 against the
capillary tube diameter. Sincé'the velocity profiles were
ndt measured for capillary tube 1 in reservoir L, thé flow
rate defining the commencement of region II was estimated
by éxtrapolation. Region II, as shown in Figure 3.6, ex-
tended over flow,rate§ that rangedvfrom approximately 1.6
cm3/sec td 4.9 cm3/sec for eapillary tube 2 and 4.9 cm3/sec
to 11.1 cm3/sec for capillary tube. 3 in reservoir L. The
flow rates covered by region II in réservoir-s, although
- not documented, were ébserved to be iess-than 0.01, 0.06.
and 0.10 cm3Vsec for capillary tubes 1, %, and 3 respect-
.iveiy. These were smaller than the incréments of flow
" rate used in obtaining the velocity profiles and were with-
in the accuracy of medsuring flow rates used to define the
onset of region III. Therefore, the onset of region I1X '
was considered to be coincident with the onéet of region
II in reseivoir‘S. A broad classificiation of the flow
field into.three regions has been reported for other
dilute polymer solutions (142) and melts (12, 188). ﬁow—

ever, the observations of Rama Murthy (142) indicated that

J

beyond region III the flow field abruptly changed to a
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stable flow field that is similar to that observed with

the flow of HDPE melts. This was not observed in this

s

research.
(ii) Pressure Traces

All pressure traces were taken at the pressure
taps located 10.2 and 27.9 em upstream of the contraction.
Smooth pressure displacement traces, similar to~those shown
in Figures 2.11 and 2.12 in Chapter II (pages 74 and_75), \
were obtained with stat’~ flow flelds in region I. Within
region II the pressure traces remalned smooth i.e.,
pressure ﬁluctuations, if they~ex1sted were too small to

be measured. Pressure fluctuatlons were measurable only

o
for the flow rates within reglon III. \
Two typlcal pressure traces w1th1n region III are

shown in Figure 3.7. when the flow field within the reser-

voir was observed to oscillate between stable and "chaotic,"

\
the resulting pressure traces were similar to trace A,

In trace A the dlfference in pressure between stable and -
"chaotic" flow_flelds ‘'was most dlscernlble. At higher
flow rates, it was difficult to dlrferentlate between the
two levels of pressure directly. With'reference\to trace

- the lowest level of pressure correspomds to the exist-
ence’ of a stable’ flow field w1th1n the reservoir while
‘the upper level corresponds to the ex1stence of a "chaotic"
flow/f1e1d within the reserv01r Pressure traces similar‘
to trace A were reported by Kizior (94); the results of

Kizior® S research 1nd1cated tqat both the upper and lower
\ :

~
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values of pressure remained constant with respect to time.
This means that if pressureiflUCtuatiéns existed they were
too small to be measﬁred. Therefore, the upper level of
pressure in trace A megsured by Kizior (94)ngrresponded
to ; flow field which was neither funnel-shaped nor -
‘"bhaotic." As mentioned previously, the oscillation of the
flow field between a stabie and a "chaotic" flow was ob-
served only for eight experimental runs in the présent work.
" In the remaining runs within region III where inyla
"chaotic" flow field was obseryéd, the pressure traces were
égimilar‘to tracé.B. With the exception of a time scale, |
the changes in pressurc in traces A and B)appear to be the
same. ngever, ugon closer examination one may discern that
theée two bressure tfaces.reéulted from differences in the
state of thé upstream flow fiela. These results indicate
the'sigyificance of having both visual observations of the
flow figld and pressure traces.
With fespect to the pressure traces in Figure 3?7,

o

an average value of pressure, calculated after the transient

3

period, was defined as

P ax+P in

max min | 3.6

where P and P_. -are the maximum and minimum values of
max min :

pressure recorded for .an experimental run. The pressure

fluctuation, P, reported in this work was defined to be

equal to the difference between the average value: of

<

e TS ST VPPN
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pressure and the maximum deviation or fluétuation from the
average. The resulting pressure fluctuatidns fér the
experimental runs in reservoir S are shown gréphically in
Figures 3.8, 3.9 and 3.10 for‘capillary tubes 1, 2, and 3
respectively for several length to diameter ratios. Al-
though thére is considerable'statter about a single line,
the dati show that pressure fluctuations are largely in-
dependent of the capillary tube length to diameter ratio.
This suggests that the onset of flow instability is also
independent of the capillary tube length to diameter ratio:
The line drawn through the data pdints in Figures~3.9 and
3.10 intersects the abscissa at flow rates that coinc .de
reasonably with the onset flow rates that were obtained by
visual pbéervations of the flow field. The latter'fiow’
‘rates were used to define the onset of region III (Figure
3.5, page 94) Plots similar to those shown in Figures 3.8
to 3.10 were also obtained with reservoir L and can be
found in Appendix §. 1In spite of the subjectivity of
visual observatlons and the limited resolut{Sn in measuring
pressure fluctuatlons, the agreement between the two kinds
£ data is considered good. ° "

The onset of pressure fluctuatioﬁs-did not coincide
with the onset of visually observed "chaotic” flow f 1d
for capillary tube 1. In this cése, the flow rate de- 1_
Afining the onset of region'III wés 0.119 cm3/sec when

determined visually and 1.0 cm3/sec from the pressure

measurements (Figure 3.8). It is not Possible to explain
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this disc;epancy directly but;itxmay have been caused by

air in the system. Experimentally, it was observed that
when an airypocket of substantial size was delibefately\
trapped within the reservoirs it acted as a damping mecLan-
ism which delays the onset of a "chaotic" flow field to
higher flow rates. These flo@ }ates were at least an order
of magnitude larger thah(ghe critical flow refes in which

no air was trapped in the reservoirs. Hence;, the limits of
stability can be significantly increased if a>gas is trapped
in the system. All visible trapped air -was removed from the
reservoirs in the experimental runs but some air always
remained in the hydraulic cylinder. Although care was
exercised in reproducing. the experimenfal.procedure, there
was no guarantee thgt the quantity of ﬁrapped air was con-
staﬁt. In view of the sensitivity of the stability limit

to air pockets, an unaccounted fof variation in the quan-
tity of traéped air could have caused the noted discrepancy.
Another factor which could have caused the dlscrepancy

was the use pf two batches of the 0.20% Separan solutlon
Since the soiutlon was prepared in a limited quantlty,‘lt
was necessary to have two batches. The'first was used in
obtaining the pressure tracesland the second was used in
measuring the velocity profiles and’recording visual obser-
vations. However, the physical properties of ‘these two
batches tabulated in Appendix D are essentially the same

over a wide range of apparent shear rates. Therefore, it

is unlikely that the discrepancy was a result of the

R VU
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differences between the physical properties of the two
. batches.

At a flow rate.equal'to 1.43 cm3/sec, several of the
data points in Figure 3.8, given as solid points, are
.considerably above&the stréight line, Similar results are
shown in Figures B.l to B.3 in Appendix B (pages 280-282).
These large pressure fluctuatlons are representatlve of the
fluctuations which occurred when the flew field was observed
to oscillate beeween stable and "chaotic" flows. If pres-
sur; flucéuations were measured only over the interval of o
time when the flow field was observed to be "chaotlc" the
pressure fluctuatlons are con51stent with the remaining
data.

In summary, the following generalizations can be made:

. (a) The onset of measurable pressure fiuctuations
coincide reasanably with the visually observed onset of
region III. )

(k) The onset of region III is independent of the
capillary tuﬁe length to diameter ratio. | »

(c) Pressure fluctuations that lie significantly
above the remaining data can be explained in terms of the
state of the flow field within the reservoir.

(iii) Jet bf Fluid
The third set oonbsefvations involved the
qualitative features of the -jet of fluid issuing from the

capillary. tube. For flow rates within reglons I and II

the jet of fluid was observed to be smooth Wlth the




|

"chaotic" flow field that was observed in region III, the

jet of fluid fluctuated with a frequency that was approx-

imately equal to the frequency of the pressure fiuctuations,

When the flow field within the reservoir was observed to
oscilldte between stable and "chaotic" the jet of fluid
oscillated between two different trajectories. In on~o
trajectory, corresponding to the stable flow field, the jet
of fluid was smooth; in the other, corresponding to the
“chéotic" flow field, the jet was distorted. This offers
. an é;planation for the "cuiious phenomenon” reborted by
Kroesser (98) wherein £he jet of‘fluid, at a constant flow
rate, oscillated between the above mentioned two trajector-
ies. ' | i

A summary of abservations of the flow field within the
reservoir, the pressure flucﬁuations, and the jet of fluid

3

&
issuing from the capillary tube is given in Table 3.2.

A

>

A TABLE 3.2

OBSERVATIONS WITHIN REGIONS I, II, AND III

OBSERVATION REGION I REGION II REGION III
Flow field in Swirling Chaotic or
reservoir Stable or Chaotic-
Stable -Stable
Pressure : Not"~
fluctuations Zero Measurable Measurable
Smooth Smooth Oscillating

Jet of fluid

104
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These observations together Qith: (a) the visual obser-
vations reported by Rama Murthy (142), and others (X2, 130,
132), (b) the pressure profiles measured by Han and Lamonte
(80), and (c) the fact that the flow curve for this polyﬁer
solution is smooth, suggest that for polyﬁer solutions or
mel%s characterized by a WGS upstream flow field, the
initiation site may occur within the inlet region fatherl
than within the cagillary tube,
. ‘ v,:

3.2.3 CRITERIA FOR ONSET OF INSTABILITY

' The flow rates defining the onset of reéions II
and IIf, Figure 3.6 (pqge 94), lead to the evalua’' 'n of
dimensioﬁal and dimensionless parameters as a mean c
‘correlating the limits of stability. The two most ¢ mmoc vy
used parameters referred to in the literature, the cri.ica.
shear stress and the recoverable shear Strain, were cal-
culated and are tabulated in Table 3.3. Parameters with no
asterisk were evaluated at the onset of region II while
those with an asterisk were evaluated at the onset of
region III. The flow rate u;ed in evaiuating the‘shear
stress and the recoverable shear stain for capillary tube
1l in reservoir L was determined.by extrapolating fhe data
in Figure 3.6. The data in Table 3.3 indicate that the
shear stress and the recoverable shear stain (which is
directly proportional to the shear stress): (a) vary some-
what with capillary tube dia&eter, (b) vary strongly with

reservoir size, and (c) depend upon the type of instability



/ TABLE 3.3

/ J

/ T, and S AT ONSET OF INSTABILITY

/

[4

RESERVOIR §’ | I.D. (cm)
,' 0.10 | 0.20 0.30

Q* (cn’/sec) 0:119 0.318  0.635
T (dyn7cm2) 125.0 @«  72.6  56.0

/T MW ' ) .
Sg* =/«c;6T) ' 7.7 4.5 3.5
rw*ff/(dyn/cmZ) 167-1667 .  167-1667 167-1667

/ o

REg;RVOIﬁ L .
Q* (cm/sec) 1.750 - 4.866 11.120
Q (cm’/sec) " 0.5g0%* ©1.589. - 4.866
T *(@yn/em®)  630.1 © 305.0 240.0
T (dyn/en’) 296.0 162.0 . 154.0
Sp* = (éggg) 38.8 18.8 14.8

T MW
Sp = (EEEF) | 18.2 0.0 9.5
T *** (dyn/em?)  167-1667 167-1667 167-1667

* %%k

Onset of region III
By extrapolation of data in Figure 3.6

Southern and Paul (157) assuming the shear stress at
the onset of instability for polymer melts varies
from lO5 to 106 dyn/cm2 and the density of the melt

. 3 .

is 1.20 gm/cm
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(regions II or III).

R with the type of instability

Variations in T or |S
: / _ . ‘
and capillary is exemplified by the data in reservoir L.

R
as the capillary tube diameter decreased from 0.30 to y

At the onset of region II, S_ increased from 9.5 to 18.2

0.10 cm. On the pther hand, at the onset of region III,

Sk was almost twice as large, 14.8 < Sk 5138}8.’ These
values are within the range reported for other polymer
solutions‘(9é, 190) wherein Sg ranged from 6.0 to 42.8

and 2.2 to 66.81 (see Table 1.3, page 41) for polymer melts.
With a fixed tube diameter, stable flow fields within the
inlet region were observed to exist up to higher flow rates
or equivalently higher shear stresses in reservoir L. For
exampleg with capillary tube 3 the shear stress evaluated
at the onset of region II was 56 dyn/cin2 in reservoir S,
whereas in reservoir L it was 154 dyn/cpz. Although reasons
' for this behavior are not clear it is postulated that the
difference may be due to differences in the upstream

velocity field (Section 3.4.4, page 141) with reservoir size.

The range of shear stresses at the onset of flow in-

WA
Vi i

stabiligieé (region II or I1II), although four orders of
magnituée less than lO6 dyn/cm2 for polymer melts, are in' o
reasonable agreement with shear stfesses calculated from

the analysis presented by Southern and Paul (157){

167 < Tw—i 1667 dyp/cmz. Furthermore, shear streeses
evaluated -at the oﬁseﬁ'of fegion Ii or‘III compare favour-

ably with critical shear stresses obtained by other re-
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searchcrs.(98, 179 130, 142). Murch (119), using a 0.5%
solution of Separan AP?30 in a 30 percent by weight glycer;
ine-water mixture and with g = 1.86 x 10—6,,observed that
the stable flow field broke down at shear stresees approx;
imater equal to 500 ayn/cmz. It is not clear, however,
whether this breakdown corresponded with the onset of region
Il or III. In a more concentrated solution, 1.49% Separan
AP-30 in a 50 percent by welght glycerol—water mixture .

and w1th B = 18.5 x 10 3, the estimated shear stress at the
onset of regions II and III were 500 and 3000;dyn/cm2 re-
spectively (142). Oliver and Bragg (130) reported inlet
flow instabilities for orifice flows and with a 0.10%

aqueous solution of ET~597; B varying from 92.2 x 10-4 to

4.0 x'lo—z, the estimated shear stress at the onset of
region III varied from 225 to 2O‘dyn/cm2. s

In summary, variations in S may arise from: (a) the
type of 1nstab111ty (reglon II or III), (b) variations
with the reservoir size, and (c) varlatlons with the capill—»
ary tube diameter. The recoverahle shear straln or shear
-stress criterion, although s1mple ‘to evaluate and requlrlng
little, if any, additional experimentation, does not account
 for the observed dependence on caplllary tube dlameter and
.reserv01r size. More critically, these criteria, which
are based on conditions in SLSF in the capillary tube,.
are not consistent w1th experlmental observation whereln

-
1n1t1at10n occurs within the inlet region. Criteria based

|

on inlet conditions have been proposed by Fogswell (46) ,



&
Everage aﬁd Ballman (60), and Hiurlimann and Knappe (88).
Since these criteria depend upbn inlet conditions,'i.e.,
initial cone semi~angle ana the velocity field, thesdfs—
cussion of théée criteria is delayed to Section 3.5. -The
features of the flow'fiéld, the cone ;émi—angles, and the

.. ]

velocity field are discussed in Section 3.4.

3.3 EFFECTS OF INSTABILITY
The effects of instability are discussed in con-
junction with the Bagley plots, the flow curve, the total

pressure loss-flow rate curve, and the contraction losses.

3.3.1 BAGLEY PLOT

The averdge‘values of pressure (Equation.3;6,
page 97), measured at the reservoir wall at a location up-
stream of the contraction,-weré used in constructing theu

Bagley plots. A typical Bagley plot is givem in Figure

3.11 for a flow rate within region III. The ploﬁbis.

linear and-the shear stress, equal to four times the slope,

is in good agreemenfnwith t%g'extrapolation of the shear
stressuaata obtainedwwith a Weissenberg rheogoniometer
(Appendix D); Figﬁre 3.12 shows'two Bégley plots fof an-
experimental run where oscillations between a stable and a
"chaotic" flow field were observed within the reserﬁoir.

In this case the two Bagley plots resulted from pressures

measured with a stable flow fieid (lower plof) and for

pressures measured with a "chaotic" flow field (upper plb@).

o
t
Y
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- In both cases g the plots are linear and the resulting shear
stresses are the same whethe; evaluated ffom the upper or.
lower plot. The intércept of the uppér p16£ i$ gieater
than thé~iétercept of the lower plot, hence, instability
resﬁlted in an increase in the contraction losses.

At a consc.at flow rate within region III and for a
given capillgry tube length to diameter ratio the pressuFe
trace may be either smooth or similar to tface A or B in
‘Figure 3.7. 1In terms of theg%low field within the reservoir
it may be stable,. may oscillate between a stable and a
"chaotic"'flow or may be "chaotich. Thé total pressure
losses are related to tﬁé state of the flow field. There-
fore, in constructing true Bagley plots, i.e., measuring
total pressure losses for several capillary tube length to

N

diameter ratios, it is necessary to know the state of the
flow field with each caéillary tﬁbe length to diameter ratio.
Furthermpre, although stable flow fields are implied from )

- zero pressure fluctuations it is not possible to differen-
tiate between pressure trace A or B without-avknowledge of
the flow field. The construction of Bagley plots using
average values of pressure (Equation 3.6) .without a know-

ledge of the state of the flow field will result in errors

in evaluating shear stresses and the contraction losses.

3.3.2 FI\.OW CURVE N
The shear stresses used to construct the flow , ;
curve, Figure p.2 in Appendix D, were obtained from the

Bagley plots for reservoir L. No significant differences

X

Mee Bes M v mes s



 ‘«_:no effect on th

113

in shear sﬁfﬁ:ses were found when reservoir S was used.
iThe’flow curve was smooth and continuous over.a wide range
wpf apparent éh%zr rates. The onset of flow instability had
flow curve. This is consistent with re-
sults reported for other pofymer solutions and melts where
iﬁstability occurs\ within. the inlet region (inlet initia-

v

‘tion) . \

3.3.3 TOTAL PREQ%?RE LOSS - FLOW. RATE CURVE
Typical AP _+Q plots, Figures 3.13 and 3.14, were

constructed with the Eata'tabulated in Appendix B. Values

of APt: were averaged?over the time interval that the flow .
field was either “chaétic" or stable. Figure.3.13 shows
that the tétal pressu%e losses within regions I and II
incg;ased‘with increaging flow rate although the flow

field in region I was %Eable and within region Ii a swirl-
ing moﬁion was‘observed. No abrupt increase in pressure
was measurable. !At several flow réﬁes within région IiI
two_values of préssures were measured. For the remaining :
flow fétes within regipon III and for all flow rates within
regions I and II only one value of pressure was measuréd;

The sudden increase in AP, (pressure jumpf at the onset of

t
region IIT can be explained in terms of a change from a

stable to "chaotic" flow field within the reservoir. With

reference to Figure 3.7 (page 96), at a given flow rate

~

a\isﬁaotic"

flow field and the lowér-level of pressure correiponds to

the upper level of preésure corresponds to

the existence of a stable flow field. If Equatioﬂ‘3,6

) . . “‘#///////
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were used to determine an average value of APt, a pressure
jump would still exist. - The magnitude of the pressure.
jﬁmp would be reduced since the new value of APt would.
now lie midway between the two measugedllevels of pressure.

Therefore, the sudden increase in the AP, -Q curve is”

t
not a result 6f interpretation of the pressuré dis-
placement traces. |

The data gi&phically shown in Figure 3.13 indicate "
that the difference in pressure arising from changes in
the state of the flow field withiﬂ_region IITI was indepen-
dent of the L/D ratio. As t@e capillary tube length in-
creased,othe ratio of this differeﬁce in presgure to the
total measured pressure loss, APt, tended to zero. There-
fore, in the limit of very large L/D ratios, the APt—Q |
‘curve would appear to be smooth even at the onset of
region III. The curves passing.thgough the data in
Figure 3.14 are smooth, although these data were obtained
with flow rates well within region III. Visual observations
indicated that the flow field became ”chaotic; for flow
rates exceeding 0.635 cm3{sec (Figure 3.6). The lowest
flow rate where the total pressure losses were'measured
for fhe data shown in Figure 3.14 was 2.5 cm3/sec.

In summary, sudden increase in preséﬁre observed in
the total pressure loss-flow rate curves océurred at‘ghe
onset of reéion III and this pressure jump can be explained
in terms of the transition betwéen a stable_motion‘to one

v

described as "chaotic." Furthermore, this sudden increase



in pressure occurred at a flow rate thatywas independent
of L/D ratiOS, i.e., the onset of fracture was independent
-of L/D ratios. It is important to emphasize that these
plots, APt vs Q, are useful in determining,the onset of
fracture (region III) only when the pressure jump is of

such magnitude that it can be measured.

3.3.4 ' CONTRACTION LOSSES .
Contraction losses are shown graphically in.

. Figure 3.15 and 3.16 as @ function of the capillary tube
generalized Reynolds numbers. Included for comparison pur-
'pqses are the data for Newtonian fluids that were reported
in Section 3.1.2, page 83. The flow rates defining the
onset of region III as obtained from the onset of measur-
able pressure fluctuations and the visually observed onset
of a "chaotic" flow field were coincident.\'The only excep-
tion was for capillary tube 1l in reservoir S; henoe, con-
traction losses obtained with the 0.10 chI.D. capillary
are not plotted in Flgure 3.16.

Day (50) measured contraction losses and observed the
gqualitative features of{the flow field for the flow of
poly (ethylene oxide) solutions through an orifice, The
results can be summarized as follows:

'(a) Under creeping flow conditions the fluid behaved
like a Newtonian fluid, i.e., it entered into the orifice

through a 180 degree solid angle and the contraction losses

were equal to the Newtonian contractlon losses.
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(b) When a certain Reynolds number was reachee»the
fluid behavior changed-abruptly. An extremely small vortex
appeared exactly at the edge of the orifice wﬂich érew in
both width and depth as Reynolds number increased. Corre-
spondingly, the contraction losses increased to the extent
~ that they were greater than Newtonian resul€s at the same
Reynolds number. This will be classified as the onset of
region I.

In this’ dissertation contraction lossés were measured
at Reynolds numbers approaching the upper limit of region
b as.well as Reynolds numbers within regions I I and III *
where a swirling motion and a "chaetic“ flow field were
observed respectively.‘ The effects of these flow fields
(stabhle, swirling, chaotic) on b is exemplified by the
* data élotted in Figure 3.15. At Reynolds numbers evaluated
at the enset of region II, 121, 126 and 246 for capillarf
tubes 1, 2, and.3 respectively, there. is insufficient data
in Figure 3.15 to show conclusively an effect of the change
from a stable to an observed swirling motion on ¢t' At
the onset of region III, however, the data indicaeed-an\
increase in Qt' This occurrea at Née = 620, 72;:/and 816,
for capillary tubes 1, 2, and 3 respectively. hohtraction
losses measured with reservoir S and plotted in Flgure 3.16,
were obtalned at Née > 91, whereas the onset of reglon ITIT
was observed to occur at Née = 10. Hence, contractlon
losses in:reeervoir S were measured only within region

- ITIXI. At several Née>within region III two values of ¢t
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are shown in Figure 3.15. For example, with capillary tube
1 ana at Née = 620, the two'values of_<l>t are 6.46 and 7.08.
As the flow field oscillated between stable and "chaotic"
the pressure displacement traces were similar to trace A P
in Figure 3.7. This gave rise to twoABagley plots (Section,
3.3.1, page 111), hence, two values of &. '
The effect of tube diametér onvcontfaction losses can
be rationalized in terms of the condition of thé flow.fiéld
.within the inlet region. With reference to the data plottéd
in Figure 3.15, flow fields were observed to be stable for
all capillary tube I.D.'s at Np_ o< 125 but, at N < 125, o,
increased as ‘capillary, tube I.D. decreased. At Nﬁe = QQ’
the initial cone'semi-ahgles for capiilary tubes 1, 2, and
3 were 0.5, 0.90, and 1.2 degrees (Figure 3.23, page 136)
respectiveiy. ‘Hence, the area occupied by the récircula—
tion region was greatest for capillary tube 1. The effect
of the larger recirculati&n region was a me;sured increase
in contraction losses. At Nﬁe > 125 the aifference in ¢t
with I.D. arose from diffefences in the state of the flow*

field. This is exemplified by comparing contraction losses
measured with éaprllary tubes 1 and 3. At Ni, = 246 a

¢

stable fiow field was observed with capillary tube 3,
whereas a swirling motion was observed with capillary t;be
1. ata higher,Reynolds number, e.q., Nto = 730, a
"chaotic" flow fieid and a swirling ﬁotion were observed

with capillary tube 1 and 3 respectively. 'The flow fields .

were observed to be "chaotic" in both capillary tubes only
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) > - ' o
at NRe 816. . \:\‘ib

Comparlson of data obtained with both reservoirs re-

vealed that ¢, was consistently larger when.obtalned with
resery01r S. This is not surprising since contraction
losses measured with reservoir s were\obtained only with-
in region III, whereas in reservoirﬁL contraction lossesg
were measured in regions I, II,’and IIT. At ReYnolds numbersb
approaching 2000 the flow field was "chaotic" in both
reservoirst Equation 1.12 in Chapter I suggests that when
the flow fields are the same in both reserv01rs contractlon
losses may be correlated with Nﬁe‘ We have shown that the
Hagenbach correctlon factors are evaluated when a chaotlc"
flow field exists. and the Couette“correctlon factor al-
though not measured, would have been obtained when the flow
field was stable., Therefor we conclude that it is not
correct to correlate contraction losses over a w1de range
of Reynolds numbers ‘when ‘over the same range of Reynolds
numbers the flow field changes from stable to “chaotic "
- In summary, contractlon lOSSes depend upon caplllary‘
tube dlameter and reserborr 51ze ‘ Thls dependence can be-
rationalized in terms of the conditionsg of the flow fleld
within the inlet regloh Furthermore, correlation of ¢

with Née should be based on' the same 1nlet flow field, as .

with Newtonian quids. For the polymer solution used in

r
/

this research and over the range of NRe where_contraction

/
]

 losses were measured,-three~dlst1nct flow fields were
/ .

- j , ‘
observed in the inlet region. Hence, a correlation of @t ~
’/ ‘ .
j
/
/

-
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with NRe is not presented. | -

)

3.4 VELOCITY FIELD UPSTREAM OF CONTRACTION .

i

Three features of the flow field upstream of the

contraction were measured:
(a) the axial and radial velocity components within

‘the central accelerating core measured by~the digitizer and’

direct methods,
(b) the cone semi-angles at and upstream of the cone
‘traction, and | ‘
(c) the location of the center of the eddies.
ihe cone semi-angles and the location of the eddy centers

’ are given 4in order to present a complete description of the

flow field within the reservoir.

./
3.4.1 VELOCITY - DIGITIZLR AND DIRECT METHODS

| Table 3.4 summarlzes flow rates and dlmen51onless
upstream axial locatlons where axial veloc1ty proflles were
measured. As lndlcated in the table, the véloc1ty proflles
‘,obtalned by the digitizer method were measured -only. at three
upstream axial locgilons hereinafter referred to as axial
locations 1, ., and 3 respectively. The resultlng total of
approx1mately 10, 000 1nd1v1dual data points obtained by the
vdlgltlzer method are tabulated in Appendlx E, Sectlon E.2.

The digitizer method was used also in measurlng radial

velocity components with the results tabulated ir Appendix -

E, Section E.2.

“

As a typical exXample of the digitizer data, consider
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FLOW RATES AND UPSTREAM AXIAL LOCATIONS

RESERVOIR
S

=
L -

TABLE

3.

4

WHERE VELOCITIES WERE MEASURED

o CAPILLARY I.D.

0.10
-~ (L/D

/20

-—
=

55.08)

(L/D = 54.96

0.20
(/D

o

b(cmB/sec)

- 0.016
0.040
0.119

0.040
0.159
0.159
0.159
0.238
0.318

. 0.040
+0.159
0.159
0.159
0.318
0.635

L X4

RS

0.159
0.318

1 0.794
1.589%%

1.589%%
1.589%* .

1.906

9 1.906

1.506
2.383
2.383
2.383
2.701 .
2.701
2.701

°

* yeloeities measured by the directtmethod

Co

»

Z/D

N —
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TABLE 3.4, (continued) \
RESERVOIR - CAPILLARY I.D. Q(cm3/sec)' z/D
3.177 18.26
3.177 36.52
3.177 54.78
3.812 19.39
3.812 38.78
- 3.812 58.17
- 4.866" 19.73
A ' ‘ ' 4.866 . 39.45
P ) 4.866 . 59.18

0.30 o 0.318 *

‘ ‘(L/D = 55.04) . 0.635 B

\ . » , 1.589 *
- "4.866 10.95
4.866 .21.90
6.354 11.56
6.354 23.12
7.148 11.92
N . : . 7 7.148 23.12
' 7.943 12.04
, L 7.943 24.08
b - 8.737 12.45
- 8.737 24.90
. , 9.531 12.53

. ° A 9.531 . 25.06 -

9.531 37.59
10.325 12.72
10.325° 25.44
10.325 - '38.16
11.120 12.72
11.120 25.44

.0 . | 11.120 38.16

* velocities measured by the direct Jrethod
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the axial velocities measured with capillary tube 3 at a
flow rate of 9.531 cm3/sec in reservoir L. One may recall
from Figure 3.6 (page 94) that flow rates between 4.866
cm3/sec and 11.120 cm3/sec were within region II. Stable
flow fields within this region were obtainable only when
the crosshead speed of the Instron was‘gradually increased
to the desired setting} this amounted to a gradual.increase
inﬂfiow rate. The velocity profiles éhown\ianiéurés 3.17
to 3.19 are for the stable flow field. Fgrty to 300 in-
dividual data points were measured té determine velocity
profiles. The velocity profiles shown in Figures 3.17 ta
3.19 aré axially symmetric with the axial velocity algng
the centerliﬁé‘being well defined at axial locations 2 and
3. The centeriinetvelocities obtained from Figures 3.17 and
3.18 were 3.4 and 22.0 cm/sec reépecpively.’ At axial
position i the &eiocity aloné the centerline was not WelL
defined and was estimated in thg foliowing mannexr: With
the data in Figure 3.19, lines were drawn through.the in-
dividual data points that .were close to the qenterline.
Tﬁ%éé lines were extrapolated until they intersected. The
velocity cprresponding to this intersection was used as an

estimate of the centerline axial velocity which, for this

@

example, was 93.0 cm/sec.

The flow rates where the velocity profiles were
measured by the direct method, as tabulated in Tabl. .4,
7 7e¢ been denoted by an astgrisk. Raw data are tabulated

“opendix 7, Section E.l. With these data velocity

126
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profiles were constructed and are given in Figures 3.20 to
3.22 at several upsfream axial locations for the three
capillary tubes. The data plotted in Figuré 3.22 were
obtained with capillary tube 3 in reservoir S and at a flow
rate of 0.318 cm3/sec. This flow rate was within region I,
i.e., it is less than 0.635 ém3/sec. The axial velocity
profiles at the contraction, 2/D = 0.0, were not measured
girectly but were obtained in the following manner: From
the projected photographs, consecutive streaks along a
streamline were measured and the axial velocity was deter-
mined as a function of position in the feservoir. This )
allowed plots of velbcity versus axial position ﬁo be made
which incluéed measured veloc;ties to within one or two
streak lengths of the capillary entrance. Between this
axial location and the contraction, the axial velocity was
estikatedvby a linear extrapolation of the axial velocity-
position plot té the 'entrance. The 1ocation nearest to the
contraction where the axial velocity could be measured
moved farther away from the contréctipn as the.sfreak
length increased. 1In all cases the length of extrapola-
tion was less than one tube diameter and in some cases was
as small as one sixth of the tube diameﬁer.' |

5

Several conclusions can be drawn from the data plotted

in Figures 3.17 to 3.22: |
° (a) The axial velocity profiles are not flat. In
Figure 3.22, for example, at one diameter upstream of the

contraction the axial velocities at the centerline and at a
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*

radial position equal to D/2.0 were 4.9 cm/sec and 1.5
cm/sec respectively. At these sahe coordinates z/D = 1.0,
r =20.0, and 2/D = 1.0, r = D/2.0, the respective velocities
with capillary tube 2 at a flow rate of 0.318 cm3/sec
(Figuré 3.21) were 13.0 cm/sec and 4.0 cm/sec. Therefore,

any empirical.relationship ‘must include axial and radial

dependence.

(b) The development of .the axial velocity profiles
iwas such that as Z/D,approachgg‘zero the velocity profiles
"in the reservoir approached thé fully developed velocity
profile for flow in the capillary. The degree of develop-
ment at the coﬁtfaction was -estimated from the ratio of the
velocity along the centerline at the cont?action-to the
velocity aloné the centerline for a power law fluid in SLSF
in the capillary tube. Thig ratio, given by Equatién 3.7,
was approximately 0.75 and it remained constant for all

of the data.

vzldc@z/D=o_ Vo B .
- Inter, - 0-75 3.7
v, |<t @ SLSF UG~y

(c) At large upstream éxial locations the axial
velocity profiles over a radial distance less than»D/Z.O
approached a flat distribution. This axial location varied
with capillary tube diaﬁeter and flow rate. In Figure 3.20,

the velocity profiles were considered to be reasonably

flat at distances approaching 24 diameters upstream. At

...\
EN

<
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upstream axial locations beyond the development of the WGS
]

structured flow field, the velocity profiles, although not

measured directly, were assumed to be those associated with

fully developed flow in the reservoirs. , »

3.4.2 CONE ANGLES

In many experimental runs the visualization of

the outermost streamline did not extend up to the

/.

. \ ' :
contraction. It was necessary in these cases to extrapolate
' AR D,

N

the‘cute‘"; B ine to the contraction in orde{’to
eStimatethe . e odme semiwangle}\¢o This resulted in

errors_as- percent in %0° In1t1a1 cone semi-

'fice halfﬁgf a degree were too small to be

'measured with confldence. The measured initial cone semi-

anglesfiess the

andles tabulated in Appendix F are plotted in Figure 3.23°
agaiﬁst the parameter, D3/00Q, This parameter was |
"suggested indirectly by 1ndependent experimental obser-
vations of Metzner et al. (116), Cogswell and Lamb (48),,
and Clegg (44) . Metzner et .al. (116) suggested that for a
given fluid the initial cone sem1~angles were proportlonal
to D /Q, this was also suggested 1ndependently.bg/Cogswell
and Lamb (48). -€legg (44) observed that at a cé"}astant |
D3/Q the initial cone semi-angles were 1nverseiy
proportlonal to the relaxation time of the/fluld The
lptegratlon of these experimental ohservatlons leadg to

,//

the formation of the dimensional grogp: D3/00Q (188).
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o

By unsing the zero shear relaxation time, 90,‘as a .character-

| istic relaxation time, the data in Figure 3.23 can be |
reasonably represented by Equation.3.8. Equation 3.87is
- shown as the solid line in Figure 3.23.

)O‘6 for 6 x 10'.'3 4‘(

sD)‘< 10 3.8
0% -

Values of (D3/06Q) less than 6 x 10"3 corresponded apptox—‘
imately with the onset - of regionIII, whereas for eXceedingly
small flow rates, values of D /BOQ > 10, the initial cone

semi- angles, although not measured asymptotically approach

L
Ny

90 degrees. The data in Figqure 3. 23 also 1nd1cate that .
the initial cone semi-angles were the same in both |
reservoirs for values of (D /eoo) thatoverlapped.b The
initial cone semi—angles measured by Oliver and Bragg-(i30)~
for a 0.10% aqueous solutlon of Separan ET-597 (6 = l‘éec)
as well as those reported by Uebler (173) for a 0.50%
aqueous solution of Separan APU30 (6 =. 5 sec) are in good
agreement w1th these data as shown 'in Pigure 3. 23.

Ballenger and Whlte (12) presented a correlatlon of ¢ with

AP /T We have found w1th the 11m1ted data where both

\AP and ¢ were%measured, a 51m11ar correlatlon, however, »
there is significant scatter in the data. The 1n1t1al cone
semi- angles measured Ain thls research as well as those “

_ measured by ‘others (12, 130, 188) suggest that the exponent
and the proportlonallty constant in Equatlon 3. 8 dare depen- L

dent upon concentratlon and and type of polymer




G

The cone seml—angles were measured at axial locations

other than at the contractlon lee the knltlal cone semi-

angles, these were measured tangent to the outermost stream-
line. A typlcal example of the growth of the cone semi-

angies at several flow rates“for both capillary tubes 2,

and 3 is given in Figures 3.24 andv3 25°. The remalnlng'

’

data can be found in Appendix F, Section F.2. The cone

semi-angles were independenpt of reservoir size within the

T2

" accuracy of:measurement and over the ‘range of z/D where

they were measured Although ¢ was not measured dlrectly
at axial locations- greater than those tabulated in the

Appendix,‘the dependence of the growth of ¢R with reservoir

Lo * ) ~

size was implied'from observations of the flow fleld in-
' 0

both reservoirs. At the maximum values of z/D, where cone .

v

138

semi- angles were measured 1n reserv01r S, the crOss sectlon—

o

alearea of theﬂcentral core-of fluld was approx1mately

equal to the reservoir's cross—sectional area‘; At the same

xR

3

flow rate and w1th1n reserv01r L, the core area occupled

a small fractlon of the total cfoss sectlonal area due to
the;order of magnltude 1ncrease in the phy51cal dlmensrons

of reservoir L. Hence, in reservoir L-the core extended

- farther upstream and the cone semi-angles could be measured

to larger values of z/D. "{'

3.4.3 EDDY CENTERS v . e

A third characteris\d/_of the flow f1eld w1th}n
3

the reservoir is the location os,the eddles that surround

>

-0
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the‘central corg of the fluid. The relative size and the
location of these eddies are reported in terme of the
location of the center of the eddiesﬁghd the data are
tabulated in Appendix F. The data for eapillary tube 3 in

reservoir S are plotted in ¥igure 3.26. The figure -shows

that as the flow rate lnereaged, the location of the eddy |

centers progressive v mo-:d farther away from the con¢n§@4

tion and along a wel. lined path. Comparison of , 9&@&
centers in both reserv01rs at tﬁe same flow rate revealed
that the location of the eddy center was located farther
upstream in reservoir L. This was not surprising since.as
mentioned in the previous.section it was observed that fer

a given flow rate and capillary-tube the accelerating core

was observed to extend farther upstream in reservoir 1.,
. R

3.4.4 CO%% VEiOCITIES
Based on ghe typlcal ax1al velocities plotted 1n

Flgures 3.17 to 3. 22 emp;rlcal correlationg must include
both axial and-radial dependence. To obtain an empirical
rf’atioaship that would describe tu§3dependence on axial
l.cation three models were considered: the 51nk flow
model, the K2 model, and the exponentlaiqdecay m;eel.

The sink flow model has been used previously to
deécrite the Velecity field for the flow of polymer solu-
tions through'a sudden contraction (116, 173). Velocity

profilés within two diameters wupstream of the contraction

were measured for.a 2 inch I.D. tube protruding 4.05

141
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diameters into a lé inch square reservoir (173). Within the
experimental scatter and over the rénge of available data,
the velocity field was adequately represented by the sink
flow model. Since the flow field was described as being

WGS the streamlines were curved, i.e., the cone semi-

angles increased with iﬁéreasing upstream 'axial location.
The‘gink flow kinematics assumes that the flow is radially
directed toward the origin_éf a spherical coordinate system,
i.e., cone semi-angles are independent of upstream axial
locatioﬁ. Thig results in smaller cross-sectional flow
areas farther upstream ofdggzdcaﬁtractlon. Therefore, theh‘
centerline velocities predicted by the siqk flow model

are ekpected to be 1argerxthaﬁﬂéxperimenta1 data at axial
locations farther upstream of the contraction.

In an inverée siphon experiment, the fiuid is drawn
vertically into a capillary tube. This creates a verticai
iiquidvﬁilament which is qualitatively similar to the flow
field Ggserved in the inlet region. Hence, the velocity
flow field meaéured in the inverse siphon experiment ﬁay
-approximéte the flow field in the iniet regidn. A descrip-
itipﬁ_of the Qelocity field wa§ obtained by photoéraphing
the cross sections of the vertical filament, assuming a
flat velocity profilé at each croés section and equating
“the. integral)of velocity:over the cross-sectional flow afrea
‘wthﬂthe known volumetrlc flow rate. -With this method,

anel (90) pﬁesgpted an empirical relatlonshlp between

'veloc1t; and axial lacatlon ‘that is referred to as the
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" "K 2 kinematics." However, 83% of his experimental runs

and 30% of Weinberger's experiméntal runs (184), which

were reported in Kanel's dissertation, are not represented

by the K 2 model. In general, velocity was correlated

with axial position by

v. =39 (c 5+ c)?/P | 3.9
m 1 2

where z is the distance up into the liquid column and v, is

the velocity in the z direction. Parameter-p varied from

- 0.50 to 3.0 (1, 90, 184) and the constants Cl and C2 were

-evaluated,éxperiméntally for each run. With p equal tb

unity, Equation 3.9 is referred to as the K 2 model. As
pointed out by Kanel (90) reasons for the variations in

the values of p are not known. More recently, Halmos and

Boger (71) measured centerline axial velocities downstream

of a sudden expansion for aqgueo r;solutions‘of Methocel

*0

ne velocities were

90HG and Separan AP-30: Centerl

measured by Boger and Rama Murthy (25) in the 2 to 1 con-

traction using thé.séme experimental‘apparatus and poiymer

‘solutions,. Velocities predicted using Equation 3.9, with

p equal to a constant, resulted in consistent deviations

- from the experimentally measured velocities in the sudden

expansion or sudden contraction experiment. To be con-
sistent, p must vary with axial position, z/D. This
variation in p is brought into focus by comparing predicted

and experimental stretch rates: Downstream of the sudden

PE



expansion, the experimentally determined stretch rates
decreased from values that ranged from 32.3 to 43.3 sef:—l

at the expansion to values approaching zero (6 to 20 tube
.diameters downstream). Between these two %imits thg stretch
fate passed through a m¢ imum value which was 2 to 4 times
as large as stretch rates evaluated at the expansion (71).
The axial location of the maximum strefch rates varied from
2 to 6 diameters downstream. Similar results wkre obtained
for flow;throuéﬁ'a suaden contraction (25), i.e., the |
stretch rates passed through a maximum value as the con-
traction was approached. Stretch ratés derived with
Equation 3;9, with p equal to a conétant, are not consistent
lﬁwith these experimental data. Té.be so, p must vary with

axial position. In summary, since there have been signifi-

9y
(A

cant variations from.,da:K 2 model, i.e., p varies from

experiment to experiment, and ;hé %éct that parameter p
varies with axial position, it is purely by chance if the
K 2 model is representative of velocity-position data

obtained in this research.

The first part of Section 3.4.4 attempted to fit the

velocities along the centerline to the sink flow and the
K 2 models over -a range of upstream axial ﬁocations. As

a rule of thumb, the maximum axial location was chosen
, i
to be approximately equal to an axial distance one and one

half times the axial location of the eddy center. .
14

5
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This axial location defined the major portibn of the con-'
verging flow field. Beyond thié, velocities were too' small
to be measured accurately. This maximum axial location
corresponded with an axial position wﬂere.the product of the
derivative of the centerlinewyelocity; I', times the zero
shear relaxation time of the fluid, 60, was equal to unity.
This dimensionless parameter, reo, employed by Acierno
t al. (1) in analyzing the'transient elogational behavior
of dilute polymér solutions, is also_used in the determina-
tion of an empirical criterion to bredict the onset of flow
instabilities (Section 3;5, page 199). The derivative of
the centerline velocity (where stretch ratqs>are a maximum)
is an integral~part of the stability analysig, as will be
shown in this section. fhereforé, the chosen model should
predict derivatives of velocities that are in guantitative
agreement with experimental data in addition to being re-
presentative of velocity data. The final part of Section
3.4.4 discusses the exponential decay model and thé develoup-
ment of an empirical relationship with radial‘{écation.
(i) Sink Flow ﬁodel

If it is assumed that the flow upstream of the
capillary is-radially directed toward the origin of a
sphérical éég;dinate system, with the origin determined
by the extrapolation of streamlines, the continﬁity

equation for a symmetric flow field (116) reduces to

146



£(¢,)
v, = —- 3.10
vV, =V; =0 _ 3.11

where r is the radial coordinate and Vl’ V2' and V3 are
velocity conponents in the r, 6 and ¢ difections. - By
normalizing thé radial velocity with respect to the average
velocity in the capillary, V, and‘radial position with

respect to the capillary tube radius, R, Equation 3.10 can

be rewritten as .

~

vy f(¢0)‘ r =2.0

(V—')¢_ = —\;—2—— (’ﬁ' 3.12\

Therefore, in logarithmic coordinates the slop »f a

R

3 i V
plot of dimensionless velocity along the centerline, (Vi)é ’

versus (%) should be equal to -2.0 if Equation 3.12 is

valid. Consider as a typical example velocity data measured

with capillary tube 3. Measured centerline velocities

147

for flow rates that range from 0.040 cm3/sec to 1.589 cmi/sec

are plotted in Figure 3.27. The respective upstream axial .

locations, z /D, are also given for each data point. Plots

similar to those in Figure 5:27, although not reported,

were obtained with capillary tubes 1 and 2. The solid lines

representing Equation 3.12 are in good agreement with -

experimental data only in the vicinity of the contraction.

This was originally suggested by Murch (119) and Kanel (90).

&
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FIGURE 3.27

CENTERLINE VELOCITY
SINK ‘FLOW MODEL

1.D.  SYMBOL FLOW RATE z/0

{cm) {cm3/sec )
0.30 0O 0.040 0.0, 05, 1.0, 1.5, 2.0, 2.5 ]
0.30 o) 0.318 0.0, 05, 1.0, 1.5, 2.0, 3.0, 5.0, 6.0, 7.0 —]
030 AN 0.635 00, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, 10.0 ]
0.30 v 1.589 0.0, 4.2, 6.6, 9.4, 12.3, 15.1 ]

—t

EQUATION 3.12

—
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L
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o
At a flow rate of {0.040 cm /a greement was.obtained for

upstream axial locaticns as large as 2.0 diamete}s up-
stream, whereas at a flow rate of 1.589 cm3/sec'geod agree-
ment was obtained at upstream exial locations as“large

as 6.6 diameters. At axiel locations greeter than 2.0 or
6.6 diameters the sink flow model predicts velocities that
are significantly higher than the experimental data. This
discrepancy, as mentioned earlier (pagel43 ), arises from
the WGS central core wherein tﬁe actual cross-sectional
flow area is greater than that predicted by the sink flow

model.

< The derivative of veloc1ty along the centerline ob-

talned by dlf‘erentlatlng Equatlon 3.12 w1th respect to

r/R yields | . ,
. % : | ’ !:, F.

xr
da(z/R) T (§ 3.13

VR

Equation 3.13 states that on logarithmic coordinates

a(v,/v) - L . ) ‘ ,
;37%7ET_J versus (%) should result in a linear relationship

having a slope equal to -3.0. The solid lines in Figure
3.28 represent Equation 3.13. Significant differences :
exist between the predlcted and measured derlvatlves of
velocity.. The derlvatlve of experlmental veloc1ty along’

the qenterllne, as shown_ln Figure 3.28, remained relatlvely
constant over a wide fangejof upstream axial locaﬁions.

The range of.upstream axial locations was observed to vary
’ : ’ E') .
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CENTERLINE STRETCH RATE
SINK FLOW MODEL

v

|
1.D. SYMBOL FLOW RATE z/0
{em) (cmP/sec)
g o
0.30 O 0.040 0.5,10, 15,20, 25
0.30 o]  0.318 05, 1.0, 1.5, 20, 3.0, 5.0, 6.0, 7.0
030 . AN\ 0.635 ' 1.0, 2.0, 30, 5.0, 6.0, 8.0, 10.0

42,66,9.4,12.3, 15.

0.30 v 1.589
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°
with capillary tube and flow rate. For‘exaﬁple, the data @}“:
'in Figure 3.28 indicate that at a flow rate of 0.0404em3/sec
the range was from 0.50 to 1.00 diameters upstream; where-
as at a flow rate of 0.635 cm>/sec the range was from 1.0
to 3.0 diameters. Derivatives of ve1001ty are not° reported
for ax1a1 locations less than 0. 50 dlameters e tream‘r
since VelOCltleS were not measured at these ari.. locations.
At a flow rate of 1. 589 cm /sec, velocit: neasurements were
not avallable for axial locations less than 4.2 diameters,

hence, experlmental data are not shown. At axial locations

far removed from the contractlon poor agreement exlsted

~N

between the predxcted and experlmental derivatives of
velocity; the predicted derivatives of velocity were con-

sistently ‘higher than experimental values.

&

In'summary, the sink flow model is inadequate in re-

' presenting the relationship between veloc1ty and ltS de-

o

.rlvatlve along the centerllne with upstream ax1al locatlon
&2 /

The flow upstream of the,gaplllary entrance is not,radla;ly

directed toward/the/SEE;;n of a spherical~coordinate

ity
. o

zsystemr///
(ii) K 2 Model

" In a cyllndrlcal coordlnate system ‘with its. -

v

origin at the center of the caplllary tube at.tHe contrac-.

thn, the K 2 model can be Tewritten in general as -

"“\ -
|

v o _ - - 2 e . . ) "
Vz'¢_ = a + a, (z/D) +,a2(z/D{_ . 3.1z
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. &
N o
>

‘values of .he three parameters a, ay ., phd‘az'inlEQuat;oﬂ.

nd their dependenee'on capillary,tdbebdiametef and e':,
flow rate must be evaluatedLexpefimen£ally;v Although

'deviations\from ﬁho K 2 medelvare knqwn to exist (25,:

- 90), .it was expected to be a better approximation of

veloc1ty data c0mpared to the sink flow moédel. Differentia-

tion-of Equation 3.14 with respect to z yields , ."'-'

it

2 N I :
v-z,zl¢_ (——5? * 25 (5) S 3.5
Equation 3.15 predicts that the derivative of .welocity is ..

3 o 3 . / ' !

g"‘:?1inear with respect to axial location. ~As‘peintea'out in
page 144 thlS is inconsistent w1th data obtalned by Halmos
~and Boger (71) and Boger -and Rama Murthy (25); the data

obtained in the present study are con51stent w1th those
rébdfted by theseiauthors, .

¥ ' o "k‘\
. Typlcal experlmerfal ve1001t1es and derlvatlves along’

the centerline are glven in Figures 3429 to 3 32 for’ capll—’
~A

lary tube 3, In addltlon, results are also sh0wn for cap11~

3 &

lary tube 1 at a flow rate of 0 119 cm B:C (Flgures 3 30 .

an& 3 32) where the acceleratlng core extendedifarthest
1nto-reserv01r S,' The parameters a al,»and a2‘1n~Equation
3. 14 ‘were obtained by the least squase\*method “Phe K 2 .
odel is in good agreement wlthsthe“veloclty-data-but“cen—
_sistent'lafge deviatibns in‘the4&erivatives:of'velocit§

were observed for a%%}of the data with typﬁbal results

shown in- Flgures 3.31-and 3. 32 The derlvatlves of

?
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" other experlmental evidence (23, 71, 123). . R

exper;mental velocity are not -linear with respect to axial
/ ) v

'locatfgn as given by Equatlon 3.15. As the contraction was

approached, the derivatives of velocity increased eXponen—

tlally to a value which remained reasonably constant over a
range of upstream- aX}al locations. . For the data shown, the
range over which the derivatives were considered to be cdn-
stant .s given on page 15]. Asla result of poor agreement -

between predicted and experimental derivatives of velocity,

tpe K 2 model was considered’ tq be inadequate.

-ﬁ?&i) Exponential Decay Model

Y

157

Plots of velocity and derlvatlves of velocity along

the centerline versus upstream axial location obtained in

this study sﬁggest en exponential decay model given by

'

Equation 3.16 ﬁﬁ'f w

LN

. Vz:g*fv'@p( b(z/nn S

Jx-», 5 - IR

whe}ervo is the veloeity along the centerline at the

contraction and z/D is the ax1al p051t;oP measured up-

stream of the contractlon 3 ThlS ‘model predlcts the
) s
dependene//of veloc1ty upon. z/D wnlch is .in agreement w1th

4 » e

» b

. : .
The X 2 model is included in the exponential decay
- .
model since Equation 3.14 is a trEnCated Taylor series
. . s ) '
expansion of.thation,3,16:"A Taylor series expansion of

Equation 3x16 is - o .

e e e o e PR o ; .
ST e L
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. . 2 b3 23
Vz|¢: = Vo(l - b(l—)') + -2-—!- D) -3-7—('5) + ...) . 3.17
Truncating Equation 3.17 after the third term yields
V], =V (1-Db( + .‘?i(—z—)?')?/ : 3.18 . s
V4 @ 0 N D 2! 'D f - O :‘Pr:‘?:‘
T ' < - : ) Aty
' ‘ ‘;"g‘h’v it
Equation 3.18 is equivalent to Equation 3.14 when ‘ -
: . iy
(.
= o G
a | Vo ’ . . . ;
: b ‘ g : o
o - vgb®/2L T L 39
Equation 3;16 implies that the siopé of a'plot of V,
versus ng on sem‘.lcg coordlnates xs a constant equal to ' .
. Ce g
_ pt at z/D = 0. belng equal to Vy- The ' Q
ve1001ty - Z/D da%a measured&?g?tpls ‘study Showed iconsistent
dev;at;ons_whenuplotted on semi-log coordinates in accoxd-
ance with Equation 3.16. A betfer, althdugh a more com-
plicated relationship, was . . .
. , N . Vo i,
: s R
= V_ éxp(-b(z/D). . S
Vg = v exeCre/mS ok

3 NN v . i
by . i
- : e c i
o /
) /
\ \ ‘ J’
. i

where c is stant. The. evaluation of ¢ was obtained in

£ Ead
ke

the - follow1ng manner: For a glven reservoir, caplllary

/tube , and flow rate, V was plotted agalnst fz/D) yon. - o
‘ : .“"'

senl—log coordinates for various values of ¢ untll\lt ,was : -
\ S

Gy g ) > v:‘;iﬁ:}& | \ . ‘ ”“. .

) ‘ . ) . ‘ \ ’  \
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judged by eye that errors between experimental and predicted' o
values over the characteristic flow pattern length were a
minimum. This proeedure was repeated for the remaining flow
rates, capillary tubc: and-both reservoirs., In the final
analysis, C'Qas de .cmir- 4 to be equal to 1.4, Typical J

wplots or Gélocity versus (z/b)l.4 are shown in Figure 3.33

for the datafobtalned w1th capillary tube 3. The solid

llnes representlng Eq&atlon 3 20 are in excellent agreement

\‘ i
M

4Ww1th experlmental data Plots 31m11ar to those in Figure

3. 33 can be found 1m Append;x E and are 1n excellent agree-,
q' ! » ‘
‘ment w1th the data., Further‘support of'Equatlon 3 20 as -

s

representatlve of centerllne velqc1t1es 1s ev1denced by i?

..-‘ -1

mdata reported by Boger and Rama Murthy (25) in a 2 to 1~

_contract&pn (5 08 cmaI D to 2 -54 cm I. D. )J by Halmos and
S

Boger (71) in: a 2 to 1 expansmon and by Nakamura et al

(123) inva sudden contractlon (7 0 .cm I.D. to 2.0 cm I.D.)
: Fowl
‘In all experlments centerllne veIOC1t1es were represented :

’,a

by Equation 3. 20 ‘with ¢ = 1.4,

& .

“f“w Since the veloc1t1es were mggsured only to with;n one*

o

streak length fr‘g;the contractlom the veloc1t1es at the
_contractlon VO’ were notﬂmeasured dlrectly. - These. veloci-

ties were estimated by curve fitting the data to Equatlon

\

3.21 by the least squares method v

b -

-}~1Og(vzl¢v) = log v, - b (§)1°4 | 3.21

“
-

The resulting values of Vg are plotted against flow rate in

3
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Figure 3.34. No significant differences in the values of
V0 were noted over the range of flow rates in region I
where datayfrom both reservoirs overlapped.,—Itvwas con¥
jectured, therefore; that the values of VO were independent
of reservoir size for all flow rates within region I,

From Figure 3.6, the flow rates in question for capillary

tubes 1, 2, and 3 are less %aan 0.119, 0. 318 and 0.635

cm /sec respectlvely. jThe lata between the two slzes of
reservoirs cannot be compared for flow rates greater-: than
these since the flow fields were different; the fLowdgﬁeld
was "chaotic” in reservoir S while in reservoir L it was
dstable even to much higher flow rates.

The degree to wh&ch theée velocity profiles were develop-
ed at the contractlon was estimated by the ratlo of V0 to
the centerllne velocaty for SLSF in the caplllary tube.

This ratio was equal to 0.75 and remalned constant for all
experimental runs. Hence VO can be expressed as

30 +1)(Qy | T 3.2

v, = O 75 ( A T

0

1

Over the range of apparent shear rates where the velocity
Y\

profiles were measured ‘the flow behavior index, iven R
in Appendix D; ‘was approximately equal»to a constant, 0.50.

"Substitution of this value n' into Equation 3..22 yields

N .-
)

"

v0 =Lasem 3 33 S
DO _ o | .
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Equation 3.23 is plotted as the:solid line in Figure 3.35
e and'shows that the precedlng app;0x1matlons are in reason-

ﬁ
éble agreement with the experlmental data for capillary *

tnbe velOC1t1es that ranged from O 60 to 160 cm/sec.
Experimental values of V0 were slightly higher than the
predicted values (Equation 3.23)'for capillary tube agve-
rage velocities dreater than 70 cm/sec At first this may
not appear to be a major dlscrepancy but closer examina-
tion revealed that these capillary tube average VEIOCltleS
corresponded with flow rates defining the onset of region

II in reservoir L. Therefore Equation 3.23 is valid

only for flow rates that are w1th1n geglon I. vVvalues of

b 73

=V ‘obtained by replottlng the centerl*ne Ve1001t1es
measyred and reported by Boger andiRama Murthy 25) Halmos
"and Boger (71), anddﬂu“amura et alwd&iifﬁ galqat (z/D)
Yare ginenain Figuré)$;35. The solutlﬁkzwﬁsed by Boger )

w ¥

= 0.521,

} i
‘and Rama Murthy - (75) and Halmos and Boger (71) were

_aqueoﬁs solutions of Methocel 90HG having

VO 550 and 0 580) whereas, the solution” useijbf'Nakamura

s

‘v’af al. (123) was a 0.40% welght aqueGus solution poly- '

acrylite (n' = 0136) ~ Only the data obtained by Halmos
and Boger (25) and Nakamura et al‘ﬂ&?l) are somewhat

‘hléher, Equatlon 3. 22 represents thelr data when the con—"

E

~stant 0.7% is replaced by 0 89 and 1. 26 respectlvely.‘ .

Veloc1t§ measurements as far as~60 dlameters upstream

'were necessary to deflne the major portlon of the ve1001ty

S

field at‘high flow rates; At low flow rates, measurements«  we

wly

- - A
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tprOperEies of’ the flUl%' tﬁe geometry, thg flow rate and :

o 165:\)
i B

withih twe'diameters were sufficient to define'theymajor
portion &f the velocity field. In erder to scale the
veloc1ty fields w1th respect to axial 1ocatlon and achleve
ax1al 51mllar1ty, the ve1001t1es were normallzed w1th
respect to V,. The normalized axial location, variable, z*,

a

was defined as .

i

= @/Dy/e/my 3.24

i

where (X/D) is a cha"cterlstlc flow pattern 1ength whlch'

deflmei the major portlon @f the flow fleld over whlch ;'

. veloc1t1es were measured Normallzed ve1001t1es range from

.zero to unlty anq by awproper ch01ce of the charagterlstlc‘

}/—1

' S
“i.flow pattern length normalized ax1al locaglons should

Q.

range from zero to values approx1mately equal to %nlty The,,

°

.IOW1ng outllnes the method used to obtain Z*~'*The

':lO\lty along the centerllne is a functiou of the phy51cal

.-u'

the upstream axmal 1ocat10n ThlS gan be wrltten as’ -~

. C | I C ~/, ST f\ - ’ '. ' . A gy
Lo 2 : ' . * - L
_jﬁ, - Vz!@ = f(pyKoj:,rl',D,DR,Q,z) T " : 3725'
0 woo . ' o S ’ €T
e . - _' - ( . L,
Slnce d1mens109al consrstency must exist rearrange-
/

ment of the varlables in Equatlon 3 25 by Rayielgh!

.

méthod so that each term is dlmens1onless must glve‘

. - e 3 :.~*— _Z- . \,' : ) ». ) ..
vz'é H_-f(sle ! D! n') - :%-26
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By substltutlng thewrelatlonshlp glven by Equatlon 3.20 hf

_into Equatlon 3. 26 we have ‘ ' S e o /
L Vzl . " 3 ; ;
‘ Y = v ¢ = f (B Née gQ,’gq n') 3.27
SV, | .

It was nentloned on page 145 that velocrtles were mea-
sured over the major portlon of the- flow fleld wh1ch corres-".
ponded to one and one half tlmes the center of the eddles.‘ |
LThls ax1al locatxon was approx1mately equal to the ax1al
locatlon where the product Peo'was equal to unlty. ~It is
”thls ax¥ial posltlon that is referred to as the characterls-}
| tic flow\pagtﬁ&n length Qualltatlvely, gs the rnlt;al
Lf.cone semlgg%gle decreasedq the axlal ISugtlon, where reo

1.
was equal to: unlty, 1ncreaees (the central core protruded

o

farther upstream) The 51nk flow klnematlcs, although not P

representatlve of veloc1t1es and derlvatlves along the ‘ ‘~V

R

' (}‘) ' 5
centerllne may quailtatlvely 1nd1cate the depend!nce of T

”the characterlstlc flow pattern 1ength w1th D, 6 (%nd Q ‘“”““%"

g .

Equatlon 3. 10, over the flow gross sectlonal area to flow

£

rate, yrelds S ';‘ R ”{‘“

o

. {Yi”=- 2Q, o co e © 3,28 ‘ff:
' 2nr (1-cbsey) oo T
- : i (MRET /
‘ L:."“ oo
The - derlvatrve of Equatlon 3. 28fw1th respéct o radlal e
"llocatron r, 1s Y i j
=0 .

Sl ard(1mcosey)

“'?“By equatrngrthe 1ntegral pf the radlap éeﬂocrty component ' .\Q\\é
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N

. . ' . R .
As an approximation for small cone initial semi-angles we
have -

l - cosé, = xz/i 3.30¢

where x is‘eXpressed in radians. The product of the stretch

7 ! v
rate times the zero shear relaxation time is therefore

‘given by )
2800 ’ T
Via% = 3 ' | 3.31

™ X

Hence, the radial location -where V1 160 is equal to unity,
'

rI, is
_ 290 ,,3 o
Xp = (—=) " , : 3.32
"X

From Equation 3.8 we have

3
19 D™, 0.60
X =_(I§5)(536)

a

3.33

and substitution of Equation 3.33 into Equation 3.32 yields
ry .= 3 9(8302)1/3 o ~" ; 34 .
p sy - '

This suggests that the dimensionless axial position, Z+,

can be derived from diménsionless groups in Equation 3.27

as
p N | o
Zt = ﬁ__(z/n) =—Tr—z 3.35
02 2,3 99" /3
- 2

D D



. where (6502/03) Has the dimension of length cubed. The

—~

combination of Equations 3.20, 3.27, and 3.35 yields —~ :
. o

. |

v* = expl-b, (8 D> n'y zn) 14 3.36 5

¢ NRe’ 356' - . i

’ i

' }

<

Equation 3.36 is equivalen; to Equation 3.20 and suggest$

that on semi- log coordinates V* is linear with respect to

[PPSR HUNK S

(Z‘) . The functlonal form for parameter,% with 8,, .

{

Nﬁe' 03/600 and n' must~be evaluated emplrlcallv ?
Semi-log plots of V* versus (Z")l‘4 are G. v

'Figures 3.36 to 3.40 with Equation 3.36 being re, ~~- ‘ i
sented as the solid lines.’ Experihental values of V* are N

related linearly to\{g')1'4 on semi-log coordinates with

a slope equal to -b1/2w303. The dimensionless axial

locations were condensed to values of (Z*Jl'4 less than 2.2.

Gert e T e Mot a

-

Pframeter bl,‘estimatéd by the method of_least squares, -.
ié plotted in Figure 3.41 againsﬁ (GOQ/D3). The data

in this figure show clearly that the extrapolation. of

the relatxonshlp bet»°en b1 and (800/03) obtained with
flow rates within reglon I is not- appl&cable within region
II where the first signs ofvflow lnstabllxtxes were

observed. Therefore, for flow rates within region I

Equation 3.37 is applicable.

) x‘l-,ag‘?&ar\wl".. L. ) .

e y.ote asm 10-216 ‘
b, = 1.0(64,0/D,) 3.37
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Over the range 10 < OOQ/D3 < 40, no significant differences

in the values of bl were noted with reservoir size. This
1 04’ .
conclusion was also reported for Vo (page 161). It was

conjectured, therefore, that the effect of rescrvoir size

on b, wésrnegligible for all experimental runs. The limited
data further suggest that parameter bl is independent of
Nﬁe and n'. Hence, it was assumed that as a first approx-

imation bl was dependent only on (BOQ/D3). By defining

(zrx)l-4 o bl(z*)l‘4 | ) °3.38

and using Equation 3.37 and 3.38 we have

8.0 .
1.4 0% 0.216 z 1.4
(2**)" " = ( ) { 17°
b (650°/p%) 173
" (z/pyi-t ‘ ‘ o
(BOQ/D3)'7I7
__Z_/_D__ 1‘4 3 39 - /0
P02
3

which eliminates bl' Equivalent plots would be

v* = exp(—(Z**)1'4)" o 3.40

If valid, all data should be, represented by a single line
given by Equation 3.40. The velocity data replotted in
Figure 3.42 (semi~log coordinates) show that Equation 3.40

is indeed representative of data within region I.
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As a further test of the "goodness" of Equation 3.40
comparison is made betwegn the experimental and predicted
stretch rates. The prediéted stfetch rates along the
centerline, VZIZIQ , were obtqined by differentiation of .

Equation 3.40. The result is

1.4V0(Z**)0.4 l 4 L
exp (- (2**)="") 3.41

Vz,zl¢_ =

The strétch.ratgs,given by.Equation .41 show excellent
agreement with ﬁhe experimental valﬁZs at several flow
‘rates with capillary tube 3 (Figure 3.43) and at two flow
rates with capiliary tube 1 (Figure 3.44). 1In these |
experimental runs,'the.smallest value of Z** where axial
‘'velocities were measured was 0.10, hence the experimental
 stretch rates are not shown in Figures°3.43 and 3.44 for..
Z2** less than 0.10. With the remaining data, velocities
were also measured as close as Z**‘z 0.10 and up ta these
iaxial\locations, the predicted stretch rates are in good’
agreemenﬁ with the data. Furthermore, the predicted
stretch rates over a range;of values of Z** near‘£6 the
Jcontréction are predicted to be reasoﬁably constant which
is consistenE with the experimental data. At larger
~values of Z**; the stretch rates are,égain in good'agreé—
ment with the data and in the limit, Z** > 2, the stretch—

‘rates are predicted to asymptotically approach zero. At

values of Z** less than 0.10 the stretch rates are predict-
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FIGURE 3.43

TYPICAL CENTERLINE STRETCH RAYVES
EXPONENTIAL DECAY MODEL

 0.30 cm I.D. CAPILLARY

SYMBOL * Qlcm3, ec)

' —~110
O 0.040
O :0.31g
JAY ) 0.63y g
v I.58g

EQUATION 3 41 .
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 FIGURE 3.44

TYPICAL CENTERLINE STRETCH RATE
EXPONENTIAL DECAY MODEL
0.10 cm 1.D. CAPILLARY

a0

A " SYMBOL Qlem3/sec)
- O 0.040 ° °
AN 0.119

EQUATION 3.41
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ed to decrease to a value equal to zero at the contraction.

Since velocities were not measured within this range it was

not possible to confirm this experimentally. However, for
o : , , L
a few streamlines other than along the centerline, veloci-

ties were measured to within one streak length from the con-

traction. For these streamlines a plot of velocity versus

"axial location revealed that as the contraction was ap-

——

proached the velocity was independent of axial location,

i.e., the stretch rate approached zero. An example of such

<

a plot is given in Figure 3.45. Boger and Rama Murthy (24)

'did not measure centerline velocities at the contraction

but the measured velocities upstream of the capillary
entrance reported by them support the oﬁéeévations noted
in this research, i.e., the stretch rates §§nd to ‘a value
equal to zero in the immediate vicinity.ofythe contrac£ion.
Nakamura et al. (i23) show clearly that only along the

centerline was the stretch rate at“th%jcontraction equal

to zero.
(iv) Radial Dependence

The data in Appendix_E and the data plotted in
Fiéures 3.17 to 3.22 clearly indicate a strong dependence
of axial velocity upon radial locatién. Qualitatively,
these veiocity profiles resemble the velocity profilés for
a jet of fluid issuing into a stagnant body of the‘same.
flﬁid (free jef){ Therefore, in an attempt to obtain

similarity, a dimensionless axial welocity defined as
‘ \

[
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FIGURE 3. 45

TYPICAL EXAMPLE
OF CONSTANT STRETCH RATE

A

0.30 em I.D., Q= 0.3i8 cm3/sec
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D
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was plotted against a dimensionless radial coordinate,

n = r/ro. The parameter rO is defined as the radial
location where the axial velocity is equal to one half of
the cen?eriine velocity. The values of r, determined from
the'plots_qikkelocity profiles similar to those shown in
Figures 3.f§ to 3.22 are tabulated iﬁ Appendfx E, Section
E.4. Other definitions of r, such as the distance from
the éenteiline to the outermost stréamline were used to
éefing n. This definition of r, did not result'in the
velocity profiles being similar, i.ej, when the dimension-
less axiql'velocities, f(n), were plotteé against the

variable n all of the data did not superimpose on a single

curve.

4

From the valﬁés of r, tébulated in Appendix E it can
be concluded that: (a) for a given capillary tﬁbe I.D.,
s approached a constantlvalue at Z2** = Q.Q independent of
flow rate or resé;voir éize, and (b) over the éhaxacteristic
flow pattern length; r, was consistently larger within'
reservoif L. Tﬁe effect of decreasing the cépillary tube
I.D. was a decrease in values of Lo The author was un-
successful in correlating these data. Typical examples /
of.the variation of r, with reservoir size and axial

0
location upstream of the-contraction are given in Figures /'

’

a

3.46 and 3.47. The data plotted in these figures indicate

RN G4 sar 25 P OBk mi e n
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Zx* 5‘0.40. Atvvalues of Z** > ¢ 40\a strong dependence on

reservoir size wasg observed At a flxed flow rate, “

Q = 0.318 .cm /sec and at Z** = 1.4, -b was equal to'O 29 and

0.33 in reservoirs s and L resoectlvely w1th caplllary tube

3 (Figure 3. 46) and 0.19 and 0.28 1n reserv01rs S and L
“,respectlvely with capillary tube 2 (Fig fe 3.47). The above

shows the dependence of I, on’ reservoi; ize at a fixed flow

'

. N
‘rate and axial position.
The dimensionless axial velocities, f(n) are graph-

’ 1c611y Plotted against the dlmen51onless radlal location, .
N, in Figures 3.48 to 3.52, Log-loyg coordinates were chosen
in order to dlscern differences in the valuesg Qf f(n) less
than 1071, phe data in these figures were arbitrarijly
chosen from the tabulated data in Appendlx E. If all the
data in the appendix were plotted, it would not be Possible
to dlstlngUlSh the individual data p01nts for a given flow
rate at varlous axial and radial locations. at values of n

-

less than 1.5 a single ‘curve may be representatlve of the

hY

data with deG*atlons being less than 1¢ percent. Larger

greater than 1.5, Consider values of N equal to 1.5, 2.0,
and 2.75. “the. respective average values of the dimension-

less axial velocities for caplllary tube: 2 were 0.275,

1 0.175, and O 100 fo- “ne= data obtained with reservoir I,
and 0.259, 0.125, .nc 'S for the data obtained with
reservdir S. Simi -r -ions were noted for the other

" data. However, it mus- . 2ptasicad tnat at these values
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of n, the akial velocitieé werélmeasured outside of the
~central core region. As a result, velocities were small
in comparison to the centerline axial velocities and were
difficult to measure accurately. Even though the veldci—
ties in this regioﬁ were difficult to measure accurately,

the discrepancy was not solely due to the accufacy in

measurement. If a single curvé is made to pass through the:

meén of all the data in Figures 3.48 to 3.52 inclusive up

to values of n = 2.75, the maximum discrepaﬁcies bétween

the data and this cqrve at n =15, 2.0, and 2.75 are 16%,

17% and 42% réspectivel&. The large discrepancies measured

for values of n gfeater than 210, e;g.,042% at n = 2.75, |
. : ‘

are a result of reservoir size. At large radial positions,

r = 2r the predicted velocities would be appioximately”

0’ . o

* 40% larger than measured values in reservoir S or 40%

. smaller than velocities measured in reservoir L. However,
at these large values of n, axial velocities were measured

well outside of the central core region.

A universal curve that is made to pass through data

\

Vz|¢ @ r=0 or £(n) = 1.0 @ n=0 : 3.43

points:, » |

<
i

Ly @ orer orf(n = 0.5 @ n=
Vo o=3 Vz|¢ @ r=ry or f(n) = 0.5 @ nTl.O 3.44

)

L% ! /

and subject to the condition » v o

Ii ‘ . .
v = 0@ r=0or £'(n) = 0 @ n=0 3.45
2,r . ’
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is giQen by Equation jf46.
| | o

£(n) = (L + 0.41 n%)~2-0

/

3.46

Equatlon 3 46 is plotted as the éj}ld line in Flgure 3.53
with the vertlcal bJ;ds represent ng the maximum scatter
in the data obtained from Flgures 3.48 to 3.52 ;nclus%ve.
Equatlon 3. 46 pa ses through thevertlcal bands

up to values of n equal to 2. 5 A replot of experimental

.\

-~ axial velOC1t1es (f(n) vs)n) measured upstream of an abrupgt

contraction (123) for B = 8.16 x 10“2, z/D < 3.0 'and //

r/R < 0. 550 are within 10 percent of predlcted values,/

/

Equatlon 3.46. Thus, Equation 3.46 predicts velOC1t;es

. . L 3
-3 /

which are in reasonable agreement with_experimental/

/
/
/

veloé;ties over a wider range of parameters than Studied

in thi esearch N
Axial velocities, predicted by céﬁbining/é;uatiohs

3.40 and 3.46, that is C éﬁ%v’

VAT exp(»(z**) )(1+o 41/ nix / 3.47

,/\

are compared to experimental data for two,typlcal runs.
i J .

"The data in Figure 3.54 typify the ma§1mum discrepancy of

17% between experimental "and preqietée velocities for
values of n less than 2.0. °In tﬁgg example, n less than
2.0 correspoqes to values ef r lesszthan 0.196 cm at_2.6
diameters upstream of the contraetion; whereas at 6.0 dia-

v

meters upstream of the contraction, n less than 2.0

[

1923 -
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‘corresponds to values of r less than 0.262 cm. An example
of good agreement with experimental data is shown in
Figure 3.55. Th}s fighre also shows that at 6.60 diameters
,upetream of the contraction the axial velocities at values
of r = 0.80 cm or n = 4.0 are in good agreement with the .
data. This suggests that for gghelexperimental runs
Equation 3747 is capable of predicting reasonably velocities
at values of n considerably larger than 2.0. |

The features of the flow field (discussed in this
section), i.e., cone semi-angles, location of eddy centers,
‘and axial velocities, can be summarized as follows:. |

(a) The initial cone semi;angles mea:n-red within
breglon I are 1ndependent of reservoir size and“are re-

Y

presented by Equatlon 3 8, ~and cone seml—angles measured
upstream of the contractlon and for Z** < Z*; are, withih
exper1nental error, independent of reservoir 51ze The
value of z** varies with capillary tube diameter and flow
rate.“For example, at~0.318 dm3/sec Z2** was 2.2 and 3.2
for caplllary tubes 2 and. 3 (Flgure 3.24, page 162) Beyend
these axial locatlons, the cone semi-angles, although not
measured dlrectly,ﬁdepend on reservoir size. 'This can be

\

‘éxplalned in terms of the qualltatlve differences in the
f10w flelds in both reservoirs. Since the central core
within reservoir $ occupled a 51gnificant“fraction of the’
resetvoir's’crOSs—eeetional area at Z**.= Z*;hfurther

cone-angle development was restricted. On the other hand,

the cross-sectional area in reservoir L was two orders of

o
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magnitude larger which allowed cone angle development
farther upstream at a given flow rate. The development

continued until the central core area approacned the /

/

reservoir's cross-sectional area. As a result, the center

of the eddles were located farther upstream of the con- /

traction and the area occupied by the re01rculat10n reglqn‘

l
i~
f

© was larger in size in reserv01r L. {
(b) Within the WGS core the dimepsionless centerliAe
axial velocity-axial position plots (V* vs YZ**)1’4) are|
similar, i.e., all of the data superimposed on a single/
. curve given by Equation’3.40. The velocities measured Jp
to values of Za*, where the product Feo\is egual to uniéy,
are independent of reservoir.51ze. This axial'iocat{pn
definedvthe major portion of the flow field and was
-approximately equivalent to a distance upstream of the
contraction equal fo one and one half times the location
of the center of the ‘eddies. Axial 'velocities other than

along the centerline, represented by Equation 3.46, are

witnin 17% of experir."ntally measured velocities for

n < 2.0. Parameter T, used in the definition of n was not

independent of reservoir size over - thé& full range of up-

stream axial locations. This parameter was independent of

reservoir size only. for values of Z** < 0.40. Farther away

~

from the contraction, Zrx > 0.40, r, becomes dependent on
reservoir size to the extent that at a fixed Z** and flow

rate it increased as reservoir size increased.

(c) The radial velocity component' is derived from the

198
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use of Equation 3.47, the continuity equation and the
boundary condition V. =0, and r ='0. Experimental values

are tabulated in Appendix E, Section E.2.

3.5 PREDICTION OF INSTABILITY . )
Empirical criteria presented to date, such as
the critical shear stress Oor recoverable shear strain,
attempt to correlate the owfet of 1nstab111t1es 'with
pPhysical propertles of the'flu1d measured under SLSF in
the capillary tube. These crlterla, although simple to

4
evaluate and require llttle i1f any addltlonal experimenta-

tion, do not take into account such variables as reservoir

s

size and the type of instability. More critically, these
criteria are inoonsistent with experimental observations
wherein for many polymer melts and solutions fractute has
been observed to occur withih the inlet region Criteria
based on 1n1et conditions have not been tested severely
since a detalled quantltatlve descrlptlon of the flow fielgd
'was not known. This led Everage and Ballman (GQL_EQ resort
to approximating the flow field uslng the VelOClty dlstrlbu-
‘tion of a Newtonlan fluid. Although the onset criteria |
based on inlet conditions differ significantly, there is

a consensus.of opinion that)instability is a consequence

of tensile failure in exten51ona1 deformatlon (46, 60, 88).

Cogswell's (46) expression for a critical extensional

stress at the die entry is given by
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(1) _ 3n'+l T ’
cr n'+l tan¢0 ‘ s ' 3.48

The practical difficulty in utilizing Equation 3.48 for
flows through a sudden contraction is that the initial cone .

N

semi-~angle, ¢0, must be known or measured in order to

predict (T)cr. In reservoir L ang at the onset of region
111, ¢0 was too small to be measuréd'accurately (¢o < 0.5
deqgrees) which immediately points to a iimitation of Equation
3.48° i.e( not only must ¢y be known but it must be known
accurately. Furthermore, as @0 tends to zero, Equétion 3.48
predicts infinite ‘extensional stresses. Since ¢0 was too
‘small to be meas:red accurately at the onset of region III

in reservoir L, a conservative estimate of (T)cr was\obtained
by assdming that ¢O was equal to 0.5 degrees. Critical

.

extensional stresses calculated with Equation 3.48.are given
in Table 3.53. These data show that (r)cr wasvnOt reasonably“
constant but varied from 1659 dyn/cmzafo values exceeding

. 100,000 dyn/cm2 (two.orders of magnitude variation). If,

on the other hand, (T)Cr‘was reasonably constant then
Equation 3.48 woul& predict adcritical value of tﬁe shear
stress which is related to inlet conditions by tan ¢g- The
initial cone semi-angle for polymer melts exemplified by

HDPE is»90 degrees, hence Equatioﬁ 3.48 would predict, for

a constant (r)cr, a shear stress criterion. Cogswell (46)

also showed that the critical extensional stress is related

to the pressure losses in the entry region, Pu' by



TABLE, 3.5

CRITICAL EXTENSIONAL STRES

I.D. (cm)
Capillary Capillary
tube 1 . tube 2
Reservoir S
2
(T)Cfidyn/cm ) 11,935 3,465
Reservoir 7,
(1) (dyn/cn?) . 67,299%% 23,798
* - 2
(T)cr(dyn/cm ) > 120,318 > 58,249

Lvaluated at the onset of region III

* % Flow rate obtained by extrapolation of 4

‘in Fiquge 3.6.

201

SES AT ONSET OF INSTABILITY

Capillary
tube 3
—_—
1,669
&
26,737
> 45,835

ata plotted
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(1) oy = %,(n'+l) P “ . 3.49
Predicted values gf Pu (obtéined by equating Equations

3.48 and 3.49) are compared to the experiﬁentally measurgd'
contraction losses, APC, in Table 3.6. PuAshould always

be ie;s than APC since APC inc}udes the pressure losses in
the capillary tube entry length as well as within thé entry
region. With the exception of capillary tubes 2 and 3 in
reservoir S, Pu was significantly gfeater“than APC.

Cogswell's own data'indicated.that for a LDPE melt the

predicted value of Pﬁ at the onset of fracture was 0.00

N/mz, and by Equation 3.49 (T[cr is equal to 0.00 N/mz;‘
This contradicts the hypothesis that melt fracture is a
consequence of tensile failure. We conclude, therefore,
Ehat due to: (a) the above contradiction, (b) the predicted
values of Pu in the majority of cases being greater than
APC, and (c) the prediction of infinite extensional stresses
o

as ¢o tends to zero, thg generality of Zquation 3.48 or
3.49 is seriously limited in predicting parameters at the.
onset of fracgure.

The recovefable extensional strain critefion presented
by Everage and Ballman (60) may be quantiﬁatively tested
by evaluating the maximum stretch rate at the onset of
fracture. If.applicabie, this stretch rate should be
reasonably constént. Experiﬁental‘maximﬁm stretch rates
ax(along the centerline) varied from 7 to 16 sec—l\in re-
E%ervoir S and in reservoir L they varied from 16.5 to
\ : . :

3
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TABLT 3.6

COMPARISON OF Pu WITH APC AT OJdSET

OF FLOW INSTABILITIES

I.D. (cm)
RESERVOIR PRESSURE 0.10 0.20
S . (Qyn/cm™)
Region II Pu 21238 6160
APC 9500 ** 6947 **
L
Region II Pu 119643 42308
APc - 36500* 12510
Region III Pu > 213899 > 103554
APC 141700 61430
* interpolation of data in Appendix C

* % extrapolation of data in Appendix C

53440
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47532
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to 28.5 sec™ 1 (region II) or from 32 to 49 sec™ ! (region
III). These data would appear to support the recoverable
extensional strain as a criterion for the onset of fracture.
However, examination of experimentally measured centerline
velocities revealed that over the major portion of the flow
field the centerllne velocities were 1ndependent of re-

serv01r size. Therefore, maximum stretch rates evaluated

’
"

in reservoir S, which resulted in an unstable flow field,
(region II), shouid have resulted in an unstable flow field_
in reservoir L. Contrary to this, Figure 3.6 clearly shows
that flow fields were stable at significantly higher flow
rates in reservoir L. Cdnsequently, although the maximum
stretch rates are reasonably constant (7 to 28.5 sec -1 at
the flrst signs of an unstable flow field), this 1s not-
sufficient evidence to support the\recoverable extensional
strain criterion. 4

The hypothesis presented by Everage and Ballman (60)
\~wh1ch is an extension -of the work of Denn and Marrucc1 (51),
is based upon a time dependent stress growth resulting from
the converging flow field. Sincelthis flow field has been
shown to be dependent on flow rate and reservoir size, the
fluid is subjected toﬁaifferent~strain histories. This |

lends itself to the Hencky's strain measure or total strain
: s \
s W . ‘o ).

as a means of correlating the onset of instability. This

measure, which has been used successfuliy in correlating
veloc1ty data (90), i.e., parameter P in Equation 3.9

w1th the total strain and transient -elongational vis-
\
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cosities with the total strain (1), is given as

where ti.is the ini£ial tihe.whén elongation commences.
Acierno et al. (1), using this definition, found that
~elongation viscosity-total strain curvés‘obtained from
spinning .and inﬁerse siphon experiments, resulted in a
single‘curvet The data obtained from the inverse siphon
experihent covered the initial part of the transient durve‘
while the -data from the .spinning experiment yielded the
upper part of the same transient cu?ve. The basis to their
analysis assumes that beyond an axiél location,.Za* , the
polymer,molecules, represented by elastic dumbbells, are
aligned in the direction of strétching without appreciable
. change inﬁtheir lené%h, wﬂereas for axial locations less
than Zs* they élongate.. Therefore, time, ti’ in Equation
3.50 is considered to be equal-tq zero\gﬁ Z2**x = Za*. The
evaluation of Z**‘was determined by a diﬁensionless stfetch

0 ~.
rate where the product of the stretch rate tjmes the zero

~

shear relaxation time of the fluid was equal to unity.

Acierno et al. (1) showed that the transient elqgétional

viscosity curve deviates from linear Hookean behavior beyond .
’ A

a value of S. In an attempt to rationalize the effect of
" reservoir size and capillary tube diameter on the onset of
flow instabilities, it is postulated in thiF dissertation

that instabilities may occur whenever the p?lyme;ﬁmole-
= ~ M

|



Ezp

cules exceed the linear Hookean range. Equivalently/,
ir.itabilities may occur at a critical value of S, SC_. An
analytical expression for Sc\derived from the émpirical

equation for the centerline velocity, Equation 3.40, is

t t —1.4VZ(Z**)0'4
s = f T dt = f dt
c 0 . ’0 D(GOQ/D3)0'5
\
0
_ -1.43 — [ (%) 04 4y
® * %k :
D(6,0/D%) 252
0 '
= -1.4 f : (z**)0°4 dzg**
7 %%
0
= (zx*)L-4 . 3.51

Therefore, the stretch hiétory is determ;ned”uniquely by éi4
dimensionless parameter,'zs*. This dimensionless parameter'
is not independent of flow rate and other variagles’since

it was obtained from the congition

T 6. =1.0 : - 3.52
0 v 'S _

Thebsubstitut%dn of Equation 3.40 into Equation 3.52 yields

|
n B
)0, 3.53

1.4v0(z,3*)‘0‘4 1
1.0 = — exp(~(z%%) 1

p(e 0/0°) 03
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From Equation 3.51 we have

1.av s "2%%, P
1.0 = exp (~S_) | 3.54
0.5
D(0,0/D°)

For the system considered here, the zero shear‘relaxatiqp

"time is equal to 1 seé¢ and with n' equal to 0.50 Equation

3.22 reduces to

—

V0 = 5.0(—95) 3.55
D

Therefore, Equation 3.54 can be rewritten as

0. o
1= 2.228(—%)0'5(Sc)'286exp(~Sc) 3.56

D

.

where Qé is the volumetric flow ;ate evaluated at the onset
of region II. Equation 3.56 cannot be used to caltculate
Sc at the:onset of region III (reservoir L) sincé Equifioﬁf
3.40 is yalid only for flow rates within regioﬁ I. Givén '

_the critical flow rate, Qc, at the onset of regioh Ii'

(Figure 3.6, page 94) and diameter,, D, Equation 3.56 yields

Se- Following this_prOCedufe values of Scuwere éé%e;mined

-at the onset of region II with\the results tabulated in

Table 3.7 (next page). The values of S5, are not gfossly
diffefeht,VZ.B < é;‘i 4.2, a?d it appears that the difference

is largely the result of t?é insensitivity of S, to flow rate. -_
On the other hand, if Ong/back calculates a critical flow

rate( g sﬁall‘chaﬁge in/é‘:c fesults in a'large chénge iﬁ

>
¢



critical flow rate. If we accep. that SC is dependent on

reservoir size, the question arises whether Sc is a useful

ordering parameter for a given system.

TABLE 3.7
CRITICAL VALUES OF'S (s.)

JI.D. {cm)

0.10 0.20 0.30

Reservoir L 4.2 3.8 ' 3.8
Q " N

Reservoir S 3.6 3.0 . 2.8

From Table 3.7 it is observed that S_ depends moderate-
ly 'on capillary tube diameter. Suppose the criterioen for
the onset of flow instabilities was S, = 3.0, then by

Equation 3.51

or

Zp* = 2.19 ' : 3.58

} . '
Substitution’of Equation 3.57 into 3.56 yields

<

%,

1.0 =‘2.228(—-§)°«'5 (3.0)'286 exp(-3.0) -3.59
= D

o
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which after simplification reduces to

a .
Q. = 43.41 D3 ( 3.,50

In general, Eguation 3.60 is written as

2 .3
_ '+1..D
QC = 120.54 w‘q) (-%) | 3.61

The relationships between‘the critical flow §ate and
capillary tube diameter were obtained for other values of
S.r mamely 2.5, 3.5, 4.0, and 4.5 and are plotted in
Figure 3.56. Before evaluating the results, the critical
'fl;w rate-diameter dependgpce predicted from the recover-
able shear strain criterion is examined. The recoverable
sheér strain evaluated at the Qnsef of region II was found
to vary with reservoir‘size and capillary tube diameter
(Table 3.3, pagel06). By Equation 1.42 (page 38) and for

an assumed constant value of sR we have

-

QC=_32-(_§—) _ 3.62

The data plotted in Figure 3.56 and Equation 3.61 and 3.62
sho& the following points:

(a) The predicted flow rates at the onset of flow

jnstabilities (region II) are sensitive to the assumed
_value of Sc or SR'
* (b) At constant fluid properties the predicted dia-

" meter dependence from both the SR and Sc critéria (QcaDB)
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. FIGURE 3.56

SENSITIVITY OF FLOW RATE AT ONSET
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isAonly qualitatively correct.

(c) The ﬁlo& rates defining the onset of flow in-
stabiiitiesﬂat“region>II are inversely proportional to a
.characteristic relaxationAtime of the fluid.

ke . . ‘
(d) Both the Sc and SR criteria depend upon reservoir

size.

Based on the above four boints,iwe conclude that:

(a) . The first sign of instability, which is manifest-
ed by an observed swirling motion in the inlet region,

' 2
may occur whenever the polymer molecules exceed the linear
Hookean range,

(b) ~The.sc;and SR c;%teria do not directly account
for the effect of reservgig)size on the Znset of flow
instabilities but they agree qualitatively in predicting
the effect of capillary tube diameter on the onset of flow
instébilitiea.

(c) The Sc criterion bredicts that the onset of‘
instability depends upon the inelastic nature of thelflﬁid
characterized by tge flow.behavior index, n'. The critiéal
flow rate decreases as the flow behavior index, n', in-

creases. The flow rate at the onset of region ITI for

fixed D, 6, and S decreases as the flow behavier index

\
B

increases. -
‘ o
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CHAPTER IV

CONCLUSIONS AND RECOMMENDATIONS

»

4.1 CONCLUSIONS
1. For capillary tube Reynolds numbers less, than 4
2100, the Newtonian contraction losses for values of B

approaching zero are represented by

'
® =K + ﬁg— ) 4.1
Re
where, K = 2.26 * 0.26 - 4.2
and . K' = 159 * 30 ' 4.3

2, Qualitative observations of the upstream

<

Velbcity field, the pressure traces, and the jet of fluidr
in the three regions are as follows: Within region I, the
velocity field is stable, the pressure traces, (measured

at a pressure tap located upstream of the contraction} are
smooth, and the jgt of fluid issuing from the capillary'

tube is also smooth. The stable flow field is character-

ized by a WGS central acceierating core surrounded by large vy
eddies. Within region II the centrék core of fluid oscil:
lates to and fro; the intensity and frequency of these
oscillations increase with flow rate. There are no measur-
able changes in\Fhe'pressure traces and in the jet of fiuid.

At the onset of région IIT (melt fracture) the flow field

is described as "chaotic". Measured pressure fluctuations
P
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coincide rcasonabli with the visually observed onset of
region III. The 5et of fluid oscillaﬁes wvith a frequency
approximately equal to the frequency of the pressure
fluctuations. Since the onset and magnitude of measurabie
pressure fluctuations are independent of the capillary tube
length, the onset of region III (melt fracture) is also,
independent of the capillary tube L/ﬁ ratio. When the
velocity field oécillateé between stable and "chaotic" flows,
the pressure fluctuaﬁions are éiénificantly‘higheé‘fhan the
remaining data ands the jet of fluid oscillates between two
aifferent tréjectories. In one trajectory; co;responding
to the stable flow field, the jet of fluid is smooth; in the
other, corresponding to the "chaoticﬁ flow field, the jet |
is distorted. Pressure fluctuatioqs measufed only over the
interval of time‘that the flow field was obéerved to be
"chaotic" are consistent with the remaining data.

3. The shear stresses evaluated in the capillary tube
under SLSF and at the onset of regions II and iII, although
four orders of magnitude less than 106 dy;i/cm2 for polymer
melts; are in reasonable ?greement with shear stresses
calculated from the analysis p}esented by Southern and Paul
(157). The recoverable shear §F ain, SR' evalua?ed at the
onset of regions II and III, are within the range reported
for polymer melté (2.2 < SR < 67). Qwever; these criteria

*

are not consistent with experimental observations wherein

.
]

. initiation occurs within the inlet region. A criterion

based on inlet conditions, the Hencky's strain measure,

P
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Sc’ predicts_that instability may occur whenever the volu-

metric flow rate exceeds a critical value givéen by

“

2.3 |
. L . .
Q) = 120.54 (325D (%;) | 4.4

The S_ criterion agrees gualitatively in predicting the

|
effect of capillary tube diameter and degree of elasticity
on the onset of instabilities.

4. &he onset of flow instabilities does not affect
ﬁhe flow curve. Effects are noted in the total preésure

" loss - flow rate plots, Bagley plots, and the contraction

losses.

b

‘4.1 The onset and magnitude of an abrupt increase in‘
the total pressure losses at the onset of region III ;re in-
dependent of the capillary tube L/D ratio. The discontin-
uity, resulting from the commencement of a "chaotic" flow
fiel@ within the reservoir, is obtainable~oﬁly for short
capillary tube lengths. As capiliary tube length in-
creasés, the abrupt increase in pressure cannot be detected
and undgr these conditions the APt—d plots are not uséful\

in determining the onset of region III.

4.2 Only when the welocity field oscillates between .
stable and “"chaotic" flows do two Bagley plots exist: one
for the stable and one for the "chaotic" velocity field
'with.the only change being with the contraction 1o§ées

(intercept). The contraction losses are greater whenever a

"chaotic" velocity field exists. It is necessary _to know
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the state of £he velocity field with each capiliéry tube
L/D ratio;“oﬁherwise, erroneous results in the contractijion
losses and shear stresées are likely to occur.

4.3 The effects of capillary tube diameter and reser-
voir size on contraction losses can be rationalized in terms
of the state of the flow field within the reservoir, i.e.;
stable, swirling or "éhaotic". Furthermore, we conclude
that it is not correct to correlate contraction lbsses with
Reynolds number -.ver a widé range of Reynolds mumbers when,
over the_samg range of Reynolds numbers, the flow field
changes from stable to "chaotie™.

5. Withincfegion I the cone semi-angles, eddy'center
locations and axial velocity profiles are summarized as 4
follows: |

5.1 The initial cone sémi—angles are represented by
p3 0.6 -3 p>
$g = 19(—36 for 6 x 10 < (—a—) < 10 4,5.
: i
and are 1ndependent 6f reservoir size for Values of (D /
0Q) that overlap. At values. of (D /GOQ) > 10 the 1n1t1al
cone semi-angles approach 90° and (D /GOQ) less than
6 x 10 -3 corresponds with the onset of region II. The cone
semi~angles,;heasured at axial locations upstream of the -

contraction, within the accuracy of measurement and over

the range of z/D where they were measured, are- independent

e of reservoig\kize.
Lo . .

5.2 The location of the eddy centers move farther
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away from the contraction along a well defined path as flow
raﬁes increase. AL a given flow ré{e the center of the
eddies are located fargher upstream of the con-
traction in larger size reservoirs. _ .

5.3 ‘The dimensionless axiél velocity profiles for

values of n < 2.0 can be expressed as

" -
Cf(n) = —2%— = (1.0 + 0.41 n%)"2-0 . 4.6
VZ|¢_ .
where n = r/ro. - The maximum error is 17%. For values of

n ‘greater than 2.0 errors as large as 40% are not uncommon
hut these large radial locations are qell outside of the
WGS central core of fluid. The variable I, is the radial
position where the axial velocity is equal to one half

of the centerline velocity given by

v_| :
vre = 24 o exp(-(zen)1-4 4.7

. o |
Z*% = z2/D —3 ) - 4.8
D _ i ;
. ' \‘s )

and Vo'is the axial velocity along the cente line at the

where

contraction given by

_ . 3n'+l 0 - .
V0 = 9.75,—m (A) | 4.9



The derivatives of axial velocity with respect to axial
location are in good agreement with experimental data.

The axial velocity profiles within the WGS core, de-
fined-byﬁcombihing Equations 4.6, 4.7 and 4.9 are indepen-
dent of reservoir size. Parameter~ro, however, depends
on reservoir size. At a fixed flow fate, and at values
of z** > 0.40, Iy increases as reservoir size increases.
Therefore, plots of Vz versus r are not ihdependent of re-
servoir size.

5.4 Mathematical simplifications (discu§sed in
‘Appendix E. Section E.3), c;n be  employed when predicting
the magnitude and growth of normal stresses within the
ﬁés core. These simplifications are:

(a) At flow rates-approadhing the upper limit of

region I V. < V.z

and \Y + Vv =V

where < implies an order of magnitude.

(b) At the lower limit of region I

and \'a + Vv =V

Only within the immediate vicinity of the center-

line (r<0.2D) can we assume Vr < VZ.

217
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4.2 RECOMMENDATIONS

This author recomﬁends the following:

1. Contraction losses and visual observations
of the flow field be measured over a range of Reynolds
numbe;s which overlap regiohs I, II, and IIX.

2. The Hencky strain measure be used as
criterion for predlctlng parameters at the onset of flow
ingtabilities.

3. Velocity profiles for flow rates within
region I be measured for other polymer solutions thaty
exhlblt a characterlstlc WGS flow field and be compared
with the predictions given by Equation 4.6, 4.7, 4.8, ;nd
4.9.

4. The empirical relationship for axial

“ velocity and the approximations for radial velocity be

used to determine the magnitude and rate of growth of
normal stresses within the entry reéion. Furthermore, the
empirical relationship for axial velocity should be used
with other initiation mech&nisms,

5. ?he‘axial velocity component, Vz' be
measured for axial locatiohs legs than Z** equal to 0.10
to supplement the limited data that tpe derivative of G

velocity with respect to axial position decreases to zero

at thé contraction.



6.  That additional experimental data supplement
the limited data in this research which lead to the assump-
tion thét Parameter‘b.l is independent of Nﬁe and n', o

7. That an empirical relationship between Iy
and independent parameters be found.

8. That a hydraulic cylinder (rigid plunger
system) be‘gsed in jplace of inert gases in future experi-
mental research. | |

9. That the direct method ﬁe used in future

research when meaéuring )elocity components.
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A.l-  PRESSURE TRANSDUCERS

\

Three Pace oressure transducers with diaphragms of
1 p:s.i.g. (transducer 1), 10 p.s.d. g (transducer 2), and

100 p.s.i.g. (transducer 3) were’ used in order to obtain more

reliable data (pressures varled from 3 x 104 dyn/cm2 to

'6 X 106 dyn/cm ) - Each transducer was connected to a sep-
arate Sanborn preampllfler with the outpqt voltage belng |
recorded on a lO_lnch Mosely strlp.chart recorder, Model
1100B. The range selector oﬁ”the'recorder was set at 5
volts full scale, i.e., 2 inch displacementvper volt. The
recorder s mechanlcal zero was set at.l inch displacement.
Tte gain on the preamplifier was adjusted so that a 2 volt

signal would displace 4 inches on the recorder chart.” With

zexro load on the transducers each electrical circuit was
N - - . o

«

balanced. This pxocedure minimized the output voltage when

‘ o

o

the preampllfler attenuatlon setting decreased from %200 to
Xl. At X5 the output voltage for both transducers 1 and 2
- was such that the dlsplacement was greater than 9 inches,

hence off scale. . Thls resulted in the output voltage varylng

with preampllfler attenuatlon settlngs.
* st ~r,

A water. manometer ‘was used to calibrate transducer 1,

o

a mercmry manometer for transducer 2, and i Ruska Dead Weight

Tester, Model 2400 HL for transducer 3. A period of 10

minutes was allowed to elapse between -consecutive ré%d'

ensure that the upper and lower meniscuses in bo;ﬁﬁéanometers
N

- were: statlonary even after an incremental change/ in pressure-

The calibration data are given in Tables A.1l to K\4\¢//
wo :



anc the callbratlon factor set at 200. The data tabulated ) {}

~ v
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Transducer 3 (calibration data in Table A.3) was used tvo'r
obtain pressure data only for the suyar solution_#l and the
Primol-355 oil. Due to damage to this transddcer another was
calibrated (data'for transducer 4 giv%n ln Table A.4) to
obtain pressure data ror the remainiqé Newtonian solutions
aud the polymer solution. o~ ’ \

To assess the presence of a hystere51s loop, the applled

I

pressure was allowed to vary in small 1ncremental steps from

a maximum value determined by the transducer being callbrated

\

to a minimum value (10% of the max1mum) and then back to the

'”max1mum value again. The results showed, however, ‘that the

o

transducers exhlblted little or no hystere51s.

A.2  THRUST CALIBRATION - -
The thrust apparatus‘used in this research.was de- ™
scribed~by Kizior (94). The output ‘wl.. e corresponding to a

glven thrust, measured in, grans, wasz recogxded on a Hewlett

- Packard recorder (Model number 77021“\ The Sanborn' QEe—

4

ampl fier (Model number 8805A) had]the gain set to a mlnlmum

Py
Wb g
.

A

in Table A.5 resulted in a sen51t1v1ty of 293.020 dyn/cm

per volt.

A.j T CYLINDER AND INSTRON CALIBR?TION

Two stalnless steel cyllnders, apnrox1mately'15 24

° -_;’?_

ch I.D. (cyLlnder 1)- and, 15 60 cm I[D. (cylinderJQQfWere used

‘cW
,ﬁﬁls research Cyander l was used for all_of the

.

4%,

'.7 g y .

W<
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“the rheogoniometer to determine the first normal stress

<
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runs. At a synchronous setting of 1 cr/min, cylinders 1 and

2 resultgd in measured flow rates of 3.030 and 3.177 cm3/sc

~

respectively. At crosshead speeds greater or less than

1 cm/sec the resultant flow rate was a multiple of the flow

rate determined at the crosshead speed of 1 cm/sec. Measured

flow rates agreed to within one half of one percedt of these

values.

The variable speed settlngs were callbratod by
collecting and welghlng an amount of water over - periocd
of 15 m;nutes’w1th the synuhronous setting at 1 cm/min. ~.
-Thexcalibrated'#ariabié‘speed settings.gﬁbulated in

Table A«G werg used in- the calculatlon of flow rate
' . a

'w1th clender~1 After rep1a01ng ‘the faulty tachometer no

~detectable errors were measured between the crosshead speed
J\, )

of “the Instron tester and the varlable speed settlngs.

Es S

é()

A.4 NORMAL FORCE SPRING

The calibrdtion of the normal force spring used in
on . -

difference is given in Figure A.l. The resultant sensitivity
‘ : e

is 194.040 dYn/cin2 pe volt at a temperature of: 68 * 1°F.

¥

<

A.5 ALUMIVUM DUST | PARTICLES X
The thin, 1rregularly shaped dust partlcles used as
the tracer was a commerc1al gradeﬂBaker aluninum, lot number
/ . I

2347. The partlcie s;ze dlstrlbutlon, plotted and shown

in Flgure A 2, was . determlned from a sample size of 200

: '%c
Qpartlcles using a mlcroscope and a graduated screen.
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Thirty-nine divisions of the'graduated screen was ‘equivalent
to 30 microns at a magnification of 1000. An approximated
/relationship that seems to hold for a positively skewed
distribution (106) 1is dﬁ\‘ o T
.5 _ 3m-M _
Y = 3 o A.l
where m is the median, M i the ~ode, and Y is the mean. j?
: ey
- ‘s . YA
Usir 11s equation and the in Figure A.2 \~J;'RW
y - 3an-7.5 A.2

Z O
gives the mean length of 13 microns. The maximum width of
the particles was equal to 0.70 times the maximum length with
the thickness estimated to be 1 micron. Therefore; the

average volume of the aluminum dust particles was

118 x 12 cm3. T
o |
‘In summary,_Appendix A contains the following tables
; : .

and figures:

TABLE NO. DESCRIPTION

A.l . Calibration of Transduger 1.~
A.2 Calibration of Transduter 2
A.3 ‘ Calibration of Transducer 3 e
. ' ! 3
A.4 - . Calibration of Transducer 4
A.S Thrust C&libration :
A.6 ' . Cilibration For Variable Speed Setting
FIGURE ..O.
A-1 C Normal Force Spring Calibration
A-2 | Size Distribution of Aluminum Dust

/ '~ Particles
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TABLE A.1l

CALIBRATIO;: OF TRANSDUCER 1

P = 0.9896 qm/cm3

Pressure _ Preamp. ' Preamp. Reading
(in. watger) attenuation volts € X 1
29.57 200 ' 94.00
: 100 ‘ 94.50
50 92.75
28.72 200 ) 88.50
100 '88.75
50 - 87.125
26.64 200 & “80-.00
| 100 ~ 81.50
50 80.50 -
24.64 ' B 200 74.50
100 | 75.75 -
50 . 78,75
22.48 . 200 68.00 .
‘ 100 69.00
50 ' ‘ 68.00
20.64 - 200 61.00
100 . 63.00
| 50 . 61.375
18.48 \ 200 ~ 7 55,00
- 100 s 56.25
\ 50 % o5 625
16. 28 | 200 48.00
100 | 49.50
. 50 49.125
14.44 200 ' . 42.00
y 100 ' 44.00
50 43.50
12.74 100 - " 38.50
) 50 38.00
10.95. . 100 g\ ‘ 32.50
s 50 N

32.75
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TABLE A.1l (continued)

P = 0.9896 gm/cm3

Pressure : Preamp. . Preamp. Reading:
(in. water) o attenuation Volts € x 1
8.66 ‘ 100 25.50
: 50 : 26. 00
6.67 - 100 19.50
50 ' 19.75
4.66 50 . 13.75
: 20 12.75
2.89 | 20, .. 7.90
. lﬁ\*r-.: &
3.66 : 20 10.00
4.91 | 20 . . ©13.50
5.55 » | 20 | - 15.20
6.69 50 20.25
- 20 18.25
7.88 . 50  23.625
20 ‘ 21.30
9.64 : 100 29.25 y
: -+ 50 ' 29.00
12.55 100 S 38.50 .,
. 50 : 37.625
14.84 ‘ , 200 44.00
: 100 45.00
50 44.75
. 17.20 | 200 - 51.50
: 100 ' 53.00
50 S 52.00
. et g ' L . r\‘
- "18.55.« - 200 : 56.00
S , ' 106 . . - 56.25
e o 50 ~ 56.00
1 oL
. . I sf_ J . .
L i
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TABLE A.1 (continued)

’

b = 0.9896 gm/cm3
Pressure Preamp. . Preamp. Reading
(in. water) attenuation Volts 8 x 1
22.63 200 ' 69.00
100 69.75
50 68.00
26.51 ' 200 80.00
100 81.00
50 80.125
30.66 200 93.00
100 95.00
50 ) 93.00
20.76 200 61.50
: 100 62.50

50 ' , 63.25



TABLE A.2

CALIBRATION OF TRANSDUCER 2

o = 13.5201 gm/cm3

Pressure
(in. mercury)

.86

2.95

10.31

¥11.92
14.13
16.36
18.12
19.80

20,30
18.14
16.71

15.55

. P eamp.
Atcenuation

100
50

100
50

100
50

100
50

100
50

100
.50

100
50

100
50

100
100
100
100
100
100
100
100 ¢

100 -°

242

)

-

Preamp. Reading
Volts @ X1

»)

23.25
22,375

37.50
.36.875

50.75
50.00

.62.50
61.25

77.50 -
75.50°

92.00
90.00

110.50
108.00

129.00
125.75 -

149f50
177.00
205.56
229.00
250.50

257.25

1230.00

211.00

196.00 |



o = 13.5201 gm/cm>

Pressure
(in. mercury)

13.66

t/;,,.,:112.18

'10.96
I,

9.89

"~

TABLE A.2 (continued)

Preamp.
Attenuation

100
100

100
50

100
50

100
50

100
50

100
50

100 7

50 -
100
. 50

100
50

100
50

243

Preamp. Reading

Volts & X1

172,
153.

137.
134.

" 124.
121.

103.

10Y.

62.

61.625

53.
52.

42.
41.

37.

35.125

S 28.00

27.

- 80
L 79.

25

75

50
75

50
75

75

50

75
50

75
50
00

50

75

50

50
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TABLE A.3

CALIBRATION OF TRANSDUCER 3

Preamplifier Gain Setting: at X200 and 100 pP-s.1.g. displaced
8.49 inches h

Pressure Preamp. Preamp. Reading
{p.s.i.q.) Attenuation Volts @ X1 I
6.0 200 ' 55.00
: 100 55.00 _
50 ‘ 55.00 :
8.0 , 200 68.50 5
‘ 100 68.00 :
50 ‘ . 67.75 ;
) ! - ¢
10.0 . 200 84.50 :
: 100 85.00 {
50 - 84.75 .
. 2 : ;
12.0 200 : 101.00 k
100 ' 101.00 !
50 101.25 *
15.0 200 ” o 128.
100 127.2,
50 : 126.50
18.0 200 | 152.00 A |
100 153.00 s
R 50 0 151.50
¥ 20.0 T 200 ©170.00
C~ _ 100, B 169.75
: 50 1168.00
25.0 ‘ 200 | 211.00
o . 100 . 211.50-
50 209.75
30.0 s 200 254.50 :
100 . 254.00 i
| , _ 1
35.0 200 , 297.50 ;
’ ‘ 100 296.00 !
40.0 ' 200 340.00 i

100 338.00




TABLE A.3

Preamplifier Gain Setting:
8.49 inches

(continued)

at X200 an¢ 100 p.s.i.gq. displaced

'Preamp. Reading
Volts @ X1

PresSure Preamp.

(E.s.i.g.) Attenuation

45.0 200

100

50.0 200

100

60.0 200

70.0" 200

80.0 200

100.0 200

90.0 200

80.0 200

70.0 200

T 60.0 200

50.0 200

40.0 200

100

30.0 200

i 100

20.0 . 200

" 00

.50

10.0 200

100

50

2

381.50
380.00

423.00
421 .25

509.50
594.00
679.00
849.00
766.00
680.00
595.50

510.50

426.00

340.00
339.75

256.00

255,25

170.00

170.50

169.50

85.00
85.50

85.25

L.-AMP Cens e e
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3 [
Efﬁ;& Ai4~;{

o
- , w
CALIBRATION OF TRANSDUCER 4
Pressure Preamp. Preamp. Reading
(p.s.i.qg.) Attenuation ' Volts @8 X1
6.0 50 33.25
10.0 100 55.00
50 : 53.75
12.0 100 65.00
50 63.75
14.0 100 75.00
: . 50 73.75
16.0 * - 100 86.00
50 ' 84.00
18.0 k 100 96.50
N 50 _ 94.75
20.0 - 100 - 107.00 ,
50 « ©104.50 _
30.0 ,, 100 - 159.00
| # 50 156.00
“40.0 200 214.00
100. - - :212.00
50.0 Lo 200 " 267.00
- 100 - . 265. 00
60.0 : 200 ) ‘ 322.00
70.0 : 200 = ~ 375.00
80.0 ' 200 - . 432.00
90.0 ° - 200 488.00.
100.00 200 - . 545.00
190.00 200, 488.00
" 80.00 ‘ 200 o 433,00
70.00 ~ 200 " 377.00

-
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TABLE A.4 (continued)

»

Pressure Preamp. ' Preamp. Reading
(p.s.i.qg.) Attenuation Volts @ x1
{p g Yolts @ x1
60.0. ' 200 323.00
50.0 ' . 200 269.00
40.0 200 214.00
\ 100 : ©213.50
«  30.0 \ 200 ~ 160.00"
\ i 1 100 | 160.50
: 50 157.50
20.0 200 ‘ ' 107.00
100 107.00
50 - 106.00
10.0 » 100 ‘ 855 0n s
' 50 o 54.0.
6.0 . 100 _ : 33.50

50 33 .=



<

TABLE A.5

THRUST CALIBRATION

Thrust (grams)

2.14
4.19
6.23
. 8.27
10.29
12.33
14.37
- 2.15
2.15

10.33~

12.38

—

/

TABLE A.6

Volts

7.40
14.10°
21.00
28.10

. 34.8C
41 20
4,.900
.7.50
.7.20
35.50

« 42.50

CALIBRATION FOR VARIABLE SPEED SETTING

Setting

o .

Corrected Setting

0.4020
. 0.5022
0.6086
©0.7029
0.8068
0.9091

"248
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W‘ This appendix contains the total pressure loss-L/D data

i " N

for ¢he #owtongam solut:ions andd :hé 0.20% solut:on of
Separan AP-?O..”Thc prcguarn was ‘mcasured at pressure taps
lora°¢i 10 4 = ;nd 27.9 cm upstrean of the untrance of the
~ca;:7‘:*” ubv oy rcscrvoxrs S anc L ro peﬂtively The data

were ugced in the coﬁ%tructxon of the Bagle) plots (dxscuascd

im Chapfer 1, Sec: Loq 1.1 3 and in ngpcndlx C, Scections C.l'
and C.2). The prés sure correction value given in each%}ablc

w

accounts !or the fact‘that tSc centers of rhc capillary tube
angd the tranoducvr were no&'xn tho same plane.ﬂ Since’these

\‘ K

correct:ion ‘ac o's Ao not affect the slope of the Bagley

By
@

"plots f‘u-y have ‘:c, be added >nl' Wtbaﬂ% gtercept 1ﬁ order

to obtu:q ‘the truewvalue for tﬁbﬂ%ﬁh&?ﬁiﬁxon losse

‘ The contractxon 1osses and shean stresses ogtalne& fromj
the Ba rey;ﬁlots are- glven Lﬂ&ﬁp@@"d ces.C aﬁd D respectlvely.

The sﬂ§§r stxesscs obta1ned~£rom .the aagley blots and the

e % 3

&

rheogonlometer Werafcompared at low apparen§y§hear rates.

At th@%é ‘shear’ rétegxthe contractlon losses were too smdll 0

< o

to be measured accuragely and were negllglble when compared“*7

to the total pressure losses meav

Ther fore, f* run~ndﬁbers»15 to 22 (incldsive)"in Table B.9,.

oo

14 to 17 (mz:luswei in Table B.10, and 17 to- 29 (inclusive)

ey

. ’. i

in Table B.11 the total pressure losses were measured only

. {
at ratios L/D=305.08 in Table B.9, L/D=304.95 in Table B.10,
/ . : e v c
and L/D=304.83 in Table B.1l1l. _ - -
v .

Pressure fluctuations were measurable beyond certain

fXow rates. The pressdre-fluctuétions measured in reservoir,

[E . L8



«~ in this apper—-:x:

¢ S ! -w;‘..&:- e

TABLE NO. SOLUTION RESERVOIR

* B-1 SUGAR #§1 SMALL
3-2 SUGAR #3 SMALL
B-3 SUGAR §4 SMALL
B-*4 PRIMOL-355 0.20 SMALL
B-5 SUGAR #§1 0.20 . LARGE
B-6 ' SUGAR #3 = , 0.20 LARGE
B-7 SUGAR $4 ' 0.20 . LARGE’
B-8 PRIMOL-355 - 0.20 - LARGE

" B-9 -7 0.20% SEPARAN AP-30  0.10 SMALL-
B-10 u . 0.20 » SMALL
B-11 . - 0.30. ' SMALL
B-12'+ .. 0.20% SEPARAN AP-30 -0 1¢{ ' LARGE
B-13 = : ‘ - 0 0:i207% LARGE
B-14 # o " 0.30 LARGE

S for several tube lengths of cach of the three capillary

tubes are reported and discussed in Chapter III, Section

3.2.2. The pressure fluctuations in reservoir ., for the
[

The follow .ng lists the order in which the data- appear

‘. Bame cupiliary ' :bes are plotted in Figures B.l to B.3.

4

253
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TOTAL. pRF9§ BE LOSS -

Temp.: T2.5°F

TABLE B-1

1./D DATA: 'SUGAR SOLUTION #1,
0.20 cm 1.D. CAPILLARY TUBE, SMALL RESERVOIR

Pressure Correction:

}
-.448 x 104 dyn/cm2
Trans-—- Attenua- Presshre2x104 Flow .
Run ducer tion (dyn/cm”) ‘ {cc/secc) L/D
1 1 50 3.089 1.515 31.60
2 1 50 4.688 2.285 31.60
3 2 20 6.378 3.030- 31.60
4 2 50 . 14.203 . . 6.080 31.60
5 2 100 24.924 “ 9.193 31.60
6 2 100 37.748 12.187 31.60
7 2k 100 52.227 15.090 31.60
8 3 - 50 70.671 18.386 31.60
"1 2 100 6.074 1.515  71.23
2 2 20 8.791 2.285 71.23
3 2 20 - 11.790 3.030 71.23
4 2 50 25.338 6.080 71.23
5 ¢ 2 100 1 42.265 9.193 71.23
a2 100 6£%535 ., . 12.187 71.23
Hypiie. 3 50 ‘ 81.357 15.090 71.23
RT3 50 " e 168.592 18.386  71.23
G - . RPN { "«.,‘ e 3o f . . ) .
1 2.~ LY o20 Liﬁga722 : 1:515 96.38 4
-2 T2 50 11,549 2.285 . 96.38 -~
3 2 K - 50 - 15.272° 3.030 96.38 -
4 2., 100 32.4%4 . 6.080 96.38 "
5 2 100 53.060 9:193 96.38
6 3 50 76.53Y +12.187 96.38
7 3 .. 50 100.663 | 15.090 96. 38
8 3—>~ . 50 130.310 18.386 96. 38
- j .
1 2 sto 16.375 ©1.515 222.36
2 e 2 100 34.476 2.285  222.36
3 2 . 100 32.577 3.030  222.36—
4 3 50 67.568 _ 6.080.\'222 36
5 3 - s~-50 108.247 « 9.193 ~222.36
6 3 50 ™N14e.581 © 12.187  222.36
7 3 100 189.604 -7 ¥5.090 222.36
8 3 1007 . 237.867, “ 18.386 222.36
3

,

e I
o
z T

Wmm..—-m .
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! (k "'
3 TABLE B-2
"OTAL PRESSURE LOSS - L/D DATA: SUGAR SOLUTION 3,
0.20 cm 1.D. CAPILLARY TUBE, SMALL RESERVOIR
Temp:: 72.10°F  Pressure Correction:
-.462 x 107 ayn/cm? :
‘Trans- Attenua-— Pressure xlO"4 Flow - .
Run ducer , tion L (dyn/cn”) (cc/sec) 'L/D
. iy . ) .
1 1 100 3.999 1.060 3180 .
2 1 100 5.516 - 1.515% 31.60 *
3 2 20 7.136 1.975 31.60 P
4 2 50 8.963 2:440 = 31.60 ~
5 -2 50 14.824 3970  31.60
6 2 50 ‘ 23.994 f 6.080 31.60 :
7 2 100 ©35.680 . .. 8.425 31.60 g o
8 2 100 : 48.711 © 10.650 3L.60  , if
9 4 50 64.465 13.800  .31.60. ..}
10 4 ﬁso 109488 - 19.750 31.60 !
1 2 &y ¥50 i 9.860 "~ 1.060 ¥ “71.23
2 2 7 20 To4T11.632- % 0 . 1.515 71.23 .
3 2 500 . 14.286 . 1.975°°  71.23
4 2 50 * 18.064 - - 2.440 71.23 ‘
5 2 . 50 . 29.475° - -+ - " 3.970 71.23
%6 2 100 ¥ . 47.056 » ., 6.080 . " 71.23 = ¥
: 7 4 100 NG 0 66.706... . - B.425° | 71.23 ]
8" 4 50 . . B4 467D - 10.650 71.23 :
9 4 50 -, 115.286° .- °  13.800 ' 71.23 ;
10 4 - 100 185.467 19.750 71.23 ‘
1 2 50 - 1u.342 _ . 1.060 96.38
2 2 50 : 14.617 1.515 96.38
3 2 50 18.788 : 1.975 96.38
4 2 - 100 - '23.545 - 2.440 96.38
5 2 ,38.266 . 3.970 , - 96.38
6 2 : 60.294 . - 6.080  96.38 ;
7 4 , 82.736 8.425. 96.38 ;
8 4 108.592 10.65Q. .96.38 % :
9 4 '146.857 -13.8003%\x96.38' S
0 4 229.594 19.750 96.38 :

'—J
-
(R A T SRR W
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TABLE B.2 (continued)

4

Trans- Attenua- Pressure x10 Flow
Run  ducer tion . _(dyn/cm?) - lcc/sec) = L/D
1 2 50 15,168 1.060 148.45
27 2 . .50 2..511 : 1.515 148.45
3 2 100 27.958 1.975 148.45
3 © 2 ., 100 34.991 2.440 148.45
5 .2 ¥ 100 ©57.571 . 3.970 148.45
6 4 50 - . 86.873 6.080 148.45
7 4 « 50 " 122.726 S .8.425 148.45
8 4 .50 160.647 10.650 148.445
9 4 2100 - & ¥ "213.736 . - 13.800 148.45
10 4 200 - o 325.436 . %7 19.750 -~ 148.45

- WS



’ TABLE B-3

. ‘ (Y
. ' ¢ - ) '
. TOTAL PRESSURE LOSS - L/D DATK: SUGAR SOLUTION #4,
0.20 cm I.D. CARILLARY TUBE, SMALL RESCRVOIR

257

eyl
R S Y

100 219.251.

e

NN o L X
N o R

L

QY .
Temp. : 7L.50°F . ., Pressure Correction:
-.490 x 10* dyn/cm?
Trans-— Attenua- Pressure xlq;'f -~ ~Flow

Run ducer tion | (dyn/cm®y "®«  (cc/sec) L/D
1 2 100 .. 17409 1.515  31.60
2 2 100 22.753 ~ 1.975 31.60
3 2 100 27.820 2.440 31.60
4 27 100 34.645 3.030 31.60
5 2 100 ° K 43.954 3.800 31.60
6 2 100 46.677 . 4.565 31.60
1 2 100 37.231 1.515 71.23
2 2 100 47.367 1.975 71.23
3 2 100 59.984 2.440 71.23

.2 4 50 71.705 3.030 71.23
5 4 50 90.665 3.800 . 71.23
6 4 50 - 109.281 ~ 4.565 71.23
1 2 48.952 1.515 96'. 38

L2 2 63.638 . 1.975 96.38
3 4 R 75,152 2.440 96.38 .
4 4 50 94,802 3.030 96.38
5 4 . 50 '118.934 3.800  96.38,
6 g, 100 144,099 : 4.565 , '96.38 "
1 4 50 73.773 * 1.515 148.45
2 4 50 94.802 1.975 *148.45
3 4 50 118.934 - 2.440 148.45 -
4 4 100 - 148.581 . 3.030 148.45
5 4 100 179.262 , 3.800 148.45
6 4 4.565 148.45

(o
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TABLE B-4

\\\TQTAL PRESSURE LOSS - L/D DATA: PRIMOL-355 OIL,
0.20 cm I.D. CAPILLARY TUBL, SMALL RESERVOIR

Temp.: 73.0°F - Pressure Correction:
-.331 x 104 dyn/cm2

. Trans-— Attenua-  Pressure xlO.-4 Flow
Run ducer tion (dyn/cn”) (cc/sec) L/D
1 2 50 -2§:‘02 0.758 34.99
2 2 50 ° 33.991 1.060 34.99
2 2 100 ~34.060 1.060 34.99
3 2 100 - 48.125 1.515 34.99
3 .3 50 47.573 1.515 34,99
4 3 50 73.773 . 2.285 34699
5 3 100 " 96.526 3.030 34,99
6 3 50 116.176 3.636 v 34.99
7 3 50 136.170 4.242 34.99
1 3 50 - - 48.952 ° 0.758 - 71.23
2 3 50 | - 67.568 1.060,  71.23
3 3 50 . 98.043 1.515 71.23
4 3 50 S 146.857 2.285 71.23
5 3 100 195.120 3.030 71.23
6 3 100 '236.143 . 3.636 71.23
7 '3 .100 274.064 W 4,242 71.23
1 3 50 : 65.844 . ™ 0.758 96 .38
2 3 50 92.044 . 1.060 96 .38
3 3 50 ' 126.518 ~1.515 96.38
4 3 100 _ 191.328 2.285 - 96.38
5 3 100 251.657 ‘ 3.030 - 96.38
6 3 100 303.367. ¢ 3.636 “ 96.38
7 3 200 351.630 4.242 7 96.38.
1 ~3 50 ‘ 101.352" ~0.758  151.00
2 3 50 ~ 139.962 1.06"  151.00
3 3 100 . 198.567 - 1.51: 151.00
4 3 300 '~ 295.783. 2.285 151.00
5 3 "200 392.998 - . 3.030 151.00
6 3 200 A67.116 -~ > 3.636 151.00
7 3 . 200 - 544.681 ' 4,242  151.00
1 3 50 ‘143.410 ° - 0.758 222.36°
2 3 100 203.394 1.060 222.36
3 2 .- 100 : .287.854 , 1.515 222.36
4 3 4 - 200 . 436.090 : 2.285 222.36

ot

L 4



259

TABLE B-5

TOTAL PRCSSURE LOSS »: L/D DATA: SUGA# SOLUTION #1,
0.20 cm I.D; CAPILLARY TUBE, LARGE RESERVOIR

Tomp‘: 73.0°F . Pré@%ﬁre Correct10n-
- i'“'l
v ~2.427 x 10* dyn/cm?

_ Trans-— Attenua-~ Pressure xlOw4 Flow
Run™ ducer tion ¥ (dyn/cm™) (cc/sec) L/D
1 1 50 ° 5.364 . 1.515 34.99
2 1 100 6.998 2.285 34.99
3 2 20 8.480 3.030 34.99
4 2 50 16.892 6.080  34.99
5 *© 2 50 27.579 9.193 34.99
6 2 . 100 40.506 12.187 34.99
7 2 100 55.709 - 15.090 34.99
8 3 - 50 . 73.084 18.386 '34.99
1 2 20" 7.791 ‘ 1.515 71.23
2 2 20 , 10.025 2.285 ~71.23
3 2 20 13.514 3.030 71.23
4 2 - 50 ©26.751 - 6.080 71.23
5 2 ‘. 100 42.920 '9.193 71.23
6 2 100 oh 61,225 gk 12.187 71.23
7 3 - 50 f” 81.357 . 15.090 71.23
8 3 100 . “&QB 144 uiln 18.386 7. 23
o .o ‘-:~‘.~,. ‘f:} o .
1 2 20 e 38 1.515 96.38
2 2 20 12,928 .. 2.285 9%. 38
3 2 50 16.685 - 3.030 "96.38
4 2 100 33.267 '6.080  96.38
5 2’ 100 52.744 9.193 = 96.38
6 3 50 74.807 : ©12.187 96.38
7 3 50 99.973 15,090 96.38
8 3 50 ' 126.862 8@386 96.38
1 2 56 18. 271;{} o % 1.515  222.36
2. 2 50 . 26.338 ~ 5.285 222.36
3 2 - 100 34.336 3.030 222.36
T4 2 . 100 69.292 . 6.080 222.36 ¢ .,
5 3 50 - ~.108.592 : 9.193° 222.36.,~ 3
‘6 3 ;~ 50 ' 148.926 '12.187 222.36
7 3 100 ~191.190 ~15.090 222.36
! 3 100 237.178 e .- 18.386  222.36

£im

' 'ﬂm\:’ . ' f . . : ‘ L
T . : s . »

4
&~ - . -
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e
v

J

) , © TABLE B-6
... TQTAL.PRESSURE LOSS - I/D DATA: SUGAR SOLUTION §3,
w i 04R0 em I.D. CAPILLARY TUBE, LARGE RESERVOIR s
ST | ‘
Temp.: 72.0°F - : Pressure Correction: v
-2.517 x 104 dyn/cm2
' ) Trans— Attenua- Pressure xlO‘.4 Flow
Run Ghicer tion A (dyn/cm®) ' (cc/sec) L/D
2> 2 50 < . "7.584 " 1.515  31.60
3 2 50 . 9.135 1.975 * 31.60
4 2 50 ©10.825 2.440 31.60
5 2 50 15.927 3.970 .  31.60
6 2 50 26.131 6.080 31.60
7 2 100 37.576 8.425 31.60
2 2 50 "~ 13.169 v J1.515 . 71.23
3 2 50 16,409 cwn 1,975 71.23
4 2 .50 19.788 SN 2. 440 71.23
5 s 2 100 -29.647 o #®73.970 - 71.23
6 2 100 - 48.504 s 6.0800 71.23
7 2 ) 100 -, 68.395 Lt 8.4250. 71,23
| ' P N B
2 2 50 *716.720 ¢ v "9 KBS, 96, 38
3 2 50 v 21.029 G REP75 b 96, 38
4 2 100 7 25,304 - 20440 96.38
5 2 100 " 38.403 ©3.970 96.38
6 02 100 - 62.363 6.080 . 96.38
7 ~ 4 , 50 . 84.115 96.48 -
2 2 : 100 . 23.994 .-148.45
3 2 100 '30.337 ! - 148.45
4 2 100 36.714 4 2.440 148.45
5 2 100 56,261 3.970  148-.4s
6 - 50 .- 88.252 6.080 148.45
7 4 50 "¢y T124.105 .. 8.425  148.45

R \ - . . - < . .
~
£ A -
¢ . , - B .
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TABLE B-7

TOTAL PRESSURE LOSS - L/D DATA: SUGAR SOLUTION #4, ,
Q.ZO ¢m I.D. CAPILLARY TUBE, LARGE RESERVOIR

Temp.: 72.0°F , ‘ Pressure Correction:
~2.517.x 10%-ayn/cm?
Trans-— Attenua- - Pressure_x10 4 Flow ,
Run ducer tion (dyn/cm2) - (cc/sec) L/D
1 2 100 -~ 18.409 ‘ ‘1.515 31.60
2 2 - 100 23.270 1.975 31.60.
3 2 © 100 . 28.165 ©2.440  31.60
4 2 100 T 34.577 .3.030  31.60
5 2 100 : 43.264 - 3.800 31.60
6 2 100 52.917 4.565  31.60
1 2 100 - . 33.887 : 1.515 ;  71.23
2 2. 100. 45.643 . ,1.975 ., 71.23
3 2 100 55.847 .. -2.440 , " 71.23
4 2 100 : 68.947 ;.. . 3.030 ° 71.23"
5 4 50 , 86.184 “° "3.800 - 71.23
6 4 50 | 105.489 © v 4.565% 71.23"
. e Fin [ LT v .o

1 2. 100 '46.126™%: T Y 01,515 Y . gg. 38
2 »2 . . 100 - 59.639 . 7 1.975 96.38
3 "4 ", 50 ' 70.671. . . _ 2.440 96.38
4 4 50 . 88.252 < 3.030 96.38
5. 4 - 50 ©111.349 " 3.800_ "% 96.3

6 4 50 . 134,447 . 4.56F | 96.34.
1 4 50 . ":768.947 . . 1.515 - 148.45
2 4 50 89.631 © ' 1.975  148.45
3 4 50 . 110.315 a 2.440 148.45
4 4 50 ©138.583 . 3.030 148.45
5, 4 100 173.746 ~ ,:3.800 148.45
6 4 100 - . ©208.909 ~  4.565.148.45

it . . Lt . |
- s BN /

-
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QUABLE B-8

[}

TOTAL PRESSURE LOSS - L/D DATA: PRIMOL-355- -0IL,
0.20 cm I.D.  CAPILLARY TUBE LARGE RESERVOIR

Pressure Correction:

Temp.: 73.5°F
' T S . -1.779 .x 10% dy'n/cm2
‘Trans-— Attenua- Pressure,x10™ % Flow ;
Run ducer tion (dyn/cm”®) (cc/segl L/D
w1 2 . 50 | 24.683 0.762 34.99
2 2 50 33.819 1.06 34.99
3 2 « 100 47.436 1.51 N 34.99
4 3 50 J1.420 2.285 34.99
5. 3 50 e 94.457 3.030°  '34.99 .
6 . 3 . 50 113,073 ©3.704 34.99
Y 3w 50 ,132.516 - 4.277 7 34,99
"01' o g D  ' [ .
10T 3 50 . 47.229 0.762 71.23
2% % w3 50 7, 5. . 66.534: - 1.066 71.23
;3b§g.: 3 50\« W94 457 | >Lf5;ﬁ;/fj 71.23
e " .50 " 142.37% 2.285 71.23
5 100 186.157 3.030 . 71.23
1 100. 47.987 0.762 . 71.23
6 100 -y 222.699 3.704  71.23
7, . 7100 -  258.551 | 4.242. 71, 23,
" ‘50 f63'9I4 | 0.7€" 96. 38
3 . 50 : .873 1.066 96.38 -
3 50, ~wté2 381 1.515 96.38
s 3 - 100 ~ 387.708 2.285 .96.38 .
3 100 i 44.762 3.030 96.38
3 50 ' 102.042 . 0.762 “160.16
3 50 142.920 - .1.066 160.16.
3 .. *\g%oo 1198.223 1.515°  160.16
: ) | ( ‘ \ _' o ‘,ég'
RN = X Q\ . .':l“
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TABLE B-9 ', o )
. . . VAl ~ ) .
TOTAL PRESSURE LOSS - L/D DATA: 0.20% SEPARAN AP-30/ \
0.10 cm I.D. CAPILLARY TUBE, SMALL RESERVOIR /
. b S
, . : . . S RN
‘Temp.: 68°F L . A ‘Pressure Cofrectibn. .
~1.669 x-lO{ dyn/cm”™ -
. ' . :
Trans- Attenua- - Pressureleo’é ‘Flow o
Run ~  ducer. - tion _{dyn/cm’) + (cc/sec) L/D
| : RN - T
1 2 50 - 21.822 0.318  222.08
2 2 50 . 24.338 . 0.381  222.08
3 2 50 .. .29.372 a 0.508 222.08
! 2 100 - 34.129 . 0.635 222,08
5 - 2 100 '40.196 °© - . . 0.794 222.08
6 2 100 . 46.022 - 0.953 222,08
7. 2 100 - 51.883 .7 1.112 222,08
8 2 100 . 56.778 -~ 1:271 | 222.08 .
9 2 N 12%@ ‘.  64.569 T ,%.ggg: [222.08
9 4 50" . 70.326 o . 222.08
10 - 4 L 50 770220 - 1.589% 222,08
T4 $ps0 . . .85.839 Y - 1.747 , 322.08
12, © 4 4 50 '93.078 . 1.908  222.08
13, 4. - .50 "+ .105.489 .o 2.224 ° 222,08
14 4 50 ° ~128.241 2.701 - 222.08 .
1 2 /50 ©. . 715.685 - - ~V0.318 148.48 e
. 2 22, . 50 - 17.513. ., 7 0.381 = 148.48
3 -2 & 50 . ¢ 21.029. ., % 0.508 148.48
4 2 - 50 .. .24.338° - 0.635  148.48 - -
5. 2. 100 - ©28.613 | | 0.794 148.48._ -
6" -2 . 100 L. .33.267 | - 0.953  148:48,
T T2 7100, voo 37.404 ;4 Y 1,112 ° 148.48 ¢
g 2 7 1000 .. - 41,885 /Y - A4.271  148.48 .~
. 9 2 100 "‘«__:48,3;§V7 . 1.430 148.48 -
9 . 2 108 - . - ’53.606 ' Y - 1.430 .'-148.48 '
10 2 100 - .59.708 ... '1.589 - 148,48
11 « 2 100 ‘ 66.534  1.747 148548
212 4 50 .. 272,050 - D08. T148.48
‘13 4 - 50 . - .7 84,115 . . o 148.48 '
14 4 50 . .102.731 7148.48 -
A L e e N
1 2 S50 .0 2 11.376 . ' '96.45
2 - 2. 50 - | '12.755 . 96.45 ¢
3 2 - 50 ° ©15.306-. . - 96.45
4 2 50 ~ 17.995 ~96.45
5 2 © 50 2 21.236  96.45
6" 2 . 50 - 24.752 - 96.45 .
', g ' ; Jf' / L
: / L



TABLE B-9 (continued)

Jrans- Attenua~  Pressure.x10 4.
Run "ducet tion (dyn/cm™)
7 -2 50 " 28.096
8 2 100 31.543
9 2 100 35.163
9 2 100 41.575
10 2 100 46.815
11 2 100 53.779
12 2 100 ) 58.088 *
3 4 50 67.223
4 4 50 : 84.115
1 2 50 - 9.515
2 "2 » 50 : 10.480
3 2 50 ’ - 12.410
4 2 50 14.755
5 2 50 17.740
6 2 50 ‘ 20.54%
7 2 50 23.408
8 2 " 50 - 27.372
9 2 100 36.749
9 2 100 : 29.854
1D 2 100 41.092
11 2 100 "46.126
12 2 100 ! - 51,538
13 2 100 59.984
14 "4 50 75.497
1 2 50 ‘ 8.101
2 2 50 1 9.032
3 2 "50 10.549
4 2 50 12.617
5 2 50 " 15.237
6 ° 2 50 . 17.857
7 2 50 20.581
8 2 50 23.235
9 2 100 . . 32.198
10 2 100 36.887
11 2 100 42.127
12 2 100 46.194
13 2 100 54,882
14 2 100 -~ ..69.292
Is* -1 100 6.837
l6* 1 100 o 6.155 ~
17=* 1 50 . 4.609
18~* 1 20 3.608
19* 1 o 2 3.298

Flow

1.112
1.271
1.430
1.430
1.589
1.747
1.908
2.224
2,701

0.318
0.381
0.508
0.635
0.794
0.953%
1.112
1.271
1.430
1.430
1.589
1.747
1.908
2.224
2.701

0.318
0.381
0.508
0.635
0.794
0.953
~1.112
"1.271
1.430
1.589
1.747
1.908
2.274
2.701
0.238
0.159
0.079
0.032

1 0.023

264 )

L/D

96.45
96.45

96.45 |

96.45
96.45
96.45
96.45
96.45
96.45

71.32
71.32
71.32
71.32
71.32
71.32

71.32
71.32

71.32
71.32
71.32
71.32
71.32
71.32
71.32

55.08
55.08
55,08

5.08
55.08
55.08
55.08
55.08
55.08
55.08
55.08
55.08
55.08
55.08
55.08
55.08
55.08
55.08
55.08

PRSI 53 2R )

- TSI LY



-

* pata obtained with batch number two

L]

TABLE B~9 (continued)
Trans— Attenua- Pressure,x10 4 Flow
Run ducer tion : (dyn/cm’) (cc/sec)
15* 2 50 23.881 0,238
l6* 2 50 21.978 0.159
17% 2 50 15.712 0.079
18* 2 50 . 10.958 0.032
19* 2 50 ' 9.600 0.023
20%* 1 50° 5,357 0.012
21* 1 50 3.722 . 0.008
22% 1 50 - 2.343 0.004

© 265

L/D

305.08
305,08
305.08
305.08
305.08
305.08
305.08
305.08
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: TABLE B-10 ¢ -

-

TOTAL PRESSURE LOSS ~ L/D DATA; 0.20% SEPARAN AP-30,
0.20 cm I.D. CAPILLARY TUBE, SMALL RESERVOIR

AN

Temp.: 68°F Pressure Correction:
_1.669 x 10 ayn/cm®

e R

Trans-— Attenua- Pressure xlO—4 Flow
Run ducer tion (dyn/cm”) (cc/sec) L/D
1 2 20 4.688 1.271 31.60
2 2 20 5.171 1.589 31.60
3 2 50 6.033 1.906 31.60
4 2 50 7.239 2.383 31.60
5 2 50 7.984 2.701 31.60
6 2 . 50 . 8.998 A 3.177 31.60
7 2 50 14.479 4.866 31.60
8 2 50 : 17.237 5.401 31.60
9 2 50 18.891 5.719 31.60
10" 2 100 21.098 6.354 31.60
11 2 100 28.337 7.943 31.60
12 2 100 37.645 9.531 31.60
13 2 100 46.746 . 11.120 31.60
1 2 50 5.792 1.271 54.90
2 2 50 6.515 1.589 54.96
3 2 50 ' 7.343 1.906 54.96
4 2 50 9.032 , 2.383 54.96
5 2 50 - 9.790 2.7901 54.96
6 2 50 11.032 . 3.177 54.96
7 2 100 17.513 4.866 54.96 .
8 2 100 . . 20.270 5.401 54.96
9 2 1100 21.615 5.719 54.96
10 . 2 ‘100 24.200 6.354 54.9
11 2 /100 ,32.922 . - 7.943 54.96
12 2 100 42.954 : . 9.531 54.96
13 2 100 . 52.262 0 '11.120 | 54.96
1 s 2 50 6.826 . 1:271 . 71.23
2 2 20 ' 7.446 1.589 71.23
3 2 50 © \ 8.515 1.906  71.23
4 2 ) 50 ° 10.121 2.383 71.23
5 2 50 11.169 2.701 71.23
-6 2 50 12.617 3.177 . 71.23
7 2 160 19.133 4 866 71.23
g =~ 2 100 22.063 . 5.401 71.23
9 2 100 . 24.545 5.719 71:.23



TABLE B-10

\\( v

Trans— Attenua-

" Run . ducer tion
10 2 100
1y 2 100
12 2 100
13 .2 100
1 2 50
2 2 50
3 2 50
4 2 1 50
5 2 : 50
6 2. 50

7 2 100
8 2 100
9 2 . 100
» 10 2 100
11 2 100
12 2 100
13 2 100
1 2 50
-2 2 50
3 2 50
, 4 2 100

5 2 100 .
6 2 100
7 2 100
8 2 100
9 2 100
10 2 100
11 2 100
12 2 100
13 4 50
14* 2 50
15* 2 . 50
le* - 2 50
17* 2 50

(continue

Pregsure x10~4

\ 1

(dyn/cm™)

d)

26.614
35.577
45.298
55.158

8.067
9.135
10.514
11.583
13.720
14.996

- 22.856

26.027
27.510
31.819
41.575
51.572

61.914

11.032
12.583
14.134
1l6.444
17.892
19.960
28.268
32.198
34.129
38.817
49.469
61.087
72.394

15.731
11.222
10.073
- 8.007

* Data obtained with batch number 2

Flow

(cc/sec)

6.354
7.943
9.531
11.120

1.271
1.589
1.906
2.383
2.701
3.177
4.866
5.401
5.719
'6.354
7.943
9.531
11.120

1.271
1.589
1.906
2.383
2.701
3.177
4.866
5.401
5.719
6.354
7.943
9.531

11.120

0.636
0.318
0.239
0.159

267

L/D

71.
71.
71.
71.

96.
96.
96.
96.
96.
96.
96.
96..
96.
96.
96.
96.
96,

148;
148.
148.
148.
148.
148,
148.
148.
148.
148.
148.
148.
148.

304.
304.
304.
304.

23
23
23
23

38
38
38
38
38
38
38
38
38
38
38
38
38

45
45
45
45

45

45
45
45
45
45
45
45
45

95
95
95
95
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=N
Vet

TABLE B-11

TOTAL PRESSURE LOSS - L/D DATA: 0.20% SEPARAN AP- 30
0.30 cm I.D. CAPILLARY TUBE, SMALL RESERVOIR

Temp. : ‘68°F K Pressure Correction:
\ -1.669 x 10%.dayn/cm?

Trans- Attenua- Pressure,x10 4 Flow
Run ducer  tion (dyn/cm“) - (cc/sec) L/D
1- 2 v 20 . 3.930 2.542 34.97
2 2 20 < 4.447 3.177 34.97
3 2 50 51757 4.866 . 34.96
4 2 50 7.239 6.354 34.97 -
5 2 50 7.929 7.148 34.97
6 2 50 8.791 : 7.943 34.97
7 2 <50 ° 9.653 . 8.737 34.97
8 2 - 100 10.549 : . 9.531 34.97
9 2 100 . 11.790 10.325 34.97
10 2 100 12.824 11.120 = 34.97
11 2 100 ©14.272 , 11.914 34.97
12 2 100 - 15.616 12.708 34.97
13 2. 100 17.926 14.297 34.97
14 2 100 . 20.270 '15.885 34.97
15 2. 100 * 24.131 S 17.474 34.97
16 2, 100 . 26.338 19.062 34.97
1 2 50 4.688 . " 2.542 55.04
2 2 ‘50 , 5.205 3.177 55.04
3 2 - 50 . 6.757 4.866 55.04
4- 2.7 50 8.412 6.354 . 55.04
5 2 50 9.377 7.148 55.04
6 2 50 10.342 7.943 55.04
7 2 50. 11.445 : 8.737 55.04
8 2 100 12.583 ° 9.531 . 55.04
9 2 100. 14.031 : . 10.325 55.04
10 2 100 15.134 11.120  55.04
11 2 100 16.478 . 11.914 55.04
12 2 100 18.133 . 12.708 55.04-
13, 2 100 19.995 . 14.297 55.04 .
14 2 100 22.890 15.885 . '55.04
. 15 2 100 . 26.269 17.474 © 55,04
16 2 100 29.475 19.062 55.04
1 2. 20 5.378 2.542 71.13
2 2 20 . 6.067 3.177 71.13
3 2 © 50 7.757 4.866 71.13
"4 2 150 9.584 ) 6.354 71.13



VWO WN

e
O B.WN O

11
12
13
14
15
16

\ TABLE B-11

ttenua~
" tion

(continued)

Pressure.x10

WRNAU S WN -

Trans— 2
ducer (dyn/cm”)
2 10.514
2 - 11.583
2 ©12.928
2 13.962
"2 15.548
2 16.754
2 18.064
2 19.374
2 22.235
2 24.683
2 29.096
2 100 32.198
2 50 6.398
2 50 7.170
2 50 9.239
2 50 11.169
2 50 12.548
2 100 13.789
2 100 14.941.
2 100 16.306"
2 . 100 17.685
2 100 18.960
2 100 ! .20.891
2 100 22.235
2 100 25.200
2 100 28.510
2 100 32.405
2 100 36.266
2 50 8.274
2 50 . 9.549
2 50 N 12.204
2 100 14.893
2 100 16.203
2 100 17.685
2 100 19.167
2 100 20.753
2 100 22.235
2 100 24.131
2 100 25.683
2 100 27.682
2 100 31.164
2 100 34.336
2 100 39.058
2 100 43.609

Flow

7.148

7.943

8.737
9.531
10.325
11.120
11.914
12.708
+14.297
15.885
17.474
19.062

2.542
3.177
4.866
6.354
7.148
7.943
8.737
9.531
10.325
11.120
11.914
12.708

(cc/sec)

14.297

15.885
17.474

19.062°

2.542
3.177
4.866
6.354
7.148
7.943

8.737 .

9.531
10.325
11.120
11.914

12.708

14.287"
15.885

17.474
19.062

’

[

269

L/D

71.13
71.13
"71:13
71.13
71.13
71.13
71.13
71.13N
71.13
71.13"
71.13
71:13

96.36
. 96.36
96.36
96.36
96.36
96.36
96.36
96.36
95.36
96.36
96.36
96.36
9%6.36
96.36
96.36
96.36

, 145.00
145.00
145.00
145.00.
145.00
145.00
-145.00
145.00
145.00
145.00 .-

. 1145.00 .

145.00

145.00

145.00

145.00

145.00



)

TABLE B-11

Trans— * Attenua-

(continyed)

-

Pressure xlO-._4

T %

Run ducer tion (dyn/cm™)
17* 2 50 13.423
18%* 2 50 12.272
19* 2 50 9.214
20* 1 50 6.764 -
21* 1 50 6.461
22% 1 50 5.267
23% 1. - 10, 2.399
24x* 1 10 2.199
25%* 1 20 2.787
26* 1 20 3.014
27* 1 20 4.099
- 28%* 1 50 5.872
29%* 1 50 6.293

Déta obtained with batch numberﬁfwo.

Flow

(cc/sec)

1.589
-1.271
0.636
0.318
0.238
0.159
0.012
0.008
0.024
0.032
~-0.080
0.238
0.318

270

L/D

304.83
304.83
304.83
304.83,
304.83"
304.83
304.83
304.83
304.83
304.83

'304.83

304.83
304.83"



i
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TABLE B-12

TOTAL PRESSURE LOSS - L/D DATA: 0.20% SEPARAN AP-30,
0.10 Ym I.D. CAPILLARY TUBE, LARGE RESERVOIR

Temp.: '68°F . - : Pressure Correction:
b -1.937 x 104 dyn/cm2
Trans— Attenua- Pressure xlO—4 Flow
Ruh  ducer tion . (dyn/cmz) (cc/sec) L/D
1 2 50 . 7.756 . 0.318 55.08
2 C 2 50 © 9,135 0.381 55.08
3 2 50 10.859 0.508 55.08
4 2 100 , 12.721 0.635 55,08
5 2 100 15.341 : 0.794 55.08
6 2 100 18. 340 . 0.953 55.08
7 2 100 : 20.684 - 1.112 55.08"
8 2 100 ' 22.753 1.271 . 55.08
9 2 100 25,683 1.430 55.08
10 2 100 28.061 ~ 1.589 = 55.08
11 2 100 31.200 1.748 55.08
11 2 100 33.200 1.748 55.08
12 2 100 - 39.403 1.908 55.08
13, 2 100 46.746 2.224 55,08
14 2 100 57.571 2.701 '55.08
1 2 100 7 9.446 0.318 71.32
2 2 100 : 10.514 0.381 71.32
3 2 100 ' 12.548 0.508 71.32
4, 2 100 14.582 0.635 71.32
5 2 100 17.340 _ 0.794 71.32
6 2 100 20.133 0.953 71.32
7 2 100 22.753 1.112 71.32
8 2 100 25.683 1.271 71.32
9 2 100 29.820 1.430 ©71.32
10 2 100 . 32.853 1.589 71.32
11 2 100 39.782 . 1.748 71,32
12 2 100 44.953 . 1.908 - 71.32 3
13 2 100 52.641. 2.240 71.32 !
14 2 100 _ 63.604 | 2.701 71.32 :
pJ
1 2 100 10.549 0.318 96.45 g
2 2 100 ©12.617 0.381 96.45 \g
3. 2 100 15.237 - 0.508 96.45 3
4 2 "100 17.513 ‘ 0.635 96.45
"5 2 100 ‘ - 20.960 0.794 96.45
6 2 100 24.304 0.953 96.45
7 2 100 27.337 1.112 96.45
8 2 100 -~ 31.164 t 1.271 96.45
9 2 100 33.991 1.430 96.45




TABLE B-12 . (continuous)

Pressure 'xlO.‘4

Trans— Attenua- Flow
Run ducer - tion (dyn/cm®) (cc/sec)
10 2 100 37.231 1.589
11 2 100.._ . 42.230 1.748
11 2 100 N 44.540 1.748
12 2 100 50.400 -1.908
13 2 100 58.95Q 2,224
14 "4 50 71.709“* - 2.701
1 2 100 15.548 0.318
2 2 100 17.444 0.381
3 2 100 21.029° 0.508
4 2 100 23.959 0.635 -
5 2 100" 28.130 0.794
6 2 100 32.750 0.953
7 2 100 37.300 1.112
8 2 100 41.230 1.271
9 2 100 45.919 1.430
10 2 100 50.400 1.589
11 2 100 55.227 -+ 1.748
12 2 100 63.948 1.908
13 4 50 73.084 2.224
14 4 50 88.942 2.701
1 2 100 21.511 0.318
2 2 100 23.890 0.381
3 2 100 27.924 0.508
4 2 100 33.095 0.635
5 g 100 39.024 0.794
6 100 44.609 0.953
7 2 100 50.331 1.112
8 2 100 55.847 1.271
9 2 100 61.535 1.430
10 2 100 68.258 . 1.589
11 4 50 76.186 1.748
‘12 4 50 84.115 1.908
13 4 50 97.215 2.224
14 4 50 117.899 2.701
1 2 100 27.924 0.318
2 2 100 31.026 0.381
3 2 100 37.231 0.508
4 2 100 43.092 0.635
5 2 100 50.848 0.794
6 2 100 . 57.743 0.953
7 2 100 65.086 1.112
8 4 50 71.705 1.271
9 4 50 84.460 1.430

272

L/D

96.45
96.45
96.45
96.45
96.45
96.45

118.48

148.48
148. 48
148.48

- 148.48

148,48
148.43
148 48
148.48
148.48
148. 48
148.48
148.48
148.48

222.08

222.08

222.08
222.08
222.08
222.08,
222.08
222.08
222.08
222.08
222.08
222.08

222.08

222.08

305.08
305.08
305.08
305.08
305.08
305.08
305.08 "
305.08
305.08
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<R TABLE B~12 (continued)
Trans- Attenuaf Pressure xlO-4 . Flow :

Run ducer tion (dyh/cm?) - {ccy/sec) L/D
10 4 100 N 93.768 1:589 305,08
b1 4 50 104.799 14748 © 305.08
11 4 50 84.460 - Ty 7ag 305.08
12 4 50 93.906 N\ 1.908 305.08
13 4 50 122.036 47 . 2,224 305.08
14 4 50 144.789 2504 2.701 - 305.08



" TOTAL PRESSURE LOSS - L/D DATA: 0.20% SEPARAN AP-30,
0.20 ¢m I.D. CAPILLARY TUBE, LARGE RESERVOIR

Temp. :

. ‘w
VONaUd WN - [«
=

VOO NAUNEWNE

{

TABLE B-13.

Prédssure Correction:

RN

/

274

68°F
-1.937 x 10? dyn/cn?
Trans-— Attenua- Pressureleo'-4 Flow _
ducer tion (dyn/cm”) (cc/sec) L/D
50 11.859 1.271 148.45
50 10.549 1.589 148.45
50 13.203 1.906 148.45
50 15,203 2.383 148.45
50 16.547 2.701 148.45
50 18.443 3.177 148.45°
50 25.304 4.866 148.45
100 29.406 5.719 148.45
100 31.026 5.719 148.45
100 32.267 6.354 148.45
100 33.164 6.354 148.45
100 42,644 7.943 148.45
100 51.745 9.531 148.45
100 62.742 11,120 148.45
50 8.067 1.271 96.38
50 9.101 1.589 96.38
50 10.170 1.906 96.38 <
50 11.721 2.383 96.38 |
50 12.686 2.701 96.38
50 14.134 3.177 96.38
50 19.719 4.866" 96.38
50 22,925 5.719 96.38
50 24,132 5.719 96.38
100 26.889 6.354 96.38
100 34.922 7.943 96,38
too 43.747 9.531 96.38
100 53.365 ~11.120 96.38
1 50 6.881 1.271 71.23
1l 1¢0 7.708 1.589" 71.23
2 59 8.515 1.906 71.23
2 50 9,722 2.383 71.23
2 50 10.455 2.701 71.23
2 50 11.790 3.177 71.23
2 50 16.616 4.866 71.23
2 50 18.719 5.401 71.23
2 50 19.857 5.401 71.23
2 50 19.995 5.719

71.23
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TABLE B-13 (continued) ¢ %
Trans- Attenua-= Pressure x10 ] . Flow.
Run ducer tion (dyn/cm?) (cc/sec) L/D
9 2 50 21.236 5.719 ° 71.23
10 2 50 21.564 6.354 71.23
10 2 50- 123.270 6.354 71:23
11 2 100 30.337 7.943 71.23
12 2 100 - 38.507 9.531 71.23
13 2 100 . 47.367 11.120 71.23
1 1 100 5.750 1.271 54.96
2 1 100 6.426 1.589 54.96
3 2 50 ‘ 7.343 1.906 54..96
4 2 50 | 8.343 2.383 54.96 .
5 2 50 9.135 . 2.701 . 54.96
6 2 . 50 & . 10.204 . 3.177 54.96
L7 2 . 50 14.587) 4.866  54.96
.8 2 50 15.4 5.401 54.96
9 2 50 17.581 5.719 . 54.96
9 2 50 . 18.754 5.719 - 54.92
10 2 50 119.374 . 6.354 54.96
10 2 50 - 20.891 " 6.354 .  54.96
11 2 50 27.062 ©7.943 54.96
12 2 50 35.439 9.531 54,96
13 2 .. 50 = 42.920 11.120 ' 54.96
Sl 1 100 " T 4.671 - 1.271 " 31.60
2 1 100 , 5.188 1.589 31.60
3 1 100 . - ° 5.826 : 1.906 31.60
4 1 100 i 6.688 - 2.384 31.60
5 2 50 7.446 2.701 31.60
6 2 50 8.308 - 3.177° 31.60
7 2 50 - 12.066 . 4.866 31.60
8 2 50 14.893 ' 5.401 - 31.60
9 2 50 14.798 5.719 31.60
9 2 50 ©15.823 5.719 31.60
10 2 50 ©17.788 6.354 31.60
11 2 '100. X 23.442 - 7.943 - 31.60
12 2 100 29.820 9.531 31.60
13 .2 100 38.266 , 11.120  31.60
1 2 50 .~ 14.755 S 1.271 222.36
2 2 50 - 16.616 - 1.589 2922.36
3 2 50 .~ 18.443. 1.906-—-  222.36
4 2 50 21.098 2.383 222.36
5 2 . 100 22.753 . 2.701 222,36
6 2 100 25.338 3.177 227.36
7 2 100 ‘ 33.956 4.866 1 222.36
8 2 100 i 37.576 5.401 \222.36
9 2 100 ., 39.231 5.719 . 222.36
9 2 100 ‘ 40.472 '5.719 222.36



Run

10
11

12
i3

1

TABLE‘BGIB ‘(continued)

Flow

Trans-~ Attenua- Pressure,x10

ducef ‘tion. (dyn/cm”) (cc/sec)
2 100 44,471 6.354,
2 100 54.744 ©7.943
2 100 65.844 9.531
4 50 '76.876 11.120
2 50 18.960 1.271
2 100 21.236 1.589
2 100 23.649 1.906
2 100 ° - 27.027 2.383
2 100 29.302 2.701

. 2 100 32.681 3.177

C 2 100 43.816 4.866
2 100 48.435 5.401
2 100 50.848 5.719

\.2 100 55.227 6.354
\2 100 69.395 7.943
% 50 81.013 9.531
4 50 95.147 11.120
2 100 27.510. 1.271
2 100 ° 31.026 . 1.589
2 100 63.673 4.866
4 50 68.258- 5.401
4 .50 70.671 5.719
4 .50 76.531 6.354
4 50 95.492 7.943
4 50 108.247 " 9.531.
4 50 129.620 11.120

@

;<,:‘

’

L/D

©222.36

222.36
222.36
222.36

304.35
304.95
304.95
304.95
304.95

'304.95
1304.95

304.95,

© 304.95 -

304.95
304.95
304.95

-304.95

457.43

457.43

457.43
457.43

457.43°

457.43
457.43
457.43
457.43

v



K4

TOTAL PRESSURE LOSS - L/D DATA: 0.20% SEPARAN AP-30,

Temp. :

TABLE B-14

0.30 cm I.D. CAPILLARY TUBE, LARGE RESERVOIR

277

68°F Pressure Correctign:
. ‘ ~1.937 x 10* ayn/cm?
o -

Trans- - Attenua- Pressure xlO"4 Flow

ducer tion (dyn/cm™) ' (cc/sec) L/D
2, + 50 3.861 2.542 34.97
2 . 50 4.275 3.177 34.97
2 50 - 5.309 4.866 34.97
2 50 6.378 6.354 .34.97
2 50 6.998 7.148 34.97
2 50 7.722 7.943 34.97
2 50 ‘@ 8.343 8.764 34.97
2 50 9.135 9.531 34.97
2 50 - 9.722 10.325 34.97
© 2 50 - 10.514 "11.120 34.97
2 100 11.962 11.914 34.97
2 100 12.893 12.708" 34.97

T2 - 100 13.720 14.297 34.97
2 100 17.064 + 15.885 34.97
2 100- 19.478 " 17.474 " 34.97
2 100 19.995 19.062 34.97
2 100 - 21.925 19.062 34.97
L2 50 ° ‘4,654 2.542 " 55.04
2 50 5.102 = . 3.177. 55.04
2 50 6.342 4.866 55.04
2 50 7.50, 6.354  55.04
2 50 8.41 7.148 55.04
2 50 9.135_ 0 7.943 55.04
2 50 9.894 8.764 55.04
2 50 10.583,. 9.531 -55.04

2 ‘50 11.514 . 10.325 55.04
2 50 . 12.410 11.120 55.04
2 50 13.927 11.914 55.04
2. 50 - 14.686 12.708" 55.04
2 200 16.306° 14.297 55.04
2 ~00 19.478 . 15.885 55.04-
2 100 21.718% -« 17.474 55.04 :
2 100 24.476 19.062 . 55.04
2 ‘50 5.309 2.542 . 71.13
2 50 = 5.895 3.177 71.13°
2 . 50 "7.343 4.866 71.13
2 50 8.777 6.354 71.13



TABLE B-14 (continued)
o Trans-— Attenua- Pressure,x10 4 Flow
Run ducer tion (dyn/cm™) (cc/sec)
5 2 50 9.653 7.148
6 2 50 10.514 7.943
7 2 50 11.307 8.764
8 2 50 12.204 9.531
9 2 100 12.514 10.325
10 2 100 14.307 11.120
10 2 100 14.617 ) 11.120
11 2 100 15.341 11.914
12- 2 100 . 16.168 12.708
12 2 100 16.823 12.708
13 2 100 19.098 14.297
14 2 100 21.374 15.885
15 2 100 '23.959 17.474
16 2 100 26.820 19.062
1 2 100 . .6.412 z 2.542
2 2 100 7.136 3.177
-3 2 100 8.791 4.866
4 2 100 10.584 6.354
5 2 100 11.480 7.148
6 2 100 13.203 7.943
7 2 100 13.514 8.764
‘8 2 100 14.479 9.531
9 2 100 15.582° 10.325
10 2 100 16.547-  \  11.120
11 2 100 18.202 ’ 11.914
12 2 100 18.788 12.708
12 2 100 19.374 12.708
13 2 100 21.856 14.297
14 2 100 24.338 15.885
15 2 100 27.131 17.474
16 2 100 30.681 19.062
1 2 50 8.515 2.542
2 2 50 . 9.515 3.177-.
3 2 . 50 11.790 4.866
4 2 50 13.996 6.354
5 2 - 50 -15.237 7.148
6 2 50 16.409 7.943
7 2 50 17.650 8.764
8 2 50 18.754 '9.531
9 2 50 20.064 10.325
10 2 50 21.856 11.120
11 2 50 23.304 © . 11.914
12 2 50 24.683 - 12.708
13 2 50 © 27.406 +14.297
14 2 100 30.681 15.885
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L/D

71.13
71.13
71.13-
71.13
71.13
71.13
71.13
71.13
71.13
71.13
71.13 .
71.13
71.13
71.13

96.36
96.36
96.36
96.36
96.36
96. 36
96.36
96. 36
96.36
96.36
96.36
96.36 .
96. 36
96.36
96.36
96.36
- 96.36

148.52
148.52
"148.52
148.52
148.52
148.52

- 148.52

148.52
148.52

- 148.52

148.52
148.52
148.52
748.52
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Table B-14 (continued)

B
; Trans- "Attenua- Pressure xlO—4 Flow

Run . ducer tion . (dyn/cmz) P (cc sec) L/D
15 2 100 '33.887 17.474 148.52
16 ° 2 100 37.576 19.062 148.52
1 2 50 - 11.169 2.542 213.38
2 2 50 12.583 ) 3.177 213.38
3 2 50 15.685 : 4.866 213.38
4 2 50 18.616 | 6.354 213.38
.5 2 50 20.133 7.148 213.38
. 6 2 50 - 21.718 7.943 213.38
> 7 P2 50 23,235 8.764 213.38
8 2 50 24.717 9.531 213.38
9 2 “ 50 26.234 10.325 213.38
10 2 100- 27.717 - 11.120 213.38
10 2 100 28.958 - 11.120 213.38
11 2 100 29.820 ©11.932 213.38
12 2 100 31.130 . 12.708 213.38
13 ¢ 2 100 34.474 ., X4.297 | 213.38
14 2 100 38.438 15.885 213.38
15 2 100 . 42.265 - 17.474 213.38
16 2 100 ¢ 46.953 19.062 213,38
1 2 50 15.168 2.542 304.83
2 2 50 . ’ 16.823 . 3.177 304.83
3. 2 50 . £21.167 4.866 304.83
4 2 50 24.993 . 6.354- 304.83
b 2 100 28.613 7.943 - 304.83
8 2 100 32.543 , 9.531 .304.83
10 2 100 e 36.542 ©11.120 <304.83
12 2 100 ‘ 41.368 12.708 304.83
12 2 100 -40.610 12.708 . 304.83
13 2 100 45.643 - 14.297 ° 304.83
14 . 2 - 100 " 49.849 © 15.885 304.83
15 2 100 " 54.330 17.474 = 304.83
© 16 2 100 .58.777 19.062 304.83
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FIGURE B.2
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PRESSURE FLUCTUATION ( dyn/cm?2 ) X 1074
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FIGURE B.3
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C.1 NEWTONIAN FLUIDS

The Bﬁbley plot was -constructed using’the total
pressure lo%E—L/D data tabulated in Appendix B. In this
analysis the velocity field is assumed to be fully developed
‘prior to the end of the capillary tube. The total pressure
loés is comprised, therefore, of.the developed pressure

losses, APd, and the contraction loSses, APC, given by

t = BPy

+
AP AP '. | . ca

where .

Il

'APd 4Tw L/D . c.2

Equating the contraction loss to the. developed pressure

loss measured over an equivalent length of capillary tube,
evD, yields

APt = 4Tw(L/D+€V) | '- C.3

where €, is the Bagley entrance corFection (76) . The con-
traction-losses and the shear stresses are evaluated from
the intércept;and slope of Equation C.3. The data in
\Abpendix B was curve fitted to Equatibn C.3 in the sense 6£
least.squares. The resulting values for the contraction
lossés and the Bagley entrancé‘correction factors'are tab-
‘ulated in Tables C.l1 and C.2 for resérvoirs S and L respect-
i@ely. The shear stresses can be found in Appendix D,

Table D.1. : -

Values of the dimensionless contraction loss, ¢,

S



defined by

2
v
d = APc/(p—f)

are also tabulated in Tables C.l1l and C.2.

A
N

c.2 VISCOELASTIC FLUID

Bagley ploﬁs were used also in khe evaluation of
the contraction losses and shear stresses for the 0;20%
aqueous solution of Separan AP-30. The contraction loss -
Reynolds number data are tabulated in Tables C.3 and C.4 for
reservoirs S and L respectively. To distinguish the differ-
ence in the contraction losses, o was‘usea‘in place of-ev

in Equatidn C.3 where €_ includes both the viscous and

t
elastic contributions. The only assumption in estimating
the contraction losses with the Bagley plof for the visco~
elastic fluid was the assumption of a zero exit pressure.
For capillary tube lengths longer than the entry
length, the exit pressures are constant (161). Figure“q.l
"gualitatively depicts the~effeét of this exit‘pressure on
ﬁhe pféssurelpfofile and on the Bagley plot. 1If the exit

pressure is not equal to zero then Equation C.3 must be.

modified to

<

APt—APexit = 4Tw(L/D+€t) c.5
where the equivalent length for the viscoelastic fluid is €y
Failuse to subtract the exit pressure from the total pressure

- loss would result in an overestimation of the contraction
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losses. Although the exit pressure was not méasured
directly, an estimate of its magnitude can be obtained from
the results reported by Sylvéster (lél). ' He esfiméted.that
the exit pressure was 16.89x102dyn/c}n2 by using afpressure
profile and by extrapolation of the geveloped pressure
gfadient, dp/dx, to the end of the capillary tube. Since
the solutions uséd by Sylvester were approximately an orderxr
of magnitude greater in'cgncent}ation than that used in this

research and since-the exit pressure decreased with increase

in concentration, it can be reasonably aSsumed‘that the exit

g

pressure for £he 0.20% aqueous solutions of Separan AP-30
was less than 70 dyn/cwz. Underxr the Qorst condition thi§
e#ii pressure resulted in a 1.5% error in the contraction
losses and was assumed to be negligible for all experimental
runs.

The 1ist of tables and a figure contained in this

appendix is given below:

TABLE NO. _ , DESCRIPTION

c.1 Contraction Losses and Reynolds Numbers
for Newtonian Fluids, Small Reservoir

c.2 ' Contraction Losses and Reynolds Numbers
for Newtonian Fluids, Large Reservoir

Cc.3 ) Contraction Losses and Reynolds Numbers -

* for 0.20% ‘Separan AP-30 - Small Reservoir
C.4 Contraction Losses and Reynolds Numbers

for 0.20% Separan AP-30 - Large Reservoir -
3

FIGURE NO. o ' .

c.1 Pressure Profile and Bagley Plot
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TABLE C.1

CONTRACTION LOSSES AND REYNOLDS NUMBERS
FOR NEWTONIAN FLUIDS, SMALIL RESERVOIR

APc x 1074 .
Solution Run No. (dyn/cm?) ¢ v _Re
Sugar £1' 1 0.572 . 4.08 8.26, 126.88
2 0.999 3.13 9.65 191. 36
3 1.575 2.81 11.47 253.75
4 4.980 2.21 17.81 509.18
5 10.298 ° ° 2,00  23.62 769.89
6 19.605 2.16 33.85 1020..63
7 ©29.644 2.13 41.19 1263.75
8 44.940 2.18 51.68 1539.78
Sugar #3 1 0.569 - 8.05 5.95 46.73
: 2 0.800 5.54 5.84 66.79
3 1.096 4,47 6.15 - 87.07
4 1.606 4.29 7.23 107.57
5 2.834 . 2.86 7.76 ©175.03
6 5-757 © 2.48 . 10.02 °  268.05
7 11.824 2.65 15.85 371.44
8 16.713 1 2.34 o 17.54 469.53
9 23.759 1.98 "®18.62 - 608.4]1
10 51.752 2.11 28.09 870.72
- Sugar #4 1 2.324 15.42 - 4.88 20.63
2 .2.930 11.44  4.80 26.89
3 3.385 8.66 , 4.42 33.22
4 5.171 8.58 5,58 41.25 -
5 7.233 - 7.63 6.26 51.74
6 7.205 5.96 5.04 62.15
Primol-355 1 2.772 ° 108.71 4.36 2.60
2 3.241  64.87 3.59 ' 3.63-
3 4.426 43.45 - 3.47 © 5,16
4 6.722 29.01 3.49 7.79
5 9.280 22.78 3.65 10.33
6 11.411 19.50 3.76 12.62
7

18.629 23.33 5.36 14.58

Pl Cdbiaaniad o s im
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TABLE C.2

CONTRACTION LOSSES AND REYNOLDS NUMBERS

FOR NEWTONIAN FLUIDS, LARGE RESERVOIR

AP, x 10~
Run No. (dyn/cmz)

4

Sugar #1

Sugar #3

Sugar. #4

Primol-355

0.439
0.843
1.390

. 4.985
10. 445
17.843
28.:792

£ 40.686

O UTD W N

0.448°
0.793
1.172
2.379
5.964
11.687

1.343
1.517
1.862
2.572
3.654
6——%.7454

1.731
2.213
3.434
3.709
7.405
7.474
9.053

NBWNH AU & WN

NoubswNKH

3.13
2.65
2.48
2.21
2.02
1.97
2.07
1.97

3.10
3.23
3.13
2.40
2.57
2.62

8.91
5.95
4.77
4.26

3.85 -

3.69

67.18
" 43.88

33.71
16.01
18.17
12.28
11.15

6.39

8.18
10.34
18.40
24.92
31.1x7
40.58
46.76

3.19
4.37
5.30
6.70
10.42
15.89

3.08
2.66
2.62
2.89
3.23
3.25

2.80
2.56

2.79
1.95
3.02
2.50

2.60

. 288

NRe

129.28
194.98
258.55
517.11
784.45
1039.93
1287.65

1568.90

. 66.98

87.32
107.87
175.52
268.80
372.48

- 21.81
28.44
35.13
43.63
54.72

65.73,

2.66
3.72
5.29
7.98
10.49°
12.95
14.93
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TABLE c.3

CONTRACTION LOSSES AND REYNOLDS NUMBERS

0.20% SEPARAN AP-30,

Capillary I1.D.
(cm)

Run No.

A

=4
AP, x 102

0.10

LYoo UTEWN -

e
N=O

—
)

15%*
le*
17*
) 18*
19%

- 0.30

Xy

(dyn/cm )

1.904
2.271
2.720
3.891
5.307
6.843
. 8.391
10.945
12.589
18.358
22.039
.26.196
29.553
36.553

48.499

1.158

1.000

0.525
0.320
0.241

1.221
1.359
1.954
2.959
3.515
4.260
9.231
11.489
13.104
13.78¢
21.201
29.872
38.273

0.872
1.054
1.916
2.970
3.561
4.222

5.032

* obtained with batch number two

SMALL

6.96
6.69

. 47.10
5 504.02
6.59 (——58.49  578.11

32.63

289

FOR
RESERVOIR
)
ey ¢ ke
23.28 23.23  62.59
19.28 24.76 81.21
13.03 24.19 121.56
12.00 30.37 164.92
10.38 35.73 ° 224.72
9.29 40.66  286.49
8.37. 44.83  350.53
. 8.36 55.16 416.26
7.60 55.61  483.36
11.08 81.10  483.36
10.77 '91.36 551.32
-10:58 100.24 §19.97
10.01 106.39  689.96
9.12 120.12 . 828.20
8.20 \°137.68 1036.98
33.00 21.00 41.37 -
49.00 . 17.00 22.72
65.00 13.50 11.34
385.00 10.60 2.04
525.00 _ 9.40 1.32
14.92 “\\x%;§54 90.95
10.63 21,79  126.36
10.61 27.67  164.99
10.29 38.08  228.04
- 9.51 40.86  273.00
8.33 45.19° 344.21
8.02 77.83 607.31
7.77. 88.94  721.05
7,91 99.88  779.53
6.74 83.65 908.31
6.63 116.09 1209.25
6.49 148.75 1532.84
6.11 °173.60 1865.85
13.49°  21.98  93.84
10.43 22.52 131.00
8.09 32.41  246.44
7.35 42.54  364.53



TABLE C.3 (continuéd)

Capillary I.D. AP- x 10 4
- (cm) Run No. (dyn/cm”)
0.30 8 5.740

9 7.064
10 7.743
11 9.056
12 10.200
13 11.868
14 . 14.103
15- 17.452
16 '19.237

6.31
6.62
6.26
6.38
6.31
6.80
5.59
5.71
5.29

/
2t
62.26

75.57
76.48

87.27

93.95
97.81
109.52

.126.90

122.20

NRe

655.00
734.14
-815.51
899.03
984.53
1160.78.
1343.36
1531.31
1724.41
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' G
.y?’\»
TABLE C.4

» \

“CONTRACTION LOSSES AND REYNOLDS NUMBERS FOR
0.20% SEPARAN AP-30, LARGE RESERVOIR

4

Capillary I.D. . AP x 10. o '
(cm) Run No. (gyn/cmz) f&_ EE ‘ NRe

©0.10 1 1.377 16.98  62.59

: 2 2.324 26.41  81.20

3 3.195 £ 30.52 121.56

4 3.943 32.31 165.92

5 5.288 37.03  224.72

6 7.166 44.95  286.49

; 7 8.398 46.73  350.53

' 8 10.038 51.09  416.26

9 12.054 56.32  483.36

: 10 14.171 62.23 551.32

& ‘ 11 15.995 64.21  619.97

¥ 11 17.535 68.55 -619.97

12 23.612 90.54 689.96

. 13 28.235 94.09  828.20

. 14 36.134 102.71 1036.99

0.20 ° 1 0.938 17.55 90.95

2 1.251 20.75 126.36

3 1.846 28.30 164.99

4 2.413 32.35  228.04-

5 2.862 35.62  273.00

6 . 3.459 38.69  344.21

° 7 ‘ 6.143 51.26  607.31

8 .7.558 59.04  721.05

8 8.997 71.82  721.05

9" 8.741 68.41  779.53

9 , 9.896 77.00° 779.53

10 .7 9.807 70.96  898.75

10 11.523 83.59 898.75

11 © 16.081 95.38 1209.25

12 © 23.269 5.06 127.74 1532.84

13,  29.651 4.73 140.12 1865.85

0.30 0.416  6.43 9.95 93.84

0.657 '6.50 . 14.06 131.00
1.201 5.07 20.38  246-44
1.918 "4.75 27.72  364.53
2.457 4.80 33.41  432.63
' * 3.176 5.03 - 41.03 504.02
.'3.437 4.50 41.19 578.11

4.036 4.44 46.26  655.00

4.390 4.11 47.15 734.14

WoOoIU S W



! TABLE C.4 (continued)
. -4
Capillary I.D. LPe x 10
(cm) Run No. (dyn/cm”™) t
4
0.30 10 5.344 4.32

10 5.508 4.45
11 6.451 4.54
12 6.933 4.29
12 7.201 4.46
13 8.266 4.04
14 9.649 3.82
15. 12.780 4.18
16 14.499 3.99-
16 1Z2.569 3.46

Mm
t

55.55
54.64
64.22
66.57
68.
71.34
71.
98.
102.
.89.

62

57

64
90
20

Re

815.51
815.51
873.00
984.53
984.53
1160.78
1343.36
1531.31
1724 .41
1724.41
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D.1 NEWTONIAN SOLUTIONS

The shear stresses and the corresponding shear ratesg

e

for each'ékpérimental run are tabulated in Table D.1. The

shear stresses were obtained from the slope of the Bagley

plots as_discuésed in‘AppendiX C. For the duration of a

~complete exéerimental run, i.e., obtaining the total pres-

sure losses for several tube lenéths used to conétruct a
Bagley plot, the temperature of each solution fluctuated by
as much as *1°F. This temperature,fluctu;tion is typical
of that which occurred bet@éen experimental runs. Therefore,
for each solution an average viscosity was determined by
summing up the viscosities from each experimental run and
dividing by the number of'experimental runs. The viscosities
for each experimental run are plotted in Figure D.1. The
average Qiscosity and mean temperature for each Newtonian
solution is given in‘Table‘D.Z. These average valués of
viscosity were used in évaluating the Reynolds humber. The
. 2

viscosity of each Newtonian solution was measured with an
Ostwald_visccmeﬁer at the mean temperature and at *1°F of -
the mean temperature. The results are also reported in
Table D.2. Acceétable agreément was obtained between the
measurged and experimental values:

The density of each Newéonién fluid was determined to
be insensitive-to temperature fluctuations of ii°F of the

mean temperature, hence was assumed constant. The densities

are reported in Table D.2.

Wb o
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o
D.2 VISCOELASTIC SOLUTION

The flow curve for the aqueous0.20%soluti®n of
Separan AP-30 at high apparentlshear fates is given in
Figﬁre D.2 while that at apparent shear rates less than
2 sec—l is shown in Figure D.3. Tﬂé sq;id'lin; through the
data in Figure D.2 :.was determined by the least squa;és

criterion to be

£nt = 0.997§5+o.52691[£n(§g)l+0:03464[£“(§§)2]

5\ v @ o

8v,.3 8v, 4

~0.00844 [£n (=2)7]1+0.00053 [£n (=) *) D.1

where (8V/D) is the apparent shear rate. 'Equatién D.1

adequately represents the data for apparent shear rates

greater than unity. Data plotted in Figure D.2 were obtained

from both reservoirs (S .and L) and_ the shear stresses were,

‘as expected, independent of reservoir ‘size. The Weissenberg

[N

rheogoniometer was used to measure shear stresses at apparent
shear rates less than 426 sec_l. These data superimpose

upon the data obtained from the Bagley plots. Two batches

'6fHO.2O% aqueous polymeric solution of Separan AP-30 were

used in this research and as shown in Figure D.2 there were

. no significant differences in the shear stresses for over-

lapping apparént shear rates, i.e.), apparent shear rates
greater than 3 sec—l.

Since the shear,éfressés were‘independent of |
reservoir size, physical properties summarized in Tables D.3

and D.4 were érbitrarily chosen from the data obtained with
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I d

bitch 2 in reservoir S and batch 1 in reservoir L. The flow
behaviour index tabulated in Tables D.3 and D.4 is equal

to the derivative of Equation D.1l and is given by

d(€n1 )

n' = B = 0.52691+o.06928[£n(§g—)j
dKn(——)
~0.025321¢n (%) %1 +0. 00212 [£n &Yy 3)- D.2

)

The apparent viscosities determined by Equation D.3

Hp = Tw/(§§) ' . ‘ | D.3
and plotted in Figure-D.4, resulted in the zero shear
apparent %iscosity being equal to 5.2 poise.

The thrust apparatus and the Weissenberg rheogonlometer
were used to measure the first normal stress difference.
The‘calibration curve for the normal foraa spring used'with
the Weissenberg\rheogoniometer, 5 cm diameter 2° cone, dis-
cussed in Appendix A, resu}ted in a sensi%ivity of 194.040-
dyn/cm2 per volt at 68:1°F. For a given apparent shear rate
the inertial contribution to\the normal force measurements
was sub£racted_from the total fofce exértea by the polymer
solution. This inertial correction was determined’by a
Newtonian fluid having a viscosity of 5 poise. The inertial
‘correction factor plotﬁed in Figure D.5 was essentially zero
for apparent shear rates less than 102'sec—l. For apparent
shear rates greater than this,-thé inertial correction in-

a

creased to armaximum of 7.840 dyn/cmzvat an apparent shear



rate of 850 sec—l. The resulting first normal stress
'differences, given in Table D.5, are plotted in Figure D.6.
The sulid lines in Figure D.6 were determined by the least

Squares criterion, and for batches 1 and 2 were

M

I_n(Pll p 0. 6178+l 013[£n(——)] D.4

22)w

and

0.7204+1. 024[£n(*—)] ' D.5

£n(P),-P,,)

n

These data indicate no significant differences in the first
normal stress difference between batches 1 and 2 and are in
agreement with the extrapolation of the data obtained from

the rheogoniometer.

In SLSF the relaxatlon tlme of the fluid- using a

298

W

Maxwell model (116) is defined as ‘ fM*”ﬁ‘.
e : :
oL Ty, -
8 = 5 D.6
2(=3)1
D" 'w

The relaxation times determined by Equation D. 6 and -the

data in Table D.5 are plotted in Flgure D.7. The zero shear
- relaxation time, 66, was somewhat greater than 0.4 sec
“which was measured at an apparent shear rat@ approx1mately
equal to 10 sec l. Hlavacek (83) estlmated the zero shear
relaxation time to be‘l sec and it waslghls value that was
used in the analysis presented in Chapter III. The.zero
shear relaxation time calculated by Bueche's analysis (118)

was equal to 0 40 sec.

BB et ek arenn,

Kethaortss
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The tables and figures contained in Appendix D are

‘{SB listed below:

TABLE NO.

FIGURE NO.

DESCRIPTION

Shear Stress - Shear Rate for Newtonian Solutions
Viscosity and Density, Newtonian Solutions

Physical Properties .of 0.20% Separan AP-30; Batch
2, Small Reservoir

Physical Properties of 0.20% Separan AP-30; Batch

1, Large Reserv01r

Normal Force Data

v

DESCRIPTION

Newtonian Viscosities

Flow Curve 0.20% Separan AP-30, ngh 2t
Shear Rates ‘

Flow Curve 0.20% Separan AP-30, Low Appa ~nt
Shear Rates

Appérent Viscosity, 0.20% Separan AP-30

Internal Contrlbutlon to Normal Force
(Rheogonimeter) ;

Normal Stress

Relaxation Time
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TABLE D.1

?HEAR STRESS - SHEAR_RATE FOR
NEWTON IAN SOLUTIONS

SHEAR RATE (sec ¥)

Run No. Sugar #1 Sugar #3 Sugar. #4 Primol-355
1 1929 1350 & 1929 971 .
2 ..2909 1929 2515 1357
3 3858 2515 3107 . 1929
4 7741 . 3107 3858 2909
5 11705 o 5055 4838 3858
6 15517 7741 5812 4716
7 19213 10727 : - 5446
8 23410 . 13560 - | -

9 - 17571 - ' -
10 - 25416 V- -

LARGE RESERVOIR - SHEAR STRESS (dyn/cmz)

Sugar #1 Sugar #3 Sugar #4 " Primol-355 .

Run No. _(73.0°F) " (72.0°F) (72.0°F) (73.5°F)
1 172 - 1089 1544
2 258 351 1427 2165
3 336 454 1776 3075
4 677 553 Y2225 4753
5 1048 : 888 2830 6129
6 1431 1431 3423 7467
7 1774 1839 - 8694
8 2175 - - -

E : . - ~ B i
10 - - - -
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TABLE D.1 (continued)

' 2
SMALI, RESERVOIR - SHEAR STRESS (dyn/cm®)

Sugar #1 sugar #3 Sugar #4 Primol-355
Run No. |, (72.5°F) (72.0°F). (73.5°F) (73.0°r)
1 173 239 1190 1588
2 259 _ 343 1527 : 2254
3 - 343 445 1914 - - 3189
4 716 556 2318 4812
5 1090 913 2890 . 6348 .
6 1448 1437 3573 7581 .
7 1799 1862 - 8687
. 8 2174 ‘2400 - -
9 - 3190 - -
10 - 4606 ' - -
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TABLE D.3

PHYSICAL PROPERTIES OF 0.20% SEPARAN AP-30 ot

BATCH 2 -~ SMALL RESERVOIR T
: T
Capillary I.D. ' v 5 8v -1
. (cm) L Run No. (dyn/em®) . Tpisec ) n'
0.10 15 182 2427 .542
16 158 , 1618 .520
17 110 _ 809 .498
18 73.5 324 .494
19 , 1 63.0 243 .497
20 - 43.9 ‘121 .511
21 30.5 : 80.9 .522
22« 19.2 ' 40.5 .542
0.20 14 104 810 .498
15 72.7 405 .493
16 65.2 304 .495
17 ~ 5%50.3 202 -500
, 0.30 - 17 84.8 . X 600 -494
- - 18 ’ 77.9 480 .493
19 ’ 57.9 y 240 -497
20 - 41.8 , 120 .511 .
21 ©39.3 90 .519
22 29.5 60 % .530
23 5.98 4.5 ..583
24 4.35 3 .579
_ 25 . 9.17. - 9 -579
‘ . 26 11.0 12 .574
= 27 19.9 30" .551
28 © 34.4 ‘90 -519

29 - 37%9 120 .511



TABLE D.4

)

PHYSICAL PROPERTIES OF 0.20% SEPARAN AP-30

Capiilary 17D.
(cm)

0.10

0.30

BATCH 1 - LARGE RESERVOIR

Run No.

OO~ s (0N~

]

T
w

(dyn/cm?)

203
220
262
305
357
399
449
491
535
569
623
652
750
879

$

134
151
163
186
201
223
300
320
319
345
421
455
‘529

104
117
147
173
184
193

8V -—
. -5(s’ec,

3236
3883
5169
€472
8091
9708
11327
12944
14563
lels0
17799
19437,
22653
27507

1618
12023
2427
3034
3438
4045
. 6068
6877
7281
8090
10113
12135
14158

959
1199
1836
2397
2697

1

2996

)

n®
.562
.577
.604
.628
.655
. 680
.702
723

L7427

.760
177
793
.822
. 862

.520
.531
.542
.557

567
.580
.621
.635
<642
.655
. 686
.713
.737

.502
.508
©.523
.541

_.549

.556

T T
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TABLE D.4 (continuec

T

\.papillary I.D. . . Cw , gx(sec—;)
(cm) Run No. (dzn/cm ) D - n'
- 0.30 7 209 3296 .563
| - 8 218 . 3596 .570
9 233 ’ 3895 .577
‘ ' 10 241 4195 .584
11 - 251 4495 .585
12 ; 260 4794 .586
13 ‘ 290 . 5394 .608
14 : 337 5993 . .620
15 . 324 6592 .630

16 352 7191 .641
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T4 .
TABLE D.5 v

4

NORMAL FORCE DATA

' (P.,-P_.,)
Capillary I.D. 8Y (gec™l 11 2% w
‘ (cm) L/D D (dyn/cm”®)
0.4452% -~ 196 3667 T 11232
" 3300 N 9901 N
2933 o 10513 '
2567 . 6272
© 2200 . 3952
‘ 1833 3590
1466 3483
1100 _ 2566
733 , \ 2804
2933 ‘ 7120
) 3300 : 6527
’ 1466 2601
0.2076* 294 10850 ' 27354
9042 22552
: 7233 18710
. : 6510 _ 15009
_ 6148 10361
. . 5425 6745
5063 10089
4701 4712
. 3616 4687
, 7233 14971
- ‘ 4340 : 8888
. - - - 3978 - : 11972
_ o 3616 6231
0.0861* 28 50664 ' 131906
45598 ~ 103658
. : - 40531 : 77835
, 35465 60554 >
' 30398 - 43687 .
25332 56133
20265 50614
. _ 45598 103658
. ’ 50664 131906
) ) &

* Data obtained with batch number one



TABLE D.5 {continued)

Capillary I.D. 8V(sec—l)

(cm) L/D D

s

8.48

Rheogonimeter*
13.5

26.5

‘ 42.6

84.8

135
265
426

0.4452%% © 196 3667
3300
2933
2567
2200
1833
1466
1100
1466

0.2076** 294 i 10850

9042

8138

7233

6510

5787

5063

4701

4340

9946

_ 2531
A

.0.0861** , 268 50664

.+ 45598

40531

35465

30398

25332

35465

50664

* Data obtained with batch number one
** Data obtained with batch number two

(P117P22)y

(dxn/cmz)

60

40
128
115
204
240
368
460

7962
9981
10581
8037
5719
4490
3499
3277
2799

20009
, 29360
17231.
22564
18859
. 8396

8610
12389
11996
26032
10000

142534
108029
98636
114611
72953
39796
81428
142534

307



VISCOSITY (CENTIPOISE)

180
170
160

150

65

60

- 55

20

15

FIGURE D — |
NEWTONIAN VISCOSITIES
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E.1l AXIAL VELOCIT&% PROFILES - DIRECT METHOD

Contained in this section are axial velocities meas-
ured at several upstream axial locations for various flow
rates.and with the three;capillary tubes in reservoirs
S and L. The method used, the projeétion of the film
directly on to graph paper graduated in 0.10 inches, was
discussed in Chaptér II. The errors'assobidted with this
technique are given iﬁ Appendix G. o

Since the velocity_ﬁrofiles were axially symmetric,
radial locations can be :;asured relative to an arbitrary

reference. The following/was used to determine the ra?ial

location of a velocity observation: 'éonéider,the first two‘
entries in Table E.l1 where the centérline corresponds to a
12.45 inches. The radial distance between the first twov
entries under the column _ .neled "Axial,veldcity" is

(12.35-12.20)
54,50

-

inches x 2.54 cm/inch = 0.0155 cm

where 24.50 is the magnification. o
The following lists the'tables as they are presented
in this section as well as listing the apprbpriate magni-

fication for each table:



I.D.

5

TABLE NO. RESERVOIR MAGNIFICATION L/D
- (cm) (cm3/sec)
E.1l Small 24.50 ~0.10 55.08 0.016
E.2 Small 24.50 0.10 55.08 0.040
" E.3 Small 24.50 0.10 55.08 0.119
E.4 Small 24.50 0.20 54.96 0.040
E.5 Small 24.50 0.20 54.96 0.238
E.6 Small 24.50 0.20 54.96 0.318
E.7 Small 24.50 0.30 55.04 0.040
E.8 Small '24.50 0.30 55.04 0.318
E.9 Small 24.50° .0.30 55.04 0.635
E.10 Large ‘18.00 0.20 54.96 0.159
E.11 Large 18.00 0.20 54.96 0.318
E.12 Large ~.18.00 0.20 54.96 0.794
E.13 Large 8.22 0.20 54.96 1.589
E.14 Large 18.00 0.30 55,04 0.318.
E.15 Large 18.00 0.30 .55.04 0.635
E.1l6 Large 18.00 0.30 55.04 1.589

.
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3 o
//// TABLE E.1

AXTAL VELOCITY DATA, 0.10 cm I.D. CAPILLARY
Q=0.016 cm3/sec, SHALL RESERVOIR

Axial Location Radial Location Axial Velocity
(No. of Dia.} (in) . icm/sec)
: ) -

0.0 12.20 1.62
(612,05 1m s 1
» 12.60 1.90
12.70 1.62
| 12.75 1.48
1.0 “ | 11.70  0.39
B : , 12.15 - 1.40
q(¢"12'45 in) . 12.30 | 1.65)
12.40 . 2.00
12.65 1.65
12.70 o 1.49
12. 80 1.23
13.10 0.55
, 13.20 0.45
2.0 | 11.70 ©0.43
L . o 11.85 0.86
(¢=12.45 in) 12.10 | .18
' : 12.25 2 1.33
bt ,' 12.40 1070 -
< . 12.60 1.33
. 1 ‘ 12.75 ' ©1.18
| , 12.85 0.96
4 - 13.00 0:68
13.15 ©0.56, -
13.25 | 0.43
3.0 1175 . 0. 70.39
(4=12.45 in) TS IS
” i 12.35 -~ 1.25
E R 12 - 60 9. . l- 05
.o L 12.65 1.05
L 12.80 0.90
) : 12.90 - 0.73
; | p ~ 13.05 ' . 0.58
. 13.25 o 1 0.47
e © . 13.30 . ) 0.38
¥ v -
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TABLE E.1 (continued)

Axial Location Radial Location Axial Velocity
.(No. of Dia.) : (in)’ : (cm/sec)

4.0 11.30 0.27
. . ‘ 11.65 - 0.47
(¢ =12.45 in) : 12.00 - 0.68
| 12.20 0.77

12.35 : 0.83

12.55 ' - 0.77

12.65 : 0.77

‘ 12.80 0.68

w 13.15 1 0.47

: 13.35 0.37

13.45 ) 0.32

13.65 0.24

6.0 10.90 0.15

: . 11.40 . 0.25
(4 =12.45 in) 11.85 0.32
: 12.10 0.37
12.30 ; 0.37

12.75 0.37

13.00 . . 0.32

13.25 . ) 0.26

« 13.40 0.25
13.75 0.20

13.85 0.18

7.0 o . 10.60 0.12
. . 11.15 , 0.16
(4 =12.45 in) , 11.65 ‘ 0.20
‘ 12.05 0°.23
12.25 0.22

12.75 - .0.22

. . \ © 12.85 0.24
' 13.10 0.21

13.40 ¢ . 0.20 .

. 13.65 0.16

14.00 0.16

8.0 ‘ 10.25 0.08

° X 10.90 | : 0.12 ‘
(¢ =12.45 in) . 11.45 0.16 | .

12.00 : 0.18

12.25 ) , 0.17

12.80 . 0.16

13.05 ©0.16

13.85 . . .. 0.11

14.30 ©0.10
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TABLE E.2

AXIAL VELOCITY DATA, 0.10 cm I.D. CAPILLARY
0=0.040 cm3/sec, SMALL RESERVOIR

Axial Location Radial Location Axial Velocity
(No. of Dia.) . (in) ) (gm/sec)
] . [
1.0 J 11.60 0.16 ;
_ ) 12.35 ‘ 4.80
(¢ =12.55 in) 12.60 5.25
12.80 4.25
12.90 2.60
13.15 0.45
2.0 11.75 ~ 0.55
_ . 12.30 4.25
(4 =12.55 in) 12.45 A 4.60
° 12.65 ) 4.60
12.80 4.10
13.05 2:35
113.30 0.95 \
'13.65 0.20
3.0 : - 11.70 0.80 ‘
3 . 12.30 3.70 . o
(¢ =12.55 in) 12.65 4.00 by
' 12.75 4.00
12.80 ‘ 3.60
. - 12.95 2.10
13.35 1.15
13.60 0.50
4.0 11.65 oL 0.90
o . = 12.25 3.25
(4 =12.55 in) 12.30 , 3.40
. 12.35 =« 3.40
S : 1 . . 12.65 3.40
N 12.75 - 3.25
12.85 © 2.65
13.00 1.90 -
13. 40 1.15
| 13.60 0.45
- 6.0 : - 10.75 . 0.30
o _ o 11.60 . 1.80
@ (4 =12.55 in) 12.20 - 2.2
? ‘ 12.35 2.2
12.50 . 2,30

12.70 2.30
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"TABLE E.2 (continued)

Axial Location Radial Location ~ Axial Ve. ity
(No. of Dia.) {(in) ] (cm/sec)
° 12.80 2.30
12.85 1.85
13.15 1.55
13.55 1.05
13.70 0.50
8.0 . 10.10 , ‘ 0.18
. 10.55 0.22
(& =12.55 in) 11.40 0.65
11.90 1.30
;o 12.30 \ ‘ . 1.65
12.45 | : 1.60
12,75 1.60
12.85 1.60 :
13.00 1.25 3
13.20 ‘ 1.15 1
13.70 0.75 ?
13.90 0.55 %
14.05 _ 0.40 %
10.0 ~ 9.85 .16
< . 10.35 .25
(4 =12.55 in) 11.10 .47
11.75 .79
il 12.05 .94
12.25 .94
12.35 o 1.09
12.40 . ‘ 1.08
12.45 1.04
13.35 .76
13.95 : .50
14.15 - : .42
14.30 .32
12.0 ‘ 10.85 _ .33 ¢
_ X 11.55 .45 :
(¢ =12.55 in) 11.90 : 53 .
12.15 . .56
12.25 .59
12.40 .61
12.50 : .62
12.65 .62
12.95 - .56
13.20 .52 L

13.55 b .47
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. » \\
TABLE E.2 (continued)
Axial Location | Radial Location Axial Velocity
(No. of Dia.) (in) ‘ (cm/sec)
. . A
14.0 10.40 .20
—_19, . 11.25 . .28
(4 =12.55 in) 11.70 “ ‘ ‘3]
12.00 .33
" 12.20 , .34
12.35 .35°
12.45 ' .36
12.55 .36
. : 12.95 ‘ .35
' | 13.40 ' : .34
.« 13.90 .33
16.0 ; - 10.85 .17
- . 11.45 .20
(4=12.55 in) 11.85 .19
12.05 .20
¢ 12.50 ‘ . .19
12.60 ‘ .21

15.00 .14



TABLE E.3

AXIAL VELOCITY DATA, 9.10 cm I.D. CAPILLARY

Q=0.11% cm3/sec, SMALL RESERVOIR

Axial Location
(No. of Dia.)

(in)

Radial Location

2.0 ,
(¢ =12.55 in)

4.0

(4 =12.55 in)

8.0
(¢ =12.55 in)

12.0
(¢ =12.55 in)

16.0 1
(d =12.55 in)

12.30
12.45
12.70
12.95
13.20

12.25
12.45
12.70
12.95
13.20

.13.65

13.95
13.55

10.90.

12.10

12735

12.65
12.75
13.05
13.00
13.25
13.75
13.95
14.10
14.35

10.80
11.85
12.00
12.35
12.85

-13.10

13.40
13.90
14.05
14.35
14.55

10.00

- 10.55

11.45
11.70

Axial Velocity

(cm)sec)

12.00
18.40
18.30
10.80
5.60

10.00
14.80
14.60
9.30
4.90
0.90
0.50
0.10

0.80
6.90
8.80
9.20
8.70
.7.70
5.90
3.80
1.30
1.00

0.80
0650
1.00
4.40
4.40
6.00
6.00
4.80
2.90
1.30
1.10

0.80
0.60

0.60
0.70
2.10
2.80
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TABLE E.3 (?ontinued)

Axial Location Radial ﬂpcation Axial Velocity
(No. of Dia.) (in)\ (cm/sec)
|
12.25 3.70
12.65 ! ~ 3.70
12.95 . 3.40
13.35 | 2.35
13.55 1.90
13.65 | 1.60
14.25 0.90
14.75 | 0.60
-20.0 9.60 ! 0.40
N . 10.65 | 1.02
(¢ =12.55 in) 11.15 1.28
‘ 11.40 ! 1.68
11.80 : : - 1.96
12.15 : . 2.08
12.65 2.20
13.25 ‘ 1.65
13.70 ‘ 1.36
l4.00 1.06
24,0 ) 8.45 ‘ 0.21
S . 9.90 - ‘ 0.65
(4 —12-55 ln) 10. 45 0.75
10.60 : 0.80
v 11.50 ' 1.04
11.75 _ 1.17
"12.00 ’ 1.04
12.75 \ 1.08
13.55 0.96
14.05 o 0.80 -
28.0 . 9.00 . 0.28
. 9.60 ' s 0.34
(¢ =12.55 in) 10.50 . 0.24
: 11.10 - 0.46
11.45 , 0.50
11.75 : 0.53
12.80 ’ 0.58
14.00 ~ : 0.43
14.85 0.36

15.00 0.33



TABLE E. 4

AXIAL VELOCITY DATA, 0.20 cm I.D. CAPILLARY ;
Q=0.040 cm3/sec, SMALL RESERVOIR |

Axial Location Radial Location’ Axial VeIocity
(No. of Dia.) (in) ‘ (cm/sec) .
0.5 _ 11.15 4 0.24
. 11.55 0.93
(¢=12.3 in) 11.72 1.40
11.90 1.34
Co 12.10 1.42
‘ 12.35 1.36
12.50 | 1.40
12.70 1.20
13.10 0.64
13.25 0.72
13.55 : 0.30
1.0 | 10.85 0.16 .-
. . 11.05 0.24
(¢ =12.3 in) 11.45 0.63
11.65 © 0.91
1185 1.02
12.05 1.02
12.10 ‘ . 1.09
12.35 1.16
Py ‘ 12.37 1.21
12.65 1.10
12.75 | | 0.90
12.85 . 0.87
13.05 \ 0.76
13.40 " 0.52
'13. 45 0.49
13.65 ~ 0.31
13.75 0.18
2.0 10.65 0.18
. . 11.15 0.34
(¢ =12.3 in) 111.45 0.47
‘ 11.75 | " 0.58
11.95 0.58
12.35 0.58
, ~ 12.55 0.62
. ©12.90 - 0.56
12.95 0.49
13.10 . 0.55
13.40  0.51
13. 60, - 0.28
13.75 | 0.24

14.10 — 0.20
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¢

" PABLE E.4 (continued)

Axial Location Radial Location Axial Velocity
(No. of Dia.) (in) (cm/sec)
3.0 B 11.20 0.10
_ . 11.80 | 0.28
(& =12.3.in) 12.50 © . 0.32

12.65 0.30
13.25 0.24
14.20 _ 0.16
\ 14.75 0.13
4.0 10.05 0.10
. 10. 0.1
(¢ =12.3 in) 12.22 0.13
11.60 0.16
12.55 ) 0.18
12.60 0.18 -
13.15 0.13
13.70 0.13
14.95 ~ 0.08

15.70 : 0.06
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TABLE E.5

AXIAL VELOCITY DATA, 0.20 cm I.D. CAPILLARY
0=0.238 cm3/sec, SMALL RESERVOIR

Axial Location Radial Location _ Axial Velocity
(No. of Dia.) (in) {cm/sec)
2.0 - 11.05 0.75
. 11.55 3.10
(4 =12.80 in) 11.85 ‘ 4.40
12.20 | 6.20
12.45 - 7.80
12.70 8.90
13.05 7.80
13.65 - 4.40
13.80 : . 2.35
14.00 ' 0.70
14. 80 0.25
4.0 \ 10.20 0.40
. ©10.70 0.80
(¢=12.80 in) 11.40 2.45
11.70 3.05
12.10 4.25
12.40 5.45
12.65 5.60 -
12.75 5.60
12.85 5.60
13.15 5.10
13.90 3.03
14.20 1.60
) 14.65 0.75
. 14.85 } 0.60
! 6.0 - ©9.95 - - ‘ 0.55
- . 11.05 | 1.65
¢ (4=12.80 in) 11.35. | 1.95
11.85 : 2.60
. 12.30 3.50
, 12.65 3.55
12.75 3.55
12.85 3.55
13.25 : 3.20
. j 14.45 1.15
& o 14.95 - 0.70
8.0 9.40 0.36
. 10.15 0.74
(4=12.80 in) 10.65 1.05

11.65 1.60 .
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TABLE E.5 (continued)

Axial Location Radial Location Axial Velocity
(No. of Dpia.) (in) (crm/sec) .

12.20 ' 2.15

12.60 2.15

. 12.70 - 2.15

12.95 2.15

13.40 - ' 1.95

14.80 0.89

15.05 0.89

15.55 0.55

10.0 9.30 0.44

. . 9.95 0.60

(£=12-80 in) | 11.05  #  .n 0.80

’ _ 12.05 1.10

i 12.50 1.10

12.60 B 1.10

13.00 ‘ 1.10

13.70 : 1.00

15.86 0.46,

;6.55 g 0.25



TABLE E.6

AXIAhL VELOCITY DATA, 0.20 cm I.D. CAPILLARY
0=0.318 cm3/sec, SMALL RESERVOIR

Axial Location Radial Location
(No. of Dia.) : (in)

0.0 12.10

. 12.35

(& =12.70 in) 12.70
' 12.95

13.05

13.15

13.30

13.45

11.35
12.05
12.15
12.7a
12.90
13.05
“3§3‘20
3.35
13.50°

14.00 -

2.0 11.10

S 11.95

(¢ =12.70 in) 12.25
Y 12.75
- 12.90

13.00

13.15

13.40

13.60

14.00

14.25

14.95.

4.0 10.45
. ' 11.00
(Q;=12,70 in) 11.25 -
11.80
12.15
12.55
12.75
12.90
13.10

Axial Velocity

(cm/sec)

9.30
13.20
14.40
14.20
13.80
11.90
11.60

8.90

1.30
8.25
11.80
13.10
12.80
12.40
10.60
10.20
7.90
0.70

1.10
.7.00
10.20
11.40
11.20
10.80
- 8.90
8.60
6.70
1.80
1.60
0.50

0.80
1.80
1.35
5.00
7.35
8.25
8.15
7.80
6.20

W
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TABLE E.6 (continued)

Axial Location Radial Location Axial Velocity

(No. of Dia.) (in) (cm/sec)
¢ 13.35 5.80
13.50 , . 4.70
13.95 - | 2.00
. 14.15 1.90
14.45 1.00
6.0 ) 0.80
. . 1.50
(‘t -".1.2.70 1n) 1.77
3.45
4.95
"5.60
5.60
5.30
4.15
‘ 4.05
3.10
, 1.67
: 1.57
0.95
8.0 : ' 9.85 0.74
' , : 10.40 1.12
(¢ =12.70 in) 10.70 1.35
v ’ : 11.35 . 2.40
: 11.85 3.35 .
12.60 . 3.90
12.95 ‘ 3.80
13.25 3.70
13.55 \ -~ 2.90
14.10 2.20
. 14.75 : 1.30
15.15 '0.85
9.0 . 9.55 ) 0.63
. 10.50 1.14
(¢=12.70 in) 11.20 , 1.85
11.75 . 2.50
©12.00 - S 2.70
12.60 . 2.85
13.00 . 2.90
13.30 ' 2.80
13.65 ' 2.20
14.25 . 1.75

14.95 1.05



Axial Location.
(No. of Dia.)

11.0
(4 =12.70 in)

12.0
(t =12.70 in)

TABLE E.6

Ra@ial Location

(continued)

& (in)

\

9.
9.
10.
11.
11.
12.
13.
13.
13.
14.
- 15.

8.
“10.
11.
12.
12.
13.
. 14.
15.

45
85
70
50
80
55
05
45
90
75
45

95
35
25

55

65
55
10
00

~

Axial K Velocity
(cm/sec)

0.57
0.70
1.16
1.60
1.52
1.65
1.65
1.58
1.27
0.96
0.58

0.42
0.82
1.02
1.16
1.13
1.15
0.95
0.80 ,
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TABLE E.7
AXIAL VELOCITY DATA, 0.30 cm I.D. CAPTLLARY
. 0=0.040 cm3/sec, SMALL RESERVOIR
Axial Location Radial Locaticn' - -Axial’ Velocity
(No. of Dia.). . - (in) ' -{cm/sec)
0.0 11.65 | 0.48 '
_ : . 11.85 - 0.51
(4 =12.50 in) . 12010 , 0.60
: 12.35 R 0.71
12.65 1, 0.71
13.45. | 0.48
0.5 | 10.85° = T0.127°
_ L 11.25 T 0.255
(&=12.50 in) - 11.50 - 0.332
' ©11.95 . 0.410
12.25 . 0.50
12.70 0.50
13.45 0.385
) 13.80 o, 0.385
1.0 . 10.10 v 0.072
. . 10.85 0.207
(& =12.50 in) 11.70 0.255 - °
o : - 12.15 - . 0.295 :
Tar, ©12.70 - . .0.295
e | 13.70 | : 0.245 .
FR o 14.15 o, 0163 -
1.5 . 10.00 - ' 0.059"
_ . . 11.45 ©0.160
(£=12.50 in) © 12.05 © 0.178
- ) ©12.75 0.178
14.00 . '0.136 A
- 14.65- 0.106 '
b0 . 9.20 . ° ~ 0.035
. . | 11.15 . . 0.092
(£=12,50 in) . 93795 - _© 0.105
- 12.80 . . . 0.105
14.45 . 0.080
15.30 . . 0.060
| s

e
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TAl' © E.8

AXIAL VELOCITY DATA, 0.30 cm I.D. CAPILLARY
Q=0.318 cm3/sec, SMALL RESERVOIR

Axial Location Radial Location Axial Velocity
(Mo. of Dia,) - ' (in) (cm/sec)
0.0 = - . 11.85 - 5.40
B C 12.20 5.90

(¢=12.60 in) “12.60 . 6.05
i | 12.85 Q‘ 5.90
o : '13.05 5.75
- 13.20 5.50
©  13.40 , o 4.90
13.90 1.600 -
0.5 ST 10075 . 0.45
: ' . 11.45 3.27
(&_ =120‘60 ln) ‘ l~l.75 . N 4.90’
: o 12.15 ! 5.32
' . 12.60 5.45
12.85 . 5.40
13.05 5.20
13.20 4.90
13.40 . : 4.3p
14.00 1.56
- | 14.55 . 0.25
1.0 o 10.25 - | 0.31 | S
_ L ©10.70 & 0.75 L
(¢=12.60 in) . 1373 o~ 3.00 A
‘ 11 6f AL 425
S 12.15 , 4.75
: : 12.70 , 4.90 -
12.85 o 4.85°
13.10 - 4.685 <
P ©13.25 : : 4.35
v - 14.85 o 1.50
14.50 S 0.95 -
L . 14,75 - - 0.35
2.0 ' 10.15 .- o.54
. .y 10.50 - - 0.96
T I 11.50 s 2075
L - 12.00 LT 3.65
e D 12.55 . o . 3.75
. e 12,85 . . 3:70
ero— o 12.95 e 3.67
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TABLE E.8 (continued)

o .
Axial Location Radial Location Axial wocity..
(No. of Dia.) ‘ (in) . (cm/sec)

L 13.15 3.45
13.35 : 3.20
13.60 2.70
13.65 2.35
14.25 1.36
14.55 , 0.92
14.80 '0.62

3.0 ‘ 9.05 : 0.29
_— i . 9.85 0.65
(£=12.60 in) . 10.10 " 0.84
- .. 10.80 1.55
U 11.25 &, . 2.13
oo ©11.95 . 2.55
e ©12.50 ’ 2..70
R S - 12.85 . ) 2.75
e : 13.00 =~ 2.62
el RIS 7 -13.20 : - °2.56

T A 13.45 2.23

e R 13.75 1.93

e | 14.50 1.08

PR : 15.05 . 0.69

v ¥ 5.0 , - 8.50 | 0.30

_ . ' g.90 -~ 0.39

(¢ =12.60 in)  9.85 | 0.65

o ) ° 10.55 0.81

. 11.60 ' : 1.0%

12.55 1.11

."13.05 ; - 1.01°

13.25 71.07

©13.60 - 1.00

13.95 : 0.95

v - 14.45 o 0.86
15.35 7 T 0.57 .

15.90° W *0.43

/ B .

. 6.0 o " 9.05, /} . 0.30

e . : -~ /11.30° y - 0.57

‘ (_Q -12960 ln) .l /'12.‘_’,\'5.‘5 \ (;""/ . 0.65

. . . T 13.50 \ / . 0.63 ‘
. 115.05 S 0.45
) - £ 16.30 ' - 0.32
e |
’ 5 3
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TABLE E.9

AXIAL VELOCITY DATA, 0.30 cm I.D. CAPILLARY
0=0.635 cm3/sec, smaLL RESERVOIR
’ e

Axial Location Radial Location Axial Velocity
(No. of Dia.) (in) {cm/sec)
0.0 11.50 : 6.90
, . 12.20 . 12.40, .
(4 =12.60 in) 12.80 ,13-'ﬂ5
12.90 1339
13.05 L 12.9%
13.15 A0S
13:30 . 16.00
13.80 . 5.10
0.5 1115 . 2.60 Ao
(¢ =12.60 in) 11.45 6.90 T
S T 12015 11055 }37v3¢?
: 12.80 12,40 e
12.90 12.30 Ry,
13.05 : 11.80 |
13.15 . : 11.10
13.35 11.35
13.85 - 4.85
13.95 4:.°65 £
i 14.20 2.00 ‘
T 4 )
1.0 j 11.05 : 2x.60 §
. 11.35 | 6.65
(¢=12.60 in) . 12.15 : 10.60
12.75 B 11.45 y
12.90 11.30 ;
13.05 10.90
13.15s 10.15
13.35 3% 8.55
13.90 . 4.40
14.05 e . 4.30
14.25 T Y - 2.45
. . ~ 14.60 ‘- . " - 0,85
: 14.80 0.75
2.0 ~ : 10.05 . 0.85 , o
- . - 10.85 T 2.50 .
(¢=12.60 in) 11.20 S - 4.85 3
: ©12.00 8.70 :
12.75 : 9.50 ;

12.85 ‘ '9.40




N
\

Axial Location
(No. of Dia.)

3.0
(¢ =12.60 in)

(

6.0
(¢ =12.60 in)

o
L]

TABLE E.9 (continued)

~.
(M

Radial Location
(in)

13.05
13.25
13.45
14.05
14.15
14.40
14.65
15.10
15.30
15.90

9.90
10.65,
11.00

s 11.90
12.75
12.90
13.05
13.25
13760
14.15
14.55
14.75
15.70

3.85
9.65
10-.15
11.50
12.35
12.75
12.95
13.15
13.50
13.85
14.90
15.20
15.60
15.95
16.50
16.75

Axial Velocity
(cm/sec)

9.00
8.20
7.10
4.00
3.6Q
2.55
1.90
1.00
0.70
0.30

1.05
1.23
3.50
6.85
7.65
7.55
7.20
6.50

.2~70.

‘3,50
2.490

1.700 -

’0.55

0.72
1.15
1.60
2.95
3,20

3 3.35

3.15
3.15
2.75
2.50
1.65
1.40
'0.95.
0.70
0.50
0.40
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TABLE E-. 9 (continued)

Axial Locatiog Radial Location Akial Velocity
(No. of Dia.) (in) ' - (cm/sec)

8.0 ! 7.00 0.27
P . 8.25 0.525
(¢ =12.60 in) 8.95 ‘ 0.76
g 10.95 1.29
11.20 1.27
.12.85 . 1.19
13.95 - 1.16
13.55 co 1.16

15.25 0.495
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AXIAL VELOCITY DATA, 0.20 ‘cm I.D. CAPILLARY

TABLE E.10

'0=0.159 cm3/sec, LARGE PESERVOIR

Axial Location
(No. of Dia.)

Radial Location
(in)-

4.93
(¢ =14.50 in)

7.75
(& =14.50 in)

10.55
(4 =14.50 in)

10.65
11.35
11.85
13.30
13.53
14.05
14.45
14.65
14.80
15.25
15.85
16.20
16.75
16.85
17.10
17.35
17.80

10.30
10.95
©11.50
12.10
12.55
13.05
13. 30

133460
14975,
is%. 00
15.35
15.80
16.45
17.30
17.75
18.40

10.85
11.25
11.85
12.20
12.70
13.45
14.20

Axial Velocity
(cm/sec)

338

1.
2.

3

1.
2.
3.
4.
5.
5.
5.
6.
7.
Y N
- . 6.
- 6.
4.
3.

3.
‘1.

2,
2.
‘2'
3.
3.
3.
3.

3g *

06

.06
10.
12.
18.
19.
20.
19.
15.
8.
6.
4.
3.
3.
3.
- 1.

60
50
10
30
00
30
00
96
44
84
80
54
06
75

89
83
74
00
42
63
90
22
75
08

78

35
60

30

06
89

00
21
72
05
07
20
38
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1

TABLE E.10 (continued)

Axial Location Radial Location Axial Velocity
(No. of Dia.) (in) (cm/sec)
14.50 3.14
14.85 : 3.07
15.55 ‘ : 2.90
15.80 3.02
17.00 2.48
17.75 ) 1.95
19.02 1.50
14.10 - 10.15 1.02
(¢=14.50 in) 1370 * 12
: " 13.95 - ' 1.37 <
15.15 1.18
15.60 1.26
16.35 1.26
l16.70 ' ‘ 1.14
17.00 1.18
18.20 ' 1.06

19.80 - 1.00
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TABLE E.11
AXIAL VELOCITY DATA, 0.20 cm I.D. CAPILLARY |
0=0.318 cm3/sec, LARGE RESERVOIR
Axial Location Radial Location | Axial Velocity
(No. of Dia.) (in) ' (cm/sec)
4.93 15.10 0.77 )
, \ : 15.55 . 1.10
(¢ =17.30 in) 15. 85 1.54
16.15 : 2.36
16.45 3.28
16.85 6.20
17.05 6.40
IS - & 17.70 4.25
Qﬁ ~ 18.65 2.48
18.95 _ 1. 32
19.45 1.09
19.90 0.58
'20.60 0.36
7.75 13.15 N 0.37
_ . 14.25 O 0.92
(¢ =17.30 in) 14. 85 o 0.95
'15.20 . 0.97
15.50 ‘ 1.37
15.75 ~ ©1.37
16.15 _ 2.36
16.50 2.46
17.00 , 2.96
17.30 2.92
17.85 - 3.15
17.95 3.28
18.75 1.99
19.00 1.16
19.70 = 0.90
20.10 , . <& 0.65
20.55 - ’ ’ 0.55
21.90 A 0.30
22.50 0.18
_ 10.55 " 12.35 0.35
. N 14.10 ) '0.64
(¢=17.30 n) 14.85 L 0.71
' : 15.40 1.07
15.60 , S 1.10 °
16.05 . 1.51 -
16.720 . 1,36

17.35 . 1.56:
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TABLE E.11 (éontinued)

Axial Location Radial Location Axial Velocity
(No. of Dia.)' (in) (cm/sec)
18,15 1.44
18.50 : ' - 1.23
18.80 1.09
19.00 1.23 N
19.60 _ 0.86
19.75 0.91
20.20 0.74
20.95 0.51
21.95 | 0.34
14.10 10.40 0.19
° . 11.85 ‘ 0.46
(¢ =17.30 in) 12.45 | 0.43
14.65 T - ~0.49
15.60 0.58
. 16.05 0.58
" 16.25 o 0.61
16.55 0.57
17.20 | 0.56
17.55 0.55
18.50 o 0.61
119.45 | 0.48
21.05 ) 7.39
22.00 J.32
22.75 0.28

23.50 ' A 0.30
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. @ -

TABLE E.12 "

. i,
AXIAL VELOCITY DATA, 0.20 cm IL.D. CAPILLARY
0=0.794 cm3/sec, LARGE RESERVOIR

Axial Location Radial Location Axial Velocity-
(No. of Dia.) (in) (em/sec)
9.86 10.50 0.96
. 11.10 2.24
(d/_ “12.50 ln) 11.50 4.40
11.60 ' 4.86
12.30 . 9.90
12.45 ' 10.90
12.65 10.30
13.00 | 7.55
‘13.30 2.71
13.75 1.88
14.20 1.45
14.40 1.02
14.65 - ' 0.72
15.15 - - 0.40
~13.40 ' 9.35 . 0.62
3 9.65 0.75
(¢~12‘50 in) 19.50 ) . 1.32
' 11.45 3.60
11.65 o 4.46
12.30 S 6.63
¥2.45 - 7.30
12.75 ~6.13
12.90 5.92
13.15 v 5.15
| - 13.40 2.88
i _ 14.20 1.49
14.30 1.50
14.50 1.24
14.60 _ 1.20
15.15 ‘ - 0.76
. 15.50 | 0.60
- 15.80 0.44
15.85 . 0.48
. 16.90 N 9.10 0.56
(Cer2.50 5a) % 0.2
10.65 - 1.56
11.25 ' . 2.25
°11.35 v 2.62

-11.60 2.80

~
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{ i ‘
{ASLE E. sz
/’\/‘ N~

Axial Locatiof- - . Radfar Location Axial Velocity
(No. of Dia.) "~ + (in) (cm/sec)
11.80 3.16
12.05 % 3,90
12.25 o 4.22
12.50 - " 4.32
"12.60 - 4.30
12.85 4.00
12.90 ' 3.82
13.35 - 3.00
13.45 2.71
14.35 1.51
14.60 1.07
14.95 0.96
15.25 ' - 0.96
15.35 0.83
15.50 _ ) 0.72
16.00 0.50
21.10 , 9.60 0.56
S : 10.75 1.12
(¢ =12.50 in) 11.05 1.39
o 11.25 " 1.44
11.60 . —~—d - 65
T 11.80 70
. 12.05 W . 88
& 12.20 - 71.90
' 12.80 : 1.90 A
, 13.05 - 1.68 :
13.25 T 1.88
13.65 , 1.55
13.75 o 1.52
14.85 - 1.03
.15.35 - - 0.73
“16.00" 0.62
16.35 0.53
24.60 - . 8.60 ' ‘ 0.48
g o 9.35 . - - 0.55
(@» 12.59 in) 10,15 _ 0.74
) 11.00 3 ‘ 0.80
11.20 ' - 0.88 .
: : 11.60 0.92 R
’ 11.85 : . 0.92
, 12.10 - 0.96
12.35 , 0.98
12.90 . 0.96

13.15 = 0.89
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TABLE E.12 (continued)

Axial Location Radial Location Axial Velocity
(No. ‘Of Dia.) (1n) ' (cm/sec)
13.45 0.95
14.25 0.79
15.15" 0.72
15.60 ‘ 0.61
-~ 16.00 0.59

, 17.05 ' 0.40
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. .
TABLE E.13

o £

AXIAL VELOCITY DATA, 0.20 cm I.D. -CAPILLARY @}" \
Q=1.589 cm3/sec, LARGE RESERVOIR P L
Axial Location Radial Location = Axial Vélocity \\
(No. of Dia.) - Gnm) _ (cm/sec) |
13.90 13.95 " 1.35
. 14.75 2.35.
(¢ =16.60 in) 15.15 3.32
15. 40 - 4.35
15.60 6.68
15.95 11.30
©16.20 15.60
. 16.50 23.10
16.90 . 20.20
. 17.75 - T 3.47
! 18.00 2,95
18.25 2.17
. 18.40 2.30
18.85 = E 1.45
21.30 11.50 0.51
(& =16.60 in) 133 15
' B 14.25 . 1.45
14.45 12,32
15.00 3.04
15.25 o 3.76
. 15.55 © 5.50
g 15.80 6.06
4 15.95 . 6.80
v 16.10 ‘ . 8.40
16.15 _ 9.70
16.25 10.10
16.40 : 10.80
.16.60 J11.55
17.00 9.20
17.10 , 9.70 ‘
17,50 . . 6.36 -
- 18.35 : . 2.60
18.55 S, 2.31
19.00 , 1.58
* 19.40 0l.44
20.25 | | 0.87
20.55 ' 0.89 -
21.25 0.53

. . 22.05 : 0.36 _ . f‘;



. ek

iy

Axial Location
No. of Dia.)

i 28.18
(4 =16.60 in)

B

35.67
;64 =16:60 in)

TABLE E.lé (continued)

Radial Location,

(1n)

o

10.15
11.35

12.75

12.90
13.40
13.%5
14.35

"14.65

15.15
15 30
15.45
15.65
16-.20
16.40
16.85
17.20

- 17.35

18.40
18.70
19.25

19.55

19.95
20.45
20.75
21.15

12.25
12.90
13.80
14.10°

14.25

14.75
15.15

- 15.85"

16.15

16.60 .

1680

16.95%

17.20

17.40

18.Q5:
18.45.

'18.75

20.35
21.25

21.95 .

<

-

R

-~

,:(33

. :Zf(‘

¥

I B

‘Axial_Veloéity

(cm/sec)

. 346

0.36
0.61
n 94
37
2.04
2.54
2.90_
3.20
3.67
3.76
5.65
5.50
4.90
4.30
4.34
2.68
2.30
1.74
1.56
1.23
1.04
1.04
0.55

- 0. %%
- o.%ﬁ%
- 1.15
1.20
1.20
1.30
1.44
1.66
1.63
1.64
1.62
1.62 .
1.59
1.54
. 1.49
' 1.45
1.30°
. 0.98
- 0.8L."
0.61

v
N



TABLE E.13 . (continued) . . o
Axial Location ' Radial Locatfé;n \ Axial Velocityx -
(No. of*pia.) "~ (in) ' - (cm/sec)

: o - 22.45 0.54 ..
o .- 22.85 0.50 '
- e 23.45 0.39

42.00 o 10.65 0.42
e e sy - 11,90, - 0.53 H
(¢ =16.60 in) 13.15 : 0.58~ -5

| 14.35. - 0.68 " %
. 14.85 0. 75
. ... - 1s.83 | 0,79
PO T 16.70 o T
o L17.45 . L glgg
o Co. 18,35 L T gl
. . 18. 80 ok C 0,77
R o 19.10 . ' 0.70
J 19.90 ) 0. 56
20.20 | 0.53.
-21.05 © . 0.a9

L
R N

-~ .
I
Pty <779
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AXIAL VELOCITY DATA, 0.30 cm Isg; CAPILLARY - -, ' .
Q=0.318 ci3/sec, LARGE RESERVOIR i -

- «
‘\ . TABLE .E.14

.

- Axial Location - Radial Location //Axial Vgldqity
x (No. of Dia.) .4 (in) ‘ | i (cm/sec)

1.42 ~ 13.20 0.87"
. 13.45 S 2.08 =
(4 =14.50 ip} | 14.35 | 4.0 .
L O . 14.45 & 4.41
SR L ‘14.65 g 4.09
14.85 v - .3.84 o
©15.00 3.55 .
© 15.20 . 3.78
15.35 oL 2,84
15.55 ” 2.36
15.80 - S 1.32

) e . . A5.95. - 0.96
ey -16. 40 ’ 0.66

gy

0.35
SN 1.48 ‘
' \; 2.64 -
. 2468 .
2.52 e R
2.58 o
2.39 |~
2.02
1.98 -
» 1.64
co1010 -
.. 0.95 ‘
0.69
-0.79
”Q/'E.);.3 N
;0.35 7

SR 2.82

&

)

Xt 4028 7 0.63 v
- ‘ I B N '
“\:" 1 -_4 5 -y
1.48°
1.39
1.42
1.26
1.10 .
' 0.85 . -
0.85 N i
'0.67

1

(¢ =14.50 .in)
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TABLE E.14 (continued)

i

Axiad Location Radial Location + Axial Veloc1ty
(No. of Dla ) (in) . . {em/sec) '
j';/ . 7

<, . + 17.20 : . 0.60
S . 18.00 . T 0.33 , oo

N 18. 49” ) 0.28 . . .

5.65 & | 12.25 i . 0.57 o
" 13.35 0.63 |
({=14.50 in) 14.60 0.76
: 8 15.00 | 0.76
15.15 - #g 0.76,
15.40 0.73
o . 15.55 ‘ 0.70
® j 15.70 S 0.76
k '3 . 16.55 - . 0.55 .. :
v T os o 0.50 |

SCC A T 3 o -0.45
‘\ . . ”48 , "L.' .““ 0.38

2 ‘ . -.,,v,‘u;k’ o
‘:; 7.06 i » ) ) 13M ) 'k‘f) . ; ’ =073 39
Tl s éﬁ%ﬂﬁhﬂ%v v, 0.38/
. (4=l4.50pin) Coaayety 0.40,,
- oo w7 15035 T 0 gl i
o o . . 15.80 ¥ o 0.4
e € ok7.20 4. 0,31
ol - . 2 R . . . EE n
T T : . 17.90. S 0.29 -
4:f3%er% _ o 19. 10;j _ @ 0.21 A
8.95 . 10030 aw, ~0.16 - T @
. e 0 13.30, S r0.200
ey, SES1A30M o ggrde L ollg
C o " 715,05 R 0. 23M¢1 .
Yo . . 15,60 . . C0.286Y e
v 16.80 . . .0.20

A,
s b . . 2
T, . »
“

4 ,

RN
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TABLE E.15

AXIAL VELOCITY DATA, 0.30 cm I.D. CAPILLARY

Q=0.635 cm”/sec, LARGE RESERVOIR R
Aiial T ocataon Radial Location Aiial Velocity
(No. oi Dia.) (in) _ (cm/sec)
-, 41 14.55 | 2.65
) . : 9.77
(Q .6.00 1n) ‘ . 7 N 7.87
. R d’,‘.:': 4 ¥ .,;,,\, " 87»27
7 8.07
7.70
o » 2.37
- 2.83 _— 1.49 :
. . ' 14.50 . 3.05
(4-=16.00 in) 15.65 | 7.60
16.15 . 6.20
. 16.25 6.45
16.. 35 : . 6.37
16.65 . N 5.79
17.70 1.21
19.00. ., . . 0.37
4,24 ' -13;55»g§ . ' 1.37, g
L L P5.6Q % . <. 5.5 e
(4}"‘16-00 ln) ) - 15.95 - , . . 5. . o : . ,
Co 16.20 , 4.347 L
17.20: Lo 22,24 3
“ 17.40 . - 2.18
_ ©17.95 - 1.57
. # : 18.05 . 1l.247 J
6,13 8, 13.00 o : 1.20
RV . : 13.45 ., @7 ©1.22 ‘ R
L =600 3385 ¥ . 168
o 15.55 : ® 3,14 .
, : | 16.35 - 2.76 5.
o, / 16. 45 ; 2.40 %
. o 16,50 » 2,46
R L o 16.95 - ) 2.56
g SR . 17.55 ~ . : 1.65 )
Lj ' & 17.80 .- . 21.57
/ 17.95 \ - . 1.57 K
. o ©, . 18.35 1.24 : .
sy S 18.45 L 1.01 .




&F

PARNTS
RO

“r
i

RO

KoY

by

E

~

L 2 'A’ ’
RS A,

Q

Axiﬁifiocation

(No;\%f Dia.)

8.02
(¢ =16.00 in)

9.89 .
(¢ =16.00 in)

— \/’

J

¢ -

1178
(4 =16.00 in)
. s

R S

.

&

TABLE E.15

~

Radial Location
(in) ‘

(continued)

12.05
12.20
12.25
13.10
13.20
14.85
15.50 +
16.55°
16.70
16.80
16.95
17.20
18.05
18.15
18.40

« 19.20

20.95
21.75

10.75
11.00
12.20
@ 12,30,
©12.95

V14,00
ﬁﬁ@ - 514.50

15.45
BB 475
1%7.15+
*17.40
. 17.70

17,95 - ‘s

'18.45
~18.80
) .19.05°
19.70
. 20.35
20.60

11710
11.25°
11.85- °
14.40 ™
.-15.75 -~
16.35
17.25

»

N

Lo i :{'v.’%’u‘\ e

Axial Velocity
(cm/sec)

0.63
0.80
0.76
1.04
1.08
1.57
1.61
1.66
1.49
1.53
1.53
1.36
1.11 -
1.02 -
1.00
0.73 .
0.39 -
0.31

0.44
0.46
0.60
0.61

o

. . .
®
kg L0
i;ggiﬁ
D

B U0 O) OV~ N1 ~J 00 ¢

COO0OO0OLDLOQCQOOOQOQ
BDLWNEAANOY

o
w
=2}
4

0.38
0.41
0.50
0.50
0.50
1 0.50

Ri]
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TABLE E.15 (continued) ..
Axial Location Radial Location " Axial Velocity
(No. of Dia.) (in) " (cm/sec)
17.60 = 0.46
18.50 ‘ 0.43
19.25 0.38
19.45 - ) 0.39
~19.707 0.39 o
‘ 20.85 - ‘ , 0.33 R U
3\% 21.50 0.25 PF oy &
A 21.95 ' AR5 o
;é;} @



-

TABLE E. 16 . -

AXIAL VELOCITY DATA, 0.30 cm I.D. CAPILLARY
1 0=1.589 cm3/sec, LARGE RESERVOIR

‘Axial Location } Radial Location Axial Velocity’
(No. of Dia.) ‘ (in) (cm/sec)

4.24 14.70 | 23.10
- . 15.00 2680
(4 =15.60 in) 15.20 29.00
L 15. 30 32.80
S : - ' 15.60 : _ 31.80
« - 16.00 | $32.80 |
A  16.20 24.80 .
e 16,75 17.10
. ClTive v « 13.50
. 17.85 e 5.64
v 18.30 4.05
¥ 18.80 2.42

'

. L _ L R o
ko 6.60 . a1.estL ., Y, e
LT SR Col2.250 S 3049 o
L (4=15.6004n) . giefl RS PP Y A
. T Cosastwer U 14,95 P 74 21.80
L . Cw 015,25 -, . 21.80 "
W L e e 1850 : 23.60
gl Ty e 16000 L. ... o22.90 .
ol T T 16230, et 20.00 & °
Lo 16L90 LT T a3, 00
A 217.25" S 12.10
T s T 17 400 T 10.93"
e T Y 17,60 ‘ - 8.67
: B 18.20 : _ 6.38
©¥ 118,35 S 5.78
18.45 . . 4.90
: PR - 18.60 whooe o #V4.88
s e 18.75 o 4,14
o '18.95 * - 3,63
L % 19.50 Y 252
-~ 19.75 St 2.48
£ 20.05 - o 2.12
20.75 . 1.75 -
21.05 . - 1.48

9.42 ". 11.90 . 3.72
. B : 12.70 . -+ 5.60
(4 =15.60 in) ~ 13.40 . - 6.54°
© 14.65 .. - 11.90
14.90- ’ 12.80



TABLE E.16 ﬁcontinued)

-Axial Location
(No, of Dia.)

-

Q
. *,“
12.25 -
(& =15.60 1“@;)?"*;#
k <A ’ \Qh‘

-‘fﬁ§?05
(¢ =15.60 in)

2]

Oy Radial Locatibn ¥

(in)

15.25
15.55
15.70
16.10
16.45 -
17.05
17. 7Qd,
18.05
18.70 .
18.80.
18.95
19.35

- 19.65

19.85 .
20.25
20.75
21.20
22.05

.22.20

14.70

15.10

15.20
15.60
15.70
15.90
16.35
16,40
17.45
18.05
18.35

‘18.70

18.85
18.95

19.75
205550

$21.95 -

22540

23130

13.25
13.40

©13.80

14.10
14.20
14.30

.~

Axial Velocity

(cp/sec)

N
o

[#A

13.65
14.00
15.10
14.30
12.20 °
10.00
8.50
6.48
5.61
4.55
4.23
4.25
3.66
3.42
2.80
2.22
1.90
1.42 -
1.55

7.30

B OF
L7.30

7.60
8.30°
7.80
8.29
7.42
6.48
4.93
5.16
4.74
4.25
3.88
3.68
2.80
2.08
1.84

1.34 ,

3.62
3.48

3.52\
3.60 :

3.67

3.81:

354
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4

TABLE E.16 (continued)

Axial Location Radial Location Axial Velocity
(No. of Dpia.). (in) ' ‘ {(cn/sec)
14.50 4.14
1l4.90 4.15
15.00 3.96
15.60 : 3.96
. 15.70 4.25
" 16.05 ' 4.30
16.60 . 3.90
.15 3.62
. . \ .90 ~3.84 .
18. 25 : 3.12
19.45 ¢ 3.04
19.80 . 2.46
20.20 : 2:3g
20.35 ‘ 220

21.25 o . 2.22 '
21.55 Y2013
22.05 ' 1.83
22.65 2.13

23.80 ~ 1.42 e~ o

Nae
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E.2 AXIAL AND RADIAL VELOCITY PROFILES =~
DIGITIZER METHOD

The dlglklzer method wag used in measuring both axial
and rad1a1 ve.ocities at three dxlal locations upstream of
the contraction. These ax1afw%OCAtlons were at distances
equal to one and one half times the location of the eddy
centér, at the eddy.center and at a aistanCe e§ual to one
half times the eddy;center location. The‘locaﬁions of the
eddy centers are tabulated in Aépendlx F, Section F.1
(page 444). Since the direct method was used to measuf%:>
the axial velocities for the data in Tables E.17 td E;20,

o~ ‘ [ -
E.22 to E.24, and E.26_to E.27, only radial velocities

A\J

‘were measured with the digitizer method. -

il

The radial distance Ar (Equation 2.2, page 67),
o/

measured by the dlgiitlzer metﬁd was of the opposité sign

-

for valuES of r' gté%@gx than 327 cm in reservoir S and

R
greater than 12,745 Eﬁwé%serv01r L. Data glven in thls

¥y -u

manner allows for a clear graphlcal presentatlon of V

versus r'

The following table lists the order in which the  data

s

are presented in this section. 1In each of the tables the o

distance mea;urag from the“réégr§6ﬁ%zﬁa£}~r! was“determiﬁeé

by Equation 2.4 (page 68).
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Table No. c 'Reservo:g: I.D.{(cm)" ‘ Q(cm3/sec)
‘17 S 0.10 ' 0.016
18 S 0.10 0.040
.. .19 S t , 0.10 0.119
Lk E 20 S * . 0.20 ' 0.040
BN W 21 S - 0.20 0.459
22 = S 0.20 0.238
%23 . S 0.20 0.318
24 .- s 0.30 0.040
. 25 : S 0.30 0.159
26 S 0.30 0.318
27 S 0.30 0.654
28- L 0.20 : 1.589

29 L 0.20 1.906
30 L 0.20. o 2.383
31 L - 0.20 : 2.701
-32 L 0.20 ’ 3.177
33 L 0.20 " 3.813
34 L 0.20 . "4.766

35 L 0.30 - 4.766 .
- 36 L - 0.30 6.354
37 L. v - 0.38" , 7.148
38 L - 0.30 - - 7.943
39 1, 0.30 . 8.737

40 L - By 30, _ 9.531 _ -

41 L v ig, 30 .10.325
42 L - <@ 30 11.120
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'E.3 | MATHEMATICAL SIMPLIFICATIONS
The use of Equation 3.47 and a tractable constitu- A\
[
tive cquation allows for the prediction of normal forces
>in the converging flow field. The magnitude and/or rate
of growth of these normal forces have been suggested as
an explanation for the onset of fracture. To predict the
growth of the normal forces this analysis requires a prior

knowledge of the magnitude of the velocity components which

are then used to evaluate the components of the deformation

. rate tensor. , e

Assuming axial symmetry, the deformation rate tensor

in a cylindrical coordinate system is given by

~ 1 T
Vz,z i(vz, +Vr,z) 0
' - |1 ‘
. d<ij> 2(V ,r+vr,z) Vr,r 0 E.1
Ve
0 0 =
= -

\

Thg,magnitude of the shear compohenﬁ of the deformation rate
tensor was obtained from plots of axial and radial velocit; |
ies. Using the raw‘data tabulated_in the preceding sections
Lbf‘this’appendix, haximqm values of Vz,r;and Ve,z were
estimated at several radial positions for the smallest and
largest flow rates within region I and ir resersoir S. The

‘radial positions were arbitrarily chosen =o 0.°D, 0.4D,

0.6D, 0.8D, and D where D is the internal diameter oOf the



eﬁ

capiliary tube. The results are tabulated in Table E.43.

The data show ﬁhat the shear component of the deformation

rate tensor can be evaluated as a first approximation by

Vz,r alone. The errors are less than 15%. Therefore, as
)

a first approximation, the deformation rate tensor can be

simplified as ’

[
1
Vz,z ivz,r 0
a.. = |y v 0 E.2
<ij> 2°z,r r,r
0 0 Ve
B | r |

The mathematical analysis may be simplified further
by\comparigon of the magnitudes of the radial velocity and
axial vélpcity components.  This wasidétermined by estimat-
ing the maximum values bf the‘ratio, (vr/vz)M at the
same radial boSitions where the shear component was
evaluated! These ratios are plotted in Figures E.1 to
E. 3. j@n addition to indicating that (Vr/VZ)M increases
as we move away from the centerline, the data in Figures
E.l1 to E.3 alg; show that at £he largest flow ré£e within
region I the ratio-(Vr/Vz)M is approximately equal to
0.10, even under worst condition,/i.e., at‘a radial dis-~
tance equal to one‘tube diameter. At radial positions
greater than this, the ratid tends to be equal to zeré;

In reservo;;-ZT\?ggion I extended to even higher flow

¥

\

420
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\

\
rates. Although not shown in Figures E.l1 to E.3 the ratio,

(Vr/Vz)M, for these higher flow rates was in all cases
less than 0.10. At the lowest flow rate where velocities
were measured in reservoir S the radial Qelocity compoﬁent
1s approximately equal to one half the magnitude of the
axial veloéity component. As an example, the data in
Figure E.2 show that at a flow rate of 0.040 cm3/se¢‘vr
approaches 0.60 Vz at r equal to 0.8D. A Photograph of
this flow field is given in Figure 2.5. Within the
vicinity of the centerline (r<0.2D) the simplification

Vr < Vz holds to within 10% error.

In summary, for flow rates at the upper limit of

region I, mathematical analyses can be simplified by o
assuming that | |
‘ Vr < Vz E.3
where < implies-an order of magnitude, and ’
v + Vv L= Y E.4

At the lower limit of region I where velocities were mea-

o -

sured
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and

Only within the vicinity of the contraction (x<0.2D) can

" we assume V_ < V .
r z
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TABLE E.43

SHEAR COMPONENT OF DEFORMATION RATE TENSOR

I.D. Q 3 Shear RADIAL COORDINATE
(cm) (cm™/ Compon- .
sec) ent
‘(sec—l) " .2D .4Dﬁ_ .6D .8D D
0.30 0.040 A z‘ 0.005 0.011 0.011 . 0.005 0.905
v, . 0.800 0.292 0.208 0.017 -
0.635 v_ 0.042  0.069 0.042 " 0.111 0.138
\" 1
v - - 4.200 | 3.300 2.500 -
2, .
0.20 0.040 V., 0.060 " 0.105 0.105 0.075 o0.189
4 .
v 3.130  5.000 3.750  3.750 -
zZ,r - : .
0.318 V., 0.088 0.163 0.150 0.066 0.012
| v 3.750  2.500  6.250 16.300 -
Z,X ’
0.10 0.016 V.~ 0.063 0.140 0.156  0.125 0.100
\Y 0.500 1.000 1.250 1.250 -
‘ . Z,.,r . ;
0.119 V., 0.150 0.150 0.280 0.160 0.050
v -~ 0.750  1.250 1.500 -

Z,xr
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’

E.4 CENTERLINE AXIAL VELOCITI;ES
The centerlinc axial velocities for the three
capillary tubes in each reservoir areiplotted in Figures
E.4 to E.10. As discussed in Chapter III the qenterline
axial veiociﬁies can be répresented by Equation 3.20 with

c = 1.4. On log-log coorinates Equation 3.20 yields

E.7

log(v,|. ) = logVy ~ 553 3
Equation E.7 is plotted as sélid lines in Figﬁres E.4 to
E.10. The 1east.squares estimators of VO,'the centerline
axipl yelocity at the contragfion, are'given in Table E.44.
The values bffvo are used in the.derivation 6f an emﬁ&rical
expression for deal axial velocities the discussion- of

which is found i@jChapter II1I.

il
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) TABLE E.44

CENTERLINE AXIAL VELOCITY AT CONTRACTION
/ . ,“ ¢
RESERVOIR S ﬂ -

. L

I1.D. (cm) . Q(cm3/sec) Yo(cm/sec)
0.10 ' 0.016 _— 2.30
(L/D=55.08) ) 0.040 . 5.80
' 0.119 . 18.99
0.20 ' 0.040 1.46
(L/D=54.96) . 0.159 7.50
: ) . 0.238 10.90

0.318 14.00

0.30 0.040 : 0.70
(L/D=55.04) 0.159 - 3.20
' 0.318 5.97

0.635 12.96

RESERVOTIR L. .. . .

~

0.20 . . ~0.159 ‘ 5.40
(L/D=54.96) 0.318 “1l.61
0.794 27.82
1.589 | 62.00
1.906 75.00
2.383 © 95.00
2.701 - 115.00
3.177 140.00
3.812 S 165.00
4.866 » 220.00
0.30 | 0.318 . 5.36
(L/D=55.04) - 0.635 ' 12.21
’ | -~ 1.589 24.87
4.866 . ~90.80
6.354 130.15
- - 7.148 C170.77 g
' | > S 7.943 - 187.44 W
9.531 239.00
10.325 239.00

11.120 '~ . 267.00
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{
, FIGURE* E ~ 4
AXIAL CENTERLINE VELOCITY
Q[K Q.10 cm (L/D =55.08).SMALL RESERVOIR b
N . . /" 3‘ ) ) .
o b D FLOW RATE (cm™ /sec ) ) . !
| - \ o O , 0.016 — f
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 FIGURE E —5 -
AXIAL CENTERLINE VELOC!TY

B l 1 |
0.20 cm (L/D =54.96) SMALL RESERVOIR

FLOW RATE (cm®/sec )

— » Q 0.040 ]
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. FIGURE E—6
- AXIAL CENTERLINE VELOCITY

T T T T 1

0.30 cm (L/D =55.04) SMALL RESERVOIR

0.040
0.159
N =3
0.635

~ Cm

24
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AXIAL CENTERLINE VELOCITY

FIGURE E—7

|

| L~ ] [

0.20cm (L/D =54.96 ) LARGE RESERVOIR

( HIGH FLOW RATES)

 FLOW RATE (cm>/sec) -
o |.589

1.906
2.383
2.701
3177
3.812
4.866
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- FIGURE E'—8
AXIAL CENTERLINE VELOCITY

) l B l | l

0.20 cm (L/D =54.96) LARGE RESERVOIR

( LOW FLOW RATES )

FLOW RATE (cm3/sec)

O 0.159
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O O o.794
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FIGURE E - 9
AXIAL CENTERLINE VELOCITY

| | | |
0.30cm (L/D=55.04) LARGE RESERVOIR
: { HIGH FLOW RATES)
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~ - SYMBOL {em3/sec)
11.120 T
10 .325 —
9 .53I
7.943 ]
7 .148
100 }— 6 .354 -]
‘ | 4 .866 ]
5 B ]
] — —
w
~ — ]
£ | —
o -
- —
N
> = —
i
io}— - )
pe— d ’
— . Y
)
. &'y
’ o - 250
[

KR AL o ekl K Sk e ae



, FIGURE E —10
AXIAL CENTERLINE VELOCITY

0.30 cm (L/D =55.04) LARGE RESERVOIR
{ LOW FLOW RATES }

— FLOW RATE
SYMBOL {em3/ sec )
(@) 0.318
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E.5 PARAMETER ro

Parameter r, was defineéd in Chapter III as the radial
distance where the axial velocity was equal to one half of
the centexline akial velocity. Using this defini£ion, the

' radial Aepéndence of axial velocities was shown to be

represented by 3

<

£(n) = zle _ (1+0.41 n?)~2 | E.8

©

z

where n is a dimensionless radial coordinate equal to

-~ <

(r/ro); ‘The values ro‘are tabulated in Téble E.45.
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TABLE E.45 ) ]

VARIATION OF PARAMETER r, WITH RESERVOIR SIZE,
‘ ~CAPILLARY TUBE I.D., FLOW RATE AND
: DIMENSIONLESS AXIAL POSITION Z**

Reservoir §

I.D. ' Flow Rate g b o
(cm) . (cm3/sec) Z2** ‘ {cm)
0.10 .016 ‘ 0.000 .037
0.251 .043
" 0.502 .053
e : 1.000 _ .084
1.505 .141
1.756 - .202
2.007 .220 ¢
.040 0.158 .043
0.316 .054
0.474 .. .051
0.632 " _ .060
0.949 .083
1.265 104
1.581 .135
1.897 .187
2.214 .259
.119 : 0.183 .043
0.367 .047
, 0.733 .064
1.100 .077
1.467 .113
1.833 .185
2.567 ! .360
0.20 .040 ©0.224 .082
0.447 ' .092
0.742 .120
0.894 .133
1.485 .190
: 1.795 . .249
.159 1 0.736 ..120
1.472 .190



TABLE E.45 (continued)

Reservoir S

I.D. ' Flow Rate

(cm) (cm3/sec)

0.20 ' .238

-318

0.30 . 040

.159

.318

.635

“

7% *

0.367

+0.733

1.100
1.467

1.833

0.000
0.159
0.317
0.635
0.952
1.428
1.745
1.903

0.000
0.411
0.822
1.232
1.649

0.581
1.199
1.780

0.000
0.145
0.291
0.583
0.875

1.457

1.749

0.000
0.103

0.206

0.412
0.619
1.237
1.649

438




TABLE E
Reservoir L
I.D. Flow Rate
fem) - (em3/sec)

0.20 \\“ - .159

.318

.794

1.589

4.866

0.30 .318

N

.45 (continqu)

2** (cg)
1.106 ! 179
1.738 '.423
2.366 .613
3.163 .785
0.782 .134
1.229 .211
1.674 ' .408
2.237 .761
0.990 .204
1.345 .274
1.696 .380

©2.118 .654
2.469 1.071
0.993 .200
1.064 .215
1.511 ©.295

12.000 .480
2.531 1.335
2.980 1.575
0.795 .165

.:.1.606 .400

©2.404 1.500
W\ N
0.000 .127
0.414 .148
0.822 .200
1.236 274
1.647 .423
2.058 _ .600
0.293 " .135
0.584 .145

. 0.874 .204
©1.264 .290

1.654 .444

2.039 : .719

2.429 .846

..\:‘? a

439



Reservoir L

I.D.
{(cm)

0.30

/9'\/“ i
.

Flow Rate
(cm3/sec)

1.589

4.866

11.120

7, K%

0.553
0.860
1.228
1.597
1.962

0.816
1.631

0.627
1.254
1.881

440




APPENDIX F

EDDY CENTERS AND CONE SEM™-ANGLES

¥
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- Fol EDDY CENTERS

!

This section)contains the tabulated location of the
«centers of the eddigés that surrounded the core of fluid in%}wﬁ

the inlet region. summary of the tabulated data i# given

below.

/
P

EDDY CENTERS

TABLE NO. DIA. (cm) RESERVOIR - _L/D
F.l 0.10 s - ~ 55.08
F.2 0.20 : S 54.96
F.3 0.30 - 55.04
F.4 0.10 : R 55.08
F.5 0.20 , L \ 54.96
F.6 030 L . 55.04

The location of the eddy centers was determined by
four measurements, A, B, C, and.D \Consider.as a typical
example the first entry in Table F 4. Since.the magnification

was 2.175 ﬁg{ ctual distances A, B, C, and D are found by

Ay 5i€iding by 2. 175 'This results in the location of the

eddy centers as: shown schematlcally in Flgure F. l A. quever,
for the data where the magnlflcatlon was 24.437, .e.g;, the
daia in Table F.l indicated by an asterisk, the. actual -
distances A,‘B, C, and D are obtained by dividing'by 24.437;
Qith the distance D being measured from the 0ppqsite wall.
Shown schemetically iﬁuFigure F.1.B is the location of the
eday center for the first entry in Table F.l. The accurecy
in the measurements was #0.32 ecm at magnificatigns of 2;175Q

9.063 or 24.437.
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.2 TABLE F.l

EDDY CENTER .LOCATION | Ce
0.10 &M I.D. CAPILLARY, -L/D=55.08, SMALL RESERVOIR .

Magnification: 9.063 !

Lo

Flow Rate A B C D
(cc/sec) cm cm cm g
0.004%* 7.620 7.303 23.495 23.
0.012* ' '13.018 13.335 . 20.003 20.. .
0.016%* , 15.558 . 15.240 ~19.050 19.84%
0.024* 19.368 19.368 18.495 ~18.733
0.Q32* 22.543 22.860 '18.098 18.258
0.440 . 10.160 10.160 - 6.350 17..780
0.079 13.970 14.288 6.510 17.305

0.139 - 16.510 16.510 6.668 . 17.463

N FA
r

.,

g ’ L
*” The magnification for these data was 24.437%

-~

e\ .



4,44/  '
TABLE F.2 o L f
EDDY' CENTER LOCATION X
0.20 cm I.D. CAPILLARY, L/D=54.96, SMALL RESERVOIR .

: Ma‘gnificatib__n : 9.063 ' - .
Flow Rate A } B . C . D
{cc/sec) - cm . cm cm cm

. . . : I ' . .'1__'“?!,” N ?"h‘

0.004* 3.175 3.175 - 25.083" . 7
. 0.012% 6.033 - . 6.033 21.59 23.49%
0.016* ~  7.620 . 8.890 - 18.0 218273
’ 0.029* ":  10.160 11.113 18.098 - 20.320
0.032* . 111,905 ©12.700 17.780°  19.050
0.040 « - 6.033 . . 6.033 - . 6.668 17.620
0.059 . 7.460 . ° 7.460 ..7%6.350.° . 17.620
0.079 °~ - 8.890 | 8.573 ©6.190 17.780
0.103 10.317° . 10.638 _ 6.190 17.780
0.159 - - 12.065 11.748. 6.190 17.780
0.318 '14.288 . 14.605 © 6.590 ' 17.940
57‘. . . owe | '
‘% The magnification fof these dat: - 24.437. , -

{3,.
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p; | TABLE F.3

. EDDF CENTEF LOCATION | |
" 0.30 cm I.D. CAPIFLARY L/D=55.04, SMALL RESERVOIR -

Magnification: 9. 063

Flow Rate = A L B - B o "D
\., lcc/sec) “cm | cm : cm. . cm
: ._L__& cm \ .. = ‘ = cm
T.o0. 00415 1..88 1.588 24.295 24.448
oy V2.223 % 2.223 22.860 21.908
3.810 | - 3.810 20.955 - 20.701 -
6.033 6.033  ~ 18.098 -  18.415
7.938 7.938 17.145 . . 17.145
3.970 3.970 . . 63350 17.940
5.398 5.398° 6,033 18.098
6.668 | - 6.66% : 5.875 . 18.098
7.938 1.938 .6.350 18.258
. 9.365 | .. . 9.365- - 6.350 © 18.415
, 0 10.795°| oy 10,795 . »6.350 18.258
0.394 . 4 :I.590 | =~ 11.599. 6.350 2.  18.098
0.477 - 12,383 12.383:5%, 16,350 . ,18.258
. 0.635 " 13.653 S g e . 18 09e ]
v i "S; . v

&

~ Lo . . . 1

! 3 @ a7
* The magnificqtiqqffor tpese data: was 224, 437.
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- | TABLE F.4

.| EDDY CENTER LOCATION
0. lO Cm I.D CAPILLARY, L/D=55.08, LARGE RESERVOIR

Magnyflcatxon 2.175 ; ' ,
 Flow Rate A B7 c D
- leefsec). - ¢ cm cm " cm cm -
0.159 7.938 7.938 21.115 '32’.703
0.318 ©10.478. 10.478 . 19.050 34.762
0.381 . . 11.125 11.430 18: 733&3 35.243
0.508. 12.700 - 12.700 . 18.098 35.720
0.635%* ' 13.970 13.495 17.305 ~  35.878
0.794* * . 15.240 . 14.765 . 16.828 36.513 .
0.953* . . 167353 . is.240 . .. 16.510 36.673
1.120% . " 16,82 . q“ls 193 16.340 36.990
1.271% - 17.145 g 1§*570‘ - '16.510 36.990
. . ~ . L% l‘lﬂmw - . ,ﬂ:‘. ) »K‘ . - @
S . r“&:: .’ ‘ 0\ "»J ‘ ,
R -
* Measured ©nly when the flow fzé&d w3s observed to hg
stablé‘\ — Co e N / @
L . a‘_ } o . ) ) . vf_'/'j(, Al '_
«- ’:;3; | . ! : i{% ,ﬁ::f s , ) J, "
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EDDY CENTER LOCATION

TABLE F.5

447

10.20 cm I.D. CAPILLARY, L/D=54.96, LARGE RESERVOIRg

Magnification: 2.175

Flow Rate
_lcc/sec)

0.15¢
0.22
0.3
0.4
0.7
1.2/1
1.589°
1.906*
2.383*
2.701*
3.177*%
3.812*
4.766%*.

IR

* M@asured‘only when .the

stable.

o

3.912
5.240
6.452
"7.938
10.320
12.065

13.178

13.970
15.083
15.718
16.193
16.993

18.098

77938
10.160,
12.383

13.335

12.860
15.083
15.400
15.875
16.828

17.145

,1 .
P N »

N

=
i

C

_(_:_E
23.020
22.23%
21.463
20.638
19.210
18.098
17.780

17.297

16.988
16.828
16.670
16.353:
15.718

z }‘

fldﬁifi i3 was observed t

o B
Y

D

_C_:E
30.798
31.593
32.385
33.338
34.768
35.878

©36.513
- 36.673
©36.990

36.830
37.069
37.313

~37.160

B E Wl
LA N
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\
N |
. |
,  TABLE F.6 1‘
<1$L . EDDY CENTER LOCATION lA
0.30 cm I.D. CAPILLARY L/D 55.04, RGE RESERVOIR
Magnlflcatlon- 2.175
Flow Rate A , B o C D
{cc/sec) cm | em cm \ cm
0.318 3.988 3.988 | | 23.622 " 31.496
0.635 5.969 5.969 1 22.225 32.690
0.794 6.985 6.985 21.273 33.338
1.589 9.843 9.843 19.342 35.230
2.383 11.748 11.430 B '18.415 36.038
3.177 . 12.860 12.700 kl7.780 : 36.673
4.766 i 14.765 4 14.2@8 17.145 37.148
6.354* 15.558 17.623 : 6.828~ 37.226
‘7.848% 15.875 15.558 16.683 37.148
7.943*% 16.193,@.‘ 15.718 16.683 37.46?
8.737* 16.828  _ 16.193 16.510 37.465
9.531*% . 17.145 - 16.353 16.353 37.625
10.325* A ~17.305 v l6.670 i 16.271 _ 37.625
11.120% ©17.145  ° 16.670 | 16.510 '36.990
Yigg % Measured only v}henq the flow field was '
‘.w.i» : stable~ , ﬁﬁ‘ ‘ W o .

.“_ i .
SR e

<G
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FIGURE F-1I

EDDY CENTER LOCATION
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Q= 0.159.cm3/ sec

N

Be

o &7

TR

B=.299cm

< -
F.1.B.
el ?”'\' Il
< D=:974'cm
’ 3

) e
} TR

0.10 ¢m LD.
Q = 0.004 cm3/sec L

> smaLL RE§E9-K?<R o .




450
F.2 CONE SEMI-ANGLES

The cone semi-angle, measured in degrees, was defined _;ﬁé
. . . } UK

in\Chapter II, Section 2‘3.4, as the angle tangent to the
outerﬁost streamllne that entered into the caplllary tube.
The cone semi-angles in ‘Iables F.7 and F.8 were measured .
at L/D ratlos equal -~ 55.08, 54.96,'and 55.04 for‘capill—d

-ary tubes l,\2, and z retgectively;
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TABLE F.7

’ - CONE SEMI-ANGLES - SMALL“RESERVOIR
A \:"’w{ . J o ~
S |

‘ . _ Cone Spemi-
I.D. , Flow Rate : andde

.

(cm) ‘Qcm3/sec) z/b ‘ (degrees)

3

0.10 %. .o16 0.00
2.00
4.00°
6. 00

100

oMo UW
ocounuunmoun

WN -

0.10 .040 0.00 2

- 3.00 2

6.00 : 2

S 8.00 3 0

£, = 11.00 6 o
. " 14.00 11

QNwounmo

0.10 119 . 0.00
4.00
8.00

12.00

16.00

20.00

24.00

28.00

Lo owunH o

o o
Wo:n W

0.00
R * . 1.00
L IR o 2,00
N 2 - 3.00 |
3 S 4.00. ES

0.20

N ®

W R
NOO OO Ul Qo ouUo

g,

'0.20 | . L1589 0.00
, o 1.57

| 3.14

v . O 4.72

- s 6.29

e T 7,86

UM ni 9.43

NNOoOU bW

W
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TABLE F.7 (continued}

Flow Rate
(cm3/sec) EZB

.238 0.00
~ . 2.00

4.00

6.00

. ) 8.00
" 12.00
16.00

.318 .,;69 . 0.00
.+ 3.00

' N 6.00
8.00

11.00

.040 0.00
0.50

1.00

: | 1.50

‘ : .. 2.00
2.50

-3 .

.159 0.00
1.50

2.09

2.62

3.14

3.678

4.19

.318 -~ 0.00
| 1.00

3.00

' 4.00
5.00
- 6.00
8.00

.635 - 0.00

e 2.00
: 4.00

' ‘ - 6.00
) L i 8.00
' ‘ 10.00
11.00

3

Cone Semi-
angle
(degrees)

R
U O UL W N
OO0 OrO

b
ol b W N
& . .
SONOO

C
NN
® -
coo

32.0

A
, N -
HNHOWMBW WL WO DS
L[] . ] E) . . » [y . [} ]
COOUIOON OO UOJdn

SN et

A52
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TABLE F.8 : C

CONE SEMI-ANGLES — LARGE RESERVOIR

o ey Cone Semi-
cemins La Do ~ 7 Flow Rate L angle
j¥f ‘€m) . jgmiEECL_ ;2ﬁ9 (degrees)
X | e ,
A% 0,20 .159 0.00 3.5
' 5.00 . 8.0
10.00 1415
15.00 18.0
‘ 20.00 21.0
" . 30.00 ' - 30.0
. o 40.00 " 40.0
.20 .238 0.00 3.0
. 4.54 5.5
~ 9.08 ©12.0
13.62 : 13.0 &
. 18.16 '16.0
22.70 17.0 -
.20 . 318 0.00 2.0
‘ : 3.01 . 3.0
7.50 6.0
‘ 10.50 8.5 .
) ‘ _ - _ 14.00 13.0 -
L St .
0.20 1 L7945 - .00 . 1.0
i ' ; el TuE60 , 2.5
, S %0 . 4.0
TR - 13.60 5.5
LT 20.00 ,  1i.0
24.80 12,0 -
o | 30.00 - - . 13.5
o o ' 38.00 , 15.0.
‘ o 40.00 . 16.5
44.00 18.0
50.00 21.0 .
.20 - . 1.589 D0.00 .65 ¢ P
| U o gsee N . 1.0 v
'10.00 | 1.35
) 12.60 1.7
: C 18.80" 2.5
- | ©20.00 2.8 %
25.00 4.0
30.00 6.0
w0 3150, . 6.5
SRR - . . 35.60 ° - 8.5
E - 40.00 . [ Jflz,gg. 5
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TABLE F.8 ttontinued)

Cone Semi-

I.D. | Flow Rate
).y (cm3/sec)

.318

.635

.794

. . 9.00. v .
o <O e 12,004 v
L . . s o . lsﬁ. 00 4t ‘\‘j‘ﬁ ..'l' g ‘
(; 18 .00 ‘.:A; '4@, r‘i‘k{i'! ): = “.
., . ) 21.00 LD ) g

0.30. 1.589° 0.00 5

* - , 2.24 .
v 5.25

P
N R

)

' 9.18
10.00°

By

0.00
1.40
2.80
4.20
5.60
6.00
9.00

-11.00 -

.0.00
3.00
4.20
'5.00
6.00
8.00
10,00 -
12.00
15.00°

0.00. "
3.00, &
6.00 -..

13.20 1. ¢
15.00 d
17.10

20.00 .
21.1 >~ "

©25.00 I

Y x
) ) -
5

‘40.00 .

30.00
33.00

Lk

angle
(degrees)

N

L] .
Coouvuutat W,

N =
| anli "]
o

) IR P
:g’ﬁam\opw
coooDouwn

. L] .
oo oo™

PDowonn s+

~

.
-

(= W61 N )
.

.
Touvouyuouw,
~



TABLE P .8
I1.D. | Flow Rate
(cm) ‘(cm3 sec)
0.30 . 3.177
0.30 ©+ 4.866

(continued

z/D

0.00

5.96

9.95
13.90
17.90
21.80
25.80
29.80
33.80
37.70

0.00
3.00

'10.00

20.00
30.00

'40.00

Cone Semi-

angle
(degrees)

%

/
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G.1.1 CALIBRATION 9\'“?.,'a.u°’r’ -
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The digitizer and direct methQQS used to measure velo-

N

city components were discussed in detail in Chapter iI,

. : L . L
Section 2.73. The sources of errpr in measuring axidl and

radial velocity components with these methods are:

a. digitizer calibration, -

b. measuring the slgpe‘ofmthe reservoir wall relatibe.
. RN L] .

. to the digitizer's X axis,

c. measuring velocities over a band'width rather

r

than at a flxed upstream axlal locatlon,

a. centerlng of the caplllary ‘tibe, and

e. depth of field of the camera,

il
i

)

<

Since the sources of error are assumed independent, the

Lout

error in measuring velocity COmponents is the sum of errors.-

T, vt

Hence, for” themglgltlzer method the source§ therror were

v“a" hroquﬁ% ‘fof the above whereas, for the dlrect method

i‘sources of error were . “d“ and - .

“ o o y

G.1 '-DIGITIZER'METHOb;ERROR T 9

© .- ;yThe sources of error were calibrati
‘ A - - N

[N o [

dapillarygtuhe, and“depth,@f:theﬁeameraffjé

- ["~;, . . o L
L . S .

The full scale movement of the d191

halr for the X and Y axes were 33 000 count

i -

[

convert thesenreadlngs into dlsgaﬁces. Repeate

-~ ! / -

v SN T ~

*

on, slope of

',reservoir wall, measurementhver”a band/width; center;ng of

a. -8

tizer' s éross "
x{‘\:

s and 3%, 000

i” .

-

d/;‘

el



o8
/ )
ments, tabulated in Table G.l, resulted in a sa@g{#ﬂnean
equal to 1414 counts and 1490 counts for the X and Y
‘respectively. The standard devxatlon of the mean, arising
from digitizer electronlc error and error in paositioning
the cross hair, for the X-and Y axes were 55 63 and 52.72
respectively. The calibration procedure was repeated at
the upper and lower limits of the dlgltlzer s X and Y axes
in order to detect nonllnearlty over the full range of the
dlgltlzer s X and Y axes. No nonlinearity was detected.

1S

The relativé errors in measuring axial and radial

velocities can be evaluated by considering"an example where
the axial distance traverSed by an aluminu@ dust particle
was equal to 400 counts and another of 1000'counts._:
Expressed as percentages, the relative errors, w1th1n one

standard dev1at10n, for the axial veloc1ty component are

. s
{

55.63 ° 55.63 |
W X thO or I-OW x 100
P

or 18.§ percent and 3.6 percentli These errors are represent_
‘atiye errors for axia;ryelocities measured outside (n>1.5)

and within the WGS core respectiveiy. In addltlon blurry
“ends of the streaks resulted in a Judgement error in
p051t10n1ng the cross halr. Thls error, determlned by the
time involved for the splitterlto cut the beam of light,

was less than.z,percent. Therefore, the sums of errors
obtained by'the propagation of error through addition, arising
from digitizer electroni~ error, human -factor, and the blurry

ends of the streaks, were 20.9 percent and 7.6 \percent out-



TABLE G.l

CALIBRATION OF DIGITIZER

X axis .
No. of counts measured

over 2.54 cm

1402
1416
. 1366
1418
1440 -
1418
1388
1410
1408
1428
1388 ~ -
1408
1464
1402 .
1454
1390
1364

oo 1470

1416
1426
1390
1423
1419
1410
1412
2415

f

~

. Y axis “/
No. of counts measured

over 2.54 cm

1430
1498
1496
L40:
1554
1414

1472

I
1500
1512
1436
1536
1450
1514 .
1526
1468
1436
1532
1530
1486
1436

. 1546
1434
1495
1491
1486
1500
1496

459
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side and within the WGS core respectively.

The magnitude of the velocities were shown in the
brevious section of this appendix to be iess than the axial °
velocities. The error was therefore larger than the error

o

in measuring the axial velocity component. Qualitatively,

. . 1 ) .
this error was found to be, in the worst case, as large as
100 percent and under the best circumstances (largest number

of counts) as small as 25 percent.

G.i.2 SLOPE OF THE RESERVOIﬁ WALL

The axial and radial distances traversed by a single
streak or by a numbér of streaks were measureq relative
to the wal% of the resérvoir. As shown in Figure 2.8 (page
66) the wall of khe‘resqrvoir‘was not parallel to the X
axis of the digitizer. It was therefore neéessary tg.measure,
the slope pfothé wall of the reservoir relative to the

digitizer's X axis, m to-determine the axial distance, Ax,

and radial distance, Ar, given by Equations G.1l and G.2.

. . 1 Y

Ax = (Y4-Y3)m1 (x4—x3) .61

X = Tt . . . ° G
! ’ . ,'/ T

; o T L

, - (Y,-¥3) (X, X4)m1: e .2

o (m’+1) ' (m2+1) " ' oo
- i i i Sl

Coordinates (x3,z3) and (X4,¥4) were‘defihed,in-F{Bure 2.7

(page 64).:. ' Due to mechanical error, error in positioning .
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the cross hair, and the resolution of the wall of the

reservoir projected-on-tp the digitizer screen, the error

in measurlngj%he slope m1 was as large as 15 percent. The

resulting error in measurlng Ax or Ar was estimated by

considering two streaks as typical examples; streak‘l was

" located near the outer edge of the WGS core and streak 2,

NG

was. located near the centerline. The coordinates of these

two steaks and the slope m; were

» ‘

Streak 1
X,y = 32.201 cm Y3 =
3 X4 = 33.427 ¢m- Y4 =
{ B ' -
V \
Streak 2
x3 = 32.S7l_cm Y3 =
. .x4 = 33.006 cm Y4\=
ml = 0.0279

By using the above data, Equation-G.1l, and

in the value of m, the error in measuring

45.889 cm

46.070 cm

48.822 cm

48.829 cm

an error of 15%

the axial distance

—_—
»

Ax was found to be less than one tenth of one percent; hence,

was considered. to be neglig%ble. A 15 percent error in my

resulted in a maximum 3.6 percent error in

the evaluation

of Ar, hence, a 3.6 percent efro:.in'the radii%*velociﬁy

. ’ . ’ '
component. The error in measuring Ar near

was less than 1 percent.

the centerline

P .o
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«
3 .
1

: -
G.1.3 UPSTREAM AXIAL LOCA?ION OF STREAKS a3

Streaks used in caltulating velocities with the
. . P '
digitizer method were‘takenlover a band width rather than

at a fixed upstream axial iocation. This resulted in scatter

in -the measured velocitféﬁ/whiqh.depends upon the wigdth of
¥ ’

¢ the band and the velooity/g:adient. The velocity gradient,

. / . :
in turn, is dependent upon both axial and radial positions.
- /o ' » 4
“Taking these .factors into account it was estimated that
: . : foLD Lo .

scatter in local‘axia%/and radial velocities ranged from 1

to 8 percent with 'the’ smallest scagggé occurring along the .

centerline. /
. Al N . h
G.1l.4 CE§$ERING OF CAPILLARY TUBE AND DEPTH OF FIELD ‘OF

CAMERA

Since /the wall thickness of each length of capillary

tube was ?3x\uniform it was necessary to center each capil-

lary tub

so that the centerléf the capillary tube and the
center /0f the beam of lightbwere’ih the same horizontal .

plang. The fbllowing procedure was used in gentering the - s

v

:7§illary tubes: With a legel, the empty reservoir was.
d

justed so that it was in a horizontal plane. The capil-

2

lary tube was_theﬁ inserted into the holding device;which

éwas attached tbfthe end plate. The light source was turned
. on and excebt for this éource of ligpt'the room was'in;total

darkness. The béam of light was clearly visible %géinst'

the aluminum end wall of the reservoir and the side of the

< . . )
reservoir opposite the side where the adjustment slit was

attached. By adjusting the level of the light source, a

. v
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plane éassing through the center of the light beam wasvcoin—
cident with a plane passing through etched marks located on
both sides of the reservoir. These etched marks represented
a plane Whlch was parallel to the viewing surface ef the
reservq&r and passed through the. center ‘of the hole in the
aluminum end plate. Aen eyepiece was focused on the area
where the capillary Eebe.was'fitted flush with the aluninum
end plate. Theaeapilfary tube was‘rotatedrby hand until the
center of the beam of light and the center of the caprllary‘
tube was judged, by éye, to be in. the same plane. A con-
servative estimate was that the capillary‘tube could be
centered to within 1/5 of the thickness of the beam of lightr
Slnce the depth of field of the camera was always '
greater than the beam of llght it was not possible to
dlstlnguish,between alumrnum dust _particles that were at
the top of‘the beam of light- (nearest to the camera) , at
the bottomvof the beam of light\(farthest away from the
camera), or at any'ihtermediate‘plane lying wfthin these
limits. 1In fact there was a dlstrlbutlon of .positions whlch .
peaked at the center’ of the band. 1In the illustration below,

the position r + 4sw and r - st, where sw is the slit width,

represent the limits' of the band at a radial position r.

, . ‘ 1 ' . _ .
- \ ) r + 5 sw VZ J+' sz

o4

P
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\ ?)
If n streaks are observed within the band, roughly n/2 N
streaks would have Velocity.characteristic of position r
while n/{ streaks would have velocities reflecting the top
position (r+%sw) and n/4 reflecting (r-4sw). The Variahce,

resulting from the velocity gradient, is
’ »

n
* =5y 1@, v,)?
i=1
1 nfz 2 3n§4 _ : 2
= == (v -‘V) (V.= (V_+AvV_) )«
7 I i=1 i=n/2 % z z 2
/ G.3
\’ ) : i n . _ 2 -
C T ~ . + Y (V.4+(V -Av))?
i=3n/4 % % 21
¥
- 2
- H‘sz?
’\
The error within one standard deviation is
&
‘exrror = Vz * 0.7AVz _ G.4

Taklng these two- sources of error 1nto account, i.e.,’
centerlng of the caplllary tube and the depth of fleld of
the camera, the error in measurlng axlal veloc1t1es at any

radial position r was estlmated f;cy

L
-,

n

error =V, (r,z) * V_(r:Q.55sw,z) G.5

G :
a,

Equation G.5 implies that the larger the velocity gradient

4



. 465

the larger the error.- The worst estimate of this error was
obtained therefore E&iéonsidqring the velocity data measured
in reservoir L for éapillary tube 2 at a flow rate of 4.866

19.73. With the beam  of light being

cm3/sec and at Z/D
0.508 am, the errors at several radial positions, i.e.,

r=0.0cm, r=20.20 cm, ry;= 0.40 cm, r = 0.80 cm;, r = 1.2 cm,
and r = 1.6 cm, were 10%, 18%, 17%, 12%, 8%, and 6% respect-
-ively. Therefore, as radial distance increased the error

passed through maximum; this is consistent with_the velocity

. . {
gradients passing through a maximum. The errors estimated »

at the same radial positions but at larger vélueé of %/D
(farther upstream) were‘reduced substantially sinde the.,
velocity gradients became smaller as Z/D increased. With
capillary tube 3, the thickness of the bé&m of light was a

'smaller fraction of the diameter and the velocity gradients

e

were not as large as those which occurred with capillary ~
Eube"2,~‘Hence; the errors at the same flow rates and axial
'l9cati§ns‘were less than those determined with capillary

tube 2. 'In reservoir S, the maximum error at several

[

radial and ‘axial pésitidhs was determined with capillary
tube 2 at a flow rate 6f'0.159 cm3/sec. The magnitude of

this error was comparable to the .errdr determined in
.l’ M e

reservoir L.

W,

In summary, the total error in measuring-axial veloci-

s

ties is equal to the sum of the individual errors. Therefore,
7 ) . i .

the errdr along the centerline was a maximum of 19 percent

kK

whereas, for radial locations other than along the center-
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line, the error was a maximum of 47 percent. The velocities

measured with the digitizer method and tabulated in- Section

r

E.2 of Appendix E were within the maximum 19 and 47 percents
in reservoir L. In reservoir S, the velocities along the

centerline and at radiai locations other than along "the
centerline were within a maximum error of 15 and 25:percent

respectively. The magnitude of the error in measuring the

radial velocity component varied from 0.02 to 1.0 cm/sec.

G.2 DIRECT METHOD ERROR
The direct method was discussed in Chapter. II
— ' . P !
Section 2.3. Since axial velocities were measured as a

conrinuous function of exiel location along several‘stream— .
lines, the main sources of error were due tc‘(e) aepth-of
field of camere, (b) centering of the capillary tube,_and

(c) the blurry ends of the streaks. The sum of these

sources of error resulted in a maximum error of 12 percent
along the centerline whereas; for values of r other Fhanv'
along the centerline but within the central core region,

the maximum error was 20%.

G.3 PRESSURE TRANSDUCERS AND PRESSURE TAP ERROR

®
The_calibration data for the four transducers are

given in Appendik«A, Section A.l. 'The resulting error was
~less than 1/2 of one percent of the max1mum tested pressure.
No significant hysteresis was found over the full range for -

each dlaphragm

' The presence of a pressure tap, as shown schematlcally



-error.

in Figure G.1l, causcs a deflection of the streamline into

the pressure tap and an eddy or 3 system of eddies are set

1

ub in the pressure'tap\(lSS) " The curvature of the stream-

\llne is such that thé measured \pPressure are greater than

the true valies (prcssures/gegsured fLush w1th the tube wall)

The preceeding two factors comblne %P glve a ﬁet pressure

decreases (d~0) the net pressure error teﬂGS\to Ero (153)

e ,N.‘ PN \‘\ r";

The pressure tap error for a flnlte hole srze\can be
. \\ ) \\: e / ~
influenced by the hole dlameter~d* the flurﬁ/aen51ty p, the

'v1sc051ty u, and the ‘local flow condltlons at the surface.

Within the boundary layer thickness the local ax1al veloc1ty

at a dlstance Yy away from the wall 1s glven by \\

\% T ' :
Z - (X | ¥ . “
= £(§ ‘/ p) \ - G.6

It is apparent that Vz, at a distance y, depends on Tgr Pr

and uy. It isotherefore the velocity gradient at the tube
wall, described‘by the shear stress 1 which defines the

local flow couditions at .the surface. Thus, the pressure

error, APer,.for a finite hcle size can be written as
»
APer = f(Tw,q:u,d) /{/' : G.7
\ /,// !
/'/
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The dimensionless pressure error,vAP /r , Was measuredi
experlmentally and plotted as a functlon of the Reynolds
.number (65, 155) based on the hole dlameter (Q) and R ‘
frlctlonal velocity-( rw/p). By using these results.the
maximum pressure tap error was determined to be 13 dyn/cmz.
This was* considered to be negllglble 51nce the smallest
measured tocal pressure loss, AP £+ wWas 3.089 x 104 dyn/cm .

| Tanner and Pipkin (163L concluded that the pressure

tap error for viscoelastic solutions was proportlonal to

the magnitude of the first normal stress dlfference. More
recently, Novotny and Eckert (126) measured pressure tap
errors for several concentratlons (0. 9% 2 0% and 3. 0%)

of Polyox and found experlmentally ‘that the pressure tap //
error may be positive or negative. Based on these experi- .
m%ntal data, the pressure tap errors are estimated to be as
large as 40'peroent of the maénitude of the first normal
stress difference. The presence of a converglng flow ffeld
within the reservoir: augments the magnltude of the first
normal stress difference from a.value determined under SLSFV
| conditions within the reservoir (90, 119). Therefore,
evaluatlon of the flrst normal stress dlffé%ence under SISF
yields a conservatlve estimate of this error. The apparent
shear rate under SISY¥ In the reservoir, e in terms.of the

apparent shear rate in che capillary tube, is given by



The maximum reservoir shear rate of 0.07 sec—1 occurred

with capillary tube 1 at Q=O.119 cm3/sec and from Figure

D.6 (page 313) the normal stress was determined to be less

than 10 dyn/cm . The smallest measurement of AP

2.2 x lO4 dyn/cmz, was for run number 24 Table B.11
(page 268). Hence, the .pressure tap error was estxmated
to be less than 0.05 percent. This was considered to be

_ negligible. . N -
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NOMENCLATURE
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T o

a,a,,a,

>

EL

f(n')
£(n)

£(6,)

472

parameters defined by Equation 3.14
Cross sectional area of caplllary tube
parameter deflned by Equation 3.16

parameter defined by Equation 3.36 { .

‘éggstant defined in Equation 3.20

concentration

‘constants in Equation 3.9

pressure tap diameter

I.D. of capillary tube

internal diameter of reservoir

elasticity number,'Equation 2.11

Fan?iné friction factor

function defiﬁedwby Equatfbe 1.22 / .

dlmen51on1ess ax1al velocity defihed by
Equation 3 42

function deflned by Equation 3.10
elastic modulus, Equatlon 1. 30

elastic moduius evaluated under exten51on—
al deformation

Couette correction factor
Hagenbach correction factor
con51stency 1ndex deflned by Equation 1.15

proportlonallty constant defined by
Equation 1.35

length of capillary tube

exponent in Equation 1.35 -

slope of reservoir wall relative to

digitizex's X axls

number of streaks
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" average pressure
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molecular weight
number_of observations

flow behavior index defined by Equation
1.14 :

number of slit and spokes on the chopping
disc L ‘

Reynolds number

gener.._ized Reynolds number, defined by
Equation 1.18

dimensionless~barameter defined by -
Equation 3.9

RPressure fluctuation
pressure measured ih reservoir (Figure
1.1). :

pressure measured at the contraction

pressure defined in Figufe 1.1

LR

'pressure defined in Figure 1.1

Pressure measured in SLSF in capillary
tube

N -

measured in reservoir,
Equation 3.6 ‘

primary normal stress in SLSF in capillary

~ tube - : )

maximum recorded pressure in reservoir
minimum recorded pressure in Feservoir N

pressure losses in upstream entry region,
Equation 1.47 - ‘

volumetric flow rate

volumetric flow rate evaluated at ‘spset
of instability ‘

radial coordinate in a spherical or
cylindrical coordinate system

w
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Sw

S ~

(Sg)y

(Sp)

3

. slit width | ” N

‘the contraction /
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.

distance from reservoir wall to streak,
Equation 2.4 :

radial location where axijal velocity is

-equal to-one half of centerline velocity

radial coordinate in spherical coordinate
system where FOOvis equal to unity -

radial location in spherical coordinate
system where primary normal stress is
equal to zero -- .

capiilary tube internal radius r

universal gas constant

sample vafianceﬁ Equation 3.3

Hencky's strain measure, Equation 1.56 \

critical value of S‘given by Equation
3.51 -

recoverable shear strain

recoverable shear strain evaluated at

fracture for polymer melts

recoverable shear strain evaluated at
fracture for polymer solutions

time

time for centerline velocity to attain
99% of fully developed-centerline velocity

.under SLSF

-

experimental value of t;
absolute temperature
average velocity in capillary tube

velocity components in spherical coordin-
ate system /

stretch rate in spherical coordina#és
along the centerline measured upe;ream of .

//"
-/
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Greek Symbols

Gll

a2

radial velocity, Equation 2.6

axial velocity in cylindrical coordinate

system

axial veloéity along the centerline
stretch rate in cylindrical coordinates
along the centerline measured upstream
of the contraction '

dimensionless axlal velocity, V lé/v

contraction

number of revolutions per minute

characteristic flow pattern length

coordinates defined in

distance measured from capillary tube

wall

coordinates defined in

’

axial distance upstream of contraction

dimensionless axial position varlable,
Equation 3.24

dimensionless axial position variable,
- Equation 3.39

dimensionless axial p051tlon varlable
where T 6, = 1.0

-0

proportionality constant defined by

Equation 1.38

proportionality constant defined by

Equation 1.34

Figure 2.8

-

Figure 2.8
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- axial velocity along the centerline at the



(APC) cr

S

contraction ratio, ratio of the area of
the caplllary tube to area of the
reservoir

parameters defined in Equation 1.39

apparent shear rate under SLSF in capill-

ary tube

apparent shear rate under SLSF in
reservoir

shear rate at capillary tube wall under
SLSF, Equation 1.16

stretch raté

stretchdrate evaluated at onset of fract-~
ture

maximum extensional stretch rate

.

developed pressure loss over caplllary
tube length, L :

ontraction loss

contraction loss evaluated at_.onset of
fracture

pressure loss due to developed flow in
capillary tube, Equation 1.26

fraction of contraction loss due to
elastic nature of fluid, Eguation 1.25

preséure tap error
exit pressure loss
total pressure loss, Equation 1.24

fraction of contraction loss‘due to
‘viscous dissipation,. Equation 1.27

radial distance defined by Equatien 2.2
axial distance defined by Equation 2.1
recoverable extensional strain

end correction factor for viscoelastic

~fluids
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W

" end correction factor for Newtonian fluids

dimensionless radial coordinate) r/rd

,relaxation time

zero shear relaxation time , =~
\ Al
i \ Vo
v1sc051ty |
k)

apparent v150251ty ' g
elongational:;¥s¢051ty o
zero éhear apparent viscosity
dehsity |

extensional strees
extensional et:ese evalueted at fracture

shear stress at capillary tube wall under.
SLSF

<o . . N )
shear stress evaluated at onset of fract-
ure '

shear stress evaluated at fracture for
polymer melts

-shear stress evaluated at fracture for

polymer solutions

initial cone semi-angle

 cone semi-angles upstream of contraction

dimensionless contraction loss (the sum
of the viscous and inertial contributions)

dimiensionless contractlon loss, viscous
'contribution

dimensionless, contractlon loss, inertial
contrlbutlon

dimensionless contraction’ loss for
viscoelastic fluid,

1n1t1al cone semi-angle measured 1n
radians



