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L . 2
(1) . forced extension .

In flow of this type, the §hape of the material being
extended is forced by the operation being performed. For

example, the calender1ng where the materlal is forced to

conform to the shape of the ro]ler$ as it passes through them.

B , ??i) free extension
In Ylow of this type the shape of the extend1ng material
is Mot 1éoosed by the operations, and the material chooses
ts shape subject to internal constraints. More commonly
continu0us opefations involve this type of extension which
the material being extended has a lateral interface with a
, Tow-wiscosity substance or is in lateral contact with portions'
of the same materia] which are not undergoing extension. for
example, the first case is illustrated in F1gur€"(l -ta) for
so1nn1ng where the low-viscosity substance’ 1s air, and the |
latter case is illustrated in ngyre (I-1b) for extrusion of

li

polymer solutioné.

Since the,converg%ng flow is in the type of free extension Athe
experimental results of the converging flow may be similar or have apph—‘j
ca*1on to fiber sn1nn1ng and extrusion.

A]most all polymer extension flow problems of interest to the
rheologist involve free extens1on rather than forced extension. The
extens1ona] rheoTogy of po]ymer1c fluids has beeﬁ§E0n51dered by many

‘ investigators such as Balakrishnan and Gordon (4), Balmer (7), Cogswell
(13; 14), Denson‘(17). Kizior and Seyer .(29), Metzner and Metzner (31),

.ﬁurch (33) and Oliver (39) for various'types of free extension. These

studies jnclude information on the extension viscosity which is defined

L3
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as the axi

' ! ‘ oAt . . ’ -y
- " 5 5 Y
2 ‘ ' B - g%‘ L \ ‘v‘ e

or~normaJ stress in'flow direction divided by the extensiohalt

"‘:strain ate - Jhe. extenSion viscosity was reported to be as much as a.ﬁew

<.
orders 0 magnitude.greater than the shear visc051ty of the' po]ymeric :

O T U N

In the past 1itt1e attention has been devoted to quantitative
)

‘ measurements of the velocity profi]es of the exten51onai flows/and reiating

% .

or’ capillary tube and axial location along the direction of f]own The.

“revh

these veloc1t1es to’ the parameters such as f]ow rate. diameter of orifice

i

. \
major maJority of 1nvestigations of extensaonal f]ow haCE\been concerned

with the onset and prediction of flow instabilities ‘because 1n many polymer
proce551ng operations, the rate of production is limited by - the onset of '
flow 1nstabilities The studies of melt fracture which 1s the name .

N,

given to a gross distortion or waviness of extrudate defonnations that are -

[

~shown by polymer so]utions and melts f]ow through capiliaries or slits at

J
output above a certain critical value, were reported by many 1nvest1gators

such as Bagley (2), Ba]]enger et al (5), Barnett (8), Blyler and Hart (9),i4

_den Otter (15), Giesekus (18), Han (22), Hur]imann and Knappe (23),

: McIntire (30) Pearson and Pickup (40), Rama Murthy (43), Rothenberger,

'McCoy and Denn (44) Southern and Paul (45), Tomita and Shimbo (46),

Tordella (47 48), Vinogradov and Manin (50) and Nh1te (56). " Flow |
;

v1sualization techniques were tommonly used by a]most a]] of the 1nvest1~

gators In addition, Kase (28) theoreticaliy studied the stability of i

S

melt spinning and Petrie and Denn (41) have published rev1ew of the
instabi11t1es in polymer processing.
;- A
A technique of measuring the veloc1ty profiles of mo]ten poly-

mers during laminar flow was first -represented by den Otter (16)

-Veloc1ty profiles were measured for the fiom of some polymeric melts
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(low density polyethylene. two htgh density poly hylenes and A polydi-.,;‘
~f .
- methyl siloxane) through a rectangular sltt Th velocities were deter-

mined’ by measuring thé time needed for a particle t cover a_dlstance_o£___—

one millimeter with- a stopwatch The velocity rprofiles measured were " Mii

’in good agreement with those calculated from the flow 'rvesfmade‘byll
assum1ng a s1mple power law relat1onsh1p over the whole ‘hear rate range
. The' velocities were found to be zero at the wall in all cases_even during
“ { melt fracture for ‘ar low density polyethylene and a polydtmet‘yl 51loxane
.1*1 . " Metzner, et al (32)-stud1ed the kvnematfcs of a co.verg1ng
velocity field 1n Tlow from a large reservoyr nto a small ‘tube. The
velocity proftles were measuredfphbtographically-.ylusing small awl

bubbles as tracers More details of their 'study will be;discussed'i

/

.the. next sectlon B ' o oo ;o

Kanel (26) had studled the behavior of a viscoelastic flu1d'.r

in "f1ber sp1nn1ng" and "fano flows" ) "Flber sp1nn1ﬂg"'1s a techntque | \
where the naterral is forced through a die at low veloc1ty and is wound

up at hlgh velOC1ty at some pos1t1on downstream from the die. “Fano _’ \

flow" is a th1n column of flu1d created by 1mmers1ng one end of a ‘thin ;;'i\.

# glass tube in a reserv01r conta1n1ng polymer solutlon wh1le the other :

end is donnectéd to an evacuated vessel Nhen the level of thetflu1d

dropped well below thevtﬁbe end, a thrn column of flu1d would cont1nue to -

flow upward and through the tube : By takIng photographs of the

f, extens1onal fluld column and mak1ng d1ameter measurements, Kanel suggested
that the exten510nal flows were’character1zed by a hlstory parameter P -
(when P-l 1t was defined. as K-l model) when two flOws have the same

- value of the parameter P, they were seen to have the same deformatlon /
h1story over t1me 1ntervals dur1ng which they- cover the ‘same range of

1
f
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“*?Tﬁxféﬂsfah }aie' - Kenel $ (26) gata and ueinberger s l$4) data whlch Kenel
’ usee. 1nd1cated pnmarily a quadrattc dependence of veloclty on dlstance

lnto the fluig column in Fano and fiber spinnlng flows. However‘a l1near

L

B measure the veloc1ty f1eld fn converg1ng flow from ai

"1.2" ‘ Descr1pt1on of Converg1ng Flows of” V1scoelast1c Flulds S

I relationship which 1ndicated a,homogeneous steady extension was also noted

in several 1nstances ' The solu!nons tney used were different concen-~7' ’
tratlons of Separan AP-30 in a 50% glycerine - 50% water mlxture In v1ew -
of the generally hlgh flu1d viscos1t1es and the agsence hf s1gn1f1caht ' “

shearing due to the low viscosity of the surroundlng a1r,lKanel has assumed ‘

a flat velocity prof1le in his study ( LRI
-

Kase (27) analyzed the velocity fleld w1th1n a molten sp1nn1ng

1
thread by solv1ng the equations of cont1nu1ty and momentum for Newton1an L
Wl :

flu1ds; In solv1ng the equat1ons, the v1soc1ty was assumed known He::l;;

-’

i

i~ ,:‘-"f

obta1ned a solut1on for the ax1al velocity wh1ch was an ekponent1al l“‘,,.
funct1on of the ax1al locat1on NTth the Same reason as ment1oned above;fddt
Kase has also assumed a flat veloc1ty prof1le ;n h1s study - 'ff ﬁ }Tghv

Although the a%ove 1nvest¢gators have cons1deréd the veloclty

érofiles w1th1n thé extens1onal flow,'ondd

one of them (32) has measured
the velqclty prof1les darectly Thus the go&l\gf thlS study is. to '

irge reserV1or 1nto‘ .

a small cap1llary tube - These results may have dppllcatroﬂ'.outhe;frilq Yy

petroleum recovery schemes and polymer prbcessnng operatlons.f IR s

R S e R O

A cons1derable number of experlmental 1nvest1gat1ons have
reported on the qualltatlve behav1or of v1scoelast1c flu1ds such as molten '
polymer in cap1llary rheometers Results of theSe 1nvest1gat1ons have .s‘a

1nd1cate that at low flow rates, the mater1als show a full 180 conver-
/

| -gence wzth no ev1dence of secondary flow as a NewtonIan flu1d does (6 19 43)

-,./ . to- . »_' . . “

~

N



the corner regions, thetr sl‘jcf
32. 430
fluid is shown ih Figure (1-20 At very,high flowvra.

This velocity field of the converging ’f‘ W

fﬁviscoelastlc /,‘;g§
y breakdown of

‘ .ﬂf:

ftf'f ;‘F this entrance velocity field ocCurs' fﬂ 127,”'

,";!de The sink flow model has been used preViously to describe the ;a I
velocity field’within the central c0re for converging flow by Ueb]er (49) T

N
and Metzner. et al (32) In their work the velocity profiles Wlthln f/,aﬁ?

the central flow Core for 0 5% Separan AP 30 solution.twhich'flowed from/

- W’ B
‘[t' an 18" wide square reservoir into a 1. 48 in I. D tube, were measured Wl7h o
‘ flow nates of 457 915 and l372 cm /sect;; The extent of the ikntral core

:'-;m

L j as measured,by ¢ in rigure (I 2) was lO° to 15° from the eXtendedﬂce'ter-f'*'

line of the tube._. withiq!this region the stneamlines were straigh and_' St

- if extrapolated downstream from the t'?e entranée, converged toﬁ:'gpint 5
ﬁ"“:: j on the centerline of the tube Thus the flow kinematics of a Viscoelast1c,/,
fluid in this geometry was represented as that of a radial flow towards a’
o v1rtual pOint srnk located downstream from thwltube entrance on thefcenter-':“
lin of the tube Uebler s results showed that the radial component of
the flu1d veloc1ty w1thin*the central core was dependent only upon radial ;ﬁi

0 ¥ L

position, 7n other words *no shearTng~was present Tn that region

RN A

0 ,_-

!‘fz The lnitial cone semi~angle (¢ ) in Flgdre (I 2)’ which 15 .i:;lgii'

, defined as the angle formed‘by the line tangent to thh 0utermost stream- ,,dif-

I line at tne contraction. has‘been studied by Ballenger and white (6) and
Oliver and Bragg (36 37 38) Ballenger and white have measured the '

R Y

1nitial rone semi-angle for the flow of iow-denSIty polyethylene, poly- -

‘] styrene. and isotactic polypropylene at’lBO«C 1n«the reserv01r approach
1 R .

-
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: A' *to a cuﬂt "ary extrusion rheameter.1 In1t1a1 cone semi-anqje was related
'*ﬂ to the weissenberg number which is. defineg’gs the rat1o of | ‘the entrance

= L&

*’”:ppessure dnop to the cap111ary wall:hhear stress.__ Oliver 135 37 ‘38) .
‘ff{fiihas meaSur‘éfthe in1t1a1 cone. cemi-an§1e/for three °°"°e"t”at‘°"5 °f 0. 1”’fn’

5Q toz ET 597 so]ut1ons ﬁ‘q 1a1 cone semi-angle was relatedf

';-to the average ve1ocnty of flow thqugh 0r1f1ce and the rad1us of the L

c?:orifine Cone ang]es were stud1ed 1n a 3" W1de square reservoxr f1tted

'?;gﬁfwith df?ferent orifices of d1ameters 0 1 0.2, 0.5,70.95 and 1 27 cm, and }‘"

7'w1th ayerage veloc1t1es of f1ou through the or1f1ces from 7 to 800‘cm/sec

Even today the 1mportant aspect of thxs converg1ng ve]oclty

| f1e1d such as’ the defpendence of ax1a1 ve]oc1ty on ax1a1 locat1on 1s not i‘?

v,;'fully understood For example, the f]at veToc1ty prof11e assumed w1th1n o

hcthe central core by Metzner, et- a] (32) 1s suspect because o# the: h1gh

| "7}b'converg1ng f]ow of v1scoelast1c flu1d is of 1nterest 1n this study In

,::l;;hy a. 0 2% Separan AP3$0 solutJon flowed fromﬂa 2 64~cm w1de square -~ﬂi~wi3

Ly

ﬁ‘Therefore a deta11ed quantttat1ve study of the ve]oc1ty f1e1d of the

_?three d1fferent flow rates of 0. 1598 0 3196 and 0 6392 cm /sec

[

; ‘-5§viscos1ty of the c1rcu1at1ng reg1on whlch surrounds the centra] core4 .

e

fthe present study, the ve]oc1ty prof11es, the cone Sem1 ang]es, and some L

‘Lrhe01091ca1 propertves such as wall shear stress and stretch rate were

r;measured for the converg1ng f]ow fleld Th1s f]ow f1e1d was obtained

'breservo1r 1nto d1fferent\cap1llary tubes of I.D. 0 20 and 0. 30 cm w1th

l .
B

N
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CHAPTER II

"fll.T“ lntrodUC??on | | L S :@l'

v

'
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!

| As mentioned in Chapter I, only a few 1nvestlgators such as f.h‘
Metzner, et aT (32) KaneT (26) and Kase (27) had studied. the veloc1ty ’
profw]es w1th1n extens1onal flow The s1nk flow mode suggested by'
Metzner, et al is cons1dered f1rst to analyze the resuTts in th1s study
becauSe the type of converg1ng flow and polymer solutions used in the1r
study were nearTy the same as th1s study The emp1r1ca1 K-1 modeT
represented by Kane] for "Fano f]ow" and "f1ber sp1nn1ng", and the )
exponent1a1 decay mode] represented by Kase fort me]t sp1nning are aTSO
cons1dered because the shape of "Fano fTow" an& "melt sp1nn1ng" are very
swm11ar to the shepe of the centraT core in thws study Both of . these
are free exten510ns and have the d1amet:r of the f]u1d co]umn or core
decreaswng a]ong the d1rect1on of flow. : These three models will be
dTScussed separateT;.1n the fo]]ow1ng sectlons i_ , ‘f'i, _:( ‘

11.2 Slnk Flow ModeT o

The veToc1ty f1e1d within the centra] core can be analyzed empToy- :

ing a spherica] pgﬂar coord1nate system with 1ts or1gln Tocated “down- T

hal Y

stream on the center]1ne of. the cag11]ary tube at a po1nt “determined by
extend1ng the converg1ng streamlines to ‘intersection. D1stances upstream'
'of th1s OrTng are denoted by r* and the d1ameter of the cap11]ary tube
by D The coord1nate systems used for sink f]ow mode], in analySTS of

PN

the - ve]oc1ty f1e]d are shown 1n F1gure (II 1) L - \

{

4
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coordinate System. becomes,
‘f',*,‘f*z;,;,_'f(o) | L )
i, e = v o= 0 T )
‘. N ‘ ‘ . . . .
| where $ 1s the cone semi*ang1e. Vo and V¢ are the veiocity components in
spherical coord1nate system. Norma11zing the radial velocity (Vr*) w1th‘
respect to average ve]ocity (V) in the capwl]ary tube‘gmd radial posat1on
(r*) w1th respect to the capi!]ary tube diameter (D). and rep1aC1ng f(¢)yij
. by the. constant Q* (32 33) which is. proportional to the volumetr1c flow'¥;‘>

rate (Q) Egﬁﬁtion (II 1) can be wr1tten as:

(J‘f_)_: ..Q.:. (I:) e o " (11-3)
¥ YD \D o » ' ) P

Thenéforeaipn']ogarithmic coordinatesithe slope of plot ofvtne

d1mens1on1ess rad1a1 veloc1ty (v */V) versus the dlmens1on1ess rad1a1 T
pos1k1on coord1nate (r*/D). will ba equa1 to -2 if Equat1on (II 3) is ;;
. e g L B

Ih the study of‘Metzner,'et al, Equation (11-3) app]ied to the
i

' ~.centra1 reg;on(where the cone_sem1—ang1e was 1ess than or equal to 10°
1In th1s region, . Metzner, et al found that the ve10c1zi‘jyof11es at” '
severa1 axial locat1ons upstream were»nearly flat,

ik ‘ !

U ’ ) T
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g"tgking*photographs4yf th! quid column in Fano and fiber .
N spinning flows and makina,diameter meaSurements. Kanel (26) bend that
—— 4
the diameter of the- thread was often given by: 4 . ,iﬁ

Lotz . cz" I (n 4)
- aP | - |
\ : | - : I

in which Z is the axial position variable in a cylindrical coordinate

‘l|\

' system. d is the diameter of ‘the fluid column. and p Ws a parameter\

, When p=1, it 1s the K-] model. and Equation (11-4) can be wrtften as
/ . . : .
. LR cz- R (11-5Y

V : .' . ‘ X N ' ' ' . .
- N ConswderIng the converging flow through a capillany tube. the

-

%j#' 1 axial poSItIon (z) can be normallzed with respect to the. diameter of the .

cap:llghy.tube (D) Then Equatwon (II -5) becomes

e S
S . ’ a ' N . . R 'vll . I . : ,_“.‘.:"l X
R R (%)...‘,t Cz e (11-6)
. - . A l \ . - , _ . . s ] _ .
Figure (II -2) shows the coord1nate system used for K-] mode] 1n analysrs B
- . .WAW. 2 ~x.1 | "
IR 5? fhe?vé1OC1ty field of the converg1ng f1aw into a cap111any tube A

U _ae ‘From Equatlon (114 6) and the geometry in F1gure (11-2); one can express
,the slope of the tangent to the outermost streamllne at any axlal .

' ]ocatlon as; . .

ctamy = (G S
o -Cl A
= -m. '
w

’ il 2332 | . : "","_"-HI??)'
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Ac tho coacractm\ (D' 0), o»'hcms tht mtu} : . e-mﬂu (0,1 E
Ca and daoocoms t,he diamter of thc caoﬂ]ary tugb (D): Then, i .o g

e ' - ' } . Ly B v "
41" ) x ; ‘ " . B " : 4, "
. V_ X LK K c‘n . . ; S %:r.; .

'Y ot .
o7 (LR o r
1 ! w . ’ '- o \%.” co ol W . 2 . - i
& ) b - ’ e \ e e
' . R [N . . ; . | ) R =
: e % ,W o

- EQuation (u ?) shows that on logaritmq coordinates the slope of a " &

| ‘plot of the #angent of’ the cm Semi-angle. versus the diameter of cﬁxthﬁ
~ . . T B
core (d) will be !Quﬂ to +2. *r.r. ’ T o ﬁ

Med on the flat velocity profﬂe ﬁsunption by Kanel;‘the

vo‘lumetric flow rate (Q) can bow,ittenf: I N ’
!s- . . ¥ Tos, ;
v . ’ ... ’ 'dz , ’ ' ‘lh ’ N .' , ? ‘,i \-."-4 )
S | (—;—) Q.a ( ) V. . (n-s) Q

v ' ‘ B
Substitlting Equdtwn (II«eS) into Equati& (11-9). aﬂ r%ngfny I

.}{.

“ - (f"“O) X

o 'l'hen, exganding Equatwon (II 10) 1n tbe form as:

L Ne w2 .2 o
T Ve - ‘,“,9;.[51 ([z,') - 472G,C (%) + 61
. ) . '.1 'Lo ) 3 /\ .dv > - ' ﬁ _:‘ . T
- —WhllfmwmmeWthﬁﬂ’“ e
' - . locatioh (32, 33). but this Equatlon is valid only for flat A ‘ . i

veloc1£y profﬂe More formal 1y. the vo]umetric ‘flow rate (Q)«cm be ' ‘2» -
‘ d/2 : . o A A
'Q - f; Zj {q Y.l dr SR ] P €11-12) . B

«

ivhe\‘e ris theaqadia'l coordinate in cylihdricﬂ coordinate sys‘temq/ C ey

i shown in Figure (I1-2). ' If the veloc1ty profile is not flat the axial ’ .
o S . . A

velocit;y (vz) " is a functlon of the radial 'location (r) and the dcpend~ ' D

ence .(cf 11-9) is no longer on d°.
. .

Therefore Equatmns (;1-10) and. (11-11)
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~ '

-are no longer quadratics. . However it is still of interest to test
whether a quadratlc dependence on aX16] locatron gives a reasonable fit

and an equation §imilar to (- ]]) w111 be assumed such that:
: Vel N .
’ ' : SRR z ' 1212 )
. V2,¢ - K R (5) oK ()t . (II@
' ’ U o ‘ - I
: The parameters Ky, K, and X3 can be found from the least square fit of

the cente%]ine velocity data.

cdordinate (z) ehows the 11near re]at1onsh1p of the d1mens1on]ess axial ~

_ K\J. S
] Vz z,¢ = (.62) + (11-14) !
¢ 11.4 Exponential Depay Mode ) ' . i . v
. ) i < ) . ’ - ‘ - _‘. -
The velocity, field within a melt spinning was anafyzed by .
» .
: Kase (27) by so]v1ng the Nav1er Stokes equations w1th the following .

' assumbtlons (i) steady state; (11) constant dens1ty, (iii) axial

" symmetny both in temperature and veloc1ty f1e]d' (iv) neg1igib13<f:?v1ty.- g

force; (v) negligible inertia. forces, zv1 a know temperature pro 1e

o Nlth the above assumpt1ons, the v1scos1ty was assumed known and was g1ven

by the expressions: C : B . -

a

’
. i

woo= o e® (14 erd) e e sy
where z and r are distances in cylindrical coondinates Subst1tut1?g th1s -
viscosity into the Nav1er Stokes equatlons, a-solution of the axial ve]oc1ty

[.
(VZ) have the expression:
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« ' ‘ ' ' "
Yo e” z(1+a2 r2+au,r4tae "6*-3--) (11-16)

-
"

I . o ’ -
where Vo is assumed inoependent of r.

The results of Kase showed thae'the ve]ocity prof11e across
the thread in any ‘melt sp1nn1ng could be assumed to be flat In view of
'the generally high fluid v1sc051t1es and the absence of s1gn1ficant |
shearing, due to the Tow v1scos1ty of the surround1ng a1r, it would seem
to be a reasonab]e assumption.  In other words, it is reasonab]e to say
that the va]ues of a5, a,, ag .... are very sma]] compared with unity.
Therefore Ebuat1on (11-16) can be written as:

Ve e®'2 o )
Although the four parameters V , o", u_and 8 in Equation (II-15) ahd
3(11-16) are functions of axiaT*position (z), they.cah safely be aesumed
‘to be constants by Kase in his study (27). | /
Considering the converg1ng flow through a cap111ary tube, the |

axialvpostt1on (z) can be normalized with respect to the d1ameter of the

capillary tube (D). Then Equetion (I1-17) becomes:-
o ' a(3) - )

v, = v e*p _ - (11-18)
Equation (II-18)—shows that on semi+logarithmic.coordinates} a plot of
the'axial velocity (VZ) versus the d1mens1on1ess ax1a1 Tocation ( =)

N]]] be a stra1ght line with slope equal to « and 1ntercept at ﬁ- = 0

equal to V

!
f



: ' .}‘

¢

. L
Differentiation of Equation (I¥-18) wfth,respect to axial

!

posit1on (z). yie]ds _
‘ z
1 a(5)

h v "=" v % e "'.". S '“'"."' oo o TEr T ‘(II’-Tg)‘

2,2 0

Equation (I11-19) shdws that the stretch rate\is an exponential function '
. Lot : I} . PR

'qf the dimension]ess axia1-1ocation (ﬁ)

These three models w1]1 be used to analyze the resu]ts in th1s
¥,

study and will be d1scussed 1n Chapter IV "

- \ ]
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: CHAPTER 111
o EXPERIMENTAL _QUIPMENT AND PROCEDURE »
! : !
P ' ' ' : : ] . ‘
- B Exper1menta4 Apparatus—»w———«~~wme_;4»~m~f»~w+~~—m5¢~—~»~ﬁﬂﬂ»¢
_III.T—T Entrance Region B i S |
<l A reservo1r of 2.64 cm - 1nterna1 w1dth and 25 40 cm Tength was "
used as the entrance reg1on The }nternal lendth df the reservoir L

!
assured that the velocity d1str1but1on was fu]]y deve]oped prior to the

locat1on of the pressure tap wh1ch was Tocated 10.20 cm from the

H B

'anod1zed a]um1n;um end pfate of the reservo1r The reservoir. was con-

i

‘§tructed of 2. 54 cm’ th1ck transparent lucite pTate 1n order to aTlow for

~ flow v1sua11zat1on L L .y w.”f A
o

Shown in F1gure (I11- 1) is the dev1ce for hon1ng the caplTTary

tubes in place at the end of the reservoir.’ ; This hon1ng dev1ce was g

3

capab]e of w1thstand1ng max1mum pressure of approx1mate1y 4 0 X 106 '

dynes/cm in the reservoir. 5

111.142 Cap1]1ary Jubes = o |
Two glass. cap111ary tubes with I D of 0 20 and 0. 30 cm i | , :T

0. 09076 cm were used in th1s study. The cap1]1ary tubes were manu.- n L

factured by F1scher POrter . The ]ength to d1ameter rattos (L/D) for

the two capillary tubes were 54, 96 and 55 04 for I. D of 0. 20 and 0. 30 cm

- !
. !

respect1ve]y

111.1-3  Flow System . RN «
| '.Anllnstron (ModeTTTT-BM)Fand a stafniessAsteeT hydraulic. -
cylinder pf approximately 15.60'cn'I;D. were used tpxprovide a:cpnsfant .
flow rate of;the poTymer-sdTution.t'lThe calibration for the‘Instrdn:‘i »
B I | . R e

8

P



-

‘Amﬂum,uwu.. Eouw. ..mu:w«w.v_ s

P

'SM3YDS 13§ NITWV Y04

31Iv1d GN3 WNNIWNY,
- . . vuw Al

Lot -

: ¥34dOLS Y3a8nY
D T EEE L

N

,_‘/'

= . A4
I0H

-

_30IA30 ONIGIOH

-~

N

Y <& Lusswi | NOWd3L

e
£,

N
%

R ¢ |
J T M10A¥ESAY / :

.7 .« -
¢ .

AQVTIIAYD

IFIII S¥ROTd

o

%



. e I R R AT A R R L i o e T I e s
. ) g . T SRR e : IR
T . , R Ly f B DI e .. . . .
EENEN oo o . . . . . , X L . . o . . o
P . . . . . - ' DU K ' N . P P
o Ll e Lo . LT 1 . LT N ! 2’ e .
v P . ;. R . T e Lo [ e [
' oy - Lo ‘. o \ N R Lo 0 ) oo $ . . * R
B . . " A [ .. . RIS . : N . " L i i s . : " +
. L . . \ f . ,

, v,\;
'ﬁ-given-dn Appendix A revealed that the flow rates calculated from»knbwledge

‘ f:of the InstrOn speed and the volumetr1cally measured flow rates were w1th1n

5,".

;AO 5% of each other fe"jff‘ ,4,’ i - f‘ - f ;li 1>‘ll ' d,“}--;'i\fi'

‘ Nhen the p1ston was 1n its lowest posit1on (the cyl1nder was
nearly empty)& there was st1ll a clearance or space between the p1ston and
.:the bottom of the cylinder | Before the Cyl1nder was: f1lled w1th polymer 11‘
3 solut1on, a vaCuum pump was used to ellminate a1r whﬂch would be trapped

'Just below the p1ston ' The a1r and any res1dual polymer solut:on in the -

_z‘space was. drawn out by”a/vacuum pump 1nto a flask I The polymer solut1on ‘

¥ was then sucked/,nto the cyl1nder by mov1ng the p1ston upward when the .f s

>‘p1ston was in 1ts h1ghest pos1t1on (the cyl1nder was full of pblymer

,-'

' ‘.solut1on). it would stop’automat1cally Th1s procedure was repeated

each tlme for ref1lling the cyl1nder, ’ig~”'”
Cnie f Exper“imen‘ta_l'ra.t’ﬁ-a e R

III;Z-l Exper1mental Flu1d -
~ﬂf /;A The Exper1mental flu1d was a 0 2% aqueous solut1on of Separan','

AP-30. Separan AP 30 1s a partlally hydrol1zed polyacrylam1de w1th

"'-molecular?wmght between 2 and 3 x lO and was suppl1ed by the Dow

B Chem1cal Company The rheolog1cal propertles of the polymer solut1on'cljhﬁf*

are glven 1n Append1x B Af".': ERR y'7 f"'f"ZV__l R

ST N ! WA e L

| A small amount oﬁ sod1um b1carbonate was, added to. the polymerf}r}f
solut1on 1n order to protect 1t from bacter1al degradat1on Also, the.“."
'.polymer so]ut1on was used only once to ensure that the propert1es did

f not . change from run. to run ow1ng to mechan1cal degradat1on

BRIEE
/

N



III 2-2 Tracer Partic1e$

Aluminium metal dUSt, manufactured by J T Baker Chemical Co ,. :

Lot ndmber 2347 was used as tracer. Approximate]y 1 c. c of these '

polymer So1ut10n ' To preVent the partm;]es from adherlng to each other,‘*t

,.4’;; they were djspersed w1th a g]ass rod in a sma]] quant1ty of water s

oy

'11,1.3‘-‘1 R -o'p'ti'c‘a1 Syste'in‘

.-‘

:',aii' | J L1ght Sounce

‘w~4cedures of adJustTng those mlrrors are shown 1n “Introduct1ons fqr

f and a photographac assembly are shown 1n F1gure (III 2)

(approx1mate1y lc.c ) before m1x1ng w1th the po]ymer so]ut1om :

III 3 _ Photograph1c Technaques

. \“. (:I ’v‘ " . [" v~ Le L

i

5 l ‘ ‘
» The ma1n features of the opt1ca1 system wh1ch cons1sted of

1

a l1ght source. a converg1ng ]ens a rotat1ng chopplng d1$c a reservo1r,

L

' L

,The 11ght source used 1n th1s study was a CHRISTIE xenon -

x’hlf’arc-ﬂamp,wh1ch operated from a three phase CHRISTIE 51l1con rect1f1er
"v:.?f;unlt with’ a max1mum output of 3300 watts D. C at 100 amps‘_ The set of : : fi
“'dacohverg1ng mirrors 1n the lamphouse (Mode] B$F 50) were adJusted to’ I:?F,";tff‘
;11d1rect the llght beam wlth 1ts max1mUm br!ghtness and 11ght gn1form1ty )

’5f:through a narrow s]1t 1ocated on the wa]] of the reservo1r The pro-

‘igéXENOLITE BSF Serles Xenon Lamphouse-. An adJustable hor}zontal sl1t
ip]aced Immediately in front of the lamphouse ]ens, resu1ted rn a 11ght

. _t{;beam wh1ch was less in th1ckness than the s]1ts on the chopp1ng dlsc but oo

wlder than the approx1mate1y 0 41 mm w1de sl1t on the wa]] of the

reservo1r R el e ey P

. \._':AA T
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b. . ‘Chopping"Di‘sc o ! . i

I VU O 00}

‘ ‘”-f&"z': _‘ | o | A paper d1sc ‘with 20 equal rad1a1 sh»ts and spdkes was S
- clamped between two transp‘r’/t 1ucite discs’ of 44 6 cm d1ameter Tms -
' choppmg dlsc {was located perpendu:u]ar to the- hght beam w1th 1ts\center
in-the p]ane of the hght beam The disc was dr1ven by a vamab]e speed
dmve 1n order to aHow ‘the t1me mterval '(the t1me for the slvt to cut
the beam of 11ght) to be adjusted to a. de51red va]ue | It 1s ev1dent i
| that h1gher f]ow rates requ1red hlgher rotatwna] speed in. order to
obtam reasonable 1engths of. streaks The rotatmna'l speed 'of. the |
c‘pmg dlSC was measured by a stroboscope Type 7&31-11 STROBOTAC

Tab’le (III 'l) 'I1sts the/ R P M. of the chopping d1sc used

_ accordmg to dlfferent capﬂlarywubes and f]ow rates. C . R S

’
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beam, was secured to Setco’ Bu11ding B]ocks.:

&
be moved in planes para11e1 and perpend1cu1ar to the light beam. ‘

2 73 respect1ve1y

" ‘“ : ..V:"v" L .‘ v‘ ot ._.,, ‘.m\‘,: - . “, R ‘,".:,,;.b".i.‘,« ;F!"
e T o e
w . [N ' 27
. . LT s '
wfh;. | Photographic Assembly . ‘ M
= _ L A Miranda 35, mm camera, located perpendiculan to the 1lght

This a11owed the camera to

Tri-x film with ASA speed -of ‘400 was used.,

Three’

/ extens1on tubes, A B. C were used with a 1 2 8/]05 o lens and the

’ resu1t1ng real magn1f}cat1ons on the fi?m were approximate1y 0 73, 2.18,

Approxi-

mate exposure times and apertures wﬂ1ch were used in this study for each

d1fferent extension ‘tube’ are 11sted in Tab1e (111- 2)

'>>1

]

TABLE (III 2)

,

g

EXPOSURE TIMES AND APERTURES ;&'

Extension Tube' - | ' Exposie Time . -Aperturé
. used . (sec) ~ ‘ .
A 8 R
B . ©o25 f 2.8
o a0 i f 2. 8 T
,. \ :

~.

. \\\~
N

The exposure,tlmes 11s£ed in Tab]e (III 2) were - approx1mate1y o

the maximum ei%osure t1mes before background 11ght wou]d cgg§§_]oss of

contrast or-overexposure of the film.

Therefore. actua] uuposure'l:mes’A

were somet1mes shorter than the values listed in Table (III- 2), and were

' dependent ON'how mucw tlme was necessary unt1] a few r1ght_part1c1es

passed through the f1e]d of view.

iy



d.' : Reservoﬂs

L

‘lfp 20 om I D. cap111ary tube at a 1owest flow ratg,of 0. 1598 dm3/sec

. " To minim1ze reflections and aid 1n providing as much contrast
as pod&ib]e for photographing §he streaks. the reservoir was painted black
1nside except for the 1ight s]its on_the siae and the top camera viewing
areo. Also. the ‘portion of the&capillary tube outside the reservoir was

| covered by putting 7 sheet of b?ack paper in fromt of.! 1 During‘gp
experimental .rin the room was in tota] danknes&

. The upstream end of the oppi]1ary tube was made to project

. s]ight]y 1nto the upstream reserv01r, S0 that the deta11ed ve!oC1ty field

- cou1d be. stud1ed photographica]ly very npar the cap111ary tube entry

,without the walls of the reservoir obscurung the view. The length of
_the cab111ary tubes protrud1ng lnﬁi,the reservoir from the end plate were
approrimately 0.30 and 0.20 em for tube I. D of 0.20 and 0. 30 cm

- ‘“. . !

respect1ve1y - L e

Ii1;3f2 Streak‘Photographs SR | o "‘,
| v Overtl 000 photographs were taken for three different flow 3
‘rates w1th each capl]]ary tube. Typ1¢a1 streak phbtographs are shown
* 4n ngures (III 3) (III~4) and’ (!II 5)
. The flow field shown in Figure (I11- 3). s obta1neg w1th the
0. 20 tm I D. cap111ary tube at the largest flow rate of 0. 2?92 cm /sec
(flow moV1ng from bottom to top) for wh1ch the Neloc1ty profiles were
measured The f1lm exposure time was 8 sec. and the extensvon tope A
{;was'use& he t1me 1nterva1 for a streak was 0.00787 sec. This f1gure
shous the typlca% wine glass shaped core surrounded by large eddies.

. vamm——
The flow field shown in Figure (III~4), was obta1ned with the

-



F'fgumi.‘.n'x-s L,-Stri?k_ Photogr?ph. 0.20 c?l;.D. - T -
= Q= 06392 o /sec, Extension Fybe A L.L



- FIGURE I1I-4

o 1

Streak Photograph, 0.20 cm 1.D.,
Q= 0.1598 cm3/séc. Extension Tub

4

i
e C




FIGURE III-5° . Streak Photograph, 0.30 cm I.D.

Q= 0.1598 cm3/sec, Extension Tube B

f
/
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(f]ow mov1ng from bottom to- top) " The film expdsure'time'was 30 sec and

,,fhg exten51on tube C was used. ' The time interval for a streak Wwas 0. 00987 |

- Sec.: The flow fTeId shown‘Tn'F1gure (I111-5) was obta1ned with the-0.30 cm o

I. D cap1l]ary tube at a2 lowest flow rate of 0.1598 cp /sec (flow mov1ng

from bottom to top).  THe film exposure time was 25 sec and the extension

tube B was used. The t1me 1ntervaI for a streak was 0.0429 sec. .Those

two f1guresshow a better view of the velocity f1e1d very near to the

tube entry than Figure (111- 3). ' ' _ | ‘
Using severa] photographs s1m11ar to those illustrated by the

f1gures, the stream]1nes and the ax1a1 velocity d1str1but1ons were deter-

mined for several flow rates.

111.3-3  ‘Analysis of Streak Photographs

a. " Local Axial Velocity Measurements

i

| A Bell & HoweII prOJector (HodeI 745C) was usedlto project o

the photoaraph negatives on graph paper wh1ch was graduated in 0.10

inch dav1s1ons The streaks‘here traced drrectIy onto the graph paper &

| For exampIe con51der the data obta1ned for the 0. 30 cm I.D. cap111ary

tube and‘for a flow rate of 0. 3196 cm’ /sec Figure (III—6) iIIustrates

how,streaks wou]d Iook as: traced onto the graph paper. F19ure (III 6)

/
is in- sca]e w1th respect to the tube diameter except the streaks of

' streamI1ne number*IJ, wh1ch has beed'1nc]uded to iIIustrate a streak
close to the outermost stream]fne In th1s examp]e, the actua]fmagn1f1-
cat1on used on the graph paper was 49, 8 Know1ng the maqn1f1cat1on apd
the t1me 1nterva] these streak Iengths were codverted 1nto velocities
a]ong the streamhnesI AIthough not prec1se1y the ax1aI or "z"
veloe1ty‘the small coneyang]es,resulted in only small d1fference between
axial and measured velocity. d Therefore, these measured velocitied can

Y ' 3 I



, R
[ . : Ty R
be reasonany assumed as the ax1a1 veIoc1t1es aII through this study ,Q
Then. S ,f | S o B
SRR V;. =—1_s_L__ - - e, WLy
‘ : b M.t , o | S
where-"AL s length of streak, cm
, N VZ : ;.‘ axial velocity, cm/sec .
/ M= magn1f1cat1on of the streaks on the graph paper ,
‘ w), sec ' 7 '/l P 5 :
7%h" = number of slits and spokes on the chopp1ng d1sc. v
5/4// Iw y | ‘number of revloutions per m1nute, R.P.M. |
/ _ A “ .
A samg]e{ca]cuIation will be shown In Appendix‘F S : 'L o Ty
| To mlxhnnze the error due to the half- shadow at the beg1nn1ng ;ﬁ{g_;

and the end of - every I1ght per1od and é%so the error due to f1n1te/

i

part1c1e size, nearly all the streak lengths were measured from Iead1ng

edge‘tolleading edge of the part%cles Near the entry and close to' the
center]1ne of the cap1IIary tube where the. streaks here the Iongest th1s

L

..? was not aIways poss1bIe : o
i The resuIt1ng veIoc1t1es as a funct1bnbof d1stance from the l I;
entrance are pIotted 1n Flgure (III 7) for the strean‘:nes correspond1ng
to those in F1gure (III 6). The 5011d {1nes in. F1gurew(III-7) are the -f

eye- f1t Tines to the data and wh1ch have been extrapo]ated to est1mate

/ wvelocity r1ght at the contractlon g ' ‘ ’( !
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FIGURE 111-7

TYP!CAL Axm. VELDCITY Poswxon DATA

' *Q - o 3196 cm /sec '
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b, ) o Cone Angﬂe Measurements \\Er Lo ,?;3 -f‘f? }uib‘,‘n -

|". ! . S

outermost streamIine that enters 1nto thercap1]1ary tube - This stream-'~"
e

//";}ne however. was not prec1se1y determlnabIe for a]I of the exper1menta1

Y

I

' runs For examp]e,-1n F1gure (III 6), 1t 1s d1ff1cu1t to teIL whether

o the streamllne number II 1s exact]y the outennost stream11ne df the flow

that enter 1nto the cap111ary tube or,not » By us1ng stream11ne number d'-

/ v
,:‘ ’_l

II however the 1n1t1a1 cone ang]e was est1mated to be. 6:2° - ~"h"_«i

{

- C. * D1scuss1on of Error

C ;" oo In determ1nat1on of the veloc1ty d1str1bution there were
R ¢ ' '
N severa] sources of error assoc1ated w1th the prOJect1on techn1que

1

' *a S P e

~(i) f~At speeds of the chopp1ng d1sc be]ow IIO R, P M th .

) Speeds couId on]y be measured by means of mu1t1p1e images

.'us1ng a stroboscope Repeat/read1ngs gave dev1at1ons as h t

B 'HIarge as + 2% from the average ‘.?'jﬁ‘ - a.v‘5ffh;7,

. )
,(if)_sz-USIHQ,the prOJect1on techn1que 1t is 1mportant to know -

5ffhow accUrater the streaks couﬂd be Iocated w1th respect

T o the center11ne of the cap111ary tube Th1s is because '.b :

-
-for each veloc1ty proftIe, the data po1ntsfwere measured
t
”from seVeraI separate photographs There were two methods

-used to Iocate the center]1ne of the cap1]]ary tube on the
: i
graph paper depend1ng on wh1ch extens1on tube was bEIHQ used

The cone angles at the contract1on and upstream of thg‘ﬂ':;fgﬁ

e contractlon, are defined -as the angle formed by the\Ilne tangent to the L

- For photographs taken by extens1on tubes B and C where the o

, waIIs of the reservo1r could not be seen, the center11ne Of
N .

. . ! ._: ' ' h ‘ . 1 i . .'_‘ : 3 - s . )
1 ‘ . . . l .
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the cap111ary tube was determ1ned by measur1ng ha]f way

between—the—two‘v1s1b1e~outSTde—walls'of the cap1||ary tube-'h“

y -

I E

: d1scussed 1n Sect1on III 4 25 perfect symmetry was not

M"$tf. graphs were taken by extens1on tubes A an 8. The axiall ",

- ve1oc1ty prof1Tes are shown in F19ure (IV 2), and 1t can be

B » were 31W3¥$~1¢55 than,the,calabrated flow rateyby‘about 6%.

'By know1ng the outs1de d1ameter,of the cap111ary tube. the
magn1f1cat1on of the photograph project onto the graph paper‘-

cou]d a]so be found For photographs taken by extens1on
i W

h tube A where the wa]]s of the reservo1r could be seen, the

{
center]ine of the cap11]ary tube was determ1ned by f1nd1ng

‘ the center between the two reservo1r wa]]s The magn1f1- 3 4'“.'4

cat1on 1n -this case couid a]so be found by know1ng the out-
s1de dlamter of’ the caplllary tube or, a]ternat1ve1y, from ) -

the known 1ns1de w1dth o the reservo1r

A]though the cap111ary tube was 1ocated fol]ow1ng the

¥

procedure of center1ng of caplllary tube wh1ch w11l be

‘ a]ways ach1eved 1n the ve]oc1ty prof1]és because of non- L

' un1form1ty in the waI] th1ckness of the tubes Th1s wou]d

also cause an error 1n¢$st1matlon of magn1f1cat1on ' For"

' examp1e, conSIder data for the 0. 30 cm I. D cap1]1ary tube

ati the. hlghest f]ow rate 0 6392 cm /sec for wh1ch the photo-

seen that the 1ocaf ve]oc1t1es on the r1ght of the cehter are
omewhat h1gher than those on’ the left Also the experl-""
mental flow rates\wh1ch were ca]cu]ated from the areas under

the Curves of plot V versus. r2 at dlfferent ax1a1 pos1t1onsf}
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' '; . - - . e ‘ 38 ’ . ‘v ; \

o ;(jiilm_ Due tO hazy beginnlng and end of the streaks, there is-an- »;~;w

'error 1n measurement of the length of the streaks This

/

Lo is more sign1f1cant for short streaks than the 1ong streaks .
The rotatlonaI speed of the chopp1ng d1sc was chosen to have |
most accuracy for’ streaks near the entry of the cap111ary

t’, tube ‘ Therefore, streaks at locat1ons flrther upstream
were somet1mes too short to measure with h1dh accuracy A;’
good examp]e for th1s cise is for the 0. 20 cm: I D cap11]ary -./
tube at a f]ow rate of 0. 6392 cm /sec and at an ax1a1 ’
-location equa] to three ‘be d1ameters (z/D 3) which. was
the furthest upstream ve]oc1ty prof11e measured | Here an’

‘. Ierror of 12% between the exper1menta1 flow rate and the

ca11brated f]ow rate was found 3 , a. B

(iv){ | S1nce the depth of f1e1d of the camera was a]ways greater
o '__ than the depth of the beam of 11ght, it was not possqb]e to .
"'_ d1st1nqu1sh whether the a]um1n1um dust part1cles were at the o

top of the beam of 11ght (nearest to the camera), or at the

v bottom of the beam of 11ght or at any 1ntermed1ate p]ane
lytpg w1th1n these 11m1ts Thus, the stream]wnes on theh,.
photographs were not necewsar11y in the p#‘he of the center~ RS
lihe of the cap111ary tube L The. ]arger the ve]oc1ty .
gradlent the 1arger the poss1ble error Assumtng the o

a]um1n1um dust part1c1es are random1y d1str1buted on the ’

..axi o fluwd th1s wou]d cause a random scatter in the data.
< :

[ . .

L b



»;fffvdfffif§1neefthe:neasured~length:ofestreaksiwére~hot act3a11y~the“*"“'* e

dwstance trbtglled in the z d1rect1pn, the 1ocal veloc1ties

‘ .
. reported are Mot V but (V 4+ Vr )lﬁ This error becomes

'more s1gn1f1cant when the ang]e between the streak and the
center11ne of the cap1]1ary tube becomes larger Cons1der1ng [
srthe worst case ‘in th!s study, for the.0.30 ch I. D cap11]ary J’ ‘\\;

tube at 10west f]ow rate and at axia] ]ocat1on equa] ‘to two

[

- 2

.’drameters (z/D_ 2), the der1vat1on of (VZ + V,. )5 from V
was less than 10%. While at h1gher flow dgate and at axial
_]ocat1on near the. entry of the cap111ary tube, this

. derlvat1on was a]ways neg11g1b1ea Therefore, no d1st1nct1on )

{

'?15 made between V 'and (V + Ve )% in this study o btl
[11.4 . - Procedure -
i nn.aa "Preparation-of‘Polymer Soiution\ ; ,t;,-. o ,
‘i | To prepare the 0. 2 (by'weight) Separan AP-30 So1ut1on a !
ta1n1ess stee1 tank was f11]ed w1th 300 ]bs (136 Kg. ) tap water and o qﬁwi
,l272 1vgm of so]ute The sa]ute was added s]ow]y to the- water S0 as to
_ensure that the. powder was wetted w1thout format1on of 1a;ge lumps and
4entra1ned bubbles At the same t1me, ‘a mixer ag1tated the so]ut1on very. - -
- gently to avoxd mechan1ca1 degradat1on and cont1nued to do SO for a '
5,,Perlod Ofaepprox1mate1y 10 hours' after the final amount of solute was ‘ V'
added tofthe soTution . The solution was then left unsheared overn1ght : o
The spec1f1c grav1ty of the po]ymer 'solution determ1ned for a fresh '

solutlon at 23°C, was 0. 9984
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~111.4-2 Centering of CapiTTary Tube -

$1nce the waTT thlckness of each capillary tube was not -

%

uniform 1t was necessary to center each caplTTary tube so that the center' .
i i .

of the capw]]ary tube and the centerabf the light beam were on. the same .

v hor1zonta1 plane, o L ;wﬂw; ~~3f _;_*T_ﬁﬂww-u. S A
-_____—_——w~wf—~"‘Tﬁ“'empty reservo1r was ‘first adJusted so that 1t was in
a hor1zonta] pTaﬁs : The cap111ar¥ tube was _then inserted into the PR

: hon1ng dev1ce wh1ch was attached to the end p]ate of the reservo1r‘
', The Tight source was turned on-and the room T1ghts were,turned of f.: Lo
" The: T1ght beam was then. c]early v151b1e aga1nst the a1um1n1um end wal]
;of the reservo1r and’ the slide of the reservo1r opp051te ‘the side where
_Jh the adJustable sT1t was attached : By adJustlng the level of the T1ght
.source a pTane passing through the center of the 11ght beam was 1n 11ne
with a p]ane pas§1ng through an etched mark Tocated on both s1des of the‘ | !
reservo1r , These etched marks represented a pTane pass1ng through the . . | ’
center of the ho]e in the alumimium end plate where the cap1;1ary tube .
'was to be 1qcated. The-cap1ﬂ1ary tube was‘rotated by hand until the
center of the beam of l1ght and the center of the cap1]1ary tube were:.
o udged by eye to' be in the same plane. '
III.4;3 Focus1ng on the Center of the Cap111ary Tube |
: L }

To focus on the center of the cap11]ary tube a w1re

i

sharpened to a point on the end and hav1ng a d1ameter approx1mate1y *

;nequal to the “inside diameter of the cap111ary tube, was 1nserted into
‘the tube until the end of ‘it bfotruded 1nto the reservoir.  The light
source was then turned on and the shadow of the: wire was c]ear]y visible

against the side of_the reservoir oppos1te the s1de where the adJustabTe.T

I ( : o Cod



: . B Shy Lo
T T "W' e R T e e

{

Vo ; > & e :
' siit was*attached. The wire was rotated slow]y by hand unt11 the shadow

of the tip of the wire on the side of the reservorr was Judged by eye to :

' be in the cemter plane of the Yight - beam, 1h_gther/words, in the center T

'/——0'
et e T TR

___ﬂ____ﬁ_nlaneaoﬁ-the—cap11Iary tube " The camera wa§ then facused onto the

-*-7'; 11?um1nated tip of the wire. _,' - e - . .

¢

‘ S1nce the. depth of fie]d of the camera was greater than the
I
“““‘““”1m1cknesswnsthe7++ght~beemT—all alum1n1um part1c]es w1th1n the beam 5.

&

th1ckness were 111um1nated and recorded on the fllm
! .

| ~III.444 . Data Co]]ect1on of Veloc1ty Proflles

Measurement of the ve]oc1ty prof11es for the 0. 2% WEIth

solut1on of,Separan AP 30 was discussed 1n the prev1ous sect1ons of thi

,fi

chapter The results are tabu]ated in Append1x C
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,/»~\ fTow rate chosen 1n th1s study so as to measure the veloc1ty prof11es

- field for stab]e cond1t1ons is measured in th1s study. The' highest

' CEntra] cord of the converging f1ow

L .. “CHAPTER IV - | ,

'. | \Rts‘ums AN‘D DISCUSSIONS o
o ‘. . 5 . . I o ' "

- Since the unstab1e ve1oc1ty f1e1d of the convergvng flow bf

, v1scoe1ast1c fluid is nEarly 1mposswble to measure, .only the ve]oc1ty

within the central cord under- séab]e condltions is 0.6392 cm /sec for
both caplllary tubes. A]though the cr1t1ca1 flow rates for the break-
down_of "the . entrance ve]oc1ty flelds for d1fferent caplllary‘tubes
*-estimated by Catanza (10) was approx1mate1y 0. 318 cm /sec for ao0.2 cm

cap111ary tube, the ve]oc1ty f1e]d at 0.6392 cm /sec for 0. 2 am. I.D.

) caplllary tube is observed to be stable in th1s study In th1s study,

‘the ax1a1 ve]oc1ty profiles at d1Tferent 1ocat1ons upstream of the ,
o
contract1on were measured for three d1fferent f1ow rates of 0. 6392 i

0 3T96 0. 1598 cm /sec for both cap111ary tubes - In add1t1on, the

in1t1a] cone semi- angles and the upstreatc:one sem1-angles .E‘e measured '

so as to pre!ent a comp]ete descr:pt1on of the fﬂow f1e in the
b L. ) IR o
va Axia‘]-Ve]ocit& Profiles Ce

| Tab]e (Iv-1) shows the flow rates and’ the d1mens1on1ess
loeetlons upstream of the contract1on where veloc\ty prof1les were

measu‘Fd As 1nd1cated by the table the ve]oc1ty proflles werb measured

in the reg1on very c]ose to the contraction. This red1on is of
particu¥ar 1nterest because‘1t has.been-reallzed that the distortion of

| ‘emerging extrudates may be closely related to the flow in this region.

[ o : . . .o »
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. Flow Rates and Axial Locations for Velocit} Profile§ Measured

: ‘ \

SRR - TABLE Jv-1 ]

4 i

S

) R
Ve - 0
’ ‘
Y
. ., e

e

Flow Rate

I'D' . 1.

(cm)

B S

Axial Loc'at_'ion'czyb) -
(N9, of Diametgr)

* v

" 0.20,

L&
-
n
R

@ 0.1598

M !

G ‘3.0

0.0*
10
s

2.0 ;
T 0.0%,

-

1.0
2.0,

[ 3

3.0
OV:O".' N

1.0
2.0

S 00,

1.0
2.0
3.0

0.0*

YL
v v
»
L 2N A L
¢
‘,
9
!



*  From eye fit*extrabo]ated“data )
4 > ..

( 44
 TABLE IV-1 (continued) T

S s . ‘ ¢
. . . I i

';t h;Dﬂ‘ . " 'Flow Rate ) Axial Location' (z/D)
: -fw(cm) P (emd /see) \ | (Ne. of Dia'),
o3 06392 .y BT S
L K N o
. Cr L o A 2.0
« - ! - ' 3.0

Raw ve]ocwty data are tabu]ated 1n.Append1x C. From these

s

o B
'data, typ1ca1 veIOC)ty prof1]es are given in Figures (IV-1) and (IV 25

at several upstream GXIG] locations for two d1fferent cap11]ary tubes

"The accuracy of thése data miy be Judged 1nathe fo]]ow1ng way. The .
e,
local velocigies can be integrated over the cross 9ect1on of the con-

verglng flow that’ enters ‘the tube and the resu]t compared with the known

CH
i

, volumetr?c flow rate ThlS compar1son is of 1nterest as 1t can be made.

in the upstreamef1e]d for d1fferent 1ocations The mean dev1at1on of

these Inteqrated flow rates from ca11brated flow: rates was approx1mate1y
" : . ~
equa] to 5° ’ = )*; " o

\

4 Flgure (IV -1) shows the ve]oc1ty proflles which were obta1ned

wlth the“O 20 cm [.D. capillary tube at the sma]]est flow rate 0.1598

CRV® /sec Flgure (IvV-2) shows the velocity prof1]es which were obtalned

with the 0.30 cm~I D. cap1]Tary tube at the h1ghest flow rate 0.6392

fcm /sec . The axial veloc1ty profiles at the contractlon, z/D 0.0,

.

were 1mposs1b]e to measure d)rectly 1n th1s study: but were obta1ned wpth,{

'
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the extrapolated data p01nts This extrapolation'procedure'u11lﬁhe'4
: S B SR
, 0 i

e -

‘; d1scussed 1n Appendix C - o ‘ . _ _
| A1 of the data as 111ustrated 1n Flgures (IV 1) and (IV 2)

"'show that the ve1oc1ty prof1]es w1thin the central core are not f]at as’ “ i

n‘assumedqby many 1nvestwgators (26, 27, 32) In: F1gure (Iv 2) for -

: example. at z/D 1.0, the veJoc1ty at the centerllne and the ve]ocxty _

- at outermost stream11ne were 10 9 cm/sec and 2 30 cm/sec respectwvely,.

| Also, for the ent1re range of the flow rates 1n th1s study. the rat1o of

d the center}1ne veloc1ty at the contrac¢1on ‘to the centerJane ve]oq1ty for
deve]Oped f]ow of a power ]aw fluid in the cap11]ary tube was. approx1mate13
*constant and eQUal to. 0. 946 1'A' e bv-' S -
| A p]ot of center]1ne ve{oc1t1é§ at the contract1on (Vz ¢, );
‘.wh1ch are tabu]ated in Append1x c versus the average ve]oc1ty at th- .' ;
\,contract1on (V) is 'shown in F1gure (Iv- 3) The so]1d 11ne w1th Slope o ..

equal to ] 0 can bé wr1tten as Equatlon (IV 1). ' "; ‘ _"

."iz ¢,’ ,=‘_ 11.612,v R ("tv1)

‘Nlth a power law' ful]y deve10ped ve]oc1ty prof1]e, the ax1a1 veloc1ty of }V

”'the fu11y deve]oped prof1le 1n the cap1]1ary tube can be expressed ‘as:
N [ : )

| Then,the{centerlineaveloctty?of‘the.fullw déveloped_profiieiis,vf‘ |

v

. "“?, = 3n¥), 't. ‘~‘, '
.Zm¢ fu]]y deve1- s ( n+]) V o (IV-3) )

!
N

:where!n is the f]ow behav1or 1ndex and equa] to 0.55 from Append1x B

".Substttutlng Equat1on (IV 3) into Equatlon (IV 1) ,

| ‘vz,{,otf = 10;94§.YZ'¢'fu]1y deve],._.. o ‘H_(tV-4)
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_b‘ . ! oL
B The rat1o, (Vz s o/Vz ¢, fully devel. ) ind1cates the degree to whlch the‘
‘ veloc1ty profile was. developed at the contract1on , Clearly the velocwty
f?ﬁf&%“‘ . prof1le is very. nearlv fully developed before the fluid enters the

’"a*“""r“ﬂmcap1llary tube““““aj"“‘ T o o ,
- . : S

It is also of: 1nterest to compare the wall shear stress. at

. entrance wath those of fully developed tube flow £onsnder1ng a,power¥ ‘

law flu1d the wall shear stress (1 ) can be expressed as, Coe
Y U I | S )
SR ’ LA driréR k ‘ , _

R Differentiatlng'Equation (IV 2) w1th respect to r and substltutlﬂg
' A;'into Equationi(IV}S) and rearrang1ng, ‘

(3"” (8)

| o | fﬁ.. _
S Kp () s

| o where/Ko' = Ko (3"+]) The values of Ko' can be obtained from ," ‘T
. Equatlon (B-6) n Append1x B and equa’l to 2. 24l(dynes/cm) sec0 55

Therefore the wall shear stress (r ) of fully developed tube flow can be ,'

C
A

S calculated from the follow1ng equatvon,
‘ 055 |
| TN. e (i"- L av-7)

The wall shear stress at entrance can be determlned by Equat1on (IV 5)

dVz
. dr

“to the veloc1ty proflle at the contract1on The results of the wall

where ( )r-R can be eft1mated from the slope of the tangent (at r= R)

shear stress at entran.e and the wall shear stress of quly developed
tube flow are tabulated 1n Table (IV -2) and are plotted in Flgure (IV 4)

<
B
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#
The solld llne 1n Figure (IV 4) can be represented as Equat1on (IV 8).
L (r ) at entrance = 0.850 (r ) fully devel (IV -8)

’e

The above equatlon aTso shows that the waTT shear stress at '
N - L
- entrance of ‘the caplliary 1s very. glose to the waTl shear stress of the

ful]y deve]oped tube flow. , ‘ ‘ : oo

. - . l

| o TABLE 1y-2
Comparwson of Wall Shear Stress at Contrattlon with. Wa]] i

Shear Stress of FuT]y Deve]oped Tube F]ow o

. HEE '’ ! *
1.D. o Flow Rate (rw)at entrance (r )ful]y deve]
(cm) - . (em/sec) | (dynes/cm ) (dynes/cm )
0.20 . o 1598 S 364 a6y o~
= - 0.3196" 53.38 .. 1.0
el 7l gea
030 ' . 0.1598 727 213 |
| | 0.31% - 26.57 = 31.25

0.6392" 3732 575,

;TV:Z . Cone Ang]es _: A e-h. ,;~fjh§§*7f

The procedures for measurements of the cone ang]es were d1s-

cussed in Chapter III. The measured cone semi- angTes are tabu]ated in -

- Appendix D. : S j.' o



IV.2-1  Initial Cone Semi-Angles :
| By\u51ng the Oldroyd-Maxwell constitut1ve ‘mode] . and assum1ng |
a s1nk flow mode] of .the welocity f1e1d thhln the central core of— the-ul
converging flow to obtain the physical components of the normal stresses,.

Metzner, et a] (32) and Murch (33) suggested a d1mens1on1ess group
(r* /efz Q*) which 1& the rec1proca1 of ithe re]axat1on tlme - deformat1on

rate product The, deformat1on rate (Q*/r*3) at the or1f1ce was g1ven

_by Metzner (31) as (Q*/RB) wh1ch was in terms of the or1f1ce rad1us (R).

‘<meter of the cap111ary tube (D) 1nstead of” the ra/nus R),
oheugemirang1e (¢ ) versds a dlmens1on1ess group
‘ o wi.fﬁogar;thm1c coord1nates is shown in F1gure (IV 5) |
?‘é:fze;rjfhehfd ié fon t1£! at zero shear, is assumed equa1 to 1.0 ‘sec (10).
~n F1gure (IV 5) ~two paralle] stra1ght 11nes with slopes equal to 0.6
are found for the 0 20 and 0.30 cm I.D. cap1]1ary tubes The data in
Figure (JV 5) can be reasonab]y represented by Equat1ons (IV-9) and

(IV 10) whrich are shown as' tHe so]1d lines. . . o

S TR | 306_ T

' ° - .' ) ¢° = 22 ]5 ( ) . for-_O.?O cm I.Dl. ) : (IV—9) ’
R | ‘_ ) D3 0 .6 o o .
:_;4;—444“;”L;f—'"; 4, = 27.20 (e Q) for 0.30 em-I.D. . mr,(IV-JO)

--where ¢ is degrees aCons1der1ng !quat1ons (IV 9) and (IV io) and

y \
rearrang1ng them, one can obtain an equat1on in the form of

e . \
\ _ o ‘i .

b 0.6 S
N :j=r,f(D) (—) I (Iv;n)

where Vi is the average ve]oc1ty at the contractxon and f(D) is a

2 }

funct1on of the cap11]ary tube diameter (D). G

8 .. . . : -
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Oliver and Bragg (38) suggesteq.¢hat a s1ng]g equation coutd

not be expected to give exact cone  semi-angles for 2 _range of visgo- -

elastic solmtions However fbr one soIUtion and a 41m1ted rahge of

' xvoperatlng var1ab1es th]s might be posstble. An empirlca] equatlon for

R

sin g e'x@?ﬁ';{.f“ o (vzy

. initial cone semn-angle (¢ ) of the form:

Was sugoested'by Oliver and Bragg Con51der1ng the smal] 1n1t1a\ cone
'sem1 -angles in Oliver(s Study for. low flow rates (¢, < 10 )s where the
~initial cone sem1~ang)es 1ncrease when the flow rate decreases, ]t 1s

reasonable to rewr1te Equat1on (1v- 12) asy

:*&”'=" vat N ’i 5 .‘_g;. - ﬁv13) b

. . 51n¢ .4 R o S
smce the ratlo (-————-—) approaches unity when R 1s 2 s;na’l] angle}
Oo

Compar1ng Equatiahgg(qy -11) and(IV 13), these two. equatlons
are the same w1th f(D) =K pS* (where t ~0 6). Therefore a plot
of 1n1t1a1 cone semi-angles (¢ ) versus the average ve10c1ty at thé
1rcontractton (V) should form a set of stra1ght lines w1th the same slope
. equal to -0.6. The p]ots are shown ln Flgure (IV—G) Equatwons ;

(1V~14) and. (Iv- 15) are shown' as the 5011d 11nes in F1gure (IV 6)

o = 72 0.6 for 0.20 o LD. . (ven)

-

¢ = 1. 31 v . for0.30em 1D . iy

R

wherevoa_Ws in degrees;

o - _-___: . . Q . - .
-samgggg ,
R : . :

—
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- ,Those 011ver~3 datascan be reasonab]y represzifcd by % ? 13 95 (D /V)

“\ ‘ : : ' ' (
* '« The valyes of K and s in Equation (Iv-13) ca% be eadily found
from Equations (IV- 9) and xv*ﬁo) or from Equatlons (IV-14) and (1v-15).
\Then jh emp1r1ca1 equation ﬂ‘} ‘ ' K __{‘
S %,', = 57,.33 .AD],-\]~V'_0,6, N T (IV—16’) TR
."*-.--:7’. . - .

can approx1mate1y reﬂ!%sent the 1n1§1a] cone_ semi ang]e for the 0. 2

Separan AP-30 solutlon AR L 7‘ '

N ,
- From Equat1on (IV-16) the group (D /VO Q’)'/or a&prox1mate1y
(D /V) is suggested to represent the re]at1onsh1ps be tween Be ve]oc1ty )
r
* field w1th1n the cosgrol core, and- the capillary tube d1ameter and *flow.

rate instead of the d1meqs1on)ess groud (D / Q) F1gure (Iv-l)éshows

1 Lo
~a plot. of g%e initial cone semi- angle (s 0) versus (DZ/V) on logarithmic

coordlnategga% The data in Flgure (IV-7) can be represented 6%‘£duation
o ST | . o . N A

(Iv- lf) ’“.' . ) ey ! N
" 2 0.6 L
¢, = 64.05 (v ik i (IV:J?,)‘~ - ‘
' ‘ S R ' ’ DR
;1; Thus for 0. 2” Separan AP‘50 the 1n1t1a}!£eﬁe semi- ;ngle 15'*if‘7LWK1
approxamateiy represented by | Equat1on (1v-17) for the va]ues‘of (32Yd |
between 0. OO%O and 0.0398 cm sec. The;1n1t1al COne semi-aqgles~ga1-
‘ cu]ated froqatquat1on (1v- 17) have an ave}age error ]ess than.3 df the e
measured values - 3§,l L o ;/ “iiﬁ e | v / .
- The 1n1t1a1 coneé semﬂfangles measured by Ollver (38) far 0.3%. _fxfﬂ
ET‘597 so]ut1on at 1ow flow rate, where the 1n1t1a1 cOne semi ang]es ' d
lncrepse when the flow rate decrea;e. are also p¢gtted in F1gure (IV -7). '_;b'

The~va1ues 0; s and t in Equat1on (1v- 13) correspond1ng to the 011ver 5 1‘

, R
condut1on -are; 0 8 and 0 4 respect1ve1y Whtch are nqt the same as t

RS . '
S . . ) "\q’“‘“ . y. 2 %ﬂ
_— ) . _~ O t}l N . -
. . Y 2 e ‘ “
- o

g
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-_fDebbrah number (——0 From the data 1n\th15 study, the va]ue of this

of operat1ng variables as ment1oned by Oliver (38). ;

'thls study A possible dlmens1on1ess group of these var1ables wou]d be.

. IV.ZMZ i Upstream Cone Sem1 Angles Deve]opment } -',. tf?“;_jp'

semi-angles for dlfferent I. D of

| . ' | . [
: ) . . . .

60
. 5 | ‘ J )
va]ues in this study. Th1s result 1nd1cates that the Values of s and t

in Equat1on (IV -13) are constant only for one concentrat1on of a polymer )
\ &

solut1on\1n the ]1m1t range of operattng/var1ab]es, they will change for

- different. concentrat1ons, d1fferent po)ymer squt1ons, or different range

f
/

| :
Unfortunate1y, the group (D /V) in Equat1on (1v- ]7) ig

dtmensionless But bewng an emptrtca] equatlon determ1n
K N

ment data in th1s <‘~1,v, Equat1on (1v- ]7) is still vahd@ Wpresent the

“initial cone sem1 ang]e in the 11m1ted range of operat1ng. raables in’

A4

( /o ) wh1ch is. the ratzo of Reyno]d number (QMQ) to the cube of

group was- estlmated approx1mate1y between 4x10 and 4x10 3 ' In VIeN of

" the 1arge rad1a1 dependence of ye]oc1ty, the necesSwty of 1nc1ud1qg shgar— y/;f

1ng v1SCos1ty as.an important var1ab1e 1s not surpr1sing 4U ;(7<jr :

-l
R 1

b S1nce the(4n1t1a] cone sem1 -angle (¢ ) 1s a funct1on of (D /V)

the cone seml angle (¢) are plotted in Fi ure (1v=8) to (IV -10) as ‘a ‘A;
qur S

funct10n of the same group so as. tQ ompare the development of the cone oy
E cap111ary tubetét the’ same f]ow

4*' : .

rate - From the data p]ot’ted in. Figures L*YV 8) to ﬁv-loy\severa]

_ observat1ons can be made as follews:

[N - ”*

- “ . (§) For 'some capillary; tube, the'gradient of the Fone

SN S ,semi;angles along the ‘axial loeations'increases as the - .

L. 7. flow rate decreases. I
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L

f‘i_'; .(ii) For the same flow rate, the grad1ent of the cone

semi ang]es a]ong the ax1al ]ocatjons 1ncreases f~@wr¥_i7"f

‘ - as the d1ameter of the cap1llary tubé ihcreases
»

V-
.

The upstream cone sem1-ang]es deve]opment predwcted by K-l . :

: mcde'l was shown in Chapter II to be / , ” L
i . . ) i o . ‘ .
j‘taQ{¢ = - = d : : (IV-]8)"
S ZD

e J

)'/ A : . )

\

0n*logar1thm1c coord1nates the~s1ope of a plot: of the taﬁgent of the ' .

l cone semi-angle, (tan ¢) versus the d1ameter of the ceﬁiwa] .core (d) w111

be equa] to +2 if Equat1on (IV 18) is+ c0rrect ‘ F1gu.ﬁf-1TV 1]) and . '*fj‘,‘ o
(1v- 12) show the data of th'lS !tudy The sohd hnes representmg o
o Equat1on (Iv ]8) has good agreement wgth the data only at ax1a1 o ) ;'f .

A

.V 0
.
oy s

e ﬁi‘locat1ons further uj
T /I

- of th1s poor agreement w1th the data near the contraction, the K~1 mode]

;ream from the entrangg and give less than exper1- A

o 4 o

menta1 va]ues oig§%§ cone semt agg]es near the contract1on Because

I3
is not suitable in representtng the upstream cone sem1-ang]es deve]hp-
ment 1n this study ’ . - | i', SR I ‘{_. | - o f‘h,af

The cone sem1-angles and the d1ameters of the centra] core at.'

!

1 severa] upstream axla] locatlons are tabulated 1n Append1x D apd” serve

" to g‘ve a descrlpt1on of the shape of the-centra1 core. - f-’/

o

R (T T Centra] Core Veloc1t1es

To obta1n an emp1r1ca1 des§r1ptlon«6fathe veloc1ty prof1]es

> . S—
S

&

within: the centra] core wh1ch would d;scr1be the dependence-on axlal Ty
n Chapter,II:were cons1dered! L \

L S

’ coon )
e " . . . :
¥ ...‘. . - ) ) . Lo
v ) . .

/Jncatlon the three models descr1bed
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Only the centerline ve1oc1t1es were considered to obtain the relation- .

L
'ship of the depeqdence on axia1 1ocation The center11ne veloc1t1es at 0.

'different ax1a1 locatlons for severa] flow rates- are tabulated int

Append1x C. ' - ;o ' R B E )
. ‘l‘ | | 3 ’ . \? | . . o
IV.3-1 . Sink Flow Model S
o ‘ »
As descr1bed in Chapter IT. andfshown by F1gure (II -1), the . '
ve]oc1ty f1e]d within the converging reg1on may be ana]yzed emp10y1ng a l
Spherical po]ar coord1ﬁate system The or1g1n is 10ca§ed within the tube
at a po1nt determ1ned by extendlng the converglng stream11nes to the1r ¥
. intersection. The location of the origins of the sink flow model as |
. . g . , "
- determined by the streamlines are tabu]eted in Tahle (IV-3).
’ﬁ ‘ . A T N
o i " TABLE Iv- 3 S -
Locatlon qf 0r1gin for Sink Flow Mode] T L J‘f
. L.D. T i Flgy Rate Locatlom of . Or;g1n ( z7 .
e T esee) ) g
: , N FoLo '
_ Y ‘ O
-0.20 . 0.1598 - A T\ = 1.55 2
' ] . o oo , AT
| 0.3196 . s 2.49 ~ )
&% | o032 = . 3.58
' T s o
\ 3 o RV _ _
0.30 . 0.1598 . . 0.91 |
| 0.319% - 1.38 -
L oo.e2 2000
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can easily conve “the™ cyI1ndr1ca1 ax1a1 coordlnate (z) 1nto spher1Ca1

raHial coordlnate (r*) becduse only spher1ca1tcoord1nates are used to

1 L
ana]yze the sink f1ow mode]. . '

”Z\\h\Cons1der the center11ne veloc1t1es. Equat1on (Ii 3) can be -
- \&
rewrittd L ‘ AR P e

~e’
‘s

!

. Therefore, the s]ope of a p]ot of (Vz,t/v)”versus (r*/D) on the 1ogar1th-‘
mic coordinates w111 be equal to -2. ‘F1gures (Iv 13) and (IV -14) show

the data bf th1s study where the solid lines are the stra1gﬁt lﬁnes w1th
\ \ .

- slopes equal to —2 The\res%}ts have good agreement on]y neer the .

o5 .

%
?

3 rch (33)f At

entrance " Thig was a]so suggested- by Kanel (26“
- t . ..\
1'hger upstream ax1a1 locat1ons the sink flow med-» pnedicts velocities

that are h1gher€%han the exper1menta] data Th1s is because at 1arger

hpstream ax1a] 1ocatiohs the stream11nes a@g curved and are not d1rected '“"'?5‘

to the or1g1n %Ihls dev1at1on 1ncreases when e1ther the/?low rate

decreases or the dvametgr of tﬁﬁ cap111ary tube 1ncreases

) «:‘;\ ) : ﬁ *
e T For 0. cm capillary tube aﬁ~a flow jrate of 0. 1598 cm /sec goo&
: &

agreement was for upstream ax1a] locat1ons as 1arge‘as 1 0 d1ameter,

",

. wh11e gt 0,6392 cm /sec agreement 6ccurred for upstrea ‘kﬂal locations

af 1arge as ] ﬁ dlameters. ‘ For ;the1 0.20 cm’ capillary tube df*a flow
rate o} 011598 cm /sec.agreement otcurred for upstream ax1al 10cat1on&
as large as 1. 5 d1ametens whlle at 0 6392 cm /sec agreement was up to
" 2. 0 dwameters . - ' A .

o

\ N . " . -

v | * .'*' ‘ " | ~(
(-s—tik) ?_;'8;2 <g—' o (va19) © -
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e 1ecau5e of fhe poor quantitative as well as qual‘ltative agree-
' ment with experiment data, the sink flow model is lnadequate to represent

' the re1atlonsh1p between velncity along the centerhne and axial locatlon

1

S ¢

v.3-2 ?,K-1 Model: | B o,

¢ v

As dest:rrbed in Ch'apter II, thé K-T mode] sudgests a quadratic

- dependence of axial centerhne velocity on upstteam axial Trcatwn as,

‘*. . . v‘.. o . .
Co e *-"2\‘0"’"3 @

I ‘ . 1
Thet three parameters K1 *Kz .and K3 were found.from the 1east square f1t _
- of th¢ experlment data for different f]ow rates "and d1ameter of capillary
E tubes Th@va]ues of these parameters are tabulated in Tab}e (Iv-4.
o ‘ From these value§ of Kl ’ Kz and K3 , it is W that the relatwnl{;

S
K22 = 4K1K3 reqmred by Equat‘ion (II 11) is* n’o} sat15f1ed ‘This .~
'demonstrates the 1nadequacy of the K 1 modei‘\ ’ . y . a S
#* o -; % | o "‘ - t*:«
N TABLE e 1?
"‘ .
o v Parameters of K,Lmda, !;‘g:’_ x
"::“ ‘.‘ N ; X Kj 1._° - o ) ,
"&‘;.l?' i I.D. F]OW Rate ‘ré"nr J" %Kz \' K3 . )
D e en® /sec) (cml'ﬁec)' m/sec) < \(emfsec) -
Q‘ P : CINY - : . A..
- 0.20 _0-159.8 " ameo -2.1941 01957
o omes My 3370 2.7086  "g.ds0.
- o 0.6392. _‘}32.3283 .‘-4-«4,‘3701‘, d'.zoqg T
030 o.'lsga . 33450 100 0.2600 ﬁ
' | 0319 73728 29519 % o3 W
© 0 0e®? 145100 waaee 0.4286
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Typical expemmcﬂma’l centerlwe ve10c1t1es,\are showmm F1gure (IV 15~)
and companecfimth the l_éas\ squaré Hnes. Considering the dlfferentmtwn .
~ of’ Eq_gtion (LV 20) mth respect -to. axqa1 Qcation (z). ywelds 4.' e

/ » )
! -,/,/ N g » e
: B V=21 ST
W M{' vz;z @ " (6—) + (T) (b') . - ,~‘(‘IV 2”\ . ;_.,\'
Typmcal stretch rates along center}pne which -are tabu]ated 1n Apgendm E%&
. o‘ N ..‘ \ e
t are. shown 1n F1gure (:IV 16) and-co" red w1th Equatwn (1v- 21_) ""- ¥ L
Bu* - .
‘ -~ 4 Mthough the quadrahc equatlon has gbod agreement w‘iﬂ bl

o the centerhne ve]oc1ty data as shown in- F1§ (IV 15) and.also w1fh i

the sm:étch rates as shown 1n F1gure (I\’/ 16)§t is not obvwous fow .

: to obtain thd re]auonships for the parameters K and K3 w1th flow rate \
and d\ameter of capw]]ary tube (the ratlo of K, to the average we]dcny

at‘ f‘ne contractlon vt appmxma\te]y constant) InJother words, when

: the f]ow rate or. tvhe dIamete,r of the caplhry wbe 1s changed one,can-‘
ndt bredwct what ‘the- gnangeq of K} and Kg a;lﬁe Thereforer them 1

) ¥

- . and/or quadratnc equatqons ariconsmer

b‘-'.

e ofu ) imi tedf}'nte“reStj.';. A

’.. ”‘\ ’ . ) 4..\""

; Iy3-3 Exponent1a'l Decay Model “,,' f:,' ', ! e \,:wg
. ‘ As mentmned\m thapter ?I# tlie ve10c1t1es wi’{hm. thé,-central h | ‘
Q core can_ be expr i s a elx;benent':'t l‘»;functwn 5? the ax1a1 locat'uons '_.’j " ‘;
~ N c°n51der the cente;;hne“_;elpcity. EQIatm" (U -18). can befrewntten as-\’v ‘.'\ “

: o ' i} ..J- "l .& ’ s \“  : e oy
- Vzc .: Vo‘exp (a (E) ) ’ | \(IV-ZZ) a

Equatmn (Iv -22) pred‘.‘cts that,on &m loganthmm conrdmatesA ap t I

T

of the centerhne axlal Velocwty (V ¢) versus the d1men51onless ax1a1

locatlon (z/D) wﬂl be a stralght hne wu:h s]ope equal to a and mter-%ﬁ- '/"_

. cept at ng= O equal to \Lo .’\
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F1gures (IV 17) and’ (IV 18) show the exper1menta1 data of th'is
o / v‘ ' 'study with the soHd Hnes q‘termined by the Teast* square ihed_‘_' ’Good

S 11'"" 'agreement with ET'I oflthe center'Hne véﬂ)cny data‘s obvmus R
addttwn, some data from. the other streamhnes %here expemment data can
be. measured ay’ clése 2$"0.25 d1amefers for the 0 30 cm. I. D capillary . ¢ \
‘be are plotted 1» F'Igur/ - lgbw‘?th so]&d lmes agajn determmed by ;
?«'the least square methhdv Figures (IV A7, ﬁ'cxv"ﬁ 9 the exponcn— R ’c
- tial decay mode*l has-good gre&ment with a*]l ‘the data not on1y fon the ' |
e " vc‘e;;erhne ve]oc1t1es but also f‘or those of lthe other stream,hnes | The “.‘.
‘ ,' e .

’ l

exper1menta1 data measured by Metzner, et al (32) for a 0.5% Separan o

AP-—30 so]utlon fl\owmg from ar{ 18" reseerr-rnto a.3. 76 cm -I D. tubé
SR - I t
* are dlso i’p]otted on sem1 loganthmw toord1nates in F1gure (IV 20) ( R
: e '
uTheSe data wh'tth were sehosen from the two streamhnes very c]ose to-th!.
R 3

i

-_‘. o écenterhne (45 £ 0020‘) for tw}difﬁ*ent f'low rates have good agreem nt L
P g v e oL

?vhth the, exponent1az.decay’ma& 2T ’4-&_. i v
SO The ‘two parameters“\/'o and a m Equatqon (IV 22') ‘whith® wére -_ -

/1 b :

L1 °

-~ g
. Ky :
Soa .,, , ¥ _ Vo

. ' ‘l . ‘-_"a\
- d_eteymmed by the leag‘square methad are tabulated in Tab'te (IV 5) A {--;
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0 TABLE 1V-5 L
_ ,_,,,..,___Parameters _Of Exponential Decay Model__l_ I
i R . . _' v v’“\
. 1.0. . Flow "Rate Vo \ L a S
cm) ' (cm /sec) (cem/see) - .
| -‘\ . XY v‘ . \. o '1. ‘ ) .
. 020 . ' .8.5071 . -0.2902°
R "16.5178  ° ,~0.1826
, ,‘ 32.6827 | . -0.1486
RN . SRS : ‘ ' "
10.300 h - 01598 .7 . - -0.7289 =
e 03196 N 7.6916 * . 3-0 agia.
) | 0.63%2 '+ 14.6698 0308 |

\ B

oy

A p]ot of .the, Vo 1n TabTe (IV -5) versus,the average veloc1ty

3

at the contract1o (V) hs shown in‘ F1gure (IV 21) the solid 11ne is .
. represented by Equat1on (1v-23): ‘ e - | .' ‘ k .
. . -~“ e ',_‘ % 4 ‘_" L . o A'_ _\. ot ‘"{..
. Vo = l.eas V.. . P , ;.(IVf23-)' S
’ ‘ '1 ’. ) - t x ’ ' [ . . \ _',\.\ ‘

| Compare Equat1on (IV 23) w1th Equat1on (IV 1), the dlfference between
the extrapolated vplues of the center11ne ve1oc1t1es at the contract1on
from the/exponentlal decay model and the eye f1t method is: Hess. than 2%.
Since, in Seo}?gh;;gv-e 1), the 1n1t1a1 cone sem1 angle can be
| represented by a QFGUp 1—3% th1s group was also used when try1ng to e |

."

' obta1n the relat1onsh1ps between the parameter a anﬁ'the f]ow rate and )
.diameten of capr;'ry tube . Figure (IV 22) shows a plot of the para- _
| »meter{u versus (v on 1ogar1thm1c coordlnates.[ The data in ngure o ‘; a t‘
_-(IVrZZ) can be’ reasonab]y reprE}ented,by Equat1on (IV—24) wh1ch 1s shown }f(
‘as the so]id ]1ne in Flgure (IV—22) ?ifff' fj_ij;g1”‘ Lo _j‘
B 3 0545 O
e = 4008 (V“) . ot l2e)
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b from the . values of'a in Table (IV -5) was 1ess than 5%.

Substitutmg\ Equations (IV 23) and (IV-2'4) into Equation (1v- 22).
and empirical equation in the form: T

L . 2 0.545

1645 exp [-4.04 (3—) I w2y e

.v'

. Z, ‘ I3 . ’ . . : : PR S
L . . N A ..% . ' . . - .\ . ‘m
' was found to represent the- re'lat1onsh1ps for the centerline ve]oc1 h o
R o

f]ow rate and capﬂlary tube d1ameter ' F1gui-e (IV- 23) shows thé |

compar150ns of Equatwn (\IV-25) and- the expemmenth data for two typ1ca1

. o | a
‘ runs. Y: pred1ctéd va]ues o*f Equatwn (Iv -25). have a maxmum devwation , T

of about aqd a mean dev1atlon less than. 3% fromithe expemmenta] data

e, . 7 AR
L D1fferent1at1on of\ Equ*wn (Ing) w1th respect tq ax,m v R

. \ . "
Tocatiop () yields: g T o e o DT T

. . .,1.- . o '.‘ﬁa . - .'»’v‘_‘-.t;" ~ g ". | . X.n g |

. S T 6 “av 545 . ' DZ r45 } S
s ““.Vz.,,zj,,@ ._= 646 (5) (V-X . exg [-4. 04( _41(51 ] .
. I T ’f \ (I\( 26)1 -
‘The ‘—'0'“P§r1sons of Enghon (IV 26) and the expemmenta] "ata are ShOW\\ r»

i Flgure (IV-24) for two- typigal runf’ ‘The pr‘ed1cted vaT _ 'S fro'l‘ \ @ B

M >

" -Equatwn (IV 26) have & maxlmum delvmtwon of about 9% and a mean dev1at\mn "":"--QT'}

o&ébout 3" fr‘Sm the exﬁemmenta] va]ues Also' 1t is of ‘i&t,eréqt#:hat .v.;:.'. :

Equatwn “(1v- 26) preghcts a ma;nmum- value for the stre.tth»yrﬁe of the o

\_ N ‘; E “

N contractwon -‘ Smce\the s,tret"h rate, of )he fu]'ly deye]oped tube f’low,. R
'must be equd] to zeroy thereforgthe stretch rate must decré‘ase and .90 f-_ ,
~to *zero somemere between ‘the contractwn and the location where tﬁe
- 'Velqmty profﬂe i¢ f&]ly develdped N ,-'"; R '_ EA | uﬂ S
.‘ .\ .\ s . PRI ‘\ R L G .
P Do i | S
S L RS e
e Coh . AN P R T S S
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_ The above s;_sper'imerttal re.sul?,é:re'veal___t\h@_t__tbe vetlkity field .
within the ceﬁtral core can not bémpr‘edictgd.simpl‘y by sink flbw mode .
, or K-1 mpdel. However; \the"ex-pon'e'ntial decay model has good 'agr"e.’ement,
with the experimental cenk-te,?“line ve]o;ities-..-, Besidas, the exberimehﬂ'{
. ‘data show that the.}ati.o pf thek.square of the capillary tube diameter to
- \‘the av.érage velocity at ’the contraction (DZ/V) can be u\sé& to reasoriab]y

represent the re]_ationships&etween the velocity field, and the capillary

tube diameter and flow rate. o T ‘
’ e L] . . R . .
, | - . |



N mahner:

o (i) The exberimenta] velocity‘profi]es for‘O 2% afqueous ‘solutifn ,
of Separan Ag;30'within the ‘centing! core showed consideralfle

development upstream of the entrance t the entrarn

f v

centerline vel:51t1es were approxxmate1y 96% of the

! velocities of the fully developed tube flow and the wall shear

/
_streSses were approx1mat\¥i}85” of the wa]] shear stresses df '

Q'.
¢

. " the fu]]y\HEVe]pbed'tube flow o B ¢

(. e

(ii) The sink flow model and the K- I ‘mode] fa1]ed to préd1ct thg

'center]1ne veloc1t1es w1th1n the central core because the Slnk

-

flow' model had poor agreement of the expervment data at large ,

stream loca¢10ns from the contract1on o Parameters 1n 8-

quadratwc equat1on suggested by- -1 Tode’ mode] d1d not have obv1ouse

. 3 P
h - . . 4

(ifi) The initial cone semi- ang]e could be expressed as:
A 0 2 0 & ' ..
o, = | 64.05 (v—) - (V-l);
2

whére ¢ is 1n degrees, for values of (-) between 0. 0020 and
0. 0398 cm sec. The 1n1t1a] cone semi- angles predlcted by
Eduation (V-#T had a mean dev1at1on of about 3% from the

measured values.

' re]atlonsh1ps wjth the f]ow rate and the capi]]aty\tub€ diameter.

Y TR
) I i 371 t
: : o oewenmy -
R coucwsrotas AND chomenomows R . -
VtT ~ Conclusions 1 | ‘ !
\ . The conclus1ons of this study can be summarized in the followilg
' l
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“(iv) - The’ centertine axial velocities wiﬂRiA:l
 be expressed as \‘h’: | ‘i : ; ':' EI
-~ . ’.> ‘_“,.‘. . 020‘ ]
Ve = 1-646 Y exp [-4.04(3 ) (£ )J (V-Z)
2,¢ h V' 5
o , | | :
: within the range of operattng var1ab1es :in th1s stud¥‘ The'
center11ne ax1a1]ve10c1t1es predlcted by* Equatlon (V 2) had a
?; ,maxlmum dev1at1oh of about 5% and a mean dev1at1on less than

'13% from the exper1menta data _ S

T - - . . \

- (v) ’;The ‘stretch rates along the .centerline obta1ned by dlfferen-

~ \

tiating Equatﬁon (V -2) w1hh reSpect to axial- Tocag1on (z) are
. . . . |

.g1ven by S ‘ -

e \ o : ‘ Ty

t ;00545 20885 1

"i"‘ V. o = - 6;646<(§)(€ ) 'J'éxp'[-4-94(%') | (51

L Y 2,2,¢
b .
| (V 3)

\

- B
‘The stretch rates pred1cted by Equat1qn (V-3) had a maxlmum
dev:at1on of about 9% and a mean dev1at1on of about 3% from the

H | exper1menta1 va]ues

/ .
! N ‘'
-

C wmy

‘v.2 Recommendations T o e o ,\

e

[,
(1) Data /in this study are based on only two cap11]ary tube d1ameters,
K |

therefore add1t10na] data shou]d be generated to test the

\". va11d1ty of the diamter dependence 1mp11ed by the corre]atlons

(ii)‘ In thlS study the. empirical equat1on developed pred1cts

the stretch rate is a max1mum at the contract1on On the

\\s'\ : otherhand, the stretch rate at a downstream 1ocat1on in the o/

ff1cap1]1ary tube where the velocit of11e is ﬁully develloped
* must be.equal tOjﬁfp. This m the stretch rate must
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PR , dﬁ@ease amd go to zero somewhere betwé’én the contraction -
; ,. ;1', '.{" t.’ and ‘loc;twn where the ve]ot‘nty profﬂe is fully developed
e "4/ ¢
R f‘ -y Mon%etaﬂeg st'udy mthm this regmn is recomnended
v V?'l- ; 0 Co ®

. (1i1) Smce al'l of the empw‘lca] re‘!at1onsh1ps ‘Hl t#hs study are
. - restncted as to the range of operating var‘iab]es SOme '

; ol _expemments wﬂ:h other po]ymer so'lutmns are recoﬂmended in

~ . -1 order- to compare with the yedwtwns such"os Equat1ons (V-l)

L S and (V—Z) in, th'lS study e ),

L e ‘ Vi

: --/. R , . " ‘.\‘ . Q.

T L
’ | \ -
! . \
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. aps dg, LITI parameters def,ine,d by Equati\on (II-JO) '

Q : N ’
»C . v

R 4

"G G

BRI Y AU

' d

. :
. .ﬂs
. " ]
:

I, -

, .magﬁﬁcatmn of the %re’a‘lgog the graph Paper -

parameters defmed hyﬁwation (H-\s)?)c;d o "
parameters defmed by Equatwn (11-6 C‘ - o
param def1@d by"Equation (II 4) “ .
d1ame of the fTu1d column wtthm the center core,cm S
1. D. of capﬂ]ary tube, o . .‘ " R N
dlameter of* the plate, cm L ( Q I

‘ ]

torswn bar’ constant. *dyne cm/mwcron f‘ o -
; parameter defined by Equatwn (I’M 13) | X
o parameter defmed by Equatmn (IV ]2) c .‘l\ P L
' R

K-'l parametérs, Equatwh (II 13), cm/sec JEERE '

*"_-.ﬂow behavwr 1ndex in power—law AR :, e v
'number of shts and spokes on the c.hoppmg disc 2
! parameter defmed by Equatwn (II—4) |

-volumethc flow rate1 cn’ 3/sec -

, volumetnc f]ow rate functwn defmed by Equatwon (II 3) <

- ‘ rad1a1 coordmate in cyhndmcal coordmate system, cm -

: _rad1a] coord‘mate in. sphencal coordmate system,_cm. 7_
.radws of capﬂ]ary tube, cm R
radius of. the - plate, cm
‘parameter deﬁned by Equatwn (IV 13) a @
parz&ter defmed’ by quuatwn (IV 12) L , _

; | L

ssens1t1y'xty of the torque transducer, m1cron /vott"r

.‘1. v 41*;‘4 : . --
. i
.5 : N3
y Y
Y -
¥l e "8 .
,
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e e
~ »‘ t' . ", | ~%’(at“ameter defined by Equation (1v- 13) ",e' o |
ST @ parameter defined by'Equation (IV 12) j‘}‘. ] ‘ DR R
T | " time intgd\va'l for streak.rsec RN "'_»‘,'. .
T . ;:KJ‘:' torgue, dyne om 5:_”,‘;@ . " ;:;ﬂ ._ ‘ .Q , .
N . B | gv'average ve1oc1ty at the contractwon. s’et.:c"? : |

oL ;ove-locity 'at, contractlon defined byl E uati‘on (II-]6),cm/sec . /

. Vr - o '~;j rad:la] ve]oc1ty m eyhndmcal co6p'nate system, cm/g.ec
Vrf.v'e.V‘Q.-"‘.' co velocrﬂy components in spheri 1 coord1nate system. Jéﬁ’/sec '
T s, ,

V RIS ax}al ve?omty 1n cyhn&mca] coordmate system. cm/sec _

/

RE '_ax1?1 centerhne velod1tyg cm/sec o -~ o
vz,¢,o éij'ql centerhne velocity 'alﬁ .the C°"t"a°t‘°" cm/sec
| vé-? exjé] stretch rate, sec ],, T " o
] vz,'z.)t_ o axielli'streteh rate»along ;;enter.line; s.ec"I_,v _,".': J )
z - ; . axial ']distan%e ‘upstream of cbrﬁtrac‘tion,fcm
- Greek '.'Symbéls'v.:_f : o D T ,
‘u' ' -'..“I' fparemeter defﬁined hy Equatien (11-18) . A‘\‘ | %
ot pakametér defined by Equation (11 -"m-“' oA
f 8 B parameter defmed by Equa;mn (11-15) - o o
a b f . - -movement of tors1@n head transducer, volt. *.'.j" 5 ,A B -,’ pr
.' .‘-"-"ef",; © relaxation time) sec | . ;
"+ B0 B zero shear re]axatwn t1me sec b . o &ﬁ‘ ..,”:S,» '
w . v15cos1ty, poise N | " g;; .4 a <
; uo' o -A _ parameter defmed by, Equatwn (II 15).°po1se * "o
T | o kmemahc v1scos1ty. en?/sec o ®
6 - ‘shear- rate, sec , T’_-_ ﬁ" e g
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:.'};x:\' ‘.‘ g K' . o S 92
‘ ' ‘ - . ‘ : P
« | - s,.hear stress, dyne/cn® e " v
' ‘ dv'l" b " wall sflear stress, vdyne/c,mz‘ |
6 Cbﬁe‘s‘emirﬂaque, dégr"ees" ,
bp, 1 | 11nitia] cofie .,éemi'-ﬁngle, degreef ) | ,
. v. -, angle of vis‘én;;r cone, _degréég . | R
'--@\\ w / _" " number of ;'-evollu_t;iohs of the .éhbp.piy;g.-diszc/mi;ute,- RPM.
o n. - R angular r‘dtation 01; the p]ate,@ rad./sgc - Ly :
'

L
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- An Instron - (Model TT-EM) and stainless ste!ﬂ hyﬂ?aq]ic e

cylinder of approx1mate1y 15 60 cm I.D. were: used to; provjle a constant :

»
flow rate of the polymen»so]ut1on in this study.

.Seﬂector settings of 0.2, 0 1 and 0. 05 _em/min, the measured f1ow\rates .

A

At ﬂi§h-buttoa Speed

whwch were detennined by the vovume of the polymer solutton col1ected

over a known~ period of. time were 0. 6397 0 3202 and 0. 1603 cm /sec

'respective1y

flow rate and the Instr‘head speed: or; speed of piston

- Figyre (A-ﬁ) shaws a p10t of the measufed_volumetric

The solid’

' Tine which is an eydfit through the data results in a czj1bratioh'factof

for flow rate of 3 T9gp(cm /SEC)/(qp/Mln)
brated flow rate and the f]ow rate ca]culated from know]edge of the

The compar

on of the cali-

_~Instron head speed and I 0. of the cyl1nder is tabu]ated 1n Tab1e A 1.

v

TABLE A¥1 A»l <

CALr"‘TTDN\OF FLOH”RATE

r‘h

Instron Head Speed
(cm/min)

Calibration F]ow Rate

(cm /sec)

Calculated FloWw Rate
(cm /sec) -

0.05
01
0.2

0.1598
0.3196
0.6392

. | 0.1582 |
© . 0.3186
| \0.6321?/”
A

ST IR @ m« .l.{,
, I %N
’ | l‘ .
e i , APPENDIX A | .
: ‘ o g -
- -CALIBRATION “og-'- mm i ~ C
L ‘ ' . . . N
s " w

“ e

S
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From Tab]e (B=1), the flow rates calcu]ated from know?edge

of the Instron speed and ca11brated flow rates were w1th1n 0.5% of each
other.® \ '

|
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APPENDIX B | |

RHEOLOGICAL PROPERTIES OF THE POLYMER SOLUTI

.. A WEISSENBERG Rheogon1ometer was used taf measure viscosity of
the po1ymer soJut1oiE; This Rheogon1ometer was calib®ted with two
standard oils of different viscosity. i.The theory of this Rheogonjo-.
meter which was shown. in the'Instruction Manual. of the weissenberg
Rheogoniometer (55) is also discussed here. . -

The Weissenberg Rheogoniometer 1s basica]]y a simpietcone énd

plate viscometer. The shear stress is given by:

°

T = ; hY
2nR
p
‘ (B-1)
_ 3.82T ’
] Tt T
Dp .
» . v .
where T = shear stress,.dynes/cm2
[ 4
T = S]ATkT = torque ;dyne; cm
S] = torque transducer sensitivity, micron/volt
AT = movement of torsion head'transducer, volts
kT = torsion bar constant, dyne cm/micron movement of the
transducer
Rp = radius of the plate, ¢cm \
Dp = diameter of the plate, cm

}

The shear rate is given by,

anguTar velocity in madians/sec
tan y

[e) B
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v PSRRI

- )

‘ i.e. for the small angles of y used: .
. S . Voo

X
=
0]
3
.
Q
gl

shear rate, sec'J

<
n

. angle of cone, degrees

-+
K

- 2n/9, sec./rev.

(d‘ = .angular rotation of the plate, rad./sec.
with 1 and ¢ measured apparent viscosity f§ Calcﬁlated by:
\ P S | o L
| R : N )
R i
Eor a]h‘runs in this study only frie plate and one torsion bar
was used. For this plate and torsion bar, the Rheogoniometer-pérémeters

~ "are: . ‘ L . .
o 7.50 em -

o -
]

510" o o L

, N . ‘ .
| ' 0.1066 x 103 dyne cm/micron

E)
x e
" i

- 1.008 micron/volt .

),
!

Gap Set : 39 microns

Therefore, Equations (B-1) énd (B-2) become,

!
1

S = 0.973 4 dyne/on® ' “ (B-4)

o = §2%4§§ sec™’ ' (B-5)



\ o ' T \\
1 . { : . - ) . ‘ . - C . \ S
: ' \ 102

,‘,

motor whlch Srove the

o
N

By sd<t1ng a rotat1ona1 speed of the
7>p1ate;”the movement of tors1on head transducer (AT) was recorded by a
‘recorder Us1ng this know1edge, t and b can be found Then the |

values of shear stress .and shear rate can be ca]cu]ated by subst1 ut1ng

"t and. Ay into Equations. (B 4) and (B-5).

N

Pﬁots of shear stress and,.v1sc051ty versus shear rate are.

14

g1Ven 1ﬁ“F1gures (B- ]qﬁhnd (B- 2) “In F1gure (B 1) good_agreements o

L

the data w1th the ca]1brated solid lines of shear stress versus shear

rate with slope unity and the calibFatsd gonstant v1scos1ty horlzopta1
‘dashed Tines obtained for the standard 0ils, indicate the Newtonian

behavior'of these fluids. TIn Figure (B-2) the solid liné of shear
~stress versus shear, rate can be represented by Equat1on (B 6) within the
range - of shear rate from 5.0 x 10° to 1 10 X 103 ec”! which 4s of
1nterest in thlS study ., o N :
. _ _l' ) R .' . : . . i
vo=oz2ae® (8-6)

-’ !

i The dashed line of apparent viscosity versus shedr rate can be represented

by Equation (B-7) .. , : N s " | : :

- o= 22407045 <o (B-7)
’ . .. . '. ."' "t

Equations (B-6) an? (8- 7) indicate power law behaV1or of the polymer
! z
solut1on ‘with flow behav1or index (n = 0.95) .in the range.of shear rates

studied.
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COMPPENDIN G- e e
AXIAL VELOCITY PROFILES AND CENTERLINE VELOCITIES .  °

LR}

4

C.1. AxtallVe]dcity-Profiles | pe Cu
_ Contained in this sect1on arilthe axial, ve]oel'y profi]es at
several upstream ax1a1 locations for ious flow rates. The me thod
used to measure the axial ve]ocitiestéag associated error were: d1scussed
in Chapter III. In addition, 1nc1uded in the table are the axial |
velocity prdfifes at the contract1on (z/D = 0). . These were determ1ned
by drawing eye= f1t lines through the ar1thmet1c p]ots of measured ax1a1
velocities ad a functuon of d1stance from the ‘entrance and extrapo]at- E
. ing the curves to«thqgentrance. _— |
hlthough the measured ve]ocity was'uot previsely theuaxial
.e]oc1ty (d1scussed in Chapter IIIO the small cone ang]es resu]ted in.

: on]y sma]l d1fference between measured and true ax1al ve1dc1ty There-
fore, these measured veﬂoc1ties are tabu]ated as the axﬁa1 ve10c1t1es in
Tab]e (C 1) ,(C 6). ‘%The rad1a] 1ocat1on 1n Tab]e (C-1) to (C 6) are

the actual detance from the centerl1ne of the cap1]]ary tube as d1s~

.t1nquvshed from apparent d1stances on graph paper. The radial 1ocat1ons

' marked w1th an "*" means that these rad1a1 1ocat1ons are od the opposite

. side of the cehter11ne of those wh1ch don't have the aster1sk
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Diameter:  0.20 cm I.D.

’

Flow Rate: 0.1598 cm3/sec

' f

Axial tocation (z/D) - Radial Location (F) Axial Velocity (vz) -

" (Mo of Dia.) . . 0 (em) I '(cmlgec)
00 - o.oéq . 825 ’
o X A T
| fo. 0033 .. .70
| X R

0034 RS

e ) oo - 7.01
| T 0.085 y 662 |
. o.0ser 5.90
, ] |

o § ) ] : . .

e 1 . . i o066 . 5.50

7 0.058 . 505
0.080° "~ 378

c : L 0.095 281
| o 0.00% S X
3 . Lo N "l-’ ' T ’ j 4 U

o om0  6.38
S 05 6o
0.000 - 6.02 ;
| ~0.008 Y.
© 0007 Y 5.83
- 0.012% - 581



™

'u_--mmiu_IAgLE,cﬁlm(canctnueaai_;__~_uw-;i-_—-u—»u&u»--wAm~

I
oty 4

oy

e {No. of Dia.) . {cm)

(cm/sec)

— - ) B -
Axia¥ Location (z/D). Rad{al Location (r) Axial Velocity (Vz)

iy < 0.028

©0.039

. 0.037
| 0.029
. | 0.040*
Y X
, | . " 0.050
S e
| . D.063*
7 .0s0:
0.056*
SR - 0.066*
e, 0.066

;

0.072

0.062
0.092*
0. 090
| | 0.105
7 5>’ . 0.110*

20 . "0.000

0.011

0.000

L

5.78
568

'5.62

5.52

5.50 -

5.26
/5.25
5.24
4.65
4.64

4.68 %

" a.08

4.38

4.32

4.

. 3.64

|  3.08
) 2.08

i 2.07

4.82
| 4.78
N 1

Cdntinued ......



» o TA_BLE_L-J-—(*wn-tJ}nueé)l;‘ — -
. ) , L | I X - ‘ 3 ?f.& L
' Axial Location (2/D) +  Radial Location (r) / Axia]‘ﬁélbcity\(vi),-;
(No. of DVa.) em) . (em/sec) . w
Y “ : — g

. ' '
v : H

2.0 o 0.008 | - 4.68
| Bose - 460
0.018 "i:; 4.52 ©
o0k B .
A 0.3 - v 4,36 - o
- | 0.084 .- | Viass
- | . o.M © 429 @
. 0. 038 | IR 4,;0; o
0,039 SN BT _f@z |
. 0.045« © ' 14‘]5  E m
- 0.087 4.02° '
. o 0.085 RN
0.066% . 3.67
";,v S 0.0?44/i. - ‘ ;.ZZ

ol 0.075 - S 3.43
0.069% 3.42

0.072 © . o 3.32 '
0.086 - -3.21
L e ' -
' 0.181+ S 2,92
’ 0.099 . 2.49
0.728% 1.90

Continued......

L . ’ . o
. «
. . .



TABLE C-1 (continued)

Axial Location (z/D) Radial Location (r)  Axial Velocity (Vz)
(No. of Dia.) ‘ (cm) _ (cm/Zec)
o . |
.0 ' 0.000 3.65
g 0.019* 3.6

0.012 | 3.50

- 0.016 | 3;56 .
. 0.022 S 3.50
0.036 u 3.45
0.000 3,40
! 0.050 i 3.35
_0.048% 3

- ‘

0.040 3.25
0.053* . 3.15
0.051 S 3.12
0.042 3,10
0.064 3,00
0.062 \‘ 2.89
0.072% 278
~ o.087+ | 2.63
0.082 2.60
0.087 2.57
0.082* 2.42
0.114% f . 2.28

0.098 2.21 .

o7 | 1.91 '\

:0.138* ' 1.60
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TABLE C-2 o .
I o <. Diameter:  0.20 cm I.D.
Flow Rate: 0.3196 cm®/sec
Axial Locatibn (z/Dj ~ Radial Location (5) -~ Axial Ve]dbity‘(Vz)
wﬂ(No' of Dia.) ‘ (cm) ' : (cm/sec)
0.0 0.003 16.20

' 0.009% 1560
o.onzx 15.55
0.021% . 15.40
| * 0.013 1715.30
0.014* | 15.00
0.028* - °14.80
0.024* oo 14.65
0.046% o 14.20
' 0.032¢ 14.15
0.02 - 13.80
Vo ooeer v 13.80

0.037* | 13.75
0.043 | 13.50
0.031 | 13.50
0.050% 13.20
.03+ 13.20

| , | G o
0.048* 13.10
0.051* ©13.00
0.051* | 12.25
0.056 12.00

‘Continued...... R
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TABLE C-2 (continued)

f

~ Axial Location (z/D) Radial Location (r) Axial Velocity (Vz)

(No. of Dia.) = _ (am) , .(cm/sec)
0.0 - 0.066 ©11.00
o 0.073* | ' .9.60
3 | | 0.077 [ 9.40
~0.088 7.00
BT 0.100 | 3.65

<

1.0 0. 006 ' 13.80
0.014* | 1330

-~ 0.0]0* o 113.20 :
| 0.023* - . 12.96
boore 2.9
0.015 & 112.80
"0.016% ~ 2.8

0.030% _f':' 12.40 -
0.028% 12.30
| 0.038* "4 11.90
: 0.0474 11.88
0.038 | 11.80
0.032% 1.0
0.028 ©11.60
0.043% 11.60

0.031 | 111.43 |

| 0.041%* 11.20

Continued.......
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"7 TABLE C-2 (continued) | o
v P . N L ‘ R . .

Axial Lotation (z/D) - ~Radial Location (r)" Axial Velocity (Vz)

(No. of Dia.)‘, : (cm) - | s (cm/sec) -
oo o 0.053* 0
s - “Q.osl | o 11.09
o | Coooms ’11.oo~';
| A oissr 100
0.057% - 10.97
- 0.0« - 1020
[ o0ee 90.80 |
0074 . 8.80
| 0.080 L 7.86 -
3 o.084x . . )\ 765
| ) 0.084+ 7.40,
- 0.094 5.60
0.101 i 5.53
' 0.1084ﬁj g 3.35:
e
: | o L L
2.0. 0.010 . - .53
Cooomsry s
0.011° . 10.97
1 0.018 : 10.72
| 0.025% S '20.65:
0.021 | 10.65 i
0.019* | 10.64 !
. L 0.031* | 1015

i Conpiﬁued..,...
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TABLE C-2 (continued) - :

Axial Location (2/0). " Radial Locdtion (r) Axial Velocity (Vz)

(No. of Dia.) (cm) . (cm/sec)
——— — |
2.0 - 0.032* l0.00
. 0.038* Co 90
| Jo.oae 960 |
R 0050 . 97
: 000 9.0
Y R 9.60
o 0088 960
| 70,031 S 950
A L . 0.060* O 9.20
| T oer ote.20
.  .0e5r .7 .00,
| - ..0.0136,:ll o 9.0
. 0.062* , 8.95
J00%2 ) s60
 0.065* .  ga0 0
| 0.068 . 1
. oos 695
T ~ 0.085 . 6.53 o
~0.095* ', i . 5.90 .
v 0.0 - - 578
o | a5
1 0007 I 4.6
| o Con;inued ........ o
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CTABLE C-2 (lodtinued)

Axial Location (z/D) " Radial Location (r)'  _Axial Velocity (Va)..
";a' '(No. of Dia.) | ' (em) - . (cm/sec) -

4

,
..-iz}o, - B R 17 ' 3.05
3.0 . g.om 9
o oo 9

" | O 0.015% 7 g ,
0.023* + .. 8

0.027% | |
0.023 L 875

09 ges

.033 8
047 . glog
.054% o
035+

.034
’ {0331

0
0

0

0

0
0.044*
0

0

0
0.052% S
0

b .

052
T 0.067%
0.072%

0.063

#*

8
8
8
8
7
043 /;S S 780
o -
7
7
7
7
7

© 0.069* - |

. ’ !
Continued.........

!
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TABLE :C-2 (continued)

T

'-Axialutocation (z/D)~,4'~Radia1¢Location}(r)— --~Axia}:¥é%ec?ty"(Vz)v~ o

(No. of Dia.)' 0 (em) ! . (cm/sec)

.80

.75
a0

30 oo 1
| - 0.061 | |

| 0.0, .|

. 0.0 . |
: 0,092

6
6

6
5.30
5.25 ' !
4
4_
3

- | 0.106* .70 .
: s 43
.93 !

[T W R |
| 0112 . 363
. ., 0720 - 2.80°
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| ~ TABLE C-3 o S
| , . Diamter: . 0.20 cq I.D.
e . T Ty T Flow Rate: ’016392'cm3ysec“]ff
Axial Location (z/D) ~ Radial Location (r) -Axial Velocity (Vz)
(No. of Dia.) . - (cm) R (cm/sec)

\ . ¥ 1

0.0 = ~0.000 S 32.30
0.008% . 31.00

S0 L 30.00
9.048* . 4 26.50
0.038 - T, 2590

L
{ S 00s 2600
) o 'o.qgs o 230 :
i o.es O 2.60%
g 0.068 S
o007 21,00
| S0.074 20,30
om0 e
) . 0088  19.00
N I‘ oiss - . 15.10
o 0:093* 1 . . 1.2
o 000 s
1.0 . 0000 28.01 -
R L o000 L g
S ' i

C o eomr o 2.88
0.012 . . 26.45

Continved.......

Sw



TABLE C-3 (continued) |

I3

121

Axia]‘Location.(z/D)

Radial Location r) . Axia{ Ve]ocity'(Vz)

(No! of Dia.) (cm) ;(cm/sec)
. : ,4&‘ .
1.0 | -~ 0.003% | 26.16
| 0.027 25.39 |
' 0.031* 25.39
. 0,021 | 25.39
0.032% 28,73
e " 0.035 | / .57
0.039% - 23.00 j
opsae ! , 123.00
L
0.053 . 2219
| 0.059% " 21.60
0.057 20.50
: B 9.654*' 20.31
0.068 19.00
_”0.672 ’1 18.50
0075 a7
o 0.074 - 7.4z
’ 0.075* a0
0.081 . 17.36
| 0077 16.30
| 10:091 1310
o 0.097* 10.2
©0.105 5.02 -
tdht{nued...,.;...



TABLE C-3 {continued) -

127

Aﬁﬁal»LobétibnA(z/ﬁ) V
(No. of Dia.)

(cm)
il

_Radial Location (r)-.

e

(cm/sec)

B B

Axtal Velocity (Vz)

N

2.0

a8

0.000 -
0.012

0.014*
0.015%

©0.004%

0.032*
0.023
0.026

.036* ﬂ

.038

1 0.058*
056

.066*

.063

v

.059*

N oA

0.080
0.081
0.08)
0.081

©0.078* "

0.084
0.096

6
0
0.043* "
o

0

0

N\

' "‘]5‘:05

14.80
13.70 .
11.50

*-Continued........

-
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e . TABLE -€-3 (continued)

i

’ / ‘
Axial Location, (z/D)

b Radial'toéétion (r)

4

Axial Velocity (vz)

(No. of Dia.) (em) (em/sec)  #
~T L i ©9.20
| o0 o ams
.0 #  Dooo 2110 -'\\\Q
| . .J)- C o.oier 19.60
~ o oot fo.60 !
: 0.013 . 19.50 )
_0.006% 1 9925
“'\ 0.025, 18.80 L
"0.039% . 18.70 ';.
©.,.0.041 18.50 . |
s c 0.031 18.43 +
T L oo 18.30
| " 0.086* - 1735 5
\ 0.064% 1679 |
0.059 16.54. !
0.072% Loz,
' ,04055 | \ 15.60
0.061% 15.60
| 0.088 13.00
g "~ 0.083 13.00 {
] . 0.083* 12.53 )
‘ ©0.090 g
: ' - 'Cbntinued..,, .....
I '



“TABLE C-3 (continued)

oty
v

RERTY)

& . ' .

AxiaT‘chation (z/D) . -Radial Location (r)

‘(No. of Dia.) (cm) :

L]

Axial Velocity (Vz) {

(cm/sec)

'.3.'0 | O e
| 0.095
0102
-~ 0.104%
0.115

Al ‘
- 10.50°

1110

! 10.10.

8.19

f
t

!

425 .

l. b
'\\--“.—*r' ™
Y “
t
i e ‘
P
-,
é .
N t
i
' .
' ¥
S
t
i
A}
]
!

2}
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TABLE C-4 -

T T "‘"""‘"' Tt .' Tt '(' o T oo Diameter: - ““0:‘30” (Cm I“ ‘D"" "z’ ""“"‘_ T s

. , -
e 3 f' S o Flow Rate: 0.1598,cm3/sec

2earnre

=

AxiaJ"Lb‘ca.t'_ionb (2/0) Radial Locatio]nw (r) - Axial Velocity (Vz)
(No. of Dia.) . (cm) L (cm/sec)

010 . 3.56

o T 3.50
21 50
033 3 |

o9 3w

0.0 -

t

029 o 3.
.034% - 3.08
042% 3.0
057 B X'
oo b
068 2.6

© © © 0o © © O © © ©o 6 o © o ©v o

" 0.om - 2.57
R 053% 2.5
. 073 o as o
I . - : ! .
: 077 .36

~0.105*% 2.5
L _«:f o 0.108 S 205
0.085* 2,15
| ~0.098 - L2.06
A!* | | 0.100 N
| | | . Cpnfinuea,;.;;...

LT



TAQLE C-4 (continued)
R S S _L. e e
Axial Locatién (s/D) Raajal Location (_‘r)\ Axial Velocit;' (vz)
(No. of Dia.)’ (cm) .. (cm/sec) - '
, v , '
. 0.0 g 0,088+ 1.98
| 0.7 1,97
. , 0.116 .88
| " 0.100* 1.83
0.106* ' 1.0
0.100¢ 159
0.121 1.3 ¢
0.119 L 1.44. )
016+ 1.38
, s i
0.126+ .13
039 ©0.91
0.141 0.89
5 0.142 ! . 0.78
0.150% . 0.63
S 1.0 | f'o.016 | | 1.81
N 0.028 .
. 0.057* 1.60
o 0.017 ’ 1.60° .
. A4
. . %3045 : : 1.60
] - 0.’(‘)49 y ‘1,50_
g 0.075 - - .53
Continugd .........

¢
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TABLE C-4 (continued) . , ,

A;ia] Location (z/D) Radial Location (r) Axial Velocity (Vz)

(No. of Dia.) (m) (em/sec)
w v a o '
| 1.0 . 0.060% - 1.50
‘ 0.083 RN,
| | 0.051% | V.47
; ~0.108 ‘ 1.35
0.084% | 1.33
. 0.103 - .30
0.105* .27
0.121 .26
A‘o.n4* o 1.22
0.134% e o
. 0.123% 1.09
0.135% L s
r 4 0.145% 1.02 ”
a 0.153 1.01
; 0.154 S
L g 0.166% 0.90
N ’ 070 - 0.90 !
| 0.158* , 0.90
F o ohrege " o8
o ) 0.168% 0.82
i | | ,
& . 0.18. | 0.78. |
© 0.188 | 0.77 f
P 0.182% ' 0.75 ]
/ i o . Continued......... |
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TABLE C-4 (continued)

} ;fiE o T "‘ =
‘ ’AxiaT"Location (z/D) Radial Location (r) Ax1a1 Velocity (Vz)
(No. of Dia.) ~ (em)’ a ~ (cm/sec)
. ’ . ‘ ) ' o : ’/
1.0 . 0.184% |- 0.72
; 0.198 0.69
0.194* " 0.65° ¢ " ~
10.203* 0.52 |
0.214 S, 0.50
' 0.214% 0.48
0.216* 0.41
2.0 0.026 0.85 °
a ' 0.070 ~ 0.72
0.090 "y 0.70
0.028 | 0.70
N 0.077 . 0.70
T 0,04&"' 0.68
0.095% 0.67 B ' ®
0.079* 0.67 - |
) 0,130'} 10.63
0.117 0.63 |
! 0.132+ 0.60
0.161 0.57
0.171 ‘\ ©0.55
0.166* 0.52 f
0.179% ' T o047
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TABLE C-4 (continued) ,
) | Rt S I E
,‘ Ax_iai Loéation ('}/D | Radial Locat.ion (r) .' Axial Velocity (Vz)
(No. of Dia.) ‘ ~ (cm) | (cm/sec)
2.0 o091 0.45
S0.210%. o 0.45
. C0.227% 0.5
Y., o0.240 - 0.42
| 0.244 0.42
0.212 - 0.41
. 0.250%, 037
0.260* 0.36 0
; '0L247* . 0.35 '
| 0.293 ,2\ 0.34 |
6.308 0.32\\\1\
, 0.280% 030
L 0.300* o030
N 0.316* . 0.26
. 0.328 o 0.25
0.328* 0.24
0329+ 0.2
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i TABLE C-5 S '
, | | Diameter: 0.30 cm I.D.
\ , o ) Flow Rate: 0.3196 cm3/sec :

-

|
g ' ‘ , '
| Axial Location (z/D) Radia]\Locqtion (r) Axial Ve]ocit} (vz)

=

(No. of Dia.) (cm) - (cm/sec)
| , e |
0.0 . 0000 o 733 . 0
| 0.010 \ 7.33
0.005* 7.2 '
oy 0.020 | 7.10
| _ 0.013+ - 7.01"
- .o 7.0
© 0.030 ' 6.89
0.020 6.85
: 0,051 660
0.028° " - .6.30
0.027* | 6.30
' 0.074 f 6.20 _
0.069 T ea0
' . 0.038x 6.07
) 0.045 . 6.07° ]
| 0.076 o 5.90
0.064% . 5.90"
‘ 0.070 5.0
. : 0.071% | ' 5.65
0:065% 5.64
0085 . sy |
; | Confinueq.; ..... ‘ &.
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"~ TABLE C-5 (continued)
R ,
I\'xi;ﬂ; Location {(z/D) vRadi‘a].L0ca'tion l(v()i\} " Axial Veioc'ity (Vz’)
(No. of Dia.) L - (cm) . , '(qn/s-ec) »
, . ; _
0.0. . 0.082° . . sm
| 0.02 | 53
o ooer s
'1f g [ 0.096 o . 4.70
0.083+" | a0
- 0.088* 7 4.8
| S 0.10¢ 454
| " 0t0s4x . B
om0 4.35
| o /368
| | 0.118% BN
! 0.143% L 2.3 |
- oas0 - 1.65
| o | : o ‘
1.0 - ©*0.000° : 481 .
z | 1 0.013 o | S
| o 0.006¢ . ap;-
0.019* - 4.65
00 . 46!
) 0.017* 4.58
' 0.022 ¥ 458
0.016% 4.50 ,
0.023 | 440 y
' : Cohtfnuéd....’ ......
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TABLE C-5 (cdntinued)

B

Axial Location (z/D) Radial Location (r) Axfal Vg]ocit&:(sz

' (No. of Dia.) . . (cm) - (em/sec)
1.0 e lomer 0 2.3 ’
. t); 0.158* o 2.20
| | AL
AR 2‘ 0.186 | | C 129
. ‘ K . . ‘ ' g
2 X S X
| | 0.017 . o 2.9
| 'o.d09¥_ | 2.83° ’
L . 0.019% e
| o9 290 |
. 0.021* ‘ . 2.60
. 0.0 . 2.54 "
oot - 2.5
0.067% - 2.50
0.083- . .- 2.50
0002 o | 2.2
Co002r - 2
‘ 0.077 240 ;
Y 0.084% Cotam
K 0.108- . 2.30
Soms 2.20 |
| 0121 28 ‘
| | 0.115% - 2.18
Continued........
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TABLE C-5 (continued) . S ,
!

i
. . A PO

i

" “Avial Location (z/D) | Radial Location (r)  Axial: Velocity. (Vz)
(No. of Dia.) o ~(em) ‘ (cm/sec) .

.00 . oo ado

| 062 . 4.2

081* T 40

.034' T abe
1035% ' _ . 4.02

076 ¢ 3,97

.058 3.9
083 3.9 _,}’

0% . 3.83 . \\i..- }

088 . 3.76 .y
oo

096 . .75 Lo

.088% ©3.69
06 381

[8)

07

| 41
q20

w
(93]
TN

114 .22

05% a2

wow W W

.108* | .10
ALILE 3.00 -
27 o . 2.88 .
daax 0 am K
J123* ¢ C o 2.65

© © © o o oo 0 O O © oo o © © o © o o o .o

147% 2,42
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TABLE C-5 {continued) |

Axia1'Location (z/D) . Radia1'Loc$tion (r) Axial Velocity (vz)
.(No. of Dia.) : ~ (cm) ¢ (cm/sec)
. : v ) '

2.0, . 0.136 . C2.14

\ 0.123 , 2.14
. [ . ! ;'[
| | .140 . e
./jxgl‘ P | | * J59% g
' . asgx . 1.88
N LR
o 147 . 176
1‘: . ! ~ : ‘ B -
0.162* . - 1:70
. ’ 1

0
0
0
0
0
0
e o . 0.162 . 1.60
o | 0.188* a8
0.201 - . 140
0.188* - .40
0 ' 18
0

236 - ge

020 e

000 .64

e

Lo 027 - . g
- - 04 1s2
e L ‘ I : . ' . .
j : - j
. f> _ 081 e
S 07 .43

092 ; .39
A3 13y
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- - TABLE C-5 (continued)

135

Axial Location (z/D) - Radial Location (r) Axial Velocity (Vz)-
" (No. of Dia.) ‘ “(cm) ~ (cm/sec)
3.0 0.032¢ 1.35
0.137* 1.33
| 0.041 1.31
' 1 0.157 . 1224
0.144 1.24
~ ' o
o 0.169 % 1.21
N , 0.060* .2
_0.161% - 1.18
0.185*% T i,08
| - - B \
7 0.191% 1.03
I g 0.173 o102
0.218* 0.9¢
0.268% " 087
L s 0.67
?_ }} . IV .
| o o
T ¥ ‘H ) ”{
b g -'
i
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TABLE. C-6 . ,
N .'1$. R o Diameters ' 0.30 ¢m 1.D.
| Q Flow Rate: 0.6392 cn’/sec
 Axia1 Location {z/D) : Rédia] Location (r) | ' Axié1AVeTocity (Vi}
| ~(No. of Dig.) | . (em) . | (em/sec)
00 0000 . 14.50
| 0.007 0. 1450
- ; p.oos", . liﬁzsl_’q
0.022 - . -5“5514640'. |
: 0.007 @y B 14;40
“ome’ T L 14.00
| 10082 s
. ST VA N B '13.30
R X 2 /33.75
T YT L, 1340
T o ,v§§§§ 53.39 |
o ) 0.2 . % .13.00
/ Yoo.oasr 2.8
S e s
;v 0.8 7 12.40
| 7 0.076 - , 12.20
* o Coooeet . 120
. N 0.061% - s
e 0.0 .90,
' 0.064* 5 . - .75
. ®oo08. - 045

o . . Continued..........
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- TABLE C-6 (continued) . =, . . .
P . f : : . ) ) ' . .
" Axial Location (z/D) Radial Location (r) ‘Axial Velocity (vz)
(No. of Dia.) , ~{em) (cm/sec) 4
) , ) t‘, . . 3
0.0 0.085% v 10.85
" o.o74 1040
i : X /“ . )
©.0.086 0.0
0.0% - - 10.00
L o.089x . 9.95
0.110 C7.35
. P ‘ ) :
! o.m5 - ' 720
0104% ’ 7.05
0.110% . 6.95
; : d.ﬂs* | 6.75
/ _ . oo
0.118* 6.52
C0a21% - . . 5.80
I 0,32 4.40
0.142% | ' 3.65
;o 0504 290
.0 0.000 110.82.
N 0.010 . - . 0.8
0.008 B -V
0.000 - - 10.75
0.010 00
0.024 1048 |
. ] -~ 0.032 10.48
: - Continued.........
‘ |
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_ TADLE C-6 (continued) e

!

Axial Location (2/D) ° Radial Location (r)  Axial Velocity (Vz)

(No. of Dia.) , (cm) (cm/sec)
1.0 - 0.032* l : . !10.30
| 0.041 ,' ' o 10.24
0.086 j 10,20
| 0.052 B T
10.051 - "10.00
;- 0.048% o900
| Co0.052 . 9.3
! ( oo.oerx a8
. ooy L 9.60
0.076 1 9.28
: 0.089 . 9.25
0.066 a0
0.072% 8.80
-~ 0.087 8.70
- 10075 8.60
S = oosox 8.30
- 0.009 770
I 0.086* 70
o U 0.099+' 7.60°
: - 0.107* 7.45
0714 7.40.
, - 0.120 7.20
“0.127* 5.45
- -, - Continued .......... .

{ f‘ .
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. TABLE C-6 (continued)

AXial Location (zﬁb)“_ - Radial Location (r)

Axial Vg]oéity.(Vz)

- (No. of Dia.) o ‘ (cm) (em/sec)
1.0 | 0.137 5.41
S e 5.40 |
0.125% 5.20
RIS 5.20
0. 145% 4.95 .
! | 0.140+ 4.80 |
0.147% 4.35
- 0.154% 3.30
/ e 0.165% ‘ 2.70
-~ 0.172% 2.30 o
20 .. 0.000 7.95
| ) . . 0.010 '7<2jl|§
P ‘f - . 0.000 7.80° .
A ' 0.038 .66
| | £0.013 7.60
b ) L0012 © 7.60 !
| o | " 0.040% +7.50
- . 0.085 - 7.42
| | 0.054 1.0
" 0.029 | 7.40
_ 0.051 7.30
) | ,lo.ose*/} ) 7.10 )
antinued' ........ .
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N TABLE C-6 (continued)

o

Axial Location (2/D) . Radial Location (r) ~ Axial Velolity (v2) -
(No. of Dia.) . | (em) . . o (em/sec)

2.0  0.062 o 7.00
' 0.061 | . 7.00
0.061% ©6.99

0.057*
0.089

6.87
6.80 \
6.66-
6.25

40.101
0.078
s 0.084% ] 6.20 ©
' , B R LN (2
0.096% 1 s :
| Sﬁso'. 3
5.50
5.49

x. cri—— A el .

R !

- 0.131*
o

| Comer L 5.0
. oam S s
 amr “é 4.91

- o oase "o 400

1 :
0.166 400
0.161* , ©3.80
#' B
; -3.80
3.7¢

.

'0.156
) 0.175% |
. o S04, % 354

- 0.172% ; 32
* . Continued............~

. . Tl s,
i | . e
- ' : . R

ne

LY
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TABLE ¢-6 (contiriued)” -

Axial Locatioﬁ\(z/D) ‘Radia]‘LOCAtion'(i) +* Axial Veidcity (Vz)
(No. of Dia.) - (em) "u_’ (cm/sec)
| 2.0 - 0.177* " 2459
' & 0.189r % 2.05
) 0196+ BT
3.0 - 0.000 . | 5.86
0.03 . 5.86
0,000 s BTS
| 0.042 | 5.62
) | 0.012 S 5.60
\ . 0.048* 5.49
’ L 0.061 . 5.47
o070 5.3
0.054 ~,5.26
0. 064 5.8
B 0.0}5 5.20
o 0.032 5.00
o 0.069*. 5,00 N
& ©0.107 2.99
? . . 0.074 4.95
0.070* 4.78
0.073 4.70
- 0.121 466
‘ 0.094 , a.6a
Continued.......:..
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3
L

TAML C-6. (continued)

Axial Location (z/D) Ra‘dial.LoFatiOn (r) Axial Velocity (vz)
(No. of Dia.‘),‘ B | (cm) N A : (cm/_sec)
3.0 h 0.117* - 4.53
0.100* | 4.46
| 0.111% 4.28
| - o 10.153+ a2
| 0.122+ L 400
0.144% . 3.95
0.138 3.80 |
0.153 0 3.32
0.170 . 13.30
0.178% | 2.91
. 0.213* 2.87 "%
0.194* ';\ 2.66
L R 094 . 2.66
x "‘ . 0.190, | . 2.60
R . 0.210* . ; 2.25
©0.226% | f1.90
0232 1.60
* ®
| : .
y ' )
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C.2 | _Center]ine Velocities f Y i
Contained in this section are the-axia]~ve]o¢i%ies at the
flow centerline determined from the plots of the axiul velocity profileg

! . , .
such as Figures (IV-1) and (IV-2) at seVera].upstream axial locations

" and for various flow rates.v'“For example, considering the 0.30 c¢m.1.D.

capillary tube at f]pw\rate 0.6392 cm3/§ec and at axial 1ocatf0n of two

didmeters (z/D = 2), the data points are plotted in Figufe (Iv-2). By |

drawing an eye- f1t so]1d ]1ne through the data po1nts, the centerline

o ve]oc1ty was est1meted at vy =:0 and was found to be 7.95 cm/sec This

is the value tabulated in Tab]e-(C-?). o !

L4
For the axial, cations where a complete velocity profile
was not meésuned the centerline velocities were'determined by'the same
procedure except the.1ncomp1ete ve]oc1ty profiles nedr-the centerline

were used 1nstead of the complete profiles. )

\
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- TABLE C-7
R . |
* Diameter - Fl.ow‘RatQ Axial Location Centerline Velocity
A o (z/0) _(Vz.¢)
(cm) | (cm3/sec) .(No. of Dia.), (em/sec)
0.20 0.1598 00 825
| 0.5 7.32
! 1 |
1.0 6.38
o ‘s 5.52
‘ 2.0 .~ 4.85
: 2.5 - 4.00
3.0 © 3.60
X \ , ’
0.3196 - 0.0 16.30
0.5 1 15.00
‘ 1.0 13.80
|,
| o 1.5 b 12:60
\ L 2.? ‘v.n_‘.53
‘ 2.5 110.40
. 3.0 ‘* 9.55
«
0.6392 0.0 32.30
) |
.05 30.30
o e 28.01
| 2.0 - 24.40
' 3.0 2110
| 4.0  °  18.00
J R _ ' ' Coptin‘ue!' .......

: *
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TABLE C-7 (continued)

\
Diameter Flow Réte T Axial Locétion "Center1ﬁne4Ve1;city
: ’ o (z/D) ' (Vz,¢)
Aem) o (em¥/sec) (No. of Dia.)  (cm/sec)
0.20. . 0.6392 5.0 © 1550
: | 6.0 . 13.40 -
7.0 - 10,55
0.30 0.1598 0.0 3.60
x ~ o5 2.52
) 0 1.85
: SN K13
| a 2.0 0.85
- 0.319% C o0 Y
0.5 6.01
100 4.75 .
l 1.5 375
2.0 3.0
| 2.5 . '2.21 o
. - 3.0 1.80" e
0.63%2 00 . 1450,
T D 0.5 255 \\
| R N R 10.82 |
1.5 SRRT

Continued.........



C

!

!

TABLE C-7 (cpntfnued)

y
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Axial Location Centerline Velocity

Diameter Flow Rate
| (2/D) - (Vz,¢)
(em) ‘(tm3/ééc) (No. df'Dia;)"' " (cm/sec)
- : _ ;
0.30 0.6392 2.0 . 7.95
| S2.5 . 6.75
3.0 . 5.8
“ {
. .
t
[}
t
[
|
R
l ' .
{

[ 1
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APPENDIX D ' '
CONE ANGLES AND~CENTRAL CORE DIAMETERS

b

The cone sem1 angle was'defined in Chapter III Sectlon
III 3 3b, as the ang]e formed by the line tangént to the outermost
| streamline that edters into the cap111ary tube. ' The cone sem1 ang]es '
wh1ch weremeasured in degrees and the central core diameters wh1ch were
measured 1n centermeters are tabu]ated in Table (D- 1) for the 0 20 -and
. 0. 30 cm, 1.D. cap1]]ahy tubes at severa] axial 1ocat1ons upstreamlof fﬂe

contract1on The 1n1t1a1 cong semi- anglq (¢ 0) was defined ‘as the ,cone

semi - ang]e at the contract1on (z/D = ).

TABLE D-1
I | !
‘Diameter - . Tﬂgw Rate Ax1a1 Location Central Core - Cone
' _ (z/0) D1amter (d) Semi-Angle(¢) "
(em) (cm3/séc) (No. of D1a1) - (cm) ; (degree;)
: . ) . ) . ] . B !
. , . —
' 0.20 - . 0.1508 00 0,200 ' 3.70
o 1.0 0220 4.0
c20 o0 - 4.40
| 3.0 0.27%6 ' 5.30
IR S 0316 6.60
5.0 ‘\\J‘ 0.3 9.70
6.0 043 . 12.60

- Continued....
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\ B .~ TABLE D-1 (continued) -
D.iamfer . f’]ow Rate Axial Location Central Core Cone '
I S ‘ ' (z/D) - . Diameter (d) Semi-Angle (4)
o ('cr:n'). - (cmlz/Sec‘)' (N‘o‘. of Dia.) N (cm) ' (dégfee's)"‘ '
0.20 041 0.0 0.200 . 2.30
L 0 o 0.215 | 2.50
| : | '2.9 o 0228 2.60 1
f 3.0 0.239 2.80
4.0 0.261 . 3.20
5.0 - 0.281  3.70
. _ 6.0 . .l 07305 430
» C R X 0337 520
| o
o | 0.632 . 0.0 . 0200 . 1.60
¥ 1.0 0.209 1.66
| 20 0.219 .78
| B0 vp.zéo ‘vﬂ' e
o | o a0 0.241 2.10
o o '  - 5.0 0.255 « - 2.40 .
. o 6.0 0.268 2.80
< 7.0 .0 o o0.287 3.30
| ; L R : .
030 0.1598 . 0.0 0.300 9.40 -
s 036 11.80
. ; 1.0 0.3 ) 15.10
| | . "1.§ © 0.526 19.40
| | | 2:0 . 0.657 26.00
b ' oo Conti_h}u‘ed..l.-...‘.
j - ' : P
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TABLE D-1 (continued) ' o o

!

Diameter .« Flbw Rate Axial Locatéon Centra1~Cbre , Cohe '
‘ - (z/D). Diameter (d) Semi-Angle ()
(em) (cmg/sec) . (No.éof'Djé;) ~ (em) ' (deéreés)~ !
i ) | N K
0.30 03196 0.0 0.300 6.20
o 0.5 0.333 750
ce 10 0.372  8.00
j: 15 0.4l6 9.20
' ‘,/ 2.0 0.472 .y
2.5 0.586  15.30
' 3.0 0.642 . 22.90
; o - b
0.6392 .0 0.300 4.0
.5 0.325 5.50
| 1.0 0.344. . 4.70
» 1.5 0.369.  4.90
| A 2.0 0392 560
25 oam ]6;60
3.0 0.464  7.60
3.5 0.503  9.40
: 4.0 0.560 11.30
/
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APPENDIX E
* STRETCH RATES ALONG CENTERLINE

v o .‘~,7./
The stretch rates along the center]ine were measured as/the
;slope of the plot of ax1a] center11ne ve10c1t1es (Vz,¢) versus the \
ax1a] 1ocat1ons (z) The data which were measured are tabu]ated in

o

Table (E 1) at severa] ax1a] locations upstream of the contraction.

R | O mBLEE1 &
Diameter ' 'f . Flow Rate Axia1 Location Center]iﬁe
_ - : (z/D) Stretch Rate
~ (cm) "(ch3/sec) (No. of Dia.) (sec'])
020 . 0358 . 0.5 210,39
| B 0 - o
| R R
- 20 - 7.13
2.5 - 6.06
3.0 - 5.4
| : Co _ L ‘
0319 - . v 0.5 - 13.33
| 1.0 - 12.57
. ' S BB - M.
| 200 -0.8
2.5 -'9.78
3.0 - 18.99

Continued..... N

-
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THBLE E-1 (continued) o
Diameter _ rF]ow'Rate - Axial Location Centerline
S, (2/D) . Stretch Rate
Clem) T (en¥se) T (No. of Dia.)  (sec”)
Lmzo T 0.6392 0.5 21
| 00 - 20.63
;2.0 . 17.96
/3.0, - 15.64
4.01 < '/15..61
. 5.0 - 11.60
6.0 - 10.00
7.0 - 7.75/
£ 0.30 0.1598 0.5 - 5.89
o Yl 403
‘ 1.5 - 31
| | 2.0 - 2.2
n 0.319 © 0,5 - 9.23
- 0 - 781
195 605
2.0 - 4.9
2.5. ' - 3.57
3.0 - -2.60..
.vf . : . Continued.........
v
' /
, :



. TAéLE E-1 (continued)

Diameter o Flow,Raté />mAxia1ALgpqtjpﬁ  CentéMine
| Co e e (z/D) Stretch Rate
- (em) (cm3/sec) (No. of Dia.) A (sec’])
/ . - . . v/
0.30. . ¢ 0.63%2 | 0.5 - 12.84
10 - 11.26
1.5, .- 9.6
| - 2.0 - 819
2.5 - ® - 6.86
: | 3.0 L 562

152



' 1 APPENDIX F
/ | ~ SAMPLE CALCULATION T B
: | o ., X |
Contained jn this section is a sample calculation which converts
the measured streék Iength'into axial velocity. ‘ For example, consider

the following:

,_I..D. of capillary tube = 0.30 cm e
o | . flow rate = 0.3196 cm3/sec
rotational speed of the 20 s]its and spokes chopping disc
’ | = 202 R.P.M.
magnificatign of stﬁeaks pfoject ontovthe graph‘daper |
r ‘;5" . ‘M; . | = 4?.8‘ Y e ;',
Typical streak Iedgths anng several stre;mlines for thPS run j?

were shown 1n figure (111- 6) ConSider the streamline number 8 in
*

Figure (III -6) at.the axial “ocation ¥F one diameter (z/D = 1). -

(i) The Streak Ienth; were measured by uSing the leading edge

“to leading edge technique or distance A to B.

. .

In thIS case “the Iength of AB was’ equaI to 3. 70 cm on the
graph paper Then the length of streak (sL) at this -axial

" Jocation can be found by dividing this value by 2.

1 ~

o= S5 = 185 (cm)

iy :
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(ii) + The time-infeécél for this exampy‘kcan be calculated by

using. the following Equatibn (G-1) s

' T . 60 , ' ) : ﬂ A _
| t N SEC-I' ‘ 1 o ! ‘(G ])
’ . N r,“; K’ * f
! where B f,". R .o '
N = number of s1it and spokes on .the chopping disc
' w = pumber of}revolution'per minute.-
ThereYore, )
{‘ - 60
‘ 20 x 242
) / . . <

0.0124 sec oo

(ii1) "By using Equation (I11-1), thé a%ia] velocity can be

calculated.

vz = A& T (1A
Mt S
‘ ',f“ﬁhere‘ _
o S o : . ,.:" ) l
Lo AL = length of stfei® m
‘fﬁ f;?? L = magnification Sf-;treaks.on the graph paper
t = time for the slit to cutl'helbeam oflligﬁt .
- Therefore,
AR S
_:-[ ) vz = 1.85i

¥ 47.8 x 0-0124

3.12 cm/sec 2 ‘\

- N ¢ .
- This axial velocity was p’Ptted in Figure (I11-7) and also
tabulated in Appendix C, Table (!5). . "



