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ABSTRACT

A Study of Heat Transfer and

=

Inlet Flow Behavior in Molten Polymer Systems

Two separate studies have been done in the present work:
one to study the entrance effects in flow in molten polymer
'.systems and the other to investigate the heat transfer to
thermally softened flowing polymer.

The equipment for the entrance effect was designed to
study the,isothermal\flow behavior of a polymer melt in the
entrance region. The main object of this investigation was
to find the entrance length for the melt ﬁo relax and to
separate the preséﬁre drop into viscous and elastic cffect.
Due to the failure in developing a proper pressure measuring

device the experiment was not conclusive.

kN

In addition to the entrance flow study the heat transfer
to thermally softened flowing polymer was studieds A depression
in temperature in the central region of the tube and a peak in

temperature near the wall when heating the flowing polymer’

was Observed. . When cooling the polymer melt the effect

of viscous dissipation was greatly rcduced due to the alteration

of the velocity profilé heat transfer to the cold wall.

>

In general as:

<

ects the results of heat transfer study
were in good agreement with the previous theoretical and

experinmental works.
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I, INTRODUCTION

During the past thirty ycars the polymer industry has
experienced a ‘tremendous rate of growth,. This growth
unfortunately has not been &dccompanied by a corresponding

growth in the area of polymer engineering.

In particular, those aspecis relating to proceésing of
polymeré have been baély neglected; Examples are the behavior
of flowing molten or thermally softened polymer systems with
respect to such factors as heat transfer and flow contractions

Oor expansions.

The presenﬁ investigation was uﬂdertaken to overcome this
lack of understanding. The study was first directed to developing
an apparatus for investigating contraction and expansion effects
in flowing molten polymer systems and second t0 consicder heat

transfer to thermally softened flowing polymer systems,
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A. Classification of Fluids
Fluids can be classified into the two main categories of -

Newtoﬂian and non-Newtonian according to their behavior at

‘constant temperature under imposcd shearing.forces. The flow

curves are shown in Fig. 1.

KNewtonian Fluids.

Newtonian fluids are those which exhibit a direct
proportionality between shear stress and shear rate in the laminar

flow region. This is usually stated

T =P ()

where T is shear stress, Adis the viscosity of the fluid and P is
rate of shear, Newtonian behavior has been found to be common
to the foliowing systems:

(a) all gases

(b) all liquids or solutions of low molecular wéighﬁ
(i.€., nonoolvmervc) materlals.
The common denominator of these Newtonian flulds is that the
dissipation of viscous energy in them is due to the collision of

reasonably small molecular species,

Non-Newtonian Fluids

By definition the term "non-Newtonian!" encompasses all
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naterials which do not obey the direct proportionality between:

shear stress and éhear rate depicted by Eqg. 1 and their behavior
is commonly obéerved in the following kinds of syslems,

(a) First, and most important, solgtions or melt; of high
molccular weight polymeric materials'are noanewtonian'except
~when unusually dilute,

(b) Suspensions of solids in liquids become increasingly
non-Newtonian with increcasing solids concentration. and are
particularly non~Newt§nian if the solid tends to swell, slovate,
or‘otherwise associate with the ligquid phase.

These non-Newtonian fluids are again classified into three
broad catcgories in a classical sense and the relationship between
shear stress and rate of shear is not linear and ray also depend
on both the duration of the shear and the extent of the deformatioh
pro duced.,

1. Time Independent Fluids

Fluids with properties independent of time or duration of
shear.

The following three materials fall into this category,

(1) Bingham Plastic

| This is the simplest of~a11‘n0n~ﬁewt0nian fluids in
the sense that the relationship between shear stress and shear
rate differs from that of a Newtonian fluid only by the fact that
the linear relationship does not pass through the o;igin. - The

equation of the flow curve is

T-70, = 7)3 (2)



where 7.is the plastic viscosity or coefficient of rigidity and
T, is the yield stress. Vinen the shear stress exceeds T,, the
flow behavior is gsomewhat like a Hewtonian fluid,

(2) Pseudo-plastic Fluids

On arithmatic coordinates these materials displays the

A3

concave~downward flow-curve relationship shown in Fig. 1.
On logarithmic coordinates it exhibit flow curves the slope of

which is between zero and unity. In most cases the flow curve

may be well defined by the equation;

T =KP” (3)

where n is flow behavior index énd X is consistcnéy index,

(3) Diletant Fluids

Dilatant fluids display a rheological bvehavior opnosite
to that of pseudoplastics in that the apvarent viscosity increases
with increasing shear rate, Elamples‘of dilatant fluids are suchb
as starch, pottassium silicate and gum arabic in water,
2. Time Devendent Non-Newtonian Fluids

More complex fluids for which the relationship between
shear stress and shear rate depends upon,théxduration of shear.

These time-of-shear dependent non-Newtonians may be divided
into two groups, depending on whether the shear stress increascs
or decreases with time of shear at a 5onstant sﬁearing rate. The
former are termed rheopectic and the latter thixotropic fluids,
Rheopexy has been obscrved in certain sols and in bentonitic clay

suspensions, Thixotrepy is common to paints, ketchup and other



foods and to some polymeric solutions. Thixotropy is thus of

much greater practicsl impor

3 Viscoelastic Fluids

and viscous propertiesg, i,e, although the material mignt be

-

.

viscous, it exhibits a certein clasticity of shape.

e

e
=
[@]
bt
5 -«

Suppoce the simple case where we &8S wton's law for
the viscous component and Hoock's lqw for the elastic component,
wnich is the cass proposed by Mexwell,

For the Fewtonian fluid:

't:/uP (1)

For the Nooli gelastic body:

T=GV ()
where T = shear stress
AL = Fewtonian viscosity
G = Shear modulus |

1

Y

Fronm Equations 4 and 1 one can writes the total rate of shear

shear strain

as
5. T, T (5)
Y=+ 2

or
T + AT = AUP (6)

where A= ~—’G"L
The parameter XN has dimensions of time and it 15 the time
constant 0f the exponential decay of stress at a constant strain,

i.e, if the motion is stopped the stress will relax as exp( -t/a ).



FIGURS 1, Flow Curves of Various I'luids
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FPIGURE 2., Entrance Length and Couetite Correction Factor



Consequently X\ is knovn as the relaxation time,

1 10,37,41,61

B. FMow of Fluids in the Circular Conduits

Consider a leminar stecady state flQw through a circular
tube of radius R, The volune flow rate Q is related to the axial

T

velocity vy(r) by

. |
Q:j\znT%(UdT=nR%/ -

{.
(-}
where V denotcs the mass average velocity. An integration by
parts gives
R R
Q = rrrzvz‘ - j i dVegy (8)
’ o o dr

Assume no slip at the tube wall, i.e.,'vZ: 0 at r = R, then

2 : ‘ay
Q = —j nr’dVe gy (9)
(2 T ,
for this simple shear flow the only non-zero coﬁponent of the

rate of deformation temsor is .SYz =Ajz

dr

Now let the shear rate-shear stress relationship be written in

the functional notation

Ay = $(Tiz) or P=FT) (10)
The balance of forces on a cylindrical element of fluid

of radius r and length I gives
2
2nrlT = TR 8P (11)

raf _ (12)
2 L

~
-
=



and for the shear stress at the wall, T,, , we have

Tw= B2AE (13)
Therefore
= T L.
L= R (14)

and We can get the followings from Eq. 1i,

dT = T ¥ (15)
4
p? = :'C;E : . (16)

Combining Hquations 9,10,15, and 16, one finds

RIBN
2]

Tw
2Bt A dT (17)

where #( T, ) is défined~by this cquation. Taking é%g
' w
.and using Leibniz' rule one getls
d¢ 3% 4
= - == 4+ T
g5, = "~ T, T 5 7w (18)

or ’ ,
]
3 L S=
%= F (T =58+ £ Twgr, (19)
Equation 19 is known as the Weissenberg-Rabinowitch-locney

equation.

(2) Fewtonian Fluid
For a VNewtonian fluid in laminar flow we have
T =¥ : (1)

F(o)= "Ez (20)



Substituting in EZquation 17, one gels

Q l T s
3 =3 T dt (21)
R T wuT?

which on integration gives

23
_ IR Tw (22)
Q 4 L '

Combining Equations 13 and 22 we get the Poiseuille cquation as

Q = It Rq.AP

5 L (23)
From Tquation(20)we have
N . Tw . :
— = a—— L
7& "JF(TW)“' —L ' I(24)
Substituting Zquation(22) into (24) onc can write
5) _ 40 '
(b) Power Law Fluids
For a power law fluid we have
M
T =K? | (3)
- .
N, :
F@)= (%) (26)

Hence from Rguations(26) and (17) one finds

Tw
Gk - { 2y
Ko J, ¢ 9t (27)

and after integrating and substituting for?jpwe get

5 —
- nirR FQAF’)*‘
d 3n + { ( 2 LK

(28)



and

1
).}w = f(Tw) = (%) | (29)

Equations(29) and (28) gives

. '_ 3 Q .
){/__ n+1 (30)

T RS

which is the shear rate at the wall.

cC. Intrance Effects

1. General Entrance Lffects.
| When a fluid is allowed to flow through a sharp-edged
‘,eﬁtrance or sudden contraction the velocity profile chansges
"fromvéAreservibr into a tube of smallér cross ssction.
One can consider the entrance effects in two aspecis:
One is the case when the flow is in the range of very low
Reynolds number and the ofher in the range of éomparatively
higher Reynolds number but still in the range of laminar flow.,
" Bogue et al, described these two flow ranges (based on the
pressure drop data of Astarita and Grgco 1’2; as the INZRTIAL
_RANGE(where Reynolds number is greater than about 100) and
CREZPING RANGE(where Eeynolds number is unity op less).
There 1s also an INTEZRMEDIATE RANGE which was considered by Chu18.
Change of velocity profiles in the entrance region implies
that there is a pressure gradient'or a pressure drop in the axial

direction. Pressure drop in the entrance geometries may be

considered in terms of three mechanisms: inertial, viscous and



~

elastic 11. In the case of polymeric melts inertial effects
are usually negligible because of the very slow flow and, hence,
the viscous.and eiastic terms constitute the majbr entrance
pressure drop.ll’35

One can find both the entrance length and entrance pressure

drop by plotting the pressure drop versus L/R ratio and extrapolat-

37

5

ing to the zero L/R valuc. The intercept shows the pressure
drop at the entrance and the distance from tho entrance to the

point where the straight line deviates is degiznated as entrance
length. The entrance pressure drop and the entrance length are
shovn in Fig. 2 and 3. Note that the constancy of the pressure

s . . e ow s as 30
gradient is a necessary but not sufficient condition.
In the flow of very low Reynolds number, most of the pressure

drops occur in the reservior near the entrance into the smaller

pipe.q’s’ll’b"B’B?

As the velocity of the fluid increases
the entrance effects move inside the entrance of the tube. It
- 3 . ] ~ ‘ 2' -
loses one inertial Vvelocity head" of pressure (NYV’/?jC, where
\y is the density and V is the mean velocity in the tube) as it
accelerates from essentially zero velocity to the mean velocity.
. LN

N
in the tube, 11,34,19,12

2, Entrance Sffects in the Inertial Range

o
vy

In this range the inertial and viscous effects predominate

as a result, pressure drop cen be split into two portions, nanely,

the drop in the chember and that in the smaller pipe.(Fig. 3)
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FIGURS 3. Pressure Drop in the Entrance Region

o~

Subscript f denotes fully developed profile.
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. 3l
The reservior pressure drop 1is small.” "
There have been many studies for both Newlonian and

- Non-Newtonian fluids.

a. Newtonian Fluids

‘ . . ! ES D
As noted zbove there have becen both oxper*rnntall’*6’“2’5°

C o s 13,15,27,33,L6 . . . .
“and theoritical studies 13,12,27,33, 50,17, 47 oy Newtoniean fluids.
The entrance effect for Newtonian fluid can be explained

by a mechanical energy balance for horizontel circular ﬁube.47

In section 1 and 2 in Fig. 3 the velocity is fully developed -

and section O is the entry plane. Referring to this one can

wrlte the following equation by mechs nwcal energy talance.

| | = z. .
= =3Ve SV F (31)
4 P't'ot A PIZ 2d,; go 2,0“6(; + y ' ’

3F:z=APChambf +.AP€ﬂt + APdownj + APup

Where the subscript § denotes the fully developed flow.

Vi =0, assuning infinite contraction ratio,and. dz = for

L
2
parabolic velocity profile.

SVt
28c

one gets

Dividing Equation(31l) by

A RTY - APdown APen{- + APchamb f + 4R,
V724,  SV¥/28, e vi/ 28e )

From uhe deginition of Reynold's nunmber and the friction factor

for the fully developed flow in the circular tubelo one can write



S T

5 = DAPS« 1 _ 16 . .

4L LSV Nre (32)

or = .
AP _ 3rbRk
SV?Qgc Nre

s0 that Zquation(32) becomes

sz%ot = ‘3552%'+,<la’
jy\/54%5c PJ RE
Where Ca is 2 + , AP@nt*APCh&mb + APup
Fvi/zg,

(35)

Mechanical energy baleance in Zone 2 1s

2 '2
SO Tl #x )

A,= 1 for flat velocity and Vo = V2

+ $Foz (36)

and gFOZSAPdownf + A Pent

In this case lkf’ent is the entrance pressure dron in the
smaller pipe only.

. : e
‘Dividing Zguation(36) by IV gives

284

' APent .
‘ + Svi/zsc (37

APoz . _APdownf
Svyeg,” SVVzg.

or
APos = _ 32 %

SvZzs.”  Nge

from Zquations(35) and (37) one can see the kinetic energy

+ Cb

change is one velocity head and cross sectional area change



causes one velocity head,

. c oy . 1
The entrance length L for newtonian fluid is glven3

Le = 0.05785 D Nge | ‘ (38)

The numerical factor depends on the criterion of the per cent

of fully developed flow in the entrence region.

27

Atkinson & Goldstein™

35

prescnted a siwplified form of Schiller's
L . . . . L6 .
equation in the entrance region. Schiller assunmed the

~parsbolic velocity profile as

2
v - .
—E = 2 =+ - ‘y‘z (39)
. U $ $ -
where Y = R -7, g is the boundary layer thickness.
Then defining }L = -L—\;-’- -1, U as the core velocity,

N
58 22 ' 17/
= (¥ -5 a0 - gl
6

,_(__(4—@#‘%‘_ 3IVE o - 241 . g
5 2 ) o ST T3t T
- ST . -V 1

10 Sin 5} (10)

For fully developed flow

U=Vmax. and Simce Vmex.= 2V, }L-‘-’-i

Then from Zquation(i0) . .
X=0.0575 R NRe o (41)

Po-P=15gys 2
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S0 one can write in the entrance region

Po"P ,: '

$vizg, 1. 16 +
or

AbPtot - 2,16 4

0
$V/24,

32 %
R Nre

32 MR
NRge

(L3)

(L)

Ca of Schiller's experiment was reported as Cy = 2.1?5, 2¢35,
2-36, 201%5

To find an accurate solution of equation of motion in the
entrance region the stream function was represented by & §ower
series for axial positions close to the inlet. This solution

was join

)

d with one obteined by the method of Boussinesqg to
detail the velocity profiles over nearly the entire enirance
section.

15

Campbell and Slattery extended Schiller's method taking
intd account the energy loss due to viscous dissipation in a
macroscopic energy balance rather than by applying Bernoullitls

equation. Application to the center core determined nressure

as a function of axial position such as

. e, |
. dP
A"‘SV3+WJ-—-——+E—'=O l

(z$ ) b S v (L5)

where
Z 21 R '
Ev=-["] f (T:av) rdrdedz (46)
(4 ] o

represents viscous dissination.
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They presented Cp, value of 1.090. Recently La Mieve -
reported a C, of é,53 for 94.9% ethylene glycol-water solution
which is Newténian. - The experiment was carried out in the
range of Reynolds number from 500 to 1SOQ. The fluid flowed
from 6" pipe to 0.547" vipe 80 ?he contraction ratio was l12:1
which could be compared with those ﬂnrbnf 1 contractions.
The uvpstresm pipe was 6-ft long and the downstream scction was
5ft in length. The study attemp»ted to measure the pressure
drop in the chamber aﬁd in the entrance region of small pipe.
The nearest tap hole wos 0.2" apart from the entry plane, but

vena contraction effect reduced the use of this tap. The ex-

perimental resulis were plotted as f&%ﬁi vs X/R
SV¥/24c Nre

The Cp + 1 value was determined by a pressure tap located on the
entry planc at a radial distance of " from the center line,

The revorted value

©
0

for Cg are 2.525, 2.53, 2.56, 2.53% and for

Cy + 1 2.55 and 2.50. The differences between Ca and Cp + 1 are

about 0.03, which would be the pressure drop in the chanmber, The

experimental value is higher then that predicted by theory and
the vena contracta was not notéd with Reynolds number below LDO,

v

~The study noted that this indicated a radial flow at the entrance

and that the plug flow assumption is not correct above this flow

rate,

ot ks ' 1 . . .
Christiansen and Lemmon 7 solved the equation of motion in
the entrance region for an isothernal, laminar, Newtonian fluid

by finite difference numerical method.
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The governing cgquation was Zquation (62) and it was
solved vwith the assumptions
1. Aiial molecular transport of momentun is negligible.
2. The prouuur“ is a function of z and is independent
of r.

tube entrance is unifornm

R
¥

Se The velocity at t

The entrance region of the tube was considered to compris

N concentric annuli, a radial distance h across, cut by planes

[aga}
=)

pervendicular to the axis into annular segments a distance k long

And the g ning equation was written for each of the ¥ + 1

cylindrical boundaries of a set of N annular concentric segments

k iOng and solved»by a nodified CGause-Stidel method, It was
noted that with the axial diffusion térm the numerical mecthod
was operable, which indicated that axial diffusion of momentun
is negligible at kﬁe as lovw as 200. It was also noted that the
inciusion of the radial convection of'momentum‘in the numerical

solution significantly increased the pressure loss.

b. Non-Newtonian fluids

: = 20 - 19,12,49,5
A nunmber of experlmentaqu’ andé theoritical 9,12,49,50
studies existed for non Newtonian fluids. One can derive a

relationship simillar to Zquation(3L) for Won-lNewtonian fluids:

From Zquation(1l9) and (17)

R D) () 1
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Substituting ﬁ!@?} = ——85\-/- into Eouation.(l.1’7) one gets
(- d¥2y) .o S(8Yy 4 (BL) 6[4( 20}/
dr 4, 4\ D D DAPJ/{DAP
Y, xv
- 3V [:é + L d en("ﬁfij ]
D \4 d tn(527) (18)
Rearranging #quations(L8) glves
_dVey _ 8V (3 | 7. 3n+1 3V
( Jro) = o) [2?'* 251']- “n D (19)
wbere
d €n (8V/D)
Lguation(50) can be written as
.8V
= K ( D (51)
where X' and n' are constants,
Combining Equations(L9) and(51) one can write
”/ C!Vk
=K <5n+1 )w (52)
Conmparing Zguations(l) and(52) one gets
n=mn
n/
K< = K(sn-n) (53)

From Zquation(33)

§ = DAP/4L
CSVE/ 28,

- 16
N
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Substituting Zquation(51) into(3Z3) gives

. VY\’ ' .

f:. K(%) = ),62 > (54)
Svy/e prye P
./ 80 SOKBM—I

Comparing Tquation(33) and(3l) one can define a generalized

- Reynolds number

- BV _J | (55)

For vower law fluid from iquations(55) and (53)

v g’
’ o |
Nee = v__J5

n  2-n
/

S KEZRTE™

So one can write an equation for power law fluids simillar to

(56)

Equation(3h).
Thén
§ = 16 . _DAP/4L
Nre J’vf/zgc

AP _ 32LR

(57)

‘?V‘z/ggcﬁ N ge
Then as in the MNewtonian case Zquation(57) cin be written for
the entfance region as
4p - 32HR + Ca .
SVYz4. Nre | (58)
In the case of Non-Newtonian fluids area change stiil causes
a pressﬁre drop of one velocity head,. Howevér,the kinetic

energy change in the down stream is not one velocity head as



in the Newtonian case, The kinetic energy conection factor is
determined in the following manner. For power law fluidgs the

. i
e e e . . » 37

veleocity profile in the fully developed region i

9]
I
H
<
®
ot
o
[)]

P
VLU - @) o9

The total kinetic energy at that cross section is
a

TR Vf’zxgc jxvsz—-é—zgc
R
lg‘j V: rdr
' ' (60)

Substituting Zquation(59) into uqufuwon(60) and solving one gets

'n+1)‘5

OL = 3n+i

i['é'-—"—‘-’ﬁ—+3“~"‘1 (61)
3n+t “an+2 BN+l
for { ’ . 1

m=1 OL-'-"" 5 =3 A=0-61T7

This means that the kinetic energy correction is alvays les
than one velocity head for pseudoplastic fluid and grcater then
one for dilatant materials.
12 S e g s
Bozue presented a solution o? equation of motion in
the entrance region for the power law fluids which concerned only

the entrance region in the smaller pipe. A plug like velocity

profile was assumed at the entrance, Wurtnermors, the core of

the moving- fluid was assumed to be plug like until the profile
developed, A cubic cquation was used to regresent the boundary

layer velocity profile. The basic equation was the z component



2P -

in the general eqguation of mction

Ve . L DVe _ _ 3 dP & 1 0T
Vror * Veox Y

Q£ § dz
Equation(l) was substituted for
Using the von Karman integral mcthod and by recarranging an

ordirary differential ecuation was obtained vhich was solved
e

to give

where g+ _ §

Included in Eguation(63) is the assumption of cubic equation

for the velocity profile in the entrance region as

ye '_ PR
.L/L.)s._=q(_€6y__)+ (3-2a) (F) +(2-2)(F)  (ew

n+1

mn .
. e . . . . L In
This is actually a gencralization of Schillerts @ethod:6

a was teken equal to

+
Solving Zguation(63) numerically gives entrance lengtn at 5 =1,

entry pressure drop, and correction factor Cu. For the

Newtonian case Cp= 1.16 and the entry lensth is [..x_ﬁi =0.05786

NReXCnt

This result is one half on the conventional value vhich is based

(6]

on 997 of fully developed flovv.

19

Collins and Schowelter also studied the situation by

applying the boundary layer technigue in the region both nocar



- 23 -

the entry and near the fully developed profile, The flow
was describved in terms of a perturbation to the fully developed

»

velocity profile.
The basic equation was the same ag Zquation(62) and the
- g o s . .27
technique used was simillar to that of Atkinson and Goldstein,

- A power series for stream function was defined as

Y = -R’u,,g;' a\"f,.('z) (65)

where X
7 = (1— %)
2 o—
ton
o= [O\A/ee) (66)

Outside the boundary layer the velocity was expressed as

An irfinite set of ordinary differential equations was obtaincd

by equating coefficients of like powers of o~

Solvirg these equations gives o, f, :fs etc,

Then it can be written that
L 2% i-t o7
Vz == =U4§,7\* o O

= ¢=| j: ' L
(68)
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For the solution approaching fully developed flow the flow

was described in terme of e perturbation to the fully developed

velocity profile such as

-5

- ] n Y,-m:'— v¥ '
vpu(“};?’n)[t *ﬁ)h]—,—u (69)
This perturbation velociiy was obtained by solving the equation
of motion with Zquation(69).
EqﬁatiOn(éS) vas considered valid only as long as the
absolute value of each successive term in that equation décroased
and at this point the solution was combined with the perturbation

velocity. Their result shous for the Newtonian _121&5 =0.122

N Re

The Cy was found to be 1,33 for 99% develoonment. It was also

shovn that the entry lenpgth actually increascs as the flow index
J & J

T

decreases from 1 to about Q.l.

Experimental values 0f the excess pressure dron in the

£

. . . X 20
entrance region can bes found in Dodge's and Lg Nie vc's.Bl‘L

Dodgeao carried an experinent uulng CWLOOXJvctnvce17u1000

= »

“

and Carbopol solution with different welght percent in water so
the flow Eehavior index of each sclution were differcnt, The
contraction ratio was 1:2.56 as the fluid flowed from a 130 pipe
to 1" pnipe, The prressure drop was measurcd only in the emall
pipe.: The contraction loss was found to be 0.83 velocity head,

regardless of flow behavior index and the experimental data was
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found to be in good agreement with both Boguc's and Collins!

and Schowalterts theoretical studies,

%l
Ly Nieve”t

who used Carbopol-Watecr gels, reported overall
contraction losses for the Reynolds number range from 100 to 1500

as follows:

m Ca
0.62 2430
0.47 2.27
0.42 2.20

This result is a little higher value than predicted by the theory
of Bogue and Collins and Schowalter. This was explained by a

possible upstrean effect, Purthermore, it was reported that

n
o
o
IN
»

g_h.

o]
<
3
n

Cup o.’475' and /\/Re > 1000

and.

n
1%
w

Cup For Nn=0.425 andA/Re < too

This is greater than the 0.03% value for the Fewtonian fluid with
[S)
Re >100o0.
. 1. s .
Astarita and Greco™ introduced an equation which encompasses
the entrance pressure drop for both before ahd after the contraction

as following

L4

APr(M’fz/%e)—‘fg—-‘ (70)

where )M and M' are constants and ¥ value showes the pressure drop
PY

ter the contraction and M!' before the contraction.

iy

a



A smillar equation can be derived from Tquations(87) and (35)

referring to Fig. 3.

o 2
APemF—‘Z—?ZR%Q + M—%—‘/‘ . (72})

APent _ 378 M

SV72 T R33V¢ | | |
’ = 87V IR® + M = JZ_ZQ%; + M

R38 r? RS
(72)
- -t 4 M '
. Nge

. : . . . 12,19,30, 4,5
The M and M' valuc are higher than predicted previously,’ 95 ks i, 57
A critical Reynolds number of 146 was proposcd, This was

-obﬁained by plotting the experinental datz as 24F Vs

‘ : Sy2
AJR@ on log-log paner. The correlation can be summarized as
/\/Re < 146, AP = 795 SV*
sv°
Nee > 146, ap = 5§ 438 .

This means when the flow ic in the range oi‘A&e<lk6, the kinetic
energy correction docs not apply in the entrance region of the

smaller pipc.

. - 3 b r - O '3
Recently Metzner, Uebler and Chan Maen Fong '~ tried to
express the pressure and the stress field by means of a diagonal

deformation rate tensor in converging flows of viscoelastic
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materials,” In their experiment the fluid flowed from a large
duct of 18" sqﬁare into a small tube of 1..58" I.D.
The materials uscd were 709 Globé brand white corn syrup in
water(NowtOnian fluid) and a 0.5% separan: AP 30 (viscoelastic
fluid). The flow of the fluid wes made vigible by small air
bubblés which traced out the streamlines. .

Some difference in ‘the flow batterns wvere found betweeﬁ
viscoelastic polymeric solution and the Newtonian fluid.
For the viscoelastlic polymeric solution fluid in the chanber
converged only in a very slender conical section. Outside
this conical section a secondary flow was seen which was not
visible in the Wewtonian fluid flow,

Cne more difference observed was that an the increa%ingly
intense haze developed in the .converging visccelastic fluid as

the flow rate increasecd.

L spherical coordinate was adopted to express the velocity
field in the converging conical region. Its origin was located

dowvnstream within the small duct at a point determined by extending
' LY

the converging streamlines to intersection sghown in Fig. 1.

| l l

3 S
| , |
Lo - DR
R :
} /1 —
e |
®

FIG. 1L Coordinate systems used in analysis,
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The visuzal observation suggested that the upstream flow
in.the reservior were radially directed toward the origin of

this sphnerical coordinate systemys Then the continuily equation

6]

in the conical section i

(73)

"
This equation was proved to be valid by plotting ....L\;, Vs &

on logarithmic coordinates. The result implied that the

urt= f(o)

3
2]

(o)

fluid is subject only to stretching or elongsational modes of

a

deformation and that shearing deformations were negligibly small.

The velocity field was then expressed as

u

Ur=U = 7,"5-/; wher¢ Wefeyo=a.

(74)
Ua = Ugj =0

(9

Spherical coordinates were used to explain the velocity field

. R . . * A
of Zguation(?y). A cylindrical netric 7', O, X with its
origin on the axis of the tube at its upstream and was applied for

t

=y

e <

&

Lrd

rediction of macroscopic momentum and pressure dro

e}

Letting A1, Ap and Ay denote the crosé sectional areas of
the upstream duct, the down strecam tﬁ%e( of ;adius R) and the |
annulaﬁ region of secondary flow outside the conicezl section
a momentun balance between ;ontrol surfaces 1 and 2 in Fig. 1k

was Obtained,

A (75)
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In this equation V denotes thc mean velocity in the smeller
tube and (T11 is the total normel stress in the radial direction
2
in the converging flow field.
~In the @ direction the total normzl stress can be written

as

(Tzz), =(-P), +( T22)2 (76)

and

(Tzz)z =‘”PAL + (%Az (77)

Combining Equations(76) and (77) gives

u(P)z = - PAZ - (T2L>2, (78)

O

'Thén bno can write
(Tudg = —(P)a (‘7:” )a

= — Fﬁqz =+‘ (ﬁfh - 222:){/

(79)
With these results Zquation (75) can be vwritten as
2 A, ’ Aa
Py = Pa, = SVLE (7, - T —_—
Az S Ai (“ 22)2 A‘l

Simillar derivation was made between gectlons 2. and 3 as

. |
[ (Ps+ Ta)7dr), + 22 (T,

(30)
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Where I, is the axial distance between sections 2 and 3. The -

entrance pressure drop is written as

APent = P P - %(’C’ZA.)W

= §V (nﬁx) + (T - T22),

R .
- [_%L (P +Tn) rd 7]
(81)

The integrated term is neglected because it is small in

: : n
quantity compared to the other terms and z;r‘” is replaced

with @ because 3\/ > is not correct practically.,

+l

For Mewtonian fluids ¢ was cezlculated as 1.33 by Collins
., h . L. 19 e kS ! - S - b g
and Schowalter, At Reynolds numbers greater than about 500
the occurrence of vena contracta effects apnears so that in

general g nust be evaluated experimentally.

So one can write

APept =4 8Via (T - _:Z’ZZ)LM (82)

Using a convected Maxwell model as a constitutive equation
and the deformation rate tensor in the converging entrance region

the following relation.

(Th - T2), =% Tw (83)

vag derived,-



Vhere Ay is a large and positive constant.

By definition the isotropic pressure is

o

Conbining Zquations(84),(76) and (78) gives

(P)z = ~ "3;"("171 +TLZ'+_B3>2

- (-Pa, + (T = Tz2), —Paz™ Paz)2
T~ T
= PAZ - —M

3 | (85)

and from Touations(85) and(83)

Tw
FD F?Az - 0423

EZnd effect measurenmcnt may be used to evaluate 0(1frOH

Equations(81)

$\>

nd(82). Hense, the isotropic pressvre was

obtained at the inlet plane to the small duct as a decrement

below Pao, the gege pressure measur at this axial position,

3. Intrance Effects in the Creeping Range.

Y

2. ewtonian Fluid

Samp80n45 theoreticelly derived the pressure drop of a
. Ca - . - Ly oo
Newtonian through an orifice in 1891, In 1649 HOScoe‘q derived

an expression for the rate cf slow viscous flow of Necwtonian
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N

fluide through an ellintic aner
3 Py e

3
ot
o
3
[¢5]
!_J .
¥
¥
)
ct
ja
}_h
o
=
]
it
‘..J

e

n analogy .
to an electrical potential field

’ 2
Q=25 _ aP | (87

3T US

S : Area of the apcriure

s : Perimeter of*the aperture
P : Pressure differecuce bhetween two sides

) o7

Later Velssbhurg calculated by a variational mothod
en upper bound for the pressure drop near thc cnds of 2 long
. tube. The rate of energy dissipation ¥, is written

(89)

Where;‘A.F’is the pressure drop between the two cnds of the
tube and the last two terms are volume =nd surface integrals
over the region and its boundary, ) is the vorticity and

is the unit outward normal to the sufface glement 4S.

From the vector identity and the symmetric velocity ficld one

D)

can show the surface integral vanishcs.

From the mininmum-cnergy theorem of Helmholtz and
Tquation(33) an equation of unequality which gives the upper

bound of the entry pressure drop as
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LQaf </uf<-cu"7 d Ve
. : (90)

is derived. Here, AP{? = AP — AP tube

Applying an axially symretric sbream function 3& and oblate
spherical coordinates x,t,8 nakes Equation(S Q)

2. 1 2

4-Tr/u t2+0% 2 53,
APe( f j fz_‘,o\'x (( l—~’)(2)2 2<'f’7i>

+(,'“"2)3’ RS 2aN

2+ o2 'jg'azf'J dtdx
: (91)
The trial strzam function used vas
() = 21 fey (24~ o
where :f(t) is any function chosen so that ‘a satisfics the
required boundary conditions. Various forms of ff(t) vere
tried in ZTqguation(92) and the resulting double integral in
Eguation(91l) was computed numcrically. Thz upper bound
» .
presented was
APe < 3.47 U4RQ/R®
e X 3.47 (93)

) . N L
For the orifice case the result obitained by Sampson;5

4= 7 ax'/n

was put into Zquation(Sl) and this yielded

[)f’ = <3Qél€2//f?3
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in confirmation of a predious calculation of Roscoe,

16

, . B. Christiansen and A. D. Baer

6]

Recently J. S. Chdl

* e

rier-Stokes eguation of orifice flow

attempted to =olve the ¥

by assuning a velocity piofile at the orifice. The assuned

profile was

f:<L£%) =K[1- (_%§)z371

For n = O, the velocity firofile at the orifice is flat and the

For n = 1/2 and k

AP =

The pressure drop for thi
for r<{R.

For parabolic velocity p

Pan
]
11
|
)
sl
jo N
b
i

A series of experiments 4ith different orifice diameters was

pricter ratio of the vescel to orifices

also considered. The di

ranged from 8.75 to 23.6G One side of the orifices was tapered

and the orifices were noghted a2t the bottom of the vessel with

the tépered.edge

The work was doneljat room temperature using a standard-

viscosity OB 0il and = D:ﬁ—Corning #200 fluid as testing materials.




- 35 =

Q
The data was plotted AP vs RS

The resultant data was correlated with the equation.

AP - coy—k%

&
AN

The results indicated that the velocity profile would
J P

%

lie between a flat profile and that proportional tc the square

oy

root of a fully developed parabolic profile.

b Non-Newtonian Fluids

TOIltaAS has treated the problem for a power law fluid
in an approximate manner. The Couette correction factor &
defined in the following cguation has been calculated

= + &
Le=L D (94)
where Lo is corrected fictitious length, L and D are the tube

length and diameter respectively.

Two separate regions werc considered, One far from
the entrance where the strearline is in the,§adial dircction.
The other region was close to the moufh of smaller unipe with
assumed’ flow lines., VWith an assumed stream function an equation
was derived to represent the energy dissipated per unit tine.

The final result is

yadl 4 rd
Aene =12 28 tpeu® RQ%'E'; {-—?mA * -mm B}

(95)



1
where —=— =N

¢

/44Psuis the pseudo viscosity defined in a generalized

.

Reynolds number as

¥ 2-%
Re = \S’D v: |
e Aoy - : (96)

5

A and B are numerical scries containing ‘e .
The Couette correction factor for the Newtonien case was, found
to be O. L}l.}l.'r.
Tonita's result do not reduce exactly to Equation (88)
. ~ 11 ps ' .
for the Newtonian case. - Bogue et al. modified the result in
which the multiplying coefficient has been emyirically reduced

by the factor 1.5. This final result is

- .18 K +1
AFPent = ,77,0-7 [(TFK5>( ﬂ J

(97)

where n and k are defined by the power law equation.

Ce Viscoelastic Polymeric Fluids

1, Flow Pattern

. 0] - . . . .
Metzner et al.4 studied the viscoelastic polymeric fluid

case, In the Newtonian case of very. low Reynolds number the

. ' . " . 0 . .
fluid converged into a small duct through a full 180 solid angle.
At larger Reynolds numbers small vortices formed in the corner

VTN

of upstream chamber. The flow patterns of non-Newtonian and



viscoelastic fluid were found to be simillar to those of
]_1
Newtonian fluids

A nunbér of flow visualization studies of polymer nmelts
have been made in connection with melt fracture.
A typical onc can be found in t%e experiment by Bagley and Birks?
They showod‘in their experiment that thc‘fTOw of branched

polyethylene(low density polyethylene) produced a funnel-shaped
pattern near the entrance leaving stagnant regions or circulating
eddies in the corners, In corntrast linear polyethylene(high

density polyethylene) does not leave these corner regions.
J poLly J

2 . . . .
Maxwell and Galt 2 carried a visual s»udy of polymer melt

.L

in a tube of 4" in diameter and a % x-%' re ctdnuu]°1 concuit by a
tracer technigue. They descrived three regions of distinct tyve

of flow: boundary ennulus, shear annulus and plug flow region.
4+ 11 + 5 o ]
Boguc et al. studied the flow pattern of the polymeric
solutions by a birefringent. . They reported unusual

features. One was the tendency of the stresses to concentrate

4

near the centerline rather then near the cornex, strongly suggestive

of the channeling behavior described earlier. The second fcature
A N
was the occurrence of a stress discontinuity Jjust before and TL bt

)

after the entrance plane. No explanation of this features was

presented.

‘2. Actual Analysis

4
R R .
In 1958 philionoff and Gaskinsk) showed that the clastic
M P fagh s -



- 38 -

v

potential energy of the emerging liquid in a dapillary
experiments led to a new kind of correction. _'In essence, the
end correctioﬂ was increased by 1/2 the recoverdble shear Spe
In the cepillary the elastic cnergy is imparted to the liquid
at the entrance of the capillarxgand is cerried out of the

capillary by the flowing liguid,

PrQ =R Q + mSVQ +E (583

where PT ¢ total pressure drop
Pe ¢ the pressure held in equilibriun inside the
capiliary
2 . . . s .
m§V- : kinetic energy correction term
B : elastic energy transvorted out at the capillary

Dividing by @ we obtain

2 ,

Pr=Ff+mivrese (99)

Philippoff and Gaskins designated the torm T/ as the
mean elastic energy or the axial norzal forég Pll’ the normal
stress acting as 2 pull or tension in the direction of flow.
They derived in their earlier vork fhat this elastic energy
per unit volume is the product of the“shearinf stress and
the recoverable shear s, called '“normal stress", Pl' which is

l’

a constant for each rate of shear.

Pﬁ = T« | (100)



Acﬂumwn" that P, is a constant dver the capillary area and
that (Pll)P is the normal force at the rim of tne capillary,

then Zquation(35) becomss

Pr = Py + mSV + (PR (101)

Any real geometrical end correction would incrcasze the

~ active length of the capillary by ng: nR, n is termcd the
"Couette Correction®, Then from Fauation(l3) one can write

(102)

Fo = é’%&lz;cn: E(L%hRD'TCR

where QZ:R is the shear stress at the capillary wall and the

"total or apnarcnt shear stress" T+ becomes
. 2L
PT - R ’CT (103)

(FPdr = Ter Sk (104)

we can rearrangc =Zauation(toel) to obtain

TTR = TCR [1 + ——E-(Yl‘f‘ )J *ZC mfv (105)

Similarly, for T =R, Zquation(tof) can be written es

Pr = Ter [% +2n +Sg]+ mf Ve 06



From their experimental result it was seen that Zquation(106).
had been correct within the whole possible range of capillary
lengths from O to 0 .

In 1961 Bagleyq tried to separate the elasgtic and viscous

AN

effects in polymer flow, He stated that for a certain polymer
& .
if Hook's law in shear ig obeyed one can write the following

exvressions from EDquations(h) and (166)

T =Gse (107)

- - PR :
Ter= Tw = Z(lren) (108)

where

e = mn+ Sr/%
Combining Zquations (foT) anc (109) gives

e=§'—é'z'w t+n | (110)

Plots e versus'&whave becn found to be linear for 'some poly-

ethylenes? From these linear plots the shear modulus G, the

Couette corrsction n, and the recoverable shear strain Sp at
. N

~

any stress can be found.

55 tried to correlate entrance pressure

Bogue and Lanieve
drop with the primary normal stress differsnce in an experiment
using polymer solutilons and capillary tubes. Ry dimensional

analysis with equation of motion, a general integral constitutive

theory and a gencral power series they derived the following
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form of equation for the entrance pressure d

: bz . b bs -
APens = oha Teh A %% dy TenNel &7 12

B3
\

where ol;  bi are constants and TQh‘,J\ch are characteristic

¢

ct

@

shear stress and tine. The flrst term is for viscous effe
and the second term is for elastic effect.

The entrance pressure loss was extracted conventionally

(—1-
<
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O
@]
<
m
3
C
i“s
lw
1
©]
3
)]

from P, . versus 1/R. They approxinated
of the pressure drop with Weissbherg's and Tomita's viscous

ference between the measurcd total and

|—l)

analysis and the di

[orng

estimated viscous end effecls losscs was assumed to be the los

]

due to elastic

TN
c—*—

[
L

These entrance pressure drops versus shear ratc vere

plotted together -with the hormal,stress_difference'T11~T2?;which Was

ot

measured with rheogoniometer, It was noted the normal stress
ifference has a linear relationship with shear rate on log-log
paper.. S0 it could be assumed there exist a linear relation

between the entrance pressure drop and the primary normal stress

difference as
APE =ds (Tu — Tz2) S (112)

From Zquations(14{) and (112) one can write

. ,.2 }
Tl —Tee =R Y mv ' (113)

where k' and @ are constaqts.
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Tt was stated that throughout the flow field of interest
or the converging flow before the entrance, there is actually

a spectrum of shear rates, all lower than the characterizing

nt

3

tube shozr rate. The elastic entrance pressure drop mi
then be visualized as a sum 0f increcmental pressure losscs over,
IS
this flow ‘ficld, each with its characteristic shear ratc between

zero and the tube shear t

[6)

AL

-~
<

-

Since the normal stress difference is specified explicitly by

the shear rate, each of the increments of the elastic entrance
pressure loss has its own characteristic normal stress difference.
This normal stress di fference describes the property of the

fluid that causes the elestic entrance pressure loss.

. 11 . .
Recently Bogue et al. sunnarized the previous work
_concerning the entrance pressure drop. They stated that although

the recoverable strain concept in PGB method does not rest on a
sound mathematical basis it is qualitatively appealing in the
sense that one can take a viscoelastic theory and obtain a compara-

ble result.

From Equations(ion),(108), and (109) the cntrance pressure

drop can be described as

APeyt - pn + Iw
Tw G (114)

For the power law fluid Zquation(f{4) bcconmes

. ] 'n X Kz e 2?11
APent = 2nkn, + ()M (115)



where m = n and }ﬁ is defined in Egquation(30). Comparing

k' for the case

1

Equations (llB)aﬂdl(ll5)one can see KE/G

s

m=1n 1f one neglects the viscous term.

¥

, 5 ) ‘s 250 . ‘ \

Han, Charles and Phlllppoij carried an experiment

AN
in wvhich the axial pressure distribution of polymer melt in
*
a circular tube was measured. The shear rate range was from
.-:’_ s -'l 4 . 2. 1

- 100 sec 10 500 sec and L/D ratio 4. The result showed
the entrance length, based on the constancy of the radial
normal stiress at the wall was less than one equivalent diameter
of the tube.

: N . .

The experime nt vas extended later on and the entrance
effect was described in relation with exit pressure and die
svell ratio. The entrance length based on the constancy cof
the exit pressure and die swell ratio of the polymer melt under
investigation was about twenty equivalent tube diameter.

It was described that as the fluid moves through the
entrance region it is subject to reater relative strains and

shear rates than in the capillary itself. Therefore in

t
»
2
fte

S
region the fluid builds up normal stress which is gréater than
those consistent with fully deveIOpéB flow vithin the capillaf&.
S0 these stresses must relax prior to the attainment of fully

developed flow,

The exit pressure and die swell ratio versus L/D at a

4

certain shear rate and interpreted t

&5

at the constant slope
showed the constancy of the elastic property and the exit

pressure is related to the primary normal stress difference
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as follows:

(‘TZZ.:-T’)’T)F(,L, =~ Tar (R,L) _(11@

Ppy = = T (RD) (217)

Then Equation (116) can e written as

b ‘ (118)

(T, - irr)R,L = 'R,L

‘It was also shown a certain relationship bdetween the exit

pressure and shear rate,



D, Heat Transfcr to Flowing Molten or Thermally Softened

Polyners.

The study of heat transfer to molten flo ving polymers
\

is one of the basic rescarch needs for polymer processing

operations such as extrusion, injection molding, calendering

Many difficultics have been encountered in such studies

because the polymer has eclastic non-Fewtonian »ronerties and

The purpose of this investigation is to study the heat
transfor to molten polymer flowing in a circular tube by
measuriﬁg the radial temperature ﬁrofile at different axial
rosition.and by correlating the data in the form of dimensionless

paramcters.

1. Pluid Flow and Heat Transfer

There can be several cases in studying heat transfer to

flowing fluicd in a conduit. The most frequently considered
. -
cases are constant heat flux and constant wall temperature .

In order to study the heat transfer phenomena the velocity
profile behavior should be known since the velocity of the fluid
affects the rate of convective heet transfer and the temnerature

profile, The ohys cal properties of a fluid are a function of

tenperature and pressure and hen
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Oor pressure causes a c.rresponding change in velocity and temperature

N

profile.
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behavior in & circular conduit under isothormal

condition has been described previously.

s

Generally the temnperature profile of a fluid under

non—isotnorral flow caon be obtained by solving the energy

>

equation with propecr isothermal velocity profile and boundary
'v:

conditions,

a. Graetz-Nusselt DLObWOW

4

The basic and sinmple prool&r to be considered is the

classical Graetz-Nusselt problem in which the fluid of a constant

temperature with the same wall temperature is suddenly subjected

to enter a tube

temperature,

url

whose wall temperature is ancother constant,

By shell energy balance with the assumptions of

constant physical property, steady state and heat conduction to

the radial direction only, one can write the energy equation as

SCPﬁ

AT _ K ¢ 2 DT |
5z =7 law (T57)] (124)

1

"

density of the liquid,flbm/fﬁi
Specific heat

velocity of the fluid in the axial dirsction.

tne rate of change of temperature in the axial

“direction, °F/ft

thermal cinductivity of the fluid, Btu/ft °F

the radial distance from the center of the tube, fi.
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%%g.:the radial temperature gradient

o

Or/rt

TDT) the rate of change of the radial distence times

the temperature gradient vith radial distance, F/ft
_ N
In 1885 Graetz28 olved this equation for two different
LY
velocity profiles, i.e., the flat and the paradolic velocity
profiles over the entire cross section. His solution for plusg
flow was of the form of a Bessel function:
+r .
t - 7o s ? kL
f ftw ""|Z 297/'&) equ(—-?[ WZ‘,.—)
- =1 . f,
TR g Je (74
(125)
where
t = temperature of the fluid at any point, °F,
tw = the wall tomperature, °F
t1 = the initiel mixing cup temperature of the fluig, °p
'7} = /f‘ﬁ, root of Jo
Jo = Bescel function of zeroth order
Jq = Bessel fuunction of . first order
L = the axial distance of hsat transfer, ft
W = mass flow rate, 1lb,/hr
For the parabolic velocity profile he got
r
- o - .
Loty 2P 24 (R) oy maey
t, — tw #=! (395 ) 4} W,
JE { :

oG K

(128)



(127)
19
The mixing cup nnerature for this case igo given by
ty - tuw =8P 7T/</«
t - ty ‘
(128)
Since both of these solutionc have the variables expreseed
in the form of the dimencionless expression M(Qf’ , this
exnrcession has become to be known as the Graetz nuwmber (C3%)
Defining. an average heat transfer coefficicent hy as
_ t -t )+t -t
? = Aa A( (Tw 132 Ty &J (129)
where
q = rate of convective heat transfer, Btu/hr
. )} th
A = aresa of heat transfer surface, ft

Then the CGractz solutions can be expressed in terms of Graetz
;L

and Husselt numbers:

(130)

2Gg [ | —0.692 e(’wﬁé),_,
| l+o.6926(.—§_l§e—)1
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For parabolic velocity profile

. i L3
N, = haD . 26z 1 - &R (&7)
- K TT + .
1 SPZCGz)
. (121)
N
Vaughn 25 sresented an asyntotic expression for Hguation(118)

for plug flow vwith the assumption of small temperature difference

between the fluid and the tube wall. The result showed

: L
| - 8 4 2
Nu==2L + 2% Gz .
I T (132)
: s 21 . .
Later Drew, Hogan and Mchdans have shown for parabolic flow as
A

Nu = 1.75 Gg°

Lyche and Bﬂﬂd36

(133)
solved the Graetz-Nusselt problem for thelcase
power-law fluid., The governing equation was Zquation (118)

and the solution was in the form such as

~a+1

ISR PR = (-1) B.# ()¢ )

(1314)

where

Q_T“’TW
- Tw

- L
J= %

j B ( Cp ’;WRZ)z

The qé.(j/> are the eigen functions obtained from the s=olution of

4

1 d
‘j‘—d‘“(f

/‘h'i'i
$7) ¢ =0 (135)
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4

the C; being the cigen values.

. The %(ﬁ)mo
h(4)= e- &% (136)

2

and the By are determined from
/ ®
- N+
g - b BG-8")5"ds”

1 P j
VRCMEERLOWT (137)

Here the n is the reciprocal valu¢ of the n in Zguation(l).

b. Effect of Temperature on Fluid Froperties

Temperature is an importent factor affecting the physical

)

-and rheological properties of polymeric materials. For example

BYy
Newtonian viscosity is dependent on tewmperature and this can be

exprecssed as follows:

A= A exp( ) (138),

where
A H= the onergy of éctivation fof f1ow, ft 1be/1b mole
A= an emrzirical constant depéﬁding on the nature of
the fluid, lo:—oac/ft2
"The non-Newionian viscosity is a function of temperature

and shear ralte or shear stires

6]
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temperatur

an equation to express the
hear rate, or

Z
NcKelvey)7 rres ehtec
y holding

dependence of non-MNewtonian viscosi

stress constant.

shear s
74 exp (AHz /Rg T )y

(139)

or

? A exp (AHp /RgT)va
ng lineesr relztionshipns to
in their

-

Gee and Lyon used the follo
fusi nd su

calculate the thermal diffusivity a
sotinersnal flow,

study of non is

= oy /T4 o0 (T-275)]
(Co), (1 + b (T~-273)]
(140)

C, =

C. Compressibility
In most polymer processing high pressurc is needed for
the polymer to flow,. In a circular conduit the high presssure
gradient caueges the polymer melt to expand in the dovn streanm
and therefore coolin ffect arises at the center of the tube.
In thec energy ecuation compressible energy effects are exvressed
in the term
/P Vi
DEZ (151

\.a-T
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. 2
Vhere B, = ene TFJ consurzed due to the expansion, lbs/ft"-sec.

-P

By definition

~

E R (iﬁ) Coefficient of
S P
' thermal exponsion,

oF~1

d¥y . Compressibility,

, ££°/10;

Gilmore ecquation of state to dotermine the couwpressibility

of the hl”ﬂ density bo]Jotqylepc.

L

2 Nonisothermal non~Ve*uon an Flow

‘There are some difficulties to study the nonisothermal

flow of visccus non-Newtonian fluids, i.e., the viscosity of
the fluids changes with temperaturc and, therefore, heat trans
ffects the velocity distribution. Frictional heat nerated

during floy and cooling due to expansion must be included in
L)
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many cascs and variations of thermal diffusivity and heat

-

capacity with temperature must be considered,
2. Vigcous Iieat Dissipation
¥nen the fluid flows, the friction beltween the layers

of the fluid cesuses mechanical energy to be converted into

heat, which is called viscous hcat dissipation. In most cases

te

1
N1Ls ca

consderatle, In general the flow of polymer is in
. 1

!
Brinkman™ ' solved the problem of viscous heat dissipation

N

for the first time for laminar flow of a Newtonian fluid through

‘ 53,5 .S . 3 .
capillaries, ToorD)”L‘L and Blrd) have extended Brinkman's

work to include Non-Newtonian flow,

The amount of viscous heat dissipation for the axial stea

flow of a fiuid can be expresced as

( 11}5){

~ [7;_%) (144)

for non-MNewtonian fluids

, {
By Kr) »

= "ol (1L5)

n“'—"TO.-‘:}‘fn
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The Brinltian number ie a measure of the extent to wvhich
viscous heating is important as compared to the heat trensfer

from tnhe tube wall to the center of the tube.
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Bayer and Dah17 carried én experinent to measure the
teﬁperature profile of polystyrene in zan injeéticn molding
machine,  The nass avefage temperature was calculated from the
temperature profile measurement by weighing the temperature at

&+

each point with the amount of polymer flowing past the point.

They found that the mass average temperature was vwithin three

percent of the temnerature measured at 0.6 of the radius from
‘ N 5t

the center of the polymer strean. Schott and Kaghan measurcd

the radial temperature profile of a low density polyethylene

flowing through a one inch I. D. circular donduit three inches’

long.

ngide the

I.J-

The radial distance of the thermocouple tip

die channel was measurcd with a travelling microscope to within

+ 0.001 inches, They found the ratio r/R at which the tenperature
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was eoual to the calculated average temperature was found to be

between 0.65 and 0.70, regardless of vhether thc mnelt at the

center was warmer or cooler than the melt near the wall,

;9 h

Bird” has theoretically studied the case, where the polymer
N .

melt through a tube with an isothcrmal wall, From the ecuation

of the energy he developed an expression including viscous heat

dissipation term as

A&( 9‘% - P<é:'§; (5’;§1?)

S Ve Co (%—72:) | (146)

The velocity distribution for a power law fluid can be stated

ﬁ

as

| R N oL+ r_o('f&
VZ" L+ 2 (M’) -‘;Z‘-y’) (/"(K) J

{

The fellowing form of power law model was usged in this derivation

=4
1 (’m)( r)o‘
rd —~ .
A M A R (148)
where ,
. T = shear stress

s . . N ’,
AL = the viscosity at shear stress, @
o = a measure of the deviation from Newtonian behavior.

The cxpression for the heat produced by viscous dissinpation

‘_Jo

o
(o)

given as
2 o<+z oL+2
M (—g——\f—) ( %) (149)
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Defining the following dimensionless group Bird solved
Equation(140) for two cases, onc is for the case of isothermal

tube wall and the other is for the case of insulated wall,

Isothernal wall:

f”“)_ z B, gf (&) exP(-e-¢)

l——
=7 ( Z,
(130)
Insqlated wall:
2o+ &
O = _Jgfltffgf [,\YC%' ﬂgggigjff + & :; ]
S(A+2) K+ 4
9 . ’ ' '
- BB (LD eXP(—ﬁ‘_S”)
=/ ’ (151)

For '§’: 0, the constants, B;, can be evaluated for isothermal
vall:

‘A4z <
j<,- Y-85 b ds
f (/"" a<+2 ¢ C{f

8 =
/
(152)

and for-insulated wall

, g4t , ,
weat [ (8 2y (=8 g dp

13! 8(ot+23' /‘<l__ ‘ed+2 f¢5 O’f

(153)
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where
$= K
_' R
.g _ _Xlt+2)y kKA ,
3
CQolf ?:v (TEV%J) )
2 .
o = _T(A+4) Ku
4r*wS () (158)
53,54 i . I
Toor”~? made the same assumtions as Bird but assuming
comprescsible fluid, e used a power law rheological equation

of the form:

d¥e _ _ ™

(155)
v{rhpr@ ftz I‘ﬂ—~l
S UPEEY R = rheological constant ( ) /hr
1b
m = rheological constant, dinensionless
1-r
and F=Xx "
nm = _%m + 1
Toor‘modified the equation of motion:
_ (A P’)== 1 2T
4 ' 27
(156)
and obtained
m+2
VZ - m l/marx <I -\f )
‘ (157)
where , , (153)
J-%
R



(158)
He nodified the energy equation as
T . E O\, 2 d [o0T,, MMt ,com
VZCP%E“T,A (5&)+ .5 o7 (T57] 2 WIS
. : , (159)
where w’= "Va.n/ Z? ’ Mf/fz”.ﬁ?‘
Cgmbining Touations (152) and (153) he obtained
(L2) Yy (1 = §7) 21
m T JZ
(160)

miz wWoem M s

26

Gee end Lyon xtended the heat transfer problem to
non-isothermal non-Newtonian fFluld including the factors of
the variations of and thermal diffusivity with temperature,

'i't\
the heat generated by friction and CO”lTno reculting from
expansion. They considered only one material, Acrilic Resin,

Polyrethyl Methacrylate (Lucite 140).

They used an rheological ecuation as

[ "
- = 1+ KT ).
1 e ( ) (161)
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where

E is the activation energy
R is the gas constant
A is thb Newtonian Viscosity extra ed to O K polises.

The resultant energy equation is

-+

.‘_/_z_9'r 3_14; 04(3’"

, a1
Le 26 R2 \ J

=t

DS

+ ( <ffﬂ§xé 3/°
fg;e;’ PCp /) OZ
(162)
where
r
J = —w

T = average ow temperature
Tflow verage fl nper r

|
O
i

length of tube

=
1

coefficient of expmansion at T
ien - s © flow

and for the temperature dependent physical property they used
Equation(140}. The equation was solved using a Gauss-Seidel

iterative type method. For the case wvhere the wall temderature

is approximately equal»td the initiel fluid femperature the
position of the maximum temperature, resultlnv from frictional
heat generation shifts slightly toward the center of the tube for

increasing distances down the tube, The average flow temperature

lay betﬁeen . F

with the measured value of 0.6 reported by Bayer and Dahl,

of 0.62 and 0.66., This value is in agreement

Of interest in the result was the prediction that the wall
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temperature fust be'reduced belOw‘itsfinitiairvalue by‘éoof for
thé"cénter:core'to~féelfthé«wa11 temperature.

The assumptions were justified by the good agreement between
the calculated f1ow rate and the measured one.

Griskey and Wienes) attemvted to extend the Gractz-Nusselt
| problem to the case of polymer melt. - Polyethylene and
polypropylene were used in their experiment. The polymer
extruded by one inch Killion screw extruder was delivered to a
mixing Qrifice tc get uniform temperature and thén sent into a
heat transfer section of Schedule 80 _%_" vipe the wall
témperature of which was meaintained constant.

The measured polymer melts temperature were less than
those predicted from theoretical calculations and the Graetz-
Nusselt data measured for pquethylene mnelts agrecs fairly
well with theoreticai curves. -

22,25 obtained temperature profiles of

Forsyth and Murphy
molten flowing polymers through an isothermal wall heat exchanger.
A one inch screw éxtruder meltéd the polymer and pumped it to
a metering pump, which delivered the melt to the heat exchanger
at a steady state. The heat exchanger was 3.7 ft long of 0.370
in. I. D. At the healt exchanger exit, a thermocouple was
inserted _3 in, into the polymer side of the heat exchanger,
parallel toqthe tube axis. The radial position of the

thermocouple tip was measured to within 0.002 in. by a set of

11
micrometéer gages. The thermoccuple was 0.0355 in O. D.
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They noticed a maximum temperature is observed in the
temneruture profile for cool an volyner nells a£ low Graetz
numbers at a fadial position between O. 70 and 0.80. It was
concluded the temperature dependent powe% law model with
viscous heating effeots ig o mbre accurate ume

W

temperature profilc calculations for cooling of polymer meltg

o

hod of »

"S
(\
)J.
o
o+
,__

The result. showed large viscous heating effects, particularly
for cooling.
o 51 oveloned o o
Recently Saltuk develored a similar experiment as
Viehets to measure the temperature profile of polyethylene
1
flowing in 1 schedule 80 stainless tube. An 0il circulating

systen was used’ rather than electrical heating to gelt the
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The melt temperature were measurecd at seven different
radial posg tion(including wall temperature) and five different
axial position of 0.527, 3.560, 6.600, 9.560 and 12.600 ft
from the inlet temperature thofmocouple.

The plot of reduced temperature and reauced radius

showed significant viscous neating effect between Graetz HNo,

]

of 7.5 to 595.0.



A, Plan of the Experimentation

There was previous experimental workBq’qO’ao concerning
the entrance region flow in a pipe for the Newtonian and Non-
Newtonian fluids. . In additon, some studies were directed to
capillary flow for polymer melts?o’51’39’6 The apparatus for
this work is quite different from the previous studies both in
size and complexity.

The equipment was designed to study the.isothermai flow
behavior of a polymer melt in the .entrance region. The apparutus
was used to separate the pressure drop into viscous and elastic
effects, This was to be dons by measuring the pressure drop in
a larger pipe of charber and thén the pressure drop developed
during a contraction and finally the pressure drop in a smaller
pipe following the contraction..

Another facet of the study was toltry to find the entrance
length for the the melt to relax. This relaxation is due to the/
excessive normal streés developing -just before the mouth of the
-entrance.

In addifon to the ent;ance flow study, attention was directed
to the transfer of heat to a thermally softened floving polymer
(polymethyi methacrylate)., The device used for this work is

2lso descrived herewith.
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B, Development of Fguipment

1. Genereal

Tvwo separate experimental devices Vere rsguired for
the pfosent work: one to study. the cntrance effects in
flow in molten polymer systoms and the other to investigate
the transfer of heat to thermally s&ftened flowing polymer
systems, Although two devices were neeééd some components
were common to both, These will be described bélow.

In any study relating to4a flowing polymer system
(vhether molten or thermally softened) a rugged preciss,
pumyping apparatus is neeced. The method used in the present
work was to combiﬁe a 2" diameter'screﬁ extruder with a gc%r
pump-vari-drive combination. - The pclymer flowed from theﬁ
extruder to the gear pump which served as a metering pump for
the extruder outputs. The gear pump not only allowed exact
metering of the polymer flow but also smoothed out possible
flow fluctuations originating in the extruder. The vari-drive
made it possible to ?récisely set the speed at which the gear unp

was driven. OCne additional aspect(important for the heat
EN h

transfer study) was that the polymer temverature profile was flat
at.the gear pump exit, : -~ |
Another common scgment was a hoat‘unit for the test
sections fpllowing the gear pump. The compzonents of the systenm
were reservoir tank, rotary'pump and two sets of heating coils in

two containers. (See Figure 10.)
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3

pump

Y P r

The o0il was drawn from the reservoir by a.rotar:
and passing through the heater supplied to the double pipe
heat exchange£ (test section) and gear pump housing. It then
returned to the pump to form a closed cirgulation sysﬁem.

The heating unit was designed fo compensate for the

b
heat loss from the equipment to the surroundings.“a
Heat loss from gear pump, test séction and heating unit’itself‘
‘was approximately calculated as 5 Kwh at the operating temperature
of 200°C. Two 6 Kw heating coil were sclected to supply the
amount of heat required(considering a safety factor).

Mobiltherm 600 wes used as the oil in the heating unit.

+ 011 temperature was set and controlled by Partlow Industrial
temperature contrdllers, This type of controller has a metal
'bulb_filled with mercury. The metal'bulb 1s immersed in the
heater. Temperature i1s controlled by the expansion of mercury
through a capillary tube to a spring and plunger loaded diaphragnm.
The entire system was insulated with asbestos and insulation

cement,

2 Intrance Region Test Section

a. Test Section

The entrance region test scction was designed in the
folloving manner. A length of pipe (1" schedule 80) led from.

the gear pump to an enlarged section, The enlarged section
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which waSYQ" schedule 80 pipe led in turn to another length
of 1" schedule 80 pipe. The result (see FigurélO) was an
expansioﬁ froﬁ the 1" to the 4" pipe and then a-contraction
from the 4" pipe to the 1" pipe. The entire test 'section
X
was jacketed and heated in the manner described previously.
. A3

The particular pipe{diameters used were selected so that’
the polymer shear rates would be in a range which could be
obtained with the Weilssenberg Rheogoniometer (Model R18).

In addition, careful attention was also given to the design of
the axial lengths for the 1" diameter entrance and exit éectiOns
as well as the 4" diameter cnlarged section. ~ These were all
checked by estimateg made from carlier work on polymer melt?9’6
Details‘are shown‘in Figures L, 5 and 10.

A totzl of 28 pressure tap holes were used, These are
shown schematlically in Tigure 6 together with the placement.of
wall temperature taps (9 in number). Tables 1 and II also
list the positions of the various téps. The pipe entrance and
exit regions had five difrfereni pressure tap noles symmetrically
at various axial and radial positions; (See Figure 7).  The
placement of the pressure taps was pdrtiall?xbased on the
earlier work of La }s':le'\reBl+ and a desire to maximize information
concerning entrance and exit flow behavior for molten polymer
systens, ”

Pressures were measured with transducers maﬁufactured
by the I.T.I. Corporation (4631 Scotts Valley Drive, Santa Cruz,

Calif., 95060). These devices, developed originally for
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TABLE I POSIWICK OF PREISSURE HCLES I

THE ZNTRANCE REGICH

TAP NO. _ Z(in) 7(in)

P1 A 1,931 -20.000
&

P2 (T5) , . 1.931 -8.000

P3 S 1.931 ~1,000

Pl ,5%deviation from X axis ~2.000

PS5 1.2285  0.000
P6 1 0.7285 0.000
AN 0.4785 0.250
P3 0.4785 - 1.250
P9 0.4785 2.250
P10O(TL) 0.4785 10.750.
P11 - 0.4785 22,750
P12(13) 0.54785 © 34,750
P13(T2) 0.4735 18,000
Pll 0.4785 61.000

-P15(T1). 0.4785 73.000
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TABLE IT POSITION OF PRISSURE HOLZS IN

THD BXIT REGION

TAP 1O. X1 (in.) 7' (in.)
Pl | 1.971 - 32.000
pat ' - 1.931 20.000
P31 (77) , 1.931 £ 8.000
pI" ' ' 1.931 L.000
PS5t 15° deviation from X axis 2,000

as shown in Fig. 6

P61 A 1.2285 0.000
=k : . 0.7285 _ 0.000
P31 0.4785 - -0.250
Py ' 0.14785 -1.250
P10! 0.4785 -2.250
P11t (T8) - o 0..785 ~14;.000
p12! 0.L785 ~26.000

Pl}' (Tg) 004785 "380000 i
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The behavior under varied temperature conditions was not as well

TNOVTL . However, the vendor(Louis Johascn) indicated that prior
experience Witn temperature was favorabels. Very favorable aspects
of the transducers were their relatively low cost and infinite

resclution.

System temneratures were measured with iron ccnstantan

Py

N
-

iy

thermocouples nlaced as per IFigure In addition, each pressure
transducer unit was itself equipped with a alumel-chromel

thermocounle.

b. Pressure Measuring Syst

D

e}

The pressure transducer used was similar to the memory
core of a computer (Size: 0.070" outside diameter, 0.02" high;
weignt: 0.015 grans).. The device is a ferrimagnetic transcducer

nade of Wickel ferrite vhich éxhibits a property called

magnetostriction. The transducer converts the parameters of

pressure or force or weight to usable voltage levels. The sensor

\

~was equipped with primary and secondary windings similar to a
transformer. “ren the sensor was embedded intc a medium and

then electrically exerted, pressure forces vwould act hydro-

statically in it. These forces caused the volume to decrease
infinitesinmally. The result vwhich was a change in the magnetic

flux content together with a change in flux content.
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The latter causcd a change in output voltage since

where &

1]

output voltage
N = numbers of turns
dg/dt = change in flux with respect to

the switching time of the core

The output voltage was a maximum at zero pressure and
decreases with increasing pressure. An esuxiliary system\
sgpplied the electric current and depicted the output voltage._
The suxiliary consisted of two fundamental circuits. One was
an oscillator driver and the other the sense electronics.
AThe_circuits in the auxiliary 0perated frow + 15 VDC suprlied
by DC dual power suprly. The oscillator operated as a current
source and supplied a 1 amp., 2.5 sec pulse to the prinmary
winding of the ccre, The voltage pulse from the sensor
secondary winding was fed to the sense electronics and the peak
detect or circult accepted the voltage pulse. This was.presented'

. N .
“at the output as a DC voltage equal to that of the pulse peak,f
There were three amplifiers in the.auxiliary pulse generator:
the buffer amplifier, an inverter amplifier and the high gain
anplifier, The inverter amolifier simply inverted the output
80 the reader gave zero outpult voltage at zero pressure. The
high gein amplifier and associated gain adjust provided amplifica-

tion of the sensitivity between unity and 100.

The orifinal transducers as provided needed some provision



to prevent the leakage of the molten polymer ﬁelt through

the device under the high pressures of the study. This was

done as follows: First, the four exbtonsion wire of the core
.were carefully sevarated by four teflon tubes of sﬁall diameter
and pleced with the core in a stainless steel tube. A commerciai
epoxy resin was used as a seal between the teflon tubes and |

the stainless steel.

%,  Heat Transfer Test Section

The test section was smooth stainless tubing (0.957" inside
diameter). This type of tubing not only assured streamline flow
but also eliminated any - possibility bf interior wall roughnoss,
The test section was jacketed and heated with oil. The heat
exchanger units were preceisely‘regulated so that the wall
temperature of the test section was kept essentially constant,

A drawing of a heat exchanger section is given in Figure 11
while a schematic of the hot 0il circulating unit is given in
Figure ld. It sghould be notéd that the gear pump unit was also
, : -

" heated by oil flowing tharough a jacko%.

Temperature profile measuring devices were set ét various
axial lenghts in the test section. The first of these at a
distance 0.525 feet from the gear pump exit and thq others at
3.525, 6.525, 9.525 and 12.525 feet, respectively, from the sane

exit. (Sec Figure 12.)



2.00

] .
’, -'.76"
N N K,
§ §
\ N R
3 N N \
M \ N N
N 3 N N
\ \ \
\ N N N
\ \ N N
N \ N N
N N N N
N, N N
— N \ \ \ -
3 \ \ \
\ N : VI
™ Tl thll L2 72 0207220 27 | GAV AN AT AV W AN A A B A A AT WA \
- S N
2 § - N
N _
~N %f////////////J///////// 77777117777 17777 7T T T T
'.OL _’\-\\6/////////L///[//////II‘ jI‘IIIII/JIdJIIIIIII/’\
A%/IIIIIIIIIZIIIM7”7'[[1[[’1[([[’/771 A A A A AN S SNV S AR ST SO SN AR AR S SR S B A AN 4 I,I['§
D N\
N
35750

- SCALE

11
RN
)




o)

- 77 -

m

- — -

.

(f5 {7
] °
it e

1 |

1
|

l
|

[RSRNSSRPRE 41 §

[
!
{
|
|
1
!
i

¢ 7

¢
|

i R N

LT3
1514
1

.‘.{a—-——— —

--.(3 e o - - - ——

SAT N
)
r
l—i
e
I
-
.

gt !

=)

| W

—

;
Ly

1. wiring

-~ extruder

- control panel

- Ppressure goge

. safety rupture disc

- heating tape

nmetering pump in oil Jacket

vari~drive B
average inlet temperature Thermocouple
ring

nulti-probe-yrofile

a heat exchanger section

’

hot-oil-circulating unit
multi-point Thermocouple switches
potentioneter facility

3.;7<s..-.:7u3-¢bcxracra:
r ) ]

5 at different heat transfer

1

engths

FIGURE  12. A Schematic Diagram of Heat Transfer Apparatus




- 78 -

The temperature profile measuring device is shown in
Figure 13. Thermocouples were parallel to the flowing polymer
and pointed uﬁstream. This configuration was used because it
gave excellent dynamic response, thermal @recisiOn'and mechanical
stability. In.addition, flow Qisturbances and viscous heating
at the thermocouple itself were minimizea. A total of six
thermocouyples were used-in each measuring device, .

The thermocouples were iron-constantan encloged first in
hypodcrmic tubing and then in a stainless steel sheath. Teflon
packing was used as an insulation between thec hypodermic tubing
and the stainless steel sheath. . This type of thermocouple
insured against the possibility cf errors'due to heat conduction.

The outsidé'diameter of each‘probe was 0.0625 inches.
This meant that the given thermocouple surface "seen' by
the flowing polymer was only 0.5 per cent of the total tube cross
sectional area. This figure was considerably less ihan that in
the other studies of temperature measurcment in molten flowing
polymer systems.

A1l of the probes were set at different reduced rédial

Y

- points .(0.00, 0.186, 0.373, 0.560, 0;746 end 0.931).  The pattern
of the probes when viewed from the position of the flowing

polymer was épiral—like.' Such a pattern meant that there was
minimal interference of any probe'wit“ its neighbors In addition,
it should be noted that the spiral pattern was changed at each

axial length position.



- 79 -’..

=3
L L
]
U

O5in.immersion
length

~thermocouple

prope

W%\l\\‘

T

-

—hypodermic tubing

[brass fitting

‘

. Scale=1:1

- FIG.13 Multi-Probe-Profile Ring



i
Co
(&)

H

Tach probe extended 0.5" intc the f]o;lng melt,

.

This imwersion length was determined by both mechamical

stability and the need to avoid heat conduction errors

The combination of the small diameter of each probe

O,
ct
iy
o
o]
(W]
ot
ct
[
2
o

the spiral like-wattern.for thckprcbss an
alteration at cach axial length all helped to mininize
both flow disruptions end viscous heating at the probe.
This can be more clearly understood by considering the situation

4

in more detail.

First, polymer flow is direscted to a very small clenoar
(each probe). The resultant boundary leyer at the probe is
consequgntly very small with essentially no flow disruption.
Furthermore, the separation of the probes by the spiral like
pattern assurcs that any disruption (although minimal) does.

not become synergistic. Finally, the alteration of the spiral

0

pattern at each axial length means that any transmission of flow
disruptions from axial length to axial length will be eliminated.

In a similar way the small probe diameter minimizes

viscous heating at each probe surface, ¥ext, the spiral like
& & 2

*

. h"t:
. pattern prevents any cu”ﬂlatLve effect of probe viscous hea in

The axial length separations further insure that no probe viscbu

heating effect will be trensmitted to the next axial length.

1. Entrance Region Tests

.



a. Calibration of Prescsure Measuring Systems
A special metal chamber weas made to calibrate the
transcéucer (Figure 3). The chamber had provisions for an
s
0il pressurc inlet, a thermocouple, one transducer, and a
screw for purging the air in the chambers, The chamber was

subnmerged in a silicon 0il hcat path to keen temperature
constant. A dead welght tester was used to supply the

rregsure.

It was found, however, that oil leakecd into the

transducer because the cpoxy resin did not adhere well cnougl

to the teflon znd stainless steel tubing. The teflon tubing
vas etched with teflon ctening agont and the stainless tube
~with aqua regia to provide better adhesion. However, there
was still leakage. In fact, the extension wire and the

soldered junction between the extonsion wires broke because of

the therwmel expansion of the materials and improper protection of

the wire. Another try was made to secal the gap by using an
epoxy melt, but again it failed. Finally, a ceraaic tube with
six tiny holes was 'used in place of the teflen tube. This

s

procecure yielded somewnat better results.
Two tynes of transducers were cdlibrated, One had a

<l

core that wes prestressed with epoxy Tresin to give high

sensitivity. This was to be used for low pregssure measurcments
(0-500 psi). The other which had no ecpoxy resin in the core

was to be used for the measurement of higher pressures (0-2000 psi).



Output voltage in both cases was measured by nullihg the

voltage with a Harrison D. C. Povier Supply at D, C. output

The following is the actual calibration procedures,
First, the hot o0il bath was heated up to the dedred temperature,
PN O . 0 . o . e .
one of 160°C, 190°C and 220°C. 411 the instrurment were turned

on for about 20 minutes to be stabilized. D. C. Dual Powver

Supply was connected to the auxiliary read-out (System 2000)

during the calibration. The calibration startsd from zerc
pressure., Yhen the cable from the transducer was hooked up

to the auxiiiary read out the regding of the auxiliary read-out
was fixed at a2 certain point between 0-100 by controlling the
referrence adjust.

After disconnecting the cable &.D..C. voltage was applied to

the auxiliary read out through the pulse output. By adjusting

the applied voltage the neecdle of the auuiliary read-out was

brought up to the same point fixed previously. The applied voltage

o] 5 P o P re LEEPRNLED S - ]
was read for the zero pressure from D. C. Digitel Power Surily.

In the samc way the equivalent output-voltage for 250 psi

kY

¥ 250

o]

was recorded and all the way up to 2000psi b si increnment.

5

The temperature v chzclked for each pressure measurement.

ﬁ
)

Considerable difficulty was encountered in calibrating

the transducers. The needle of the auxiliary rsad-out driftad
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and auxiliiary. Replacement of the cable did not alleviate

the problen, A typical s=t of data are showvm in TFigure 9.

o)

ks can be seen, results shifted cornsiderably over a given time
period,
Continued realts of the type found in Figure 8 led to
the conclusion that there was somc change in the actual core
ehavior during calibration. A modified calibration chamber

<

wab made to test a total of fifteen trensducers cduring onc run.
g o

v}

The curves still shifted. Attenmpts were then made to fill the
transducer vith polymer melt.  This too proved unsuccessful.,
Finally, it was decided to calibrate the transducers in place

after each run in the test cdevice itself.

b.  Actual Test Procedure

The first step in the procedure was to heat the test
section to the desired level. Thié was ddne for a pericd
of five hours so as to attain steady state. = In tﬁis procedure
the o0il circulating pump was started and all available heaters
were turned to full power, After steady state was attained,

2

a thermoregulator was found to be able to control the temperaturd,

high temperature electric tape.

e

j$y)

Next, the extruder and r pump corbination was started.

o<}

The pressurc between the extruder and gear pump was maintaeined at

500 psi. It took aprroximately fifty minutes to replace the



!
(@]
(@)

H

polymer melt in the test soction with a flow rate of 225
grams/minute.

-

When *the system was operating on a steady state basl

0]

3
temperatures and pressures were recorded,, In addition, frequent

checks were made of the weignt rate of flow, At each flow rate
: .

zeverel reveat measuremcents of tempe ture and pressure were
made. Calibration checks were made of the pressure transducers

folloving each run.

2 Heat Transfer Zxncrimental Procedure

The experimental procedure usedhln the present work is
described below,

Before any measurements wafe made the thﬂrqocouolos vere
all calibrated. This was done ir hot oil, boiiing water, at
the ice point and at room temperature in isolated and closed
units. A Dotentlometer was used to detecrmine the temperatures.
This instrument had a sensitivity of 0.0C001 volts.

Prior to actual heat transfer studies a considerable arount

of preliminary work was necessary.  One of the initial steps
was to bring the entirc system up to temperature. This was
done by starting the oil circulating pump (Figure 10) and turning
on 2ll availabel electrical heaters to full power. After steady

state was attained in the 0il system,a thermoregulator was found

.

Le, to acceptably control the temperature, As was noted

‘+
o
o’
o
o
o'
-

earlier, the o0ll jecketed systcm heated not only the flow test



section but also the gear pump. The section between the extruder
pump was heated with high temperature electricel tape.

both in the eXtruder

and gear pump.
After about a five hour heating period flow was
%
started through the system. At low flow rates the polymer rate

was approximated by a tachometer attached to the shaft of the
pump. It was espccially important to gynchronize the speeds

of the metering pump and extruder so that theore was neither
"bubbling in the pelymer flow nor an accumulation.,  This ﬁrocess

was aided by observing the extruder pressure gages and another in

-the line botween the extruder and gear nuump. It took approximately

an hour to bring the whole system to final steady state operation.
Before any temperatures were actually recorded, all

thermocouples were first read end checked at the multipoint

switch boxes, Next, all wall teuperetures, 01l heat exchanger
tenperatures, gear pump Jacketl temperatures were checked. When

(6]

o

no serious fluctuations were observed, thermocouple readings werc’

takex. At onc flow rate thirty profile thermocouples, the wall

n
-thermocouples and & thermocouwvle for average inlet tempcrature
were all read in continuous rcounds of readings. Flow rate vas

then changed and the system was brought to steady state before

another set of rezdin

o
O]
®
(9]
o]
o
Ca
W
*

It should be noted that flow rate control was excellent.
For a given set of five flow rate samples there was less than

1 per cent deviation.



Bl Rexene-low density polyethylene, tyre PE 107, pellets,
lot # €-11857, melt index 1.0 gr/10 min., sp. sr. 0.920 at

room temperature, elastic modulus 16,500 ps

e

Dart Industry Ianc. -Rexall Chemical Co., Paramus, N. J.

3
o]
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O
et
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This low density nolyethyle for the study of inlet

flow behavior and used throughout the exmperiment,

Polymethyl Methacrylate

Plexiglas VM 100, pellets, density 7L.2 1b,/ft° at 23°C

melt index L.0 gr/lOmin. at condition H, Flow Temperature 28L°F

specific heat O.580(5OOOF) Btu/1b o

Mobil Oil Corporation, N.Y., N. Y. 10036



Thermocouple wire, Iron~Coﬁ$tan§gn and Chromel-Alunel,

- 316 stainless tube, Swage lock, cernmié tube of 0,07C" with
6 bores, 36 gage lead wire, shrinkiﬁg tube, Bendix connector,
Teflon tube, epoxy resin, insulation materials, pipes,

fittings and valves,

2, Apparatus and Zquipment
Extruder

Die diameter 2", single step screw, 220v, 3PH, 60Hz,

r.p.m, 30/132

Prodex Corporation, Fords, N. dJ.

To melt the polyethylene and push it to the fest sectiion.

Input r.p.m. 1750, output r.p.m. 23%0-0, Model No. 250 MR 2.8,

Serial No. 35058688

Graham Transmission Incorporation,; Menomonee Falls, Vis.,



To vary the gear pump rotation so that it can control the

flow rate of the nelt.

Motor
ropem. 1725/1425, 1.5, 220v, 3PH, 60Hz

Doerr Rlectric Corporation, Cedarburg, VWiscondn

To run the Variable Srecd Transmission

Zenith Two Gear Fixed Mounting FHot Pump

Tyve HLB 4729-20, 20cc/rev.,

Zenith Products Co., Vest Newton, Mass.

To mix uniformly the polymer nmelt from the extruder and

to prevent the flow fluctuation,

Zlectric Heating Tarve

H-2105-Type H, 1" with x 6" length, 230v, 86Lw

Scientific Glass Apparatus Co., Bloomfield, N. J.

To heat the pipe betwecen the extruder and the gear
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Runture Disc

\ . ‘ 20 . O
3/16" solder type, dbursting pressure 378% vsig at 72°F,

(est. 3556 psig at 525°F), Tag A 2319-2, Date 3-6-70
Fike Metal Products Co., North Flainfield, N.J. 07060
Installed between extruder and gear punp for safety.

Tachometer

Zero-Max

+3
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speed ranges 0-100 and 0-500

‘Mod., No. 5-215

Zero-Max Company, Minneapolis, Minn.

To synchronize the r.p.nms 0f gear
& o

Viorthington Rotary Pumd

20 cc/rev., 15 GPM, Model No. 3Ga 8771B
Worthington Corporation, Harrison, . J.

To supply and circulate mobiltherm 600 throughout the

TuePella

equipment.
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Immercsion Heaters

2000 w/unit, 220 volts. Fach heaters is consisted of 3

unit to make 6 Kw.
Fisher Scientific Co,
To supply the necessary heat to the oil, Mobiltherm 600.

Century Scuirrel-Cage Inc

IS,
]

luction Polyvhase Hotor

Tepelms 1755/1460, hp 2, 220-L41:0v, 60Hz
Centry Electric Co., St. Louis, Ho.

To run the oil circulating rotary pump.

Max., Cap. 2610 gr

Ohaus Scale Corp., Union, M, J.

-——

To weigh the melt bar which were cut at certain tine interval

Flow rate was calculated from the result,
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Potentiometer

Type K-3, Catalog No. 7557-A
Leeds and Northrup, Philadelphia, FPa.

To measure the wall temperature,

Temperature Bath

Model H-1 High temperature bath
Cannon Instrument Co., Statc College, Pa.

To keep the temperatyre constant of transducers during calibration.

Dual D, C. Powver Supply

Input voltage: 105-125 VAC, 47-420 cps, single phase

.output voltage: 12.0-18.0 VDC at a maximum load current of

0.4L00 amps.

Power/Mate Corp., Hackensack, N. J.

To supply & 15 VDC to System 2000
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D. C. Differential Voltmeter/Ratiomecter

Ranges: + 1V, +£100V and + 1000V

Resolution: 6 digit readout yields resolution of lppm of range
Models 3L20B
Accuracy:  30day : +(0.002% of reading + 0.0002% of range)

at 23° ¢ 1%
Hewlett-Packard Company, Loveland, Colorado 80537

To check the accuracy of Dual D.C. Power supply and D. C.

" Digital Power Supply.

D. C. Digital Power Supvly

Model 61124
Input: 105-125/210-250 VAC, <ingle phase, 43-63 Hz, 0.54, 52w
output:0-L0 volts at 0-500 mA’

Output Controls: 0.1" + 1 mv of the output voltage
Hewlett Packard Co., Paramus, N. J.

To measure the output voltage from System 2000 by nulling

the output voltage.



System 2000

Meter Scales: 0-100%, 0-5 VDC
OQutput: 0-5 DC volts, FS, pulse 1.5 volt;inominal
Power Input + 15 VDC & 0.2 v, 50 ma

International Technical Industrics, Santa Cruz, Calif, 95060

To measure D. C. output voltage which is equivalent to

(G

certain pressure by supplying and rcceiving signals to and

from the transducer.

Transducer (Sensor 500) .

Repeatability & 0.5% FS, Resolution infinite, size 0.05" 0Dx

0.03" IDx0.01, weight 0.0015 gr.
International Technical Industries, Santa Cruz, Calif. 95060

-To sense the pregsure in the nedium.

(9}

Ashcroft Dead VWeight Cauge Tester

Range 0-2000psi, pressure increment step 250 psi

Manning, Maxwell & Moore Inc., Stratford, Connecticut



To calibrate the transducers.

Hypoderanic TuBing

Stainless steel hypodermic needle tubing, eight wall,

0.0623 in. I. D., 0.0630 in. O. D.
Becton Dickinson Co., Rutherford, M. J.

Used to reinforce the profile thermocouples an event

o
Lo
H

bending.

Multi-Point Thermocouple Switch Box

2L point for thermocouple connections, model No. 3311353,
Thermo Electric Co., Inc., Saddlebrook, N. J.

Used to connect all the thermocounle extension wire to the
o .

- potentioneter.

Profile Thermocouples

Iron-Constantan, grounded Conax thermocouples, stainless steel

sheath, 0.0625 in. 0.D., Model No. J-s586-G-PJFC-6,
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Thermo Electric Co,, Inc., Saddletrook, N.d.

Used to measure the radial temperature of flowing npolymer.



Iv. RAWSULTS AND DISCUSSICH
A, Intrance Region Studies

1. Results

i~y

Typical results for the entrance region tests are

given in Tables III through VI, The pressure data calivrations
are given in Figures 15 through 20. As can be seen, the resultis

are inconclusive, KHote in certain cases no pressure wa

recorded, This, of course, conflicte with physical reality.

The continucd difficulties indicate that the pressure measuring

system is not capable of being used in molten polymer systéms

Ls noted previously, the pressure results simply do not-

make sense, In attempting to determine error sources only
two possibilities scemed to exist. One was~the effect of

«

temperature, the other the devices and instrumentation

The

e}
[0}
U)

ponse range on span and lmv-cquivalent pressure
for each sducer in the renge of 0-2000psi are shown in
[ i

Table VII for further discussion.
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TABLE ITI PRESSURYE KOASUREMENT OF THE FIRST RUN

Flow Rate: ¥ = 211 gr/min

Shear Rate: 3.7/sec

Position Transducer Consecutive Output Volfage Eguivalent
No. in FOo. : . Pregs. from
Fig. 6 Fig. 15 &16 (pei
P2 N-1 24660 2.1:568 2.4552 2,154 2.1536 2,453 600
Pl N4 2.6L2% 2.6329 2.6350 2.6L60 2.6342 2.6375 None
P5 : -6 2.1623% 3.1700 3.1676V5.1SOO 3.1800 %.1798 lione
P6 » O"l 2.1]58 20]_201} 2.1160 2.1086 291112 aulQOO 700
Py N7 2,774l 2.7730 2.77L2 2.7717 2.7627 2.7523 200
P8 N=-8 3.3862 3.3838 3.3767 2.3913 343830 3.3830 None
P9 0-2 2.0758% 2.0833 2,0810 2.0753% 2.0658 2.0600 1250
Pi0 N-3 2.2981 2.2971 2.2958 2.291L 2.2934 2.295k None



TABLZ IV

Flow Rate:

Shear Ratc:

Pl

T

P11

MTMAPID

ATURE MEASUREMINT OF

4L

Ltk

gr/min.

3.7/ sec

bav7.5
L21.3

L20,6

L23.0

L22,6

L2%.3
1{18 . 5

419.5

- 100 -

Temperature ngasured C Oy
™

w2?.3
1420.2

29,2
L21.5

123.0

Les.>
518.2

118.5

42943

L20.7

L23.,0

517.6

518.3

4

1;29 ° 2
Lak.>

Lel O

.27.0

119.6

429 ol

L22.0

L22.6

L18.2

mTT
LLEL

FIRST RUR

427 .6

L2l 5

Lek.>

v
N
.

o

o=
n
O
»

N

L22,5

4.20.6

121.,6

£19.0

" 418.0

1cecutively

L23.0

420.3



TABLE V PRuUSS

Flow Rate: 225 gr/min
Shear Rate: 3.7/sec

Pogition Transcucer
Xo. in o.
Tizg. 6
P13 -6 32,1100
| °p L25.5
Pe N=-1 2.502L
Op L2z
Op £29.5
P7 -7 2.7100
°F L2l

P§

Op
P9 O0=2
0‘\
¥
P10 =3
O"“\
E
More Temperature

n
.

n
o
(o
(@)

=
o
N

2.0164
422.5

2.2L10 2.2300

- 101 -

OF THZ SACOND RUN

Consecutive Output Voltage(mV)

o
and Temperaturs( F)

7066 2.6991
l+ 1.‘_2[1
5750 2.5702
3 L2%
9992 1.9990

were neasured

3,0950
42L.5

2.3863

ez

£
n
W

2.22357

at the

~

3.0956

L2k
|

2.3852

421,5

2.0396
k295

2.6936
L2l

2.5652
Le3

2.0C0
425

2422350

from

Fig. 17-20(pei)

1200

500

670

sape time,



TARPLE VI TIVPERATURE MTASUREMINT OF THE SECOND RUN

Tlow Rate: 225 gr/nin

‘Shear Rate: 3.7/sec

Position lo, ' Temperature in the Axial Direction

~in Fig. 6 . Or
e 123%.6 23,3 L2L.3
Tl k.7  Lh25.7 ~h25-5
™ L21l.7  Lh22.3  Lh22.7
T3 o k23,3 L25.0 42h.0
P11l 526.3  L426.3  L26.7  426.0 426,53  426.3

T,  pe20 p22.2 h22.6
T5 125.,0  L25.3  L425.6
T6 L22.0  L422.0 L4227
7 . 116.3  416.3  1417.0
8 L2k 6 L2L.7  L25.0
79 L23.0  L423.2  L23.5
T10 412.3  L12.6  413.0
STl 117.0  417.3  418.0
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FIGURE 15
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FIGURE 18 Calibration Curve after the Run
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FIGURE 19 Calibration Curve after the Run
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FIGURE 20 Calibration Curve after the Run
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TABLE VII SPAN AND lnv-EQUIVALINT PRISSURE

1

O
i

Ny

Transducer N-L HN-2 H=3 H-4 N-6 N -8  0-
] ,

Span(nv) 277 15% 169 315 281 516 325 258 28L
6

Imv = psi 7.23 13.0 11.9 6.4 7.1 3.7 2 7.8 7.1

The possible effect

<—|-
@]
-y
[6]
3
lw]
o
H
[$4]
c.\-
<
3
0]
=
§
o]
¢
e
(o]
o
2y
¢
jo
o’
<

determining the therzmal sensitivity of the transducers at atmospheric

pressure. Results of this testing are given below and in .Figure 21.

3T T - TTYTY TYVY “amT O
TABLE VITI PRESSURI EQUIVALZNT TO 17F

Transducer W= Ti=ly N-1
Ko
Tenperature 329.5-317 35743=3L0.5 37L=360.5
Range “F
9% . 12,5 - 16.8 13.5
- 1/50="F/% 0.25 0.336 - 0.27
1°F = ¢ 1.0 - 2.98 3.7
Bquivalent nv 2.40 1.79 2.22
(1% = 0.6mv) )
Equivalent Press. 17.0 11.5 16.0

from Table VII psi

o . o .
On the basis of these data a 17F error in temperature

could yield a 10 to 30psi error in pressure. It should be added,
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héwever,~that temperature errors are nop too iikely since
considerable attention had veen directed to peffecting this
technique iﬁ an earlicr stuéy

Other errors could have fesultcd from the tfansducers
and asuxiliary system, . For exaaple,ﬂzhon the D.C.’digital
power supply was checked with a D.C. digital voltumeter it was
found that the error develoned could be as large as é nv.,
(roughly 15-30 psi).

While the errors that could develop from either thermal
effects or equipnment problems’aro sizable, tho& cannot even 1T
cunmulative account for the large deviation found in this work.

The only conclusion that can be reached ig that the ITI
device simply canﬁot be. used under the severe conditions of
a floving polymer melt, This incidentally has been a common

failing of most pressure transducers that have been proposcd for
A possible way out of the problem-is to use a device

such as the Teylor pressure bulb( a pneumatic device).

- The device is rugged and insensitive to tempereature. However,

"the high cost of each bulb precludes even considering such a

route because of the many bulbs that would be needed.
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B, Heat Transfer Studies

1., . Heating of TFlowing Thermally Softened Polymer Syst
o Results
A large amount of data was accumulated for a the
softencd polymethylméthacrylate(Plexiglas VIL 100).
Table IX shows raw point temperature data for th

of 0.527 fest These data are typical of the measurcn
made with the apparatus of this i stigation, Note ©
precision of the point temperaiures for the repeated ru

situation should be the worst jele=ha oible case (short axial léng

low flow rate). The reproducibility of the point ten

.

also demonstrates that no free con wvection occurred during the

tests.

Temrperature profile curves are shown in Figures 22 th
. . . . T =T
The data arc ploited as dimensionless temperature 1
. T —T1
¥ersus rcduced radius. T . VWhere: Y
S S

r = point radius

R = tube radius

7 = point temperature at r

T1 = average inlet temperature

T = wall temperature

w
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Figure 55; Experimental Dimensionless Temperature Profiles at
Different Heat Transfer Lengths with a Flow Rate =

241.9 gr/min.
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EBach gravn ig at a given weight flow indicatced on the

figure. The parémoter for each of the curves ic the Graetz
. wC_*
number D e
k1
Where o w = veight flouw rate
C_= polymer specific heat
p e i
k = thermal ccnductivity
L = acial length
Table IX
Flow Rate = 193.5 grams/minute
Axial Length = 3.560 ft.
Test 3 Test L
o - 0
T, L2Z57F T. = L34 ,77F
( lnlet ..75 ( lnlct 5 | 7 ¥
‘ 0 0
L67.7°F iy = 467,
Twall 167.7°F) Twall 167.07F)
0 " op
Reduced Radius point noint
0.186 LL7.3 L’7.0
0.375 CoLn8.2 L48,0
0.560 L51.2 L51.0

0.746 - 456.8 456.3

0.931 167 .7 467.8
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De Discussion

Each of the figurcs is at a constant w2ight flow rate
(varied fron 180.9 to h77.0 zm/min). Aésa result, each of
the curves on a given figure reg;esents a different heat
transfer axial leangth. The lowest cﬁrve is mecasured 0.527 fect
from the gear pump. The othor curves are at 3,560, 6.600,
9.560 and 12,600 feet, recspectively. Likewise, since Graetz

number is inversely »rop

o

rtional to length, the lowest curve
represents the highest Graetz number and the top curve the
lowest value,

The oveﬂal attern given by any set of curves rcyprecsents
fhe development of the temperature profile with increacing
'aXialilength ét a constant flow rate. As would be expected,
point tempecrature at a given rcduced radius increases with
increaging axial length,.

It can also be seen that a point tempersturec at a constant,
r/R, and axial length decreases with increasing weight flow rate.

This occurs because of the decrease in residence time with
N,

Certain other aspects of the curves in Figures should also

1. Temperature profiles at the 0.525 foot length are almost

flat. (Most temperature change occurs at the wall.,)



2 A depreseion in temperature at the center of the

tube (r/R from-0.C to 0.4) occurs

The almost flat profiles .occurring at the 0.525 foot

- length show tnau the temyperature profiles is not developed at

this axial length. It alsoc shows that the profile at the
gear pump exit is flat as was predicted., °~ It is interesting

to compare the behavior of the temperature profile at the 0.525

51

foot length to that predicted from Kay's correlation.
The correlation, when cxtended to non-Newtonian fluids,

o as -2 ~1 .

predicts entrance lengths of 10 to 10 feet for develonment

<

of temperature prCLIICo for the flow conditions of TFigure

4]

22

1

through 28. As can be seen, the actual length reguired is at
O 2 8 q

least an order of magnitude greater than the correlation valuc.

Before considering the other two aspects of Figures

=

(center depression and peak near wvall), mention should be made
of the factor of viscous dissination. This factor depends on
the dissipation function, ¢V , which in cylindrical co-ordinates

for Newtonian fluids is

4 = 2 ()« (359 o)+ (55)

oVe . 1 Ve Ve L Ve (163
t (52 + 'raa)*‘ a7 T3z

P35 ¢ 5T



where Vr, Vg , Vz = radial, ang
r, ®, 7z = cylindrical
Al = viscosgity

For a non~MNewtonian

fluid
y-1
T - KI5H]
or
(vwhere T = sheor stress; K =

wlar, azial velocity componcnts
co-ordinates

N
i that obeys the power law

(1)

n = hoxe“ law index) ond in vhich there is only axial flow
vg (M7 PIZR
¢2 = K /2;37/ ("E;;r (164)

LAs can be seen the dissivpation factor is directly
proportional to the velocity gradicnt raised to a power greater
then unity. This nmeans that héating jue to viscous disgipati
will be the greatest near the W”lW(sboon velocity gradient)
and least in the center (shallow velocity gradient).

An additional factor which must be taken into consid
is fluid thermal exnansion. If a fluid has a significant
thermal expansion actual cooling can occur.

Now consider the chape of the tempersture profile cu
in light of the foregoling. In the tube center heat generation
by viscous dissipztion ié small and 2s a result is easily

moved by the thermal expansion process. Furthermore, this
process serves to further flatten the fluid velocity profile
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ses even further the viscous heating. The net
result is that’ tler al exvansion can ultlﬂutATJ ceﬂ”oss'tLe
center line temyerature.

Mext, in the rogion near U wall yﬁocous discination
is at a maximum As this effecl builds up, heat is transferred
to the main body of the fluid. ﬁowevér, owing <O the »noor
fluid thermal diffusivity, the temperaturce builds up until it
actually neaks,

The cffect of viscous dissipation can be demonstrated in
another TAY . Consider Figures 29 and 30, vhere a reduced
temperature T - Tw is plotted versus reduced racdius and

TT" W

compared to

"‘0~

is clearly

o
values coxzputed by Toor””

nunoer

Ci T'w'n

at

- KR (3n+1)(T, -
wall shear siress, ¢, = constant) is a
sspationa.
an be seon, the experimentel data fall
zero viscous diszipation (3% = 0.0) and

S.near the wall,

17

constant B“wnmman numnber,

easure of

ween the

ne value

ii

demonstrates that viscous dissinpation
iwmportant in flowing molten polymer systems, The Failure
stud10522’2>’6o to find large viscous dissipation
have been due to low flow rates especially since
‘work attained flows several times those of earlier
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Attention should also be directed

26

co L”e earlier wvork

of Gee and Lyon. These investigators solved the equations of
motion end energy for heat transfer to a flowing thernally
Ny IS ¥ e hanerlat
softened polymer (Lucit 1so a polymsthylmethancrylaote).
Y
Fizure 31 shows o predicted temperature zrofile, Az can be
X

seen, the slope closcly resombles that found in the present work.
This would indicate that the Gee-Lyon solution is at least

gualitatively correct for heating of Ilowing thernally soflicnea
nolqurd.
2. Cocling lowi Therrmally Softened Polymer Systenms

2. Resulis

N

Data was also taken for the case where the flowing p
system was coolcd, Table X chows raw data for a typlcal
temper aturu nrofile. These data are for a flow rate of 197.8
grams/minute and an axial length of 0.527 feect,

situation ought to b the

worst poscidle cass (short axial lensgth, low flow rate) in terms
of precision. However, as can be seen, thg results are T
and guite precise.

Plots of the data as temperature profiles are showm in

Figures 32 through 37.
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" Temperatures at z/L = 1 with wall temperature as
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Table X

Flow Ra
.

<t

e = 197.8 grams/minute

Test 28 (TjnWOt =123, Test 29 (TﬁFTOt =2l 3
T"”E’Lll 7‘*.7)81{--2) Tvral" :385'5)
!,\»
Bsduced T . . 0F T .., °F
Radius : point ] point
FAGSR s 4 KD

O
L]
O ~3
WO\l Gy T
= oo O \N
g
-
O
*
N
=
=
}=-t
»
e

429 .1 L20.3
0.9 287.0 3288.5

=
o

tention should be called to the ordinate of the temperature

profile rlote. The denocninator of the reduced temperature
(TW—T1) will alweys b= ncgative, lence, the more negative

. g , . T-T
. the nunerater (7 ~T1)’ the more positive the ratio 1

T T,

This means that the highest pogitive reduced temperature values
are actually the coolest parts of the streanm.
In Figures 32 through 37 it can be secn that polymer cooling

is a function of zxiel length, That is, maximun cooling is
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found at the longest axial length. This behavior is as
would be expecied, The longer the residence time (i.e., longer
axial length at constant flow rate), the more cooling that

.
takes place, . In addition, as flow rate increases cooling
decroases at any given axial length, This agalin teakes place

- because of reduced residence tinme.

The snapes of the profiles in T

I_J-
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o]
<
ey
AN
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0
] ed
0
O

deserve coumment. Unlike the case for he &ulhs no special
occurrences seen to be evident. There appears for example to
be a greatly reduced effect of viscous dissipation. This can

n

be explained because of the alteration of the velocity profile

(see rlgwro 38) &s can be seen, the change in profile near
the wall ¥will greatly reduce any viscous heating effects.

Furthermore, the colder wall will rcadily act as a heal sink for

type of smooth temperature profile seen in Figures 32 through 37.
Attention should once again be directed to the work of

Gee and Lyon?6 In Figure 31 plots of their predicted temvperatur

profiles for cocling ere shovwn, As can be <seen, their curves are

qualitatively the same as those found in this work. This point

further recinforces the study of Gee and Lyon.
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uture study would be directed to the stress and velocity

:

field

[

<«

n the entrance region using & proper instrument such as

strain gage or by another approach such as birefrinzent or

[

tracer **chnlou
It is recommended to study the filow behavior such z manner

that the result could be correlated to the physical properties,

)
8]
P

normal stress differences, and molecular structure.

It is emnhasizéd to control more accurately the bourdary
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For example to keen the wall

J]

temperature essentially constent it is one way to increase the

flow rate of the hot oil or to circulate the oil through each

piece of the test zection separately,

For the study of heat transfer it would be helpful to

do the experiment in different conditions, i.c., polymer inldt
b 3 £ P

tenperature and the wall temperature should be samc to investigate

the true viscous heat generation, It would be another
fundarmentel study to find the hcat transfer coefficient of the

polymer melt under certain conditions,

There should be some improvement in measuring the tenperature

i

41
Lii

so tha

]
[oN

AV izl and radizl temperature could be recorde
It is possivle to shorten the time neecded to heat up the
whole system by changing the heating coils with the ones which can

supply more heat per unit tine.
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V. CONCIUSIC
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In thig investigation an apparatus has been developed

to study the entrancc region flow behavior of non-MNewtonian

&
A
.

fluide, especially for polymer melts by mecasuring the sressure
droo. Although it has left maﬁy problens to be golved, a
new pressure sensing device was tried to measure the pressure,
Total length of the test scction was fiftecen feet and
inside diezeters of small and large pipes were 0.957" and
3.826M fesp@ctively. Operating temperature was 125°F. Flow
rate was 22“ sr/min, Pressure range in calibration was O

to 2000 psi.

A heal transfer to mo]teq flowing polymer was studied

c—l-

in a heat exchanger of 15 feet and of 0.957 inch I.D. Polymer
‘inlet temvrerature was controlled between 20 F to huo I both

oling experinent, Cil temperature at the

I.J
o)
by
®
»
o
}.J.
jo
48]
®
[
o
e}
O

. i X 2nOn s - L os
melt inlet was maintained by 30 F difference lower and hisher
for the exreriments of cooling znd heating effects.

Heat transfer lengths from inlet to the axial position

S . S
where the measurement was obtained were 0.527, 3.560, 6.600,

9.560 and 12.600 feet respectively. The radial positions
at each axial position were r/R = 0.000, 0.186, 0.373, 0.560,

0.746, 0,931 and 1.,000. Flow rate ranze were from 158.6 to
L77.0 gr/=in.

1. It was tried to develop an apparatus to study the entrance
and exit flow vehavior,

2. Temperature profiles at the 0.525 foot-length were aluost
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ige ture change occurs at the weall)
mperature at the centeridf the tube
(r/R from 0.0 to O.L) -occurred.

A peak in temperature appeared near’ the wall‘when heating

the polymer melt.

Vhen cooling the polymer melt there appeared to be =z
greatly reduced effect of viscous dissipation due to
the alteration of the velocity profile and heat transfer

to the cold wall.
The polymer melt at the center of the tube could feel

PRI | O'r\ PO !
the well temperature which was 30 F lower ‘than the inlet

polymer temperature at a Graetz number less than 22.54.



Two separate experimental device were requirecd Ior

Py

the present work: one to study the entrance effects in flow

1
AN

in molten polymer systems ard the other to investigate the
transfer of heat to thermally sgftened flowing polymer

systeus. Although two devices were needed some components
were common to both. These were a 2" diameter screw extruder,
a gear pump-vari-drive combination and a heat unit for the
test sections following the gear pump;

For the entrance effects the actual data were to bol
consisted of the pressure measured at different axial and
radial positions.v. It was concluded from the literature survey
that most of the pressure drop in the case of mblten polymer
system occurs just Dbefore the entrance and that the polymer
exhibit excess normall stress caused by the contraction tﬁ some
distance of downstrean. To verify this entrance effect a new
technical device was tried to measure the pregsure drop, but
unfortunately it was not succeséful. |

A temperature profile'of polymethylmé%hacrylate were
obtained for several flow rates at different axial'énd radial
.positions of one:inch Schedule 80 stainless steel pipe. It
.was Observed a depression in temperature in the central region
of the tube and significant viscous heat generation near the
wall when heating the polymer nelt, When cooling the polymer
there appearedAto be a greatly reduced effect of viscous
dissipation due to the alteration of the wvelocity profile and’

heat transfer to the cold wall.
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APPENDIX A

“Z3

KOTATICN

A = Newtonien Viscosity at 0K, poiczse
A = cross sectional area

A = an empirical constant depending on the nature of the fluid,

2
lbs-sec/ft
a= _n+ 1, constant in Zguation (6l)
n

a = constart in RBouation (140)

b = constant in Bguation (140)
B,.= Brinkman nuuber for Newtonlan fluids
Br'= Brinkman number for norn-Newitonian I[luid

C, = hest capacity of the fluid, _>oJ
1o, . F

(Cy)

/o™

B. = viscous dissipation encrgy
. = elastic energy

E = activation energy

s,
e =n + =
. 2 5
By = cnergy.consuncd due to the expansion, lbg/it-sec,




_ e £ me1
F = Rheological constant in Zguation (185), ¢ It Py
’ 1b

F = energy dissipated by friction
. v - r

F = velocity, function of ( )
0
Jay

f = friction factor

f = function of ‘? in Bguation(65)

G = shear modulus

Gr = Graetz number, dimensionless
Ge = gravitational constant

ha = heat transfer coefficient

H = the encrgy of activation for flow, ft 1bg/lb-mole

<y
o

1l
td

)
0
0
o
}_l

function of the zeroth order

function of the first order

i
ok}
[}
9]
6]
(&)
1

J1

k = thermal conductivity of the fluid,

K = consistency index in Zquation (3)

constants in FEquation (67)

b
et
I

L = tube length or heat transfer length, ft

1 = rheological constant, +
n
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M and M' = constants in Equation (70)
m .= kinetic energy correction factor in Bguation (103)

m = rheological constant in Equation (155), dimensicnless

N, = Reynolds number, dimensionless

NPe‘ = generalized Reynolds number for power law fluid,
nm_ 2-n
pv "y
gc K811-—l
NRe" = generalized Reynolds number,
’ ld
n 2-n
D v

/ /,_‘
Jo K 8" D
Ny = Nusselt number, &

k
n = flow behavior index

n' = constant defined in Equation(50)

B
i

Couette correction in Fquation (107)

o)
i}

. pressure, lbf/in2

P-iz cdeviatoric stress

O
i

volume flow rate, ftB/sec

q = rate of convective heat transfer, Biu/hr

pipe radius, ft

[z -]
1

[0}
i

generalized Reynolds number in Iguation (96)

r = radius, variable, ft



S = cross secctionsl area of the tube

= recoverable shear

o]

T;3= total normal stress
T = temperature

bulk temperature of the fluid

-3
o3
"

Ty = wall temperaturc

=}
"

inlet temperaturs of the polymer
t = tempsrature, variadle

t = Spherical coordinate in Equation (91)

U = core velocity
" = perturbation velocity in Zquation (69)

u = radial velocity in Equation (73)

v

average velocity, ft/ssc

vyz= velocity in the axial direction, variable, ft/sec

W= 1 (0) in Zquation (74)

w = flow rate, gr/min



X = distance in the axial direction

x = spherical coordinate in Zquation (90)

>

[

x4,% entrance length

> E

-y = distance from the well of a tube, R-r

y = reduced radius, T
R
Greck

e oot ' . 2
oA = thermal diffusivity of the fluid, cm /sec
+ . - 0
oly= thermal diffusivity at 0°C
do,dl,b_(z: izinectic energy correction factor
oy = constant in Zquation (83)
= compreseibility, 1

psia

-1
rate of shear, scc

<
I

3

= shear rate at the wall, secc

boundary layer thickness

= g

R

+

N o~
i

= coefficient of thermal exparsion
= Couette correction

= dimengionless distance

epparent or plastic viscosity

1

jth root of Jq

é:gﬁ RO
1
o
H-
ot
(6]
5
0
;Jo
O
5
}_.J
o]
0
&
o
o
i
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ml
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T - Ty

Ty= Ty
relaxation tinme
Newtonion viscosity
3
density of the fluid, 1b/ft

reduced radius,

dimensionless variable in Equation(66)

ghear stress, lbf/ft2

(6]

shear stress at the wall, 1bf/ft2

function defined in Zguation (17)
Cy in Equation (82)

spherical coordinate in Zquation (91)-

U - 1

v
strean function

vorticity

reduced temperature, dimensiopless
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APPENDIX B SAMPLE CALCULATION

A11 the pnysical propertiec were calculated at bulk
uemner?tu+v, wihich is defined as
T = 1/2 (T, -~ T
b / ( vI )
The average inlet temverature and the average wall temperature

were used as the inlet and the wall tempecratures in the above

egquation.

§

] . ) .— 240 .0
for the heating effect: T, = 2317C = LL45

i

fer the cooling effect: Tb EOB.SOC = 407550F

Rheolozical Data

The constants in poser law were calculo ed from the flow

N

. o
- curve of Flexiglas VM 100 in VWestover'!s "Processing ProPGrtics".U

, ‘ o
By extranolating to LLE ¥ one can get
A [

Log Toy = HogTwa  Hop?1 - 4Leyo27 _ 4 ¢4
bog ) ~ g iy Aogre — Lyt

The consistency index, X, ig-the value of intercept at ) = 1.
Density

Density was taken from the processing propertics of

58

J
\

Thermal Diffusivity

Westover's

i

74
(@)

rxy

6.0 1b/ft5 at

i

-
o'

66.8 1o/ft°  at

+3

"

Tne thermal diffusivity was calculated using Zquation(1lyC)

e

vith the proper constants.”?

o, = 4.01 x 107" ew®/sec et T = 448 F
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ol = 4.30 x 10”4 cma/sec at Tb = 407.5OF

Specific Heat

The data for specific heat were teken from the Procesging

Properties of Westover's.58

a
£}

1

0.88 Btu/1o °F at T, = L48°F
0.85 Btu/lbmoF_ at 7. = 407.5°F

¢ b

0
Thermal Conductivity

1

This vhysical property was evaluated by the following

relationship using the values obtained above.

K=83¢C ol

R P

K = 0.09 Btu/ft °R nr at T, = LL8°F

K = 0.0945 Btu/ft°R hr at T, = 4,07.5°F

Evaluation of Temnerature

All the data were takenlin Millivolts and convertedéto
- degrees Fahrenheit referring to the tables of Natiqnal Bureau
of Standerds Circular 561,

Calculation of Reduced Temvperatures

One reduced temperature was determined in the following

manner.
T-T
Tw =T

Reduced temperature =

where

probe temperature

T
Tl pOlymer inlet temperature
wa wall temperature

The other reduced temperatufe was evaluated by subfracting

the first reduced temperature from unity. Substituting data

from Table XI , Test 8 on page 173 at a reduced radius of 0,186,
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“T -T ' 44’1.&'450,2‘ .
- = = 0. 314
T:n Tw — T 467.2 - 430.2
Tre = Te=T = | = Ty=1~0.31% = 0.686¢
Tw =Tt ' i

Graetz Number

The Graetz numbers were determined by dividing the
) _pr_oduct‘ of the average flo‘w rate and t'he"h"e.at capacity by
the product of the thermai conductivity and the heat transfer
lengths. Using the data from test run 7.at a heat transfer

length of 3.560 ft on page 173 the fo1 lowing s are obtained.

. . apb Bty 60 -65;« Hunr
Na =W = 2819 g O 8826 "F 233 Fr Ar _ g5
Gz~ L Btu

007};327, 386t

€Calculation of B*‘lnkmaq Nunber(Viscous Heating Factor)

5¥ :  Twn
T @t KS TR (T-T)

From the previous calculation

k = 0.09 Btu/ft°R nar
8 = 66.0 1/t
R = 0.957 in.
. B;‘* o Tw W nrn
: @Gn+1) KKTU’CT.'-'IL)
' n* €o b min
o 0. 52 Lo T2 ,,,z W‘g‘,‘; 14494 f‘— 533 440 BT
(2.83>¢0.09) 5” 0757 _ £t b

= '3. syg x 10> T "*/
| ‘ | Tt —Tw
, “For the test run 10 on page 213,

T, - T, = 430.8 - 173, 3 = -42.5%F
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>w'=.316.4 gr/min;

‘At,this.flow rate the shear rate, 8V/D; was calculated to be
3.9/sec. and t%e corréspondiﬁg wali shear stress 'is 0.60 lbf/in2
frq@ liestover's ﬁProcessing Pro?erties";58 Substituting the

obtained;data into the above equation gives a value of ‘—0.016.
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TABLE X7

Data Obtained for Molten Plexiglas Vi 100

At a Reduced Length of 0.042 and a Heat T{ansfer Lensth of 0.527

Test Reduced Inlet ‘ Yall | Probe Flow

No. Radius = Temverature . Temperature Temperature Rate
o o, o .
m.v _F , m.v ¥ m.v F gr/min

17 0.000 12.03. 432.3 12,26 1440.0 12,345 442.5  193.5

0.186 ‘ 12.335 442.15
0.373 12,460 L46.3 -
0.560 12.480 4u47.0
0.746 12443 4853

1 0.931 12.08  434.0

2 O.dbO 12.10 434.7 12.34 Lh2.3 12,40 444.3 193.5

0.186 12,39  LL4.0
0.373 12,515 48,2
0.560 12,535 L48.8
0.746 12.48 447.0

0.931 12,14 436.0



M

0,000

0.186

0,373

0.560
0.746

0.931 -

0.000

0.186

0.373
0.560
0.746
0.931

0.000
0.186
0.373
0.560
0.746
0.931

12.11  435.0

12.10 43L.7

11.95 429.75
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©l2.k2 445.0

120445 L45.8

12,40 445.7

12,415 444.8
12.55 L49.3
12.56 L4L49.7
12,51 448.0

12,195 437.8

12.43
12.415
12,54
12.56
12.51

12,205

12.3%25
12.31
12.39
12.42
12,365

12,15

L45.3
Lk .8
449.0
LL9.7
448.0
38,2

L4l,.8
41,3
Ll , O
44540
Lh3.2

L35.2

193.5

193.5

241.9



- 160 -

0.000 11.95 L29.75 - 12.45 446.0 12.325 441.8 241.9

0.186 12,31 L4l.3
- 0.573 12.3%9 44&.0
0.560 12.425 445.2
0.746 12,36 443.0
0.931 12.15  1436.3

0.000 11.925 429.1 12,45 L46.0 12.33 L42.0 241.9

0.186 12,32 Lhl.7
0.573 12,395 pyh.2
0.560 12,425 445.2

0.746 C12.36 443.0
0.931 12,15 436:3

O.OOOF 11,965 430.2 '+ 12.43 L45.3 . 12.345 L42.5 316.4

0,186 - 12.33  442.0
0.373 12.38 443.7
0.560 12.415 L4448
0.746 12,35  4he.7

0.931 12,15  436.3



10

11

0.000°

0.186
0.373

1 0.560

o.746

0.931

0.000
0.186
0.373
0.560
0746
0.931

0.000

0.186

0.373

0.560
0.746
0.9351

11.975 420.5

11,985 420.8

12,04 432.7

1

£ -

l2.41

12.45 L446.0

12.'1}6‘

L1457

Lh6.3

112.355 42,8

12.355 hh2.2

12,39 Lhk4.0

12011.‘2 44500
12.36  443.0
12.165 L436.8

12.36  L443.0
12.345 442.5
12,395 hhl.2
12,43 445.3
12.57 13,3
12.17 L437.0

L1241 LhL.7
12,39 Lhh.O

l2.41  Lhh.7
12.46 146.3
12,355 442.8
12.23 439.0

316.4



12

1y

0.000..

0.186
0.373
0. 560
0. 746
0.931

0.000
0.186
0.373
0. 560
0. 746

- 0.931

0.000
0.186
0. 373
0. 560
0..746
0. 921

- 162 -

12,045 432.8

12,10 4347

12,22 438.7

12.46  L46.5

12,465 446.5

12.485 bh7.2

12.40

12.38
le.41
12.47
12.36

12.21—{-

12.40
12.385
12.435
12.48
12,37
l12.24

12.56
12.55

12.56

12.615
12,505

12.31

LhL.3
43,7
Ll o7
L4647
L5L35.0

4393

Ll 3
Ly3.8
LL5.5
kh7.Q
443.%

L4393

LL9.7
449,35
L49.7
L51lo4
447.8
L41.3

413,k

4134

477.0



15  0.000
0.186
0.373
04560
0.746

0.931

16 0,000

0.186
0.373
0.560
0.746
093k

i? 0.000
0.186
0.373
0.560

0.7L6

0931

12.235 439.2

12.22 438.7

11.93 L429.25

12.51 448.0

12,52 L48.3

11,75 L23.3 .

12,60

12,585
12,595
12.65
12.54
12.35

12.58
12.52
12.59
12.63
12.54

120 355

12.085

12.085

12.22
12,20
12.05

11445

451.0
45065
450.8
452.3
449.0
L1427

L50.3
450.0
L5047
451.7
449.0

LL2.8

4302
4312
438.7
438.0
433.0
413.5

L77.0

177.0 "

180.9



18

19

20

0.000
0.186.
0.373
0.560
0.746
0.931

0.000

0.186

0.373
0.560

C.746

0.931‘.

- 164 -

11.88 427.8

11.865 L27.2

11.825 425.8

11,705

421.8

11.635 421.2

419.3

212,06 433%.3

12,05 433.0
12,195 437.8
12,18 437.3
12,00 431.3

11.39 411.7

12,04  432.7
12.04 432.7
12,19 437.7
12.17 437§o
11.985 q;oi8

11.36  410.7

11.91 428.7

- 11,90 L428.3

12.055 433.2

12.12 435.3
12,02 43%2.0

11.36 410.7

180.9

180.9

270.4



21

22

23

0.186

- 0373

00560
0.746

0.931

0.000
0.186
0.373
0..560
0. 746
0.931

0.000
0.186
0.373
0.560

0.746

0.931

11.835 Lz6.2

11.845 426.5

11.855 426.8

11.635 L419.5

11.645 419.8

11.415 4l2.5

C11.91 428.7  270.4

11,905 428.5
12.06 L433.3
12,13 14357
12.025 432.2

11.3%65 410.8

11.93 429.3  271.5
11.92 429.0
12.07 433.7
12.14 43640
12,035 45225
11.37 411.0

12.02 432,0 382.0
12,01 431.7
12,07 1433.7
12,195 437.8
12,155 436.5
11.28 408.0



2l

25

26

0.000

0.186

1 0.373

0.560
0.746

0.931

0.000

0.186

- 0,375

0.560
0.746

0.931

0.000

0.186 -

0.373
0.560
04746
0.931

~ 166 -

11.855 L426.8

11.375 41l1.2

11.46  414.0

11.51 L15.7

10.565 385.1

10.49 382.7

12.02  132.0
12,005 431.5
12,065 433.5
12,13 435.7
12.105 434.8

11.34 4L10.0

11.895 L28.2

11.89  428.0
11.98  430.7
11.845 426.5
11.54  416.7
10.485 382.5

. 12,08 L434.0

12.08 434.0
12.17 437.0
12.01 431.7
11.6L L19.7
10.455 381.5

382.0

158.6.

158.6



27

28

29

0.000"

0.186
0.372
0.560
0.746
0.931

0,000
0.186
0.373
0.560
0.746
0.931

0.000

0.186

0.373

0.560
0.746
0.931

11052 1—{»16 oO

11.74  423.0

11.78 L424.3

- 167 -

10.465 381.8

10.535 384.2

10,57  385.25

1241y

12.13
12.21
12.05
11,68
10.465

12.33
12.353
12,415
12.285
11.935
10.63

12.35

12,35

12.L3

12.3%05

11.97

10.675

436 ,0
435.7
438.3
433%.0
421,0

381.8

4420

442.0
Ll 8
4ao,§
429,14

387.0

LL2.7
Li2.7?7
Lh5.5
Lil.2
430.3
383.5

197.8

197.8



- - 168 -

30 O;OOO 11.755 >423.5 10,60 386.0. 12.235 439.2 2273

0.186 ' 12.235 439.2
0.373 12,325 L441.8
0.560 12.27  440.25
0.746 12,00 L431.3
0.931 10.76  423.7

31 0.000  11.73 L22.7 © 10.585 385.6  12.18. 437.3  237.3

0.186 - 12.18 437.3
0.373 12.275 L4404
0.560 12.225 438.8
0.746 - ©11.96  430.0
0.931 10.78 392.0

22 0.000 11.83 426.0 10.575 385.4  12.25 439.7  317.9

0.186 12.255 439.8
0.373 12,326 443.0
0.560 12.385 443.8
0.746 12.09 L3L.3

0.931 10.78 392.0



35

34

35

0.000"

0.186
05753
0.560
0.746
0.931

0.000
0.186
0.373
0.560
0.746
0.951

0.000
0.186

0.373

0.560
0.746
0.931

11.83 426.0

11.84  426.3

11.815 L425.5

- 169 -

10.575 3854

10.57 @ 385.25

10.555

38L.8

12.26

12,26
12.365
12.39
12.095

10.78

12.235
12.235
12;545
12.39

12.125

10.80

1z2.21

12.205
12.315
12.345
12.095

10.775

LLOLO
L40.0
LL%.2
Ll O
L35
352.0

139.2
139.2
1425
i1y JO
155.5
392.7

438.3
L38.2
Lil.5
LLk2.5
L34.5
391.7

317.9

360.7

360.7



37

0.000

0.186

0.560
0.746

0.931

0.000

0.186

0.560
0.746
0.931

11.87 427.3 10.545 38L.5

11.86 427.0

..‘. l?o -

12,27
i2.27
12.48
12.425
12.18

10.80

12.26
12.26
12.47
12,415
12.175

10.805

LL0.25
4140.25
Li7.0
Lu5.2
L3743
39247

4L1,0.0
LLOLO
LLE .7
Lk .8
L37.2
392.8

4145

14,5



- 171 -

‘Data Obtained for Molten Plexiglas VM 100

At 2 Reduced Length of 0.282 and a Heat Transfer Length of 3,56

Ay

Test Reduced Inlet Wall : Probe Flow
No. Radius Temperature Temperature Temperature Rate
o : 0 0 .

m.v. F MoV, F MeVa F gr/min

1 0.000 12.03 1K32.3 12.9% LE1.7 12,405 LuL.5 193.5

0.186 12,505 444-?
0.373 12.435 4@5;5
0.560 12.50  L47.7
" 0.746° 12.67  453.0
0.931 12.965 L462.5

2 0.000 12,10 4347  13.04 Lk65.0  12.455 4L6.2  193.5

0.186 12.45  446.0
0.373 12.48  L447.0
0.560 12.56 L4497
04716 12,7 455.3

0.931 13.07  466.0



- 172 -

0.000° " 12,11 L435,0 12.12 467.7 12,485 44h7.2 193.5

0.186 12.49  4hY7.3
1 0.373 12.515 L418.2
0.560 12.605 451.2
0.746 12.785 1456.8
0.931 13,12  L67.7

0.000 12,10 43L.7 13.12 u67.0 12.485 Lh7.2  193.5

0186 . 12.48  L447.0
0.373 12.51 448.0
0.560 | 12,60 451.0
0.746 12,78 456.%
0.9%31 13.125 1467.8

0.000 11.95 L429.75 13.12 L467.8 l2.34  Lh2.3 241.9

0.186 12,34 442.3
0.373 12,355 442.8
0.560 12.45 LL6,O
0.746 l2.64 L452.0

0.931 13.10 467.0



0.000

- 0.186

0.3753
0.560
0.7L6
0,951

0.000
0.186
0. 373
0. 560
0. 746
0. 931

0,000
0.186
0.373
0.560
0.746
0.931

11.95 429.75

11.925 L429.1

11.965 430.2

1%,125 L67.8

13.13 L468.0

13.105 L467.2

- 12.345

12.34
12.36
12.45
12.6L5

15.10

12.345
12,34
12.355
12.45
12.645

13.10

12.33
12.325
12.33
12.41
12.575
13;07

Li2.5
Lie.3
L535.0

LL6.0

L52.2

467-0

1425
42,3
Lh2.8
1146.0
452.3
467.0

1420
441.8
442.0
Ll .7
450.2

466.0

241.9

241.9

316.4



- 10

11

0.000

0.186

0373
0.560

0746
0931

.0.000
. 0.186

0.373
0.560
0.746
0.931

0,000

0.186

0373

0.560
0746

0931

11.975 4305

11.985 430.8

12.04 432.7

174 =

13,115 467.5

13,115 L467.5

13,115 L467.5 -

S 1

12.35
12.54
12.42
12.585

13.08

12.30
12,30
12.345
12.42
12.585

13.08

12.3265
12.365
12.36
12.453
12.55
13.07

Li2.3
Lhe.7
Lh2.3
L45.0
450-5

LL66.3

Lh2.3
L2,
b42.5
41450
450.5
466.%

LL3.2

Lli3.2
L43.0
L4L5.3
L49.5
466.0

21644

31644

L13.0



12

13

1L

0.000"

0.186

- 0.373

0.560
0.746

0.000
0.186
0.373
0.560
0,746
0.931

0.000
0186
0.373
0560

0746

0931

12.045 L32.8

12.10 L24.7

12,22 438.7

- 175 -

13,11 467.3

13,115 L67.5

J13.11 L67.3

12.36  L443.0
12.36 L43.0
1é.355 452,8
l2.42 L45.0
12.54 L449.0

13.065 L465.8

12,37 L443.3
12.37  Lb43.53
12.365 Lh3.2
12,43 h45.3

12,555 149.5

13.07 L466.0

. 12.52 L48.3

12.515 4i8.2

12,51 448.0

12,565 449.8

12.65 452.3

13.08 L466.3

413,

L77.0

L
23



15

16

17

0,000

0.186

- 0.373

00560
0.746
0.9%1

0.000
O .186

0.575 .

0.560

0.931

0.000

0.186
0.373
0.560
0,746
0.951

- 17

12,235 439.2

12,22 438.7

11.93 L429.25

13,12 L67.8

13.125 467.8

12.63 L451.75-

12.55
12.545
12.54
12.60
12.685

13.10

12.535
12.525
12.52
12.58
12.68

013.105

12.16
12.16
12,18
-12.238
12.40

12.67

LL9 .3
LL9.2

449.0

451.,0

4535
467.0

4367
136.7
L37.5
L4045
Ll 5
455.0

477.0

L477.0

180.9



18

19

20

0.000 -
. 0,186
0.373

0.560
0.746
0.951

0.000
0.186
0372
0.560
0.746

0.951.

0.000
0.186

0.373

0.560

0.746

0931

11.88 427.8

11.865 L27.2

11.825 L25.8

- 177 =~

12.62 451.5

12.62 L451.5

12.605 451.1

12.135
12.13%
12.155
12.25
12.37
12,66

lz2.125
12.15
12.245

12.365

11.99
11.985
12.02
12.11
12.23

12.625

435.8
L35.7
436.5
139.7
LhhZ.3

L52.7

4357
1435.5
4363
439.5
445-5

L52.7

431.0
430.8
432.0
435.0
439.0

L51.6

180.9

180.9

2704



21

22

25

0.000

0.186

0.373

0. 560
0.7L6
0.931

0.000
0.186

0.373

0.560

0.746

0031

0.000

0.186

0.375
0.560

0.71:6

- 0.931

11.835 426.2

11.845 42645

11,855 426.8

- 178 -

. 12.615 451,4

12.625 1,51.6

- 12.3%  LL2.0 “

11.995
11.985

12.02

12.11‘

12.235

12.635

12.01
12.005
12.035
12.125
12.25

12.645

12.04
12.03.
12.08
12,115
12.175
12.40

L31.
L350
L32.
L35.
439.
4L51.

L31.7
L21.5
L32.5
L5545
L39.7

1—}52‘. 2

4352,7
L32.3
L34.0
L35.2
L37.2

Uy 3

2704

271.5

382.0'



24

25

26

0.000

0.186

0373

0.560
0.746

0.931

0.000.

0.186

- 0.573

0,560
0.746
0.931

0.000
0.186
0.373
0.560
0.746

0.951

11.855 h26-8V

11.46 414.0

12.32  L41.7

11.03 400.0

10.90 3?6.0

12.03
12.025
12.055
12,10
12.18

12,475

11.85
11.835
11.79
11.64
11,49

11.14

12.025
12.000
11.94

11.735
11.52

11.04

432.3  382.0
L2.2
L35.2
L3L.7
4373
116.8

L26.7 - 158.6°
Lhe6.2

Lek.?

419.7

415.0

L03.7

432.2  158.6
L31.3

L29.25

L22.8

L16.0

400.3



27

28

29

0.000

00186

0.373

0.560
0.746

0.931

0.000

0.186

0.373

0.560

0.746

0.931

0.000

0.186
0.373
0.560
0.746
0.931

11552 1{1600

11.74  423.0

11.78  hLaho3

- 180 =~

.10.835 393.8

10.81 393.0

12.07

11.97
11.75

11.515

10.99

12.29
12.27
12.20
11.97
11.67

11.00

12,3

12.29 -

12.215
11.99
11.68

11.00

433.7  158.6
L32.8
13043
423,53
115.8
298.7

440,75  197.87

LLO.25
433 .0
42043
L20.7

399.0

Lul.3 197.8-
L4075

L,38.5

431.0

4L21.0

399.0



20

32

0,000

0.186
0.373
0.560
0.746
0.931

0.000
0.186
0.373
0.560
0.746
0.931

0,000
0.186
0.373
0.560
0.746
0.931

- 181 -

11,755 423.5

11.73  422.7

11.83 426.0

10.80 392.7

10.80 392.7

10.805 392.8 -

12.23  439.0
12.215 438.5
12,18 437.53
11.98 430.7
11.70 421.7

11.005 399.2

12,19 437.7
12.17 437.0
12,14 L436.0
11.935 429.4
11.675 420.8

11.000 399.0

12.28 LLO.S
12.27' 440,25
12.275 LLO .1t
12.095 L3445

11.045 L00O.5

237.3

237:3

3179



33 0,000
0.186
0.373

k0‘56o
Ow716
0951

34 0,000

- 0.186

0.373 .

0.560
0.746
O .951

35 0,000

0.186
0.373
0.560
0.746
0.931

11.83 426.0

11.8L 426.3

11.815 425.5 s

-10.80 3292.7

10.805 392.8

10.81 393.0

12.285
12,275
12.28
12.10
11.83

11.04

12.265
12,255
12.275
12.11

11.865
11.055

12.235
12.235

12.085

LLO.6
LLO WL

440.5

4,347 »
L26.0

400,35

440.1

h39.2

L39.2

L29.3

L3Le2
L26.7
L00.8

317.9

360.7

360.7



36

37

0.000

0.186

0.373

0,560
0.746
0.931

0.000.

0.186
0.375
0.560
0.746
0.931

11.87 427.3

- 183 -

427.0

10.815 3293.2

10.81 393.1

12.295

12.29

12.315

12.18

11.95

11.085

L40.9
L0 .75
LL1.5
L57.3
429,75
401.8

4406
40,5
hnl.z
437.0
429.5
EOL.7

L1L.5

h14}5‘ 



Data Obtained for lMolten Plexiglas VM 100

At 2 Reduced Léength of 0.523 and a Heat Transfer Length of 6.600

. Test Reduced 1Inlet ‘ VWall Probe Flow
¥o. Radius Temperature ~ Temperature Temperature Rate
m.v. °OF m.V. CF m.v. CF gr/miﬁ
1 0.000 12.03. 432.3  13.01 L46L.0 12,50 L47.7  193.5
 0.186 | 12,485 Li7.2
0.373 12.515 448.2
0. 746 12.825 458.2
0.931 13.035 164.8

2 0.000 12,10 L34.7 13.13  468.0 12.56 449.7  193.5

0.186 12.54 449.0
0.3753 12.57 L450.0
0.560 12.71 L454.3
0,746 12.91 46€1.0

0931 13.15 L468.7



0.000

0.186
0.373

0.746
0,951

0.000
0.186
0.373

0.560
| 0.746
0.931

0.000
- 0.186
0.373
0.560

0.746

0.931

N

\J1

12. 1.1 l’-}-/

.0

12,10  43L.7

11.95 429.75

- 185 ~

12,185 469.8

13.185 470.8

13.18  469.7

1z,

12.
1z2.
12,
12,

13.

12.

12,
1z,
12
1le.
13.

12.
12.
iz2.
1z2.

12

13

60
585
615
76
95

185

60
58
61

$75

18

295

.83

.15

4£51.0

450.5

451.4

L4L56.0

162,25

451.0
L50.3
L51.25
155.7
46225

469.7

LL5.0
LLL.3
Li5.3
1,50.8
L5843
L68.7

193.5

193.5

241.9



- 186 -

0.000 - 11,95 429,795  13.195 L470.2 =~ 1l2.425 Li5.2 241.9

0.1856 ' "12.405  LbLL.5
- 0.373 12.435 L45.5
0.560 12.60  L451.0
0.746 12,8, 458.7
0.931 13.165 169.2

0.000 11.925 429.1 13.19 L470.0 l2.42 L45.,0  241,9 -

0.186 . 12{40 Ly, 3
0.373 la.43 Lu5.3
0.560 12.60 1451,0
0.746 12.835 453.5
0.931 13,165 469.2'

0.000 11.965 430.2 13.17 L469.3 12.36 443.0 316.4

0.186 B 12.3L  Ly2.3
C.373 - 12.36  L43.0
0. 560 12.52 448.3
0.746 ‘ , 12.76 1456.0

0.931 13,13 L468.0



10

11

1 0.186

0.373
0.560
0.746
0.931'

0.000
0.186
0.373

0.560

0.746

0.931

0.000
0.186
0.373
0.560
0.746
0.951

- 187 -

11,975 430.5 13.175 469.5

11.935 L430.8 13.18 469.7

12.04 432.7 13,18 469.7

12.375 Lii3.5

12,35
12.37
12.53
12.77

2.7
4h3.3
4LE .7

1—}-56 ° 5

13.135 468.2

12.37
12.35
12.37
12.553
12.77

Li5.3
442.7
L43.3
4487
1563

13.145 468.5

12.37
12.35
12.355
12,50
12.72

15.13

3.3

hhe.?

L12.8
L7.7

L5L.Y

316.4

- 316,k

113,04



13

1L

0.000
0,186

0.373

0.560

0.746

0.931

0.000

0.186
0.373
04560
0.746

0.931

12.22 L38.7

- 138 -

15.175

©13.175

L69.3

L469.5

469.5 .,

12.36
12.345
12.35
12.49
12.71

13.125

12.38
12,36
12.365
12.505
12.725

13,125

12.51
12.49
12.485
12.60
12.785
13,14

443.0
LL2,5
LL2.7
47 .3
L5445
467.8

hi5.7
L11%5.0
Li3.2
447.8
454.8
467.8

443,0
LL7.5
Lu7.2
451.0
456.8
46843

L13.h

L1314

477.0



15

16

17

0.000

C.186

04373

O- 560
0.746

0.931

0.000,

0.186

- 0.373

0.560
00?46
0.9351

0.000
0.186
0.373
0.560
0.746

0931

12.235 139.2

12.22 438.7

11.93 429.25

~ 189 -

12.185 169.8

13.185 469.8

12,72 4547

lé-54 LL9.0

‘12.52 Li48.3

12.515 LL8.2 .

12763 451,75
12.84 458,7
15.155 L68.8

12.52 L448.3
12.50 447.7
12,50 4477
12,62 L51.5
12.81 457.8

13'15 L!’67o2

12.27 440,25
12.25 L439.7
12.27 1440.25
12,39 Lh4k.0
12.565 450.9
12.735 455.2

177 .0

S 477,07

180.9



18

19

20

0.000

0.186

T0.573

0.560
0.746
0.931

0.000
'0.186
0.373
0-560
0.746
0.931

0.000
0.186
0.373
0.560
0.746
0.931

-~ 190 -

11.88 427.8

11.865 L427.2

11.825 1425.3

. 12.705 45L.2

12-72 11'5[}07

12.70 454.0

J1l2.245

12,225
12.245
12.365
12,545

12.72

12.24
12.22
12.255
12.265
12.55
12.735

12.06
12.04
12,07
12,20
12.42

12.695_

L39.2
138.7
L39.5
445-%
Ly9 3

455.2

4333
132.7
433.7
138.0
1450
4538

130.9

180.9

270.h



- 191 -

0.000 11.835 L26.2 12.70 15,0 A1'2.O65 433.5  270.4

0.186 12.045 432.8
0.373 12.07  435.7
0.560 12720 438.0
0.746 12.b2  L415.0
0.931 12.695 453.8

0.000  11.845 1426.5 12,71 454.3 12,08 L434.0 271.5

0.186 12.055 433.2
. 0.575 12.08 43L.0
0.560 12,21 438.3
0.746 12.43 Li4S.5
0.93L 12.71 454.3

0.000  11.855 426.8  12.42 L45.0  12.05 L33.0  382.0

o.;86 12.035 432.5
0.373 12.05 433.0
0.560 12.125 135.5
0.746 12,275 4i0.L

0.931 12.46 L46.3



2k 0,000 .

0.186
- 0.373
0}560
0.746

0.931

25 0,000
0.186
0.373
0.550
0746

0.931

26 0,000
0.186
0373
0.560
0.746
0.931

11.375 411.2

11.46 414.0

- 192 -

11.06

12.51 448.0

401.0

10.935 396.8

12,05

12.025
12.04
12.13.
12.30

12.535

11.82

111.795

11.74
11.5355
11.3L

11.04

L3340
L32,2
L3247
4357
441.0

L|‘1.}.8 3

14,20.7
1,20.0
418.75
L1L .5

L10.3

LO3.8

42547
424,38
423.0
L16.5
Ql0.0

LOO0L3

382.0

158.6 -

158.6



28

29

0.000
0186
0.373
0.546'0

0.746

0931

0.000
0.186
0.373
0.560
0.746
0.931

11.52 416.0

11.74

11.78

425.0

- 193 -

10.865 394.3

10.845  394.2

10.86 394.7

©11.845

11.82
11.76
11.53
11.22

10.985

12.11
12,08
12.005
11.73
11.435

11.00

12.13

12.10

12.02

11.45

11.02

1{26 ° 5
Lke5.7

158.6

L23.7 .

416.5
409.3
398.5

435.0
L340
L31.5
122.7
413.2

399.0

©197.8

197.8



30

31

32

0.000
0.186
0.373
0.560
0746
0.9%1

0,000,

O .186

. 0373

0.560
0.7146

0.931

0.000
0.186
0.373
0.560
0.746
0.931

11.755 L23.5

11.73 Laz.7

11.83  1426.0

10.845

N
0
g
»

M

10.855 394.5

© 12,11

12,085

12.025

11.76
11.47

11.01

12,065
12.0L
11.98
11.775
11.0b5

11.01

12.225
12.20

12,165

11.905

11.595
11.055

435.0

L3L.2

L32.2 .

has.7
Llhe3

399.3

L33.5

L3527
L3047

Lek,2

413.7_

39945

438.8
1;38.0
426.8
L28.5
L18.L

LO0.8

237.5

237.3"

217.9



33

Sk

35

0,000
0.186

0373 |

0560

0,746

0.931

0.000

0.186
0.373
0.560
0.746
0.931

11.83 L426.0

11.84  k26.3

11.815 425.5 -

-10.855 39445

10,86 394.7 .

12.225
12.20
12,165
11.90
11.60

11,06

12.225
12.20
12.18
11.9L
11.6L5
11.08

12.195
12.17
12.145
11.915
11.645
11.08

L38.8
438.0

436.8

428.3

418.5

401.0

437.8
L57.0
L2642
Led.8
419.8
401.7

317.9

360.7

360.7



36

37

0.000"

0.186

04373

0.560
0.746
0.931

0,000
0.186
0.373
0.560

0.746

0931

" 11.87 427.3

11.66 427.0

O
(o))
H

| 10.865 394.8

10.865 394.8

.12.265

1z2.245
12.23
12.02
11.72

11.105

12,25
12,23
12.215
12,005
11,715

11.105

LLOLL

l+39 ° 5

.0

N
0

b

u32.0

™

Lhez.3

402.5

L,39.7
439.0
L38.5
451.5
ye2.2

414.5

41,5



- 197 -

Data Obtained for Molten Plexiglas VM 100 -

At a Reduced Length of 0.758 and a Heat Transfer Length of 9.560!

Test Reduced 1Inlet Coyall : Probe Flow

No. Radius Temperature Temperature Temperature Rate
o o - o .
MeVe F MeVo F m.v. - F gr/min

1 0.000 12.03 L432.3 13,08 L66.3 12.61 451,25 193.5

0.186 12.61  451.25
0.37% 12,46 Lu6.3
0.560 12.78 456.7
0.746 12.915 u6l.2
'0.931 13,12 L467.7

2 0.000 12,10 L34.7 13,195 470.2 12,675 L53.2  193.5

0.186 12,68  1453.3
0.373 12.53  L43.7
0.560 12,86  L59.3
0.74L6 13,01 L6L ., O

0.931 13.23  471.3



0.000
0.186
0.373
0.560
0.746
0.931

0.000

0.186
» 0.3?3
0.560
0.746
0.931

0.000
0.186
0.373
0.560
0.746
0.931

- 198 -

120]_1 1‘1‘.3500

12,10 L3L.7

11.95 L429.75

13,22 471.0

13,22 L471.0

13.22

471.0

12,72
12.72
12.575
12.905
13.045

13.24

12.72
12.72
12.565
12.90
13.04
13.24

12.53
12.53
12.39
12.755
12.93
13.20

L5k 7
LSL .7
450.2
460.8
465.2
L71.7

L54.7
Lo5L.7
450.8
46047
465.0
471.7

14487
LL8.7
ikl .0
455.5
L61.7

470.3

193.5

1932,5

21,9



0.000 "

0.186
04373
0.560
0.746
0.931

0,000
0.186
0,373
0.560
0.746
0.931

0.000
0.186
0.373
0.560
0.746
0.931

- 199 -

11.95 429.75

11,925 L29.1

11.965 430.2

13.24

13.235

13.205

L71.7

L71.5

470.8,

12.54  449.0

12051}. L!l].g oo

12.395 LhhL.2
12.77 456.3
12.95 462.25

13.253 471.5

12.53
12.53
12.%9
12.76
12.94
13.22

12.43
12.43
12.28

12.66
12.85

15.17

L4847
LL8.7
LLL .0
45640
462.0
471.0

Lh5.3
LL5.3
L40.5
L52.7
459.0
469.3

241.9

241,9

316.4



- 10

11

0.000
" 0.186

0.375

0.560
0,746
0.931

0.000
0.186
0.373
0.560
0.746
0.931

11.975 430.5

11.985 430.8

12,04  L32.7

- 200 -

13.215 470.8

13.22 471.0

13.21 - 470.8

S 12.435
12.435
12.29
12.67
12.865

13%.185

12,44

12,44
12.295

12.67
S 12.87
13.185

-12.395

12.24
12.61
12.80

13.16

45,5
445.5
L0 .75
453.0
L59.5
469.8

Li5.7
45,7
10,8
153.0
459.7
469.8

316.4

Bhih.2 41344
k.2

439.3

451,25

15743

469.0

216.4



12

13

1y

0.000 .,

0.186
0.373
0.560
0,746

0.931

0.000
0.186
0.375
0.560
0.746
0.931

0.000
0.186
0.373
0.560
0.746
0.931

12.045 432.8

12.10  L3L.7

l2.22 4

Z
>

8

o7

- 201 -

13.21

13.22

13.21

L70.

471.0

4707

7
{

12.385
12.385
12,235
12.61

12.805

13,16

12.51
12.51
12.54
12.70
12.865
13-175

415 .8
L143.8
439.2
451.3
4,57.8
469.0

Lll 3
Lhh.3

439.3

451.7

l.L57 . 7
469.5

L48.0
448.0
449.0
L54L.0
459.5
469.5

13‘415 o

L1310

477.C



15

16

17

0.000

0.186

- 0.373

0.560
0,746
0.931

0.000

0.186

0.373

0.560

0.931

0.000"

0.186
0.373
0.560
0.746
0.931

12.235 L439.2

12.22 L38.7

11.93 429.25

- 202 -

- 13%.22 471.0

13.23 L471.3

- 12.73 u455.0

12.50
12.54
12.3%2
12,72
12.885
12.19

12,38
12.38
12.22
12,515
12.62

12,775

LL9.0
449.0
Lh3.3%
4547
460.2

L70.0

L48.5
L4345
Lh2.8
L5he3
§59.7
470.3

L1537
Li;5.7
458.7
Lu8.2
451.5
45645

L'77.0

L77.0

180.9



18

19

20

0.000
0.186
0.37>5
0.560
0.746
0.931

0.000

00186

0,373 .

0.560

0.746

0.931

0.000

0.186
0.375
0.560
0.746
0.931

11.88 427.8

11.865 427.2

11.825 425.8

- 203 -

12072 454"7

12.725  L5L.8

T 12,705 454.2

12.35 L442.7

12,35 Lhe.?

12,185 L437.5
120,L'r9 l{'l—?? '5

12060 1—}51.0

12.76 U456.0

12.35
12.35
12.19
12,49
12.605
12,765

12,14
12.14
11.99
12.32
12.475

l2.72

khe7
Lhe.7
L5747
Lh7.3
451.2

L56.2

436.0
136.0
L,31.0
L41.7
4L46.8
LS54 .7

180.9

180.9

270,44



21

22

.23

0,000
0.186
0.375

0.560
0.746
0.931

0.000

0.186

0.373

0.560

0.746

0.931

0.000
0.186
0.373
0.560

0.746

0.931

11.835 L26.2

11.845 L426.5

11.855 426.8

- 204 -

12,72 B5L.7

12.715 L54.5

12,5465 4L6.5

12,145
12,145
11.985
12.3%25
12.48

12.73

12.15
12.15
12,00
12.335
12,485

12.725

12.065

12.065

©11.79

12.20
12.325

12.52

[-}36-2

L36.2

430.8

441 .8
447.0

455.0

L2363
L36.3
L31.3
Lh2.2
7.2

L¥5ll:o 8

270.4

271.5

382.0



- 205 -

2 0,000 11.855 426.8 12.555 449.5 . 12.06 L433.3  382.0

0,136 12.06 433.3
1 0.373 11.785 h2h.5 -
0.560 12,215 428.5
0.74:6 12.355 Lh2.8

0.931 12.59 450.7

25 0,000 11.375 411.2 11.055 400.8 11.50 415.53 158.6

0.186 : 11.50 L15.3
0.373 11.185 405.2
0.560 1.1 5123
0.7L6 11.315 409.2
0.931 11.18 1405.0

26  0.000 11.46 414.0 10.93 396.75. 11.60 418.5 158.6

0.186 11.60  418.5
0,373 11.265 407.6
0.560 , 11.435 413.2
0.746 11.285 408.2

0.931 11.08 401.7



28

0.000

0,186

0.373

0.560
Oo?l{-6

0.931

0.000

0.186

0.375 .

Q.560

0.746

0.931

0.000

0.186
0.373
0.560
0.746
0.921

11.61

118.79

11.74  L232.0

1

1

.73

L:.ZL{— . 3

- 206 -

©10.89  395.7

10.87 395.0

©-10.87  395.0

11..61

11.27
11.265

11.055

0 11.89

11.89 -
11.53
11.63
11.40

11.08

118,75
418.6
LO7.75
412.7
L07.8

1,00.8

L27.5
L27.2
L15.7
118.7
L11.3

4017

158.6

197.8

19708



31

32

0.000

0.186

0.373

0.560
0.746
0.93%1

0.000
0.186

0.373.
0.560

- 0.746

0.931

0,000
0.186
0.373
0.560
0.746

0.931

- 207 -

11.755 42345

11.73 L22.7

11.83 L426.0 -

10.87 395.0

10.87 395.0 -,

1k.92

11.915

11.565
11.67
11.L3

11.10

12.0985
12.09
11.755
11.835
11.57
11.15

429.0
L28.8
417.5

.420.7

L402.3

u27.7
h27.5
418.0
419.7
L1l2.3

Lo2.2

L4345
L3k 5
423,5
Le6.2
417.7

LOL O

2573

2575

317.9



33

3l

35

0.000
0.186
0.373
0.560
0.746
0.931

0.000
0.186
0.373
0.560
0.746
0.931

11.83 426.0

11.815

11.8L  426.3

h25.5

10.87 395.0

10.87 395.0

10.92 396.5

12,095 L434.5
12;09 L33
11.75 423.3
11.84 426.3
11.57  417.7
11.15  LOL.O

12,115 L435.2
12,11 435.0
11.79  heh.?
11.88  L27.7
11.615 418.9

11.17  LOL.7

11.99 L431.0
11.975 L30.5
11.99 L431.0
11.78 L2u.3
11.565 417.5
11,085 401.8

317.9

360.7 -

360.7



36

37

OOOOO

0.186

-0.375

0.560
Oo?l{-6

0.9351

0.000
0.186
0.373%
04560
0.746
0.931

- 209 -

11.87 427.3

11.86 427.0

10.875 395.2

10.875 395.2

12,17

12,17
11.855
11.97

11.70

11.20

12,165
12.16
11.8L
11.965
11.695

11.20

43?.0
437.0
L26.8
430.3
L21.7

4L05.7

136.8
1436.7
426.3
430{2
421;5
LO5.7

b1L.5

4145



~ 210 -

Data Cbtained for Molten Plexiglas VM 100,

At a Reduced Length of 1,000 and a Heat Transfer Length of 12.600!

3

Test Reduced 1Inlct Wall Probe Flow
No. Radius Temperature Temperature Temperature Rate
0 0 o] .

m.v. F MeVe F n.v. F gr/min

17 0.000  12.03 432.3  13.165 469.2  12.77 456.3  193.5
0.186 12,77 456.3
0.373 12.82 1458.0
0.560 12,94 1462.0
0.746 12.99 463.3
0.931 13,15 1463.7

2 0.000 12,10 434.7 13.28 473.0 12.85 1459.0 193.5

0.186 V 12.85 459.0
0.373 | lé.905 160.8
0.560 13.035 464.8
0.746 15.095 1466.8

1 0.931 13.26 L472.3



0.000
0.186
0.373
>O.56O
0.746
0.931

0.000

0.186

- 0.375

0.560
0.746
0.931

0.000
0.186
0.373
0.560
0.746
0.931

12.11  435.0

12,10 43L.7

11.95 L429.75

13,300 473.7

13.29 473.3

15.20  473.7

ia.go
1é.90
12.955
13,075
13,12

15.27

12.89
12,89
12.945
13.07
13.115

13.255

14607
1607
L6244
L66.2
16747
L72.7

4603
460.3
Lu62.2
1466.0
467.5

h72.2

1932.5

193.5

241.9



0.000-

0.186
04373
0560
0.7L6
0.931

0.000
0.186
0.375
0.560
0.746
0.931

0.000
0.186
0.37%
0.560
0.746
0.931

- 212 -

11.925 L29.1

11.965 430.2

13.315 47L.2

13.205 473.8

13.28 1473.0 .

- 12.73

12.73
12.80
12.95
13,04

13.255

12.725
12.725
12.79
12.9L5
13.03
13,245

12,59
12,59
12,66
12.83

12.93
13.21

455.0
455.0

CL57.5

241..9

L62.25

L65.0

2.2

455,38
45548
L57.0
462.1
4617
471.8

L50.7
450.7
L52.7
458.3
461.7
L70.7

241.9

516.1—!-



10

0,000

0.186

043735

0.560
0.746
0.931

0.000

0.186

0.375

0.560

0.746

0.931

0,000
0.186
0.373
0.560
0.746
0.931

11.975 L430.5

11.985 430.8

12.0L L432.7

213 -

13.29 473.3

13.29 L473.3

12.60
12.60
12.67
12.84

12,945
13.22

12.60
12,60
12.67
12.84
12.945
13.22

12.52
12.52 -
12.585
12.77
12.88
13.195

151,0
453.0
458.7
L62.1
471.,0

451.0
451.0
453-0
15847
L62.1

471.0

L4843
L4843
1505
456.3
1,60.0

470.3

316.4

RENS



12

13

14

0,000
0.186
0.375
0.560
0.746
0.931

0.000

0.186

0.37%
0.560

0.746
00931

0.000
0.186
0.373
0.560
0.7L6

0.931

12.045 L32.8

12.10.

la2.22

- 21 =

L3k

L

)

8

o7

13.285 473.2

13.29  L73.3

13.285 L473.2 |

120 52 l{-L§803

12.52 LLS.3

1340

12.585 L50.5 -

12.765 L56.2
12.875 1,56.8

13.20 470.3

12,53 448.7
12.53 L48.7
12.59 1450.7
12,775 456.5
12.89 460.3
13,205 470.5

12.62 451.5
12,62 451.5
12.665 452.8
12.83 458.3
12.925 L61.5

13.21 L70.7

413,15

L77.0



15

16

17

0,000

0.186

0.375.

0.560

- 0.7L6

0.931

0,000

0.186
0.373
0.560
0.746
0.931

- 215 -

12.235 L39.2

12.22 L38.7

11.93 L429.25

13.30 L73.7

13.30 L473.7

12.65
12.65
12.69
12.655
12.94

13.225

12.63

12.63

12.63
12.845
12.94

13.225

12.51

12.565

12,665 4

12.685
12.79

12.81

452.2
L52.2
45347

459.3

L62.0

LYl.2

L51.75
L51.75
453.%
45848
L62.0

L4713

477.0

477.0

180.9



18

20

0.000

0.186

0,375

00560
0.746
Oc931

0.000

0.186

0.560
0.746
0.9321

0,000
0.186
0.373
0.560
0.746
0.931

- 216 -

11.88 427.8

11.865 L27.2

11,825 425.8

12.80 457.3

12,805 L57.5

12.79 457.0

12.485
12.48
12,50
12,64
12.67
12.77

12.485
12,48
12,54
12.645
12.67

12.78

12.27
12.27
1lz2.34L
12.48
12.545
12.745

Lh'7.2
L47.0
14940
452,0
45%.0
15643

LL7.2
L47.0
449.0
L52,2
153.0
L,56.7

45L0.25
Luo,.25
Lh2.3
LL7.0
Lhg .1

L55.5

180.9

180.9

2704



21

- 22

23

0.000
0.186
0.373
0.560
0.746

0.931

0.000
0.186

0.373
0.560
0.746
0.931

11.8L5

11.855

- 217 -

12.79 457.0

12.795 457.2

12,545 449.2.

12.27  L40.25

i2.345
12.48
12.55
12.79

12.28

- 12.275

12.345
12.48

12.55

12.75

12.155
12,135
12.205
12.32
12.375
12.54

LL2.5
LL7 .0
LS. 3

L55.3

14045
LLO L
Ln2.5
45700
L9 5
455.7

436.5
L35.3
438.2
Lh1.7
Li3.5

L49.0

27044

271.5

382.0



2l

25

26

0.000

0.136

0.373

0.560
0.746
0.931

0.000

0.186

0.375

0.560

0.746

0.921

0.000
0.186
0.373
0.560
0.746
0.931

11.855 426.8

11.375 (11,2

11.46  41L.0

- 218 -

12.63  L51.75

11.11  402.7

10,975 398.2

12.155 1436.5  382.0

12.15

12.21

12.34
12,41

12.61

11,13
1142
11.41
11.38
11.27

11.125

L,%6.3
438.3
Lhe.>
Ll 7

451.25

413.0  158.6
L12.7

L12.3

L11,3

L40O7.75

l!~()3 . 2

41L.7  158.6
Llh.3
413%.7
411.,0
LO6.5
399.7



27

28

29

0.000

0.186

0.560
O 71—§6

0.931

0.000

0.186

: 0.3?3

04560
0.746
0.931

0.000
0.186
0.373
0.560
0.7L6
0.931

= 219 -

11.52 1416.0

11.74% L23.0

11.78  424.3

10.94  397.0

10.92 396.5

10.925 356.6

11.48
11.47
112445
11,36
11.21

11.00

11.715
11.70

11.665
11.525
11.325

11.01

11.73
11.72
11.675
11.53
11.325

11.0z

Ll4.7
1L, 3
413.5
L10.7
406.,0

399.0

4,22.7
422.3
420.8
116.3
L09.5
399.7

158.6

197.8



3

32

0.000 "

0.186

1 0.373

0.746

0.931

0.0C0
0.186

0.560
0071*1‘6
0.931

- 220 ~

11,755 42345

11.73  422.7

11.83 426.0

10.91 396.25

10.92 296.5

10.915 396.4

C11.795  42L.8
11.78 L2L.3

3.0

no

1.7 &
11.375 Lll.z2

11.025 399.8

11.755  423.5
11.745 423.2
11.71  422.0
11,56 117.%
11355 410.5

11.0%3  400.0

11.98 430.7
11.97 L430.3
11,965 430.2
11.75 423.3
11.52 416.0

11.07 401.3

237.3

2573

317.9



33

31

35

0.000

0.186

0,373

0.560
0.746
0.931

0.000

0.186

0.373 .

0.560

0,746

0.931

0.000

0.186
0.373
04560
0.746

0.931

- 221 =~

11.8% 426.0

11.84  426.3

11.815 L25.5

©10.9

l_l
1
N
O
o
*

-

10,915 336.4

10.92 396.5 .

11.99

11,975

11.97

11.755
11.52

11.07

12.015

12,00

12.02
11.80

11.57
11,085

11.99
11.975
11.99
11.78
11.565

11.085

131.0
L3045
4303
L23.5
416.6

[1.0103

L31.8
L4313
1%2,0
Lz25.0
B17.7
101.8

431.0
L3045
43140
el 3
417.5
401.8

317.9

360.7

360.7



26

37

0.000

0.186

- 0.373

0.560
0.746
0.931

0.186

- 0.373

0.560
0.746
0.931

11.86° 427.0

- 222 -

10.92 3296.5

10.92 396.5

12,08 L3L.0 41,5
12.07 433.7
12,11 435.0
11.89 428.0
11.67 420.7

11,10 402.53

12,075 433.8 415
12.06  433.3

12,10 43h.7

11.88 427.7

11,665 420.5 .

11.]1 1—[—02.7



- 2723 -

TABLE XII

Reduced Temperature Obtained for Molten Plexigias Vii 100

&

Test Reduced Reduced

» Reduced Flow Reduced
Number Radius Temperature, Temperature, Raté ' Length
Dimen- Dimen~ Dimen- Dimen-
sionless sionless , sionless . gr/min sionless
r/R ,E, - T, T - T, z/L
‘ Ty ~ TT T1 - T,
1 . 0.000 . OQL[-]—B 00585 193.5 00282
0.186 0.415 : 0.585
0.373 Oo[—'r[-{»9 00551
0.560 0.524 0.476
0.746 0,70k 0,296
0.931 1.010 -0.010
1,000 1,000 0.000
2 0.000 0.380 0.620 193.5 0.282
0.186 0.373 0.627
0.373 0.406 0.594
0.560 0.495 0.505
0.746 0.680 0.3%20
00951 10053 . “O 0053
1.000 1.000 0.000
3 0,000 0.373% - 0.627 193.5 0.282
- 0.186 0.376 0.624
0.373 0.404 0.596
0.746 0.667 0.333
0.931 1.000 0.000
1.000 1,000 0.000
L 0.000 0.387 ’ 0.613 193,5 0.282
0.186 0.381 0.619
0.373 0.412 © . 0.588
0.560 0.501 . 0.499
0.746 0.681 0.319
0.931 1.025 -0.025

1.000 1.000 0.000



10

0.000

0.186 -

003?3
0.560
0.7L6
0.931
1.000

0.000
0.186
0.373
0.560
0.746
0.931
1.000

0.000
0.186
0.375
0.560
0.746
0.931
1,000

0.000
0.186
0.%73
0.560
0.7L6
0.921
1.000

0.000
0.186
0.373
0.560
0.746
0.931
1.000

0.000
0.186

0.373

0.560
0.746
0.931
1.000

0,330
0.350
0.343%

0.427

0.535

0.979
1.000

0.335

00330
0.348
0.427
0.590
0.979
1.000

0344

0.339
0.352
O.L3L
0.596

0.974
1.000

0.319 -

0.314
0.319
0.392
0.541
0.963
1.000

0.319
0.3%0
0.319

0.392.
0.541

0.968
1.000

- 0.315

0.3153
0.319
0.387
0.537
0.967
1.000

Oo670
0.670
0.657
0.573
0.415
0.021

0.000"

0.665
0.670
0.652

0.573

0.021
0.000

0.656
0.661
0.648
0.566
0.404
0.026
0.000

0.681
0.686
0.681
0.608
0.459
0.032
0.000

0.681
0.670
0.681
0.608
0.459
0.032
0.000

00687
0.687
0.681
0.613
0.463
0.033
0.000

-241.9

241.9

241 .9

316.4

316 . l(—

0.282

0.282

0.282

0.282

0.282

0.282



11

12

13

1L

15

16

0.000
0.186€
0.373
0.560
0.746
0.931
1.000

0.000
0.186
0.373
0.560
0.74L6
0.931
1.000

0.000
0.136

" 0.373

0.560
0 0746
0.931
1.000

0.000
0.186
0.373
0.560
0.74L6
0.931
1.000

0,000
0.186
0.373
00560
0.746
0.931
1.000

0,000
0.186
0.373
00560
0.746
0.931
1.000

eNoNeoReoNoNoNe]
O OUI NI OV DY
O OWONS N\
QAN CoL COo OO

o * - o L4 * ]

0.704
0.710
0.6L6
0.530
0.043
0.000

0.738
0.738
0.677

0.549
0.046

0.000

0.664
0,668
0.675
0.612
0.524
0.035

. 0.000

0.647
0.650
0.657
0.5837
0.500
0.028
0.000

0.653
0.663
0.670
0.601
00498
0.021
0.000

13,0

L13.4

li‘?? 0

477.0

L77.0

0.282

0.282

0.282

0,282

0.282

0.282



17

18

19

20

21

22

0.000

- 0.186
0.373 -

0.560
00746
0.931
1.000

0.000
0.186
0.375
0.560
0.746
0,931
1..000

0.000
0.186
0.373
0.560
0.746
0.931
1.000

0.000
0.186
0.375
0.560
0.746
0.9351
1.000

0.000
0.186
0.375

0.560

0.746

0.931

1.000

0.000
0.186
0.273
0‘560
0.7L6

0,931
- 1.000

oNoRoRe,
* o o

- 226 -

T AN AN
U1 AN\
co -

00
0.669
1.056
1.000

0.338
0.333
0.367
0.502
0.654
1.051
1.000

0,350
0.342
0.374
0.506
0.658
1.049
1,000

0.206
0.198
0.245
C.364L
0.522 -
1.020
1.000

0.198
0.183
0.230
0.349
0.516"
1.020
1.000

0.207
0.199
0.239
0.359
C.526
1,000

0.669
0.669
0.642
0.500
0.331
-0.056
0.000

0.662
0.667
0.633
0.4968
0.346
-0.051
0.000

.650
658
626
0.494
0.342
-0.049
0.000

OO0

0.794
0.812
0,755
0.63%6
00478

-0.020
0.000

0.802
0.817
0.770
0.651
0.484
-0 .020
0.000

0.793
0.811
0.761
O.L7L4

-0 0021}»
0.000

. 180.9

180.9

180.9

2704

- 27044

2715

0.282

0.282

0.282

0.282



e>

2k

25

26

27

28

-0.000
0.186 -

00373
0.560
00746
00931
1.000

0.000
0.186
0.375
00560
0.746
00951
1.000

0.000
0.186
0.373
0.560
0.746
0.931
1.000

0.000
0.186
0.373
0.560
0.746
0.931
1.000

0.000
0.186
0.373
0.560
0.746
0.931
1.C00

0.000
0.186
0.373
00560
0.746
0.931
1.000

- 227 -

0.388
0.362
0474
0.553
0.684
1.151
1.000

0.369
0.369
04430
0.530
0.705
1,342
1.000

"'1 . 584
"l . 339
-1.205
-0.7539
_00559
0.670
1.000

-1,011
-0.961
-0.847 .
“Oo1+89
-0.,111
00761
1.000

-0.797
~0.757
-0.644
-0.329
0.009
0.779
1.000

""O L3 592
-0.575
"'00500
-0.243
0.077
0.800
1.000

382.0

382.0

158.6

158'6

15806

197.8

0.282

0.282

0.282

0.282

0.282

0.282



29

20

31

32

33

34

0,000

0.186
0.373
0.560
0.746
0.93%1
1.000

0.000
0.186
0.373
0.560
0.746
0.931
1.000

0.000
0.186
0373
04560
0.746
0.931
1.000

0.000

0.186
0.373

0.746
0.931

1.000

0.000
0.186
0.375
0'560
0.746
0.931
1.000

0.000
0.186
O 0373
0,560
0.7L46
0.931
1.000

-0.543
"‘O . 526
~C L5k
-0.214
0.105
o‘ 808
1.000

~0.503
-0.487
-0 L{A{'S
-0.234
0.058
0.739
1.000

-0.50
"‘O . l{'??
0. 4L3
~0.223
0.063
0.790
1.000

-0.437
-0, 4129
-0.434
~0.256
~0.006
0.768
1.000

"'O [ 438
-0.43%2
0435
-0.,261
0.000
0.772
1.000

-0.412
-0.403
-0.421
"‘O . 269
-0.030

0.761

1,000

1.543
1.526
1.404
1.21L
0.395
0.192
0.090

1.503
11 L}87
1.443

1.234

0.942
0.211
0.000

1.50

1.477
1.L45
1.223%
0.937
0.210
0.000

1.437
1.429
l.4340
1.256
1.006
0.232
0.000

1.438
l.4322
1.435
1.261
0.000
0.228
0.000

l.4312
1.403
l.421
1.269
1.030
0.239
0.000

197.8

25743

2373

317.9

3179

360.7

0.282

0.282

0.282

0.282

0.282

0.282



W
\\n

36

37

0.000
0.186
0.373
0.560
0 0?46
0.951
1.000

0.000
Oo186
00575
0.560
0.746
0.931
1.000

0.000
0.186
0.373

0,560

0.746
0.931
1.000

~-0.422
-0,L22
-0, 5425
~-0.268
-0.,037
0.760
1.000

""O . 399
~-0.3594
-0.416
-0.293%
-0.072

0.748

1.000

-0.401
-0.3%98
-0.419
-0.295
-0.074

0.7u6

1.000

1.422
l.422
1.425
1.268
1.037
0.240
0.000

1.399
1.294
1.416
1.293
0.252
0.000

1.401
1.398
1.419
1.295
1.074L
0.254
0,000

360.7

Llh5

L14.5

0.282

0.282

0.282
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Reduced Temperature Obtained for Molten. Plexiglas VM 100

Test Reduced Reduced Reduced Flow Reduced

Number Radius Temperature1 Temﬁeraturea Rate Length
Dimen- Dimen- Dimen- Dimen-
sionless sionless sionless gr/min sionless
r/R T -1, ro-T, : z/L

W —Tl T, =%,

1 0.000 0.486 0.51L 193.5 0.523%
0.186 0.L70 0.530
0.373 0.502 0.498
0.560 0.621 0.379
0.746 - 0,817 0.183
0.951 1.025 -0.,025
1.000 1,000 0.000

2 0.000 0.450 0.550 193,5 0.523
0.186 0C.4L29 0.571
0.373 0.459 0.541
0.560 - 0.610 0.390
0.746 0.790 0.210
0.931 1.021 ~0.021
1.000 1.000 0.000

2 . 0.000 0.460 0.54L0 193.5 0.523
0.186 Ooiy5 0.555 '

0.373 O.471 0.529
0.560 0.603 0.397
0746 0.783 0.217
0.931 1.000 0.000
1.000 1.000 0.000

I 0.000 O.452 0.548 193.5 0.523
0.186 0.L32 0.568
0.373 0.458 0.542
0.560 0.582 0.418
0.746 0.763 0.237
0.931 0.970 0.030

1.000 1.000 ~ "0.000
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Oc382 0061 241.9 05523

0.364 0.636

0.389 0.611

0.527 0473

0.715 0.285

0.975 0.025

1.000 0.000:

0.382 0.618 241.9 0.523
0.365 0.635

0.369 0.611

0.525 0.475

0.716 0.28L

0.975 0.025

1.000° 0.000

0.389 0.611 241.9 0.523
0.372 0.628

0.%96 0.604

0.535 0.465

0.719 0.281

0.980 0.020

0.327 0.67% 21644 0,523
0.309 0.691

0.327 0.673

OOLI-65 06557

0.660 0.340

0.967 0.033

1.000 0.000

0.333 ~0.667 . 316.4 0.523

© 0.313 0.687 :

0.328 0.672

0.467 0.533

0.662 0.338

0.967 0.033

1.000 0.000

0.321 0.679 316.L 0.5253
0.306 0,694 '

0.321 0.679

0. L6O0 0.540

0.656 0344

0.969 0.031

1.000 0.000
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0.286
2.270
0.275
0405
0.5995
0.954
1.000

0.279,
2.266
\'271
22597
2,589
2.959
£.000

Y
y

N

RS BN

N
~

AR

0.714
0.730
0.727
0.595
0.405
0.046

0.000"

0.721

0,734

0.729
00603
0.411
0.041
0.000

0.741
00761
0.624
0.422
0.04L9
0.000

0.698
0.721
0.724
0.601
0.412
0.039
0,000

00680
0.703
0.706
0.590

0.033
0.000

0.691

0.711
0.711
00588
00586
0.084
0.000

E13,. 1

L13.4

L!'?? .O

L77.0

L77.0

0.523

0.523

0.523

0.523

0.523

0.523



17

18

19

- 20

21

22

0.000

0.3573
0.560
0.7L6
0.931

1.000

0,000

0.186
0.373
0.560
0.746
0.931
1.000

0.000

0.186
0.373
00560
0.74L46
0.931
1.000

0.000
0.186
0.373
0.560
0.746
0,931
1,000

0.000C
0.186
0.373
0.560
0.7L6
0.931
1.000

0.000
0.186
0.373
0.560
O 0711—6
1.000

O.43%2 .
0.410
0.443%2
0.580

1.020
1.0C0

0 Lh3

0.417
Oolily3
0.583%
0.311
1.019
1.000

0.4
O.L23
O.452
0.588
0.813
1.029
1.000

0.266
0.245
0.280
0 1133
0.681
0.993
1.00C0

0.263

0.237
0.270
0.42L
0.676 .
0.993
1.000

0.270

0.270
.42k
0.5676
1.000
1.000

O ° 568
0.590
0.563
0.420
0.149
-0.020

0.000

0.557
0.583
0.557

0.0417 .

0.199
-0.019
0.000

0.5259

- 0577

0.548
0.L22
0.187

0.000

0.73k
04755
0.720
0.567
0.319
0.007
0.000

0.737
0.763
0.730
0.576
0.324
0.007
0.000C

0.730
0.759
0.730
0.576
0.324
0.000
0.000

180.9

180.9

180.9

270.4

270 .4

271.5

0.523

0.523

0.523

0.52

0.523

0.

23



e>3

21

25

26

27

28

0,000
0.186
0.373
0.560
O . ?46
0,931
1.000

0.000
0.186
0.373
0.560
0.746
0.931
1.000

0.000
0.186
0.373
0.560

0.746

0.931
1.000

0.000
0,186
0.573
0.560
0.74L6
0.931
1.000

0.000
0.186
00375
0.560
0.7L6
0.931
1.000

0.000

0.186
0'375
0.560
0.746
0.931
1,000

0.341
0.313%
0301
0.478
0.747
1,071
1,000

0.292
0.278

0.670
1.038
1.000

-0.931
-0.931
-O~o ?L.LO
~0.321
0.083
0.725
1.000

-0.630
~-0.623
-0.523
-0.145
0.233
0.797
1.000

~0.495
-0. [;.58
~0.363
~0.142
0.316
0.825
1,000

-0.L17
-O . 582
-0.295
0.010
0.3L0
O . 835
1.000

0.659
0.637
0.659
0.522
0.253
-0.071

0,000°

0.703

0.722
0.580
0.330
-0.038
0.000

1.931
1.951
1.740
1.32L
0.912
0.275
0.000

1.680
1.628
1.523
1.145
0.767
0.203
0.000

1.495
1.458
1.363
l.142
0.684
0.175
0.000

1.417
1.382
1.295
0.990
0.660
0.167
0.000

%32.0

382.0

158.6

197.8

0.523

0.523

0.523

0.523

0.523



29

31

32

35

b

- 235 -

‘00585
~-0.351
-0.260
0.037
0.+ 35¢
0.831
1.000

~0.392
~-0.365
-0.297
-0.,007
O .31[;_
0.626
1.000

| "’O . 379

-0.3%51
-0.281
-0.053
-0.3216
0.821
1.000

“O . [»:«06
-0.381
~0.343
-0.079
.0.241
0.800
1.000

-0 . !—}O 6 i

~0.381

““O 0545
-0.073
0.238
0.794
1.000

) "00396

-0.370
"005!‘{'8
-0.101
0.206
0 0778
1.000

197.8

23743

2573

317.9

3179

360.7

0.523

0.523

0.523

0.523

0.523

0.523



35

26

37

0.000
0.186
0.372
O o560
0.746
0.931
1.000

0.000
0.186

04373

0.560
O . 71{-6
0.931
1.000

0.000
0.186

0,375

0.560
Oc7lf~6
0.931
1.000

- 236 -

-0.399
- 0375
-0.347
-0.107
0.185
0.773
1.000

-0.3594
-0.575
~0.360
-0.145
0.154
00765
1.000

"‘O . _—591‘{'
-0.373
-0+ 357
-0.140
0.149
0.761
1.000

1.299
1.575
1.347
1.107
0.815
0.227

0.000:

1.394L
1.575
1.3%50
1.145
0.846
0.237
0.0090

1.294
1.373
1.357
1.1L0
0.851
0.239

0.000

260.7

41Le5

414.5

0.523

0.525

0.523
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Reduced Temperature Obtained for HMolten Plexiglas VM 100

Test Reduced Reduced Redyced Flow Reduced

-KNumber Radius TemperatureT ‘Temperaturez Rate Length
Dimen- Dimen-~ Dimen- Dinen-~
sionless sionless sionless gr/min sionless
r/R T - Tty ‘ z/L

Ty - Tl Ty =Ty
1 0.000 0.557 Oyt 193.5 0.758

0.186 0.557 O ltli?
0.373 0.412 0.588
0.560 0,713 0.282
0.746 ’ 0.850 0.150
0.931 : 1.041 -0.041
1,000 1,000 0.000

2 0,000 0.521 0.479 193.5 « 0.758
0.186 0.524 0.476 '
0.373 0.394 0.606
0.560 0693 0.307
0.746 0.825 0.175
0.931 1.031 . -0.031
1.000 1,000 0.000

3 0.000 0.5L7 . 0.453 . 193.5 0.758
0.186 0.547 0.453 '
0.373 O.lh22 0.578
0.560 0.717 0.283
0.7L6 0.839 0.161
0.931 - 1.019 -01019
1.000 1.000 0.000

L 0.000 0.551 0.449 193.5 0.758
0.186 0.551 0.449
0.375 0.446 0.55
0.560 0.716 0.284
0.746. 0.835 0.165
0.931 1.019 -0,019

1.000 1.000 0.000



10

0.000
0.186
0.373
0.560
0.746
0.931
1.000

0.000
0.186
0.375
0.560
0.7u6
0.931
1.000

0.000
O * 186
0.373
0.560
0.931
1.000

0.000
0.186
0.373
0.560
0.70L6
0.931
1.000

0.000
00186
0.373
0.560
0.746
0.931
1.000

0.000
0.186
0.373
0.560
0.746
0.931
1.000

- 238 -

0.459
0.459
0,545
0.6L2
0.775
0.983
1.000

0.459
0.429
0.3l
O . 633
0.775
0.890

1.000

0.L62
0.462
00551
0.634L
0.776
0.988
1,000

0.372
0.272
0.254
0.554
0.709
0-963
1.Q00

0.372
0.372
0.558
0.720
0.975
1.000

0.371

0.371
0.249
0.552
0 u?lg
0.970
1.000

S 0.541

0.541
0,655
0.358
0.225
0.017

0.000"

0.541

0.541"

0.656
0.367
0.225
0.010

0.000

0,538
0.538
0.649
0.366
0.224
0.012
0.000

0.628
0.628
Oo7l+6
0.446
0.291
0,037
0.000

0.628
0.628
00746
O.442

10,280

0.025
0.000

0.629
0.629
0.751
0.448
0.281
0.030
0.000

241.9

241 .9

216.4

3164

0.758

0.758

0.758

0.758

0.758

0.758



11

12

13

14

15

16

0.000
0.186
00575
0.560
0.951
1.000

0.000
0.186
0.373
0,560
0.746
0.931
1.000

0,000
0.186

.O L] 375

0.560
0.746
0.931
1.000

- 0.000

0.186
0.373
0.560
O-?Ll'()
0.951
1.000

0.000
0.186

0.373
0,560

0.746
0.931
1.000

0.000
0.186
0.373
0.560
0.746
0.9321
1.000

loNoNeoRo NG,

N\ Co ON ON
1= PO \D \O
AN~ 00 OO

$ 354k
0.047
0.000

0.710
0.710
0.831
0.512
0.340
0.045
0.000

0.736
0.736
0.873
0.532
0.366
0.041
0.000 .

0.709
0.709
0.678
0.522
0.350
0.037

0.000

0.692
0.692
0.871
0.513
0.34L0
0.031
0.000

0.+699
0.699
0.874
0.521
0.356
0.031
0.000

41504

L13.4

L1354

L77.0

i77.0

477.0

0.758

0.758

0.758

0.758

0.758

0.758



17

18

19

- 20

21

22

0.000

0.18¢6

0.373
0.560
1,000

0.000
0.186
0.375
0.560
0.746
009,7)1

1.000;

0.000
0.186
0.375
0.560

. 0.746

0.931
1.000

0.000
0.186
0.373
0.560
0.746
0.931

1.000 -

0.000
0.186
0.373
0.560
0.746
0.931
1.000

0,000
0.186
0.373
0-560
0.7L6
0.9351
1.000

~ 2U0 =

00561 .
0.561
00367
0.736

- 0.364

1.058
1.000

0.554
0.554
0.361
0.725
0.862
1.048
1.000

Oo562
0.562
0.380
0.728
0.870
1.051
1.000

0.359
0.359
0.560
0.739
1.018
1.000

0.351
0.351
0.161
0547
0.730.
1.011
1.000

0.350

- 0.350

0.171
0.561
0.759
1.011
1.000

0,439
0.439
0.633
O. 26[;
0.136
"O 0058

0.000.

0.LL6
0.639

0.275

0.138
-0 Ol{-8
0.000

0.438
0.438
0.620
0.272
0.130
-0.051
0.000

0.641
0.641
0.817
0.440
0.261
-0.018
0.000

0.649
0.649
0.839
0453
0.270
-0.011
0.000

00650
0,650
0.829
0.4%9
0.261
-0.011
0.000

180.9

180.9

180.9

270.1‘*‘

270.4

271.5

0.758

0.758

0.758

0.758

0.758

0.758



23

24

25

26

27

28

0.000
0.186

0.373

0.560
0746
0.931
1.000

0.000
0.186
0.373
0.560
0.931
1.000

0.000
0.186
00573
0.560
0.746
0.951
1.000

0.000
0.186
0,373
0.560
0.746

0.931

1.000

0.000
0.186
04560
0.746
0.931
1.000

0.000
0.186
0.375
0.560
0.746
0.931
1.000

- 241 -

0,340
0.3540

0.569
1.091
1,000

0,286
0.286

0.705
1.053
1.000

-0.294
~0.394
0.577
0.106
0.192
0.596
1.000

-0,261
~-0,261
0.371
0.046
0.33%6
0.713
1.000

0.000
0.007
0.477
0.262
0.475
0.779
1.000

"'O 0161
=0.150
0.261
0.154
0.418
0.761
1.000

0.660
0.660

0.43%1
0.239
-0.091,

0.000"

0.71L

0.485
0.295
-0.053
0.000

1.294
1.394
0.L23
0089“’
0.808
0.4L04L
0.000

1.261
1.261
0.629
0.954
0.664
0.287
0.000

1.000
0.995
0.523
0.738
0.525
0.221
0.000

1.161
1.150
0.739
0.846
0.582
0.239
0.000

382.0

158.6

158.6

158.6

197.8

0.758

0.758

0.753

0.758

N

Co



29

20

31

32

34

0.000
0.186
0.373
0.569
0.7446
0.931
1.000

0.000
0.136
0.372
0.560
0.745
0.921
1.000

0.0020
0.186
0.375

'0.560

0.746
0.931
1.000

0.000

- 0.186

0,375
0.560
00746
0.931
1.000

0.000
0.186
0.3575
0.560
0.931
1.000

0.000
0.186
0.373
0-560
0.746
0.931
1.000

fvzka -

""O 0126
-0.126
0.275
0.171
0.L20
0.771
1.000

-0.193
~0.186
0.211
0.093
0.368
00754
1.000

-0,179
-0.172
0.168
0.108
0‘373
0.735
1.000

~-0.274
-0.268
0.081
~-0.006
0.268
0.710
1,000

-0.274
-0.2568
0.087
0.010
0.268
0.730
1.000

-0.28L4
“'O 3 278
0.051
-0.0L5
0.236
0.690
1.000

1.126
1.126
0.727
0.829
0.580
0.229
0.000

1.193
1.186
0'789
0.902
0.632
0-246
0.000

1.179
1.172
00832
0,892
0.627
0.265
0.000

1.274

1.268
0.919
1.006
0.732
0.290
0.000

C1.274

1.268
00913
0.990
0.732
0.290
0.000

1.284
1.278
0.949
1.045
0.76L
0.310
0.000

19708

2373

2373

317.9

3179

360.7

0.758

0.758

0.758

0.758

0.758

0.758



35

36

37

0.000
0.186
0.%73
0.560
0.746
0,931
1,000

0,000
0.186
0.373
0.560
0.746
0.931
1,000

0.000
0.186
0.375
0.560
0.746

.0.921
“1.000

- 243 -

~0.190
-0. 172
-0.190
0.041
0.276
0.817
1.000

-0.302

—00502
0.0155%

-0.093
0.174
0.673
1.000

-0.308
~0.305
-0.,022
-0,.101
00175
0.670
1.000

1.190
1.172
1.190
0.959
0.724
0.183,
0.000'

1.302
1.302°
0.9841
1.093
0.826
0.327
0.000

1.308
1.305
1.022
1.101
0-827
0.3530
0.000

L1L.5

Lin.5

0.758

0.758

0.758
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Reduced Temperature Obtained for Molten Plexiglas VM 100

Test Reduced Reduced Reduced Flow Reduced
Number Radius : Temperature1 Tempe?aturea Rate Length
- Dimen- Dimen- Dimen- Dimen-
sionless sionless sionless gr/min sionless
r/R T - T, T -7, z/L
w "~ T T, - T,
1 0,000 0.650 0.350 193,5 1,000
0.136 0.650 0.350
0.373 0.696 0.304
0.560 . 0,805 0.195
0.7L6 0.8L40 " 0.160
0.931 - 0.986 0.014
1.000 1.000 0.000
2 0.000 0.63L 0.366 193.5 + 1.000
0.186 0.63L 0.366
0.373 0.681 0.319
0.560 0.786 0.214
0.746 0.833 0.162
0.951 0.982 0.018
1.000 1.000 0.000
3 0.000 0.664 - 0.336 . 193.5 1.000
0.186 0.664 0.336
0.373 0.708 0.292
0.560 0.806 0.194
0.746 0.845 0.155
0.931 0.974 0.026
1.000 1.000 0.000
L 0.000 0.663 0.337 193.5 1,000
0.186 0.663 0.3357
0.3753 0.712 0.283
0.560 0.811 0.199
0.7L6 - 0.850 - 0.150
0.931 0.972 0.028

1.000 - 1.000 0.000



10

0.000
0.186
0.375
0.560
0.746
0.931
1.000

0.000
0.186
0.373
0.560
0.746
0.95%1
1,000

0,000

©0.186
0.373

0.560
] 0714—6
0.931
1.000

0.000
0.186
0.375
0.560
0.746
0.931
1.000

0.000
0.186
0.373
0.560
0.746

- 0.931

1.000

0.000
0.186
0.373
0.560
0.7L6
0.931
1.000

C e 2L -

- 0.568

0.568
0.615
0.729
0.786

0.954
1.000

0.568
0.568
0.620
0.731
04793
04955
1.000

0.575
0.575
0.738
0.796
0.955
1.000

0.479
0.479
0.526
0.657
0.736
0.946
1.000

0.479
0.479
0.526
O . 659
0.738
0.946
1.000

0.475
0.475
0.522
0.656
0.736
0.946
1.000

0432

0.385
0.271
0,214
0.046

0.000:

0.432
0.432
0.380
0.269
0.207
0.045
0.000

0.425
0.425
0.376
0.262
0.20L4
0.0L5

0.000

0.521
0.521
O.h74
0.343
0.264
0.054L
0.000

0.521

0.521
0. 47
0.341
0.262
0.05L
0.000

0.525
0.525
0.478
0.3
0.264
0.054
0.000

24,9

214-1.9

241.9

316.4

31644

316.4

1.000

1.000

1.000

1.000

1.000

1.000



11

12

13

14

15

16

0.000
O 0186
00373
0.560
0.746
0.931
1 OOOO

O 'OOO
0.186
0.375
0.560
O ° 746
0.931
1 .OOO

0.000
0.186
0.373
00560
0.746
0.931
1.000

0.000
0.186
00373
0.560
0.746
0.931
1.000

0.000

0.373
0.560

0,746
0.931
1.000

0.000

0.186
0.373
0.560
0.746
0.951
1.000

0.613
0.613
O.5:1L
0.323
0.067
0.000:

0.616
0.616
0.562
0.421
0.406
0.072

0.000 |

0.637
0.637
0.585
0.435
0.337
0.073
0.000

0.629
0.629
00591
00452
0.339
0.072

0.000

0.623
0.623
0.580
0417
0.339

-0.072

0.000

0.627
0.627
0.583
On1+26
0.334
0.069
0.000

4134

4134

477.0

L77.0

1“1‘77 .O

1.000

1.000

1.000

1.000

1.000

1.000



17

18

19

20

21

22

0.000
0.186
0.375
0.560
0.746
0.931
1.000

0.000
0.186
0.373
0.560
0.746
0.931
1.000

. 0.000

0.136
0.373
0.560
0.746
0.931
1.000

0.000

© 0.186

0.373
00560
0.746
0.921
1.000

0.000
0.186
0.373
0.560
0.746

0.921

1.000

- 0.000
0.186 .

0.375
0.560
0.746
0.931
1.000

~ 247 -

0.728
0.841
0.915
0.942
1.0738
1.109
1,000

0.658
00651
0.719
0.820
0.854
0,966
1,000

0.660
0.653
0.719
0.825
0.851
0.974
1.000

0.463

- 0.463

0.529
0.679
0071—!'7
0.952
1.0C0

0456
0.456
0.529
0.675
0.750
0.945
3,000

0.456
0453
0.521
0.668
0.743
0,951
1.000

0.272
0.159
0.085
0.058
-0.078
~-0.109

0.000:

0.34h2
0¢3L9
0.281
0.180
00146
0.034
0.000

0.540
O«347
0.281
0.175
0.149
0.026

0,000

0.537
0.557
0.471
0.321
0.253
0.000

0544
Q.54
0.471
0.325
0.250
0.055
0.000

0.54k
0.547
0.479
0.322
0.257
0.049
0.000

180.9

180.9

180.9

270 .4

270.4

271.5

1.000

1.000

1.000

1.000

1.000

1.000



23

24

25

26

27

28

0.000
0.186
0 0575
0.560
0.7L6
0.931
1.000

0.000
0.186
0.375
0.560
Oo?L{-6
0.921
1.000

0.000
0.186
0.375

00560 )

0.746
0.931
1.000

0.000
0.186
0.373
0.560
0.746
0.931
1.000

0.0C0
0.186
0.375
0.560
0.746
0.931
1.000

0,000

0.186
0.575
0.560
0.746
0.931

- 248 -

0433
OQLfOZ
0.509
0.665
0.746
0.991
1.000

04389
0.38%2
0.1:61
0.621
0.717
0.9860
1.000

‘ ""O ¢212

-0.176
"00129
-0.012
0.406
0.941
1.000

-0.04L
-0.190
0.019
0.190
0.475
0.905
1.000

0.068
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