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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 to relax and to 

separate the pressure drop into viscous and elastic effect. 

Due to the failure in developing a proper pressure measuring 

device the experiment was not conclusive. 

In addition to the entrance flow study the heat transfer 

to thermally softened flowing polymer was studied: 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 reduced due to the alteration 

of the velocity profile heat transfer to the cold wall. 

In general aspects the results of heat transfer study 

were in good agreement with the previous theoretical and 

experimental works. 
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I. INTRODUCTION 

During the past thirty years the polymer industry has 

experienced a tremendous rate of growth. This growth 

unfortunately has not been accompanied by .a corresponding 

growth in the area of polymer engineering.  

In particular, those aspects relating to processing of 

polymers have been badly neglected. Examples are the behavior 

of flowing molten or thermally softened polymer systems with 

respect to such factors as heat transfer and flow contractions 

or expansions. 

The present investigation was undertaken to overcomd;  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 to consider heat 

transfer to thermally softened flowing polymer systm 
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II. BACKG20= 

A. Classification of Fluids 
10'3761 

Fluids can be classified into the two main categories of • 

Newtonian and non-Newtonian according to their behavior at 

constant temperature under. imposed hearing-forces. The flow 

curves are shown in Fig. 1. 

Newtonian 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 

( 1) 

where' is shear stress, .4t is the viscosity of the fluid and e is 

rate of shear. Newtonian behavior has been found to be common 

to the following systems: 

(a) all gases 

(b) all liquids or solutions of low molecular weight 

(i.e., nonpolymeric) materials. 

The common denominator of these Newtonian fluids 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 



materials which do not obey the direct proportionality between 

shear stress and shear rate depicted by Eq. 1 and their behavior 

is commonly observed in the following kinds of systems. 

(a) First, and most important, solutions or melts of high 

molecular weight polymeric materials are non-Newtonian except 

. when unusually dilute. 

(b) Suspensions of solids in liquids become increasingly 

non-Newtonian with increasing solids concentration. and are 

particularly non-Newtonian if the solid tends to swell, slovate, 

or otherwise associate with the liquid phase. 

These non-Newtonian fluids are again classified into three 

broad categories in a classical sense and the relationship between 

shear stress and rate of shear is not linear and may also depend 

on both the duration of the shear and the extent of the deformation 

produced. 

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 all non-Newtonian 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 origin. The 

equation of the flow curve is 

z-. = yj Y (2) 



where /.is the plastic viscosity or coefficient of rigidity and 

Lis the yield stress. When the shear stress exceeds frt. the 

flow behavior is somewhat like a Newtonian fluid. 

(2) Pseudo-plastic Fluids 

On arithmatic coordinates these materials displays the 

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, 

1: = Kiln (3) 

where n is flow behavior index and K is consistency index. 

(3) Dilatant.Fluids 

Dilatant fluids display a rheological behavior opposite 

to that of pseudoplastics in that the aprarent viscosity increases 

with increasing shear rate. amples of dilatant fluids are such 

as starch, pottassium silicate and gum arable in water. 

2. Time Dependent Non-Newtonian Fluids 

More complex fluids for which the relationship between 

shear stress and shear rate depends upon the duration of shear.: 

These time-of-shear dependent non-Newtonians may be divided 

into two groups, depending on .whether the shear stress increases 

or decreases with time of shear at a constant shearing rate. The 

forther are termed rheopectic and the latter thixotropic fluids. 

Pleorexy has been observed in certain sole and in bentonitic clay 

suspensions. Thixotropy is common to paints, ketchup and other 



( 

or 

foods and to some polymeric solutions. Thixotropy is thus of 

much greater practical importance than.rheopectic behavior. 

3. Viscoelastic Fluids 

A viscoelastic material is one whith posses both elastic 

and viscous properties, i.e. althoush the material might be 

viscous,- it exhibits a certain elasticity of shape. 

Suppose the simple case where we. sume Newton's law for 

the viscous component and Hook's law for the elastic component, 

which is the case proposed by Maxwell. 

For the Newtonian -fluid: 

77 :: 'UP 
(1) 

For the Hookian elastic body: 

= G (4.) 

where et= shear stress 

44= Newtonian viscosity 

G = Shear modulus 

).)=._ shear strain 

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

as 

z+ (6) 

where )\ G 
The parameter )\ has dimensions of time and it is the time 

constant of the exponential decay of stress at a constant strain, 

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



FIGURE 1. Flow Curves of Various Fluids 
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Consequently .\ is known as the relaxation time. 

B. Flow of Fluids in the Circular Conduits 10'37,41,61 

Consider a laminar steady state flow through a circular 

tube of radius R. The volume flow rate Q is related to the axial 

velocity v7(r) by 

R 
Q 

n 
2/t r Cr)dr rtell 

o 

where V denotes the mass average velocity. An integration by 

parts gives 

= Y
2vR 

rry.2 
 dvz

d .r.  
d (8)  

Assume no slip at the tube wall, i.e., v
z= 0 at r = R, then 

R 
Tyr e AY1 c te y 

d T j0 

for this simple shear flow the only non-zero component of the 

rate of deformation tensor is d t/r _ 
d r 

Nov let the shear rate-shear'stress relationship be written in 

the functional notation 

= Srs(7712) or y = fc/7) (10) 

The balance of forces on a cylindrical element of fluid 

of radius r and length L gives 

2rrrl-r = iT RZvP 

er P (12) 

2 L 

(7) 

Q (9)  



and for the shear stress at the wall, e ye have 

wr- F"P 2 L 
Therefore 

Z = 

and We can get the followings from Eq. 14, 

(13) 

(1/4) 

= 27w  Rch- 
(15) 

r2= Rz (16) 

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

G 
TTFR3 = (rto= r vw 2 

,r
, 

J (r) dt 

where 0(ty) is defined by this equation, Taking 

(17) 

d cb  
drw 

.and using Leibnizt rule one sets 

 

(18) 

 

or 

iW = - Crw) + ; -tw-cl-F, 
c196 

Equation 19 is known as the Weissenberg-Rabinowitch-Nocney 

equation. 

(a) Newtonian Fluid 

For a Newtonian fluid in laminar flow we have 

= (1) 

f(2')= (20) 

(19) 



Substituting in Equation 17, one gets 

- ' 
Tv, 

Tr - d t .;;) 
which on integration gives 

Q — 
Tr R L-w 

-fA 

Combining Equations 13 and 22 we get the Poiseuille equation as 

Q R p 
(23) 

From Equation(20)we have 

= 

Substituting Equation(22) into (21i) one can write 

W R3  

(b) Power Law Fluids 

For a power law fluid we have 

= K 

.fir) = r 
Hence from Equations(26) and (17) one finds 

0, 
Tr r  K* tW3 

crw 
"C 2+" d t  (27) 

and after integrating and substituting for rwwe get 

a = trrr R3  RAP  
3n 4. I 2 L., K (28) 

(21)  

(22)  

(25)  

(3) 

(26)  
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and 

(29) 

Equations(29) and (28) gives 

.21714.1   
1w w r ir R-5  

(30) 

which is the shear rate at the wall. 

C. Entrance Effects 

1. General Entrance Effects. 

When a fluid is allowed to flow through a sharp-edged 

entrance or sudden contraction the velocity profile changes 

from a reservior into a tube of smaller cross section. 

One can consider the entrance effects in two aspects: 

One is the case when the flow is in the range of very low 

Reynolds number and the other in the range of comparatively 

higher Reynolds number but still in the range of laminar flow. 

Bogue et al.11 described these two flow ranges (based on the 

pressure drop data of Astarita and Greco - 1'2) as the. INERTIAL 

RANGE(where Reynolds number is greater than about 100) and 

CREEPING RANGE(where Reynolds number is unity or less). 

There is also an INTERMEDIATE 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 



11 
elastic In the case of polymeric melts inertial effects 

are usually negligible because of the very slow flow and, hence, 

the viscous and elastic terms constitute the major entrance 

pressure drop.'
35 

One can find both the entrance length and entrance pressure 

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

ing to the zero L/R value.37 The intercept shows the pressure 

drop at the entrance and the distance from the entrance to the 

point where the straight line deviates is designated as entrance 

length. The entrance pressure drop and the entrance length are 

shown in Fig. 2 and 3. Note that the constancy of the pressure 

gradient is a necessary but not sufficient condition.
30 

In the flow of very low ReynoldS number, most of the pressure 

drops occur in the reservior near the entrance into the smaller 

pire.4,5,11,48,57 As the velocity of the fluid increases 

the entrance effects move inside the entrance of the tube. It 

loses one inertial "velocity head" of pressure ( JW/23c, where 

3  is the density and V is the mean velocity in the tube) as it 
accelerates from essentially zero velocity to the mean velocity. 

in the tube. 11,34,19,12 

2. Entrance Effects in the Inertial Range 

In this range the inertial and viscous effects predominate 

as a result, pressure drop can be split into two portions, namely, 

the drop in the chamber and that in .the smaller pipe.( ig. 3) 
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Zone 1 zone 2 

flow . 

I. 

A Robyn 
Pdopitif 

II Pent  

A total 

Pup 

6 Pchamb 
41-1P chantb 

2 

FIGU: 3. Pressure Drop in the Entrance Recion 

Subscript f denotes fully developed profile. 
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The reservior pressure drop is sma11.34 

There have been many studies for both Newtonian and 

• Non-Newtonian fluids. 

a. Newtonian I'luids 

46,2,58 As noted above there have been both experimental ' 

1 
and theoritical studies

3,15,27 ,33, 46 ,17,47 for Newtonian fluids. 

The entrance effect for Newtonian fluid can be explained 

by a mechanical energy balance for horizontal circular tube.? 

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

and section 0 is the entry plane, Referring to this one can 

write the following equation by mechanical energy balance. 

z col„z 6p J ti2 ".;) V l t2. (31) 
tot 2 o(250 201,(6c 

3 8 = Pcilamb + A Pent + 41 PcloWl t Pup 

Where the subscript f denotes the fully developed flow. 

ZIO, assuming infinite contraction ratio,and.ck2 =-1- for 

parabolic velocity profile. 

Dividing Equation(31) by St/2  
26c 

one gets 

Ptot Pd own f d Pent ÷ 6P charh6 f t 6Pur  ( 32) 
yv4/46c  sv1/26e 3vz/z8c 

From the deginition of Reynold's number and the friction factor 

for the fully developed flow in the circular tube10 one can write 



Where Ca is Pe oPcha vn .6 + Afg.P  

(36) 
/ 

vo2 y Foz 
2 °Cge. 

4 f)02 2S
octV,.gc 

 

C.0. ( 3 5 ) 

D  Pgd  1 16 
4L *80 N Re. 

or 
f) 2  

v /28e N Re 

so that J]quation(32) becomes 

6P-tot _ 3Z LA 
3vz/06: i\I Re + 

Mechanical energy balance in Zone 2 is 

oto= 1 for flat velocity and Vo = V2 

and gF O z = D Rd own  f t Q pent 

In this case 6Perit is the entrance pressure drop in the 

smaller pipe only. 

Dividing Equation(36) by gives 
28c  

oz 
- 

ilP down dPerit 
SVIRSa V 4/48e + + 5)Vz/ZSe 

APoz _ • 32 LA -t Cb -
,9V/2& New. 

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

change is one velocity head and cross sectional area change 

(3?) 

or 

(33) 

( 3 4 ) 
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causes one velocity head. 

The entrance length Le  for newtonian fluid is given 
 

Le  =_ o. o 5-7. 5 D N re (38) 

The numerical factor depends on the criterion of the per cent 

of fully developed flow in the entrance region. 

Atkinson & Gold t 1r27 presented a simplified form of Schiller's 

equation33 in the entrance region. Schiller46 assumed the 

parabolic velocity profile as 

z 
sz (39) 

where 4 e  = R Y , & is the boundary layer thickness. 

Then defining LI as the core velocity, 

X  = Y/R 
R ZRV 1\1 Re 

8 L 15 5 
20.6 ( + - F11/(4,  i-q-2/2) 

_L /6 ( Z 4-12 37 714 - 26 . 

.37a- 
 S n .3 

.1.1 
0  

For fully developed flow 

U = Virma7. Sirice Z V, 3,11 
Then from Equation(40) 

7= 0.O 575R NRe (41) 

Po P = 1.5 S V 4 
(42) 

(40) 
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So one can write in the entrance region 

Fa -P  1. 1.6+ 3 X  
y v 4/28a R nVRe 

Or 

Ptot Z. 16 + 1/43Z  
3vWsc A .1 R e 

Ca of Schiller'S experiment was. reported as Ca = 2.115, 2.35, 

2.36, 2.15 

To find an accurate solution of equation of motion in the 

entrance region the stream function was represented by a power 

series for axial positions close to the inlet. This solution 

was joined with one obtained by the method of Boussinesq to 

detail the velocity profiles over nearly the entire entrance 

section. 

• Campbell and Slattery15 extended Schiller's method taking 

into account the energy loss due to viscous dissipation in a 

macroscopic energy balance rather than by applying Bernoulli's 

equation. Application to the center core determined pressure 

as a function of axial position such as 

a(i-ssv3) 

where 

PI AP E J  v  
P 

(45) 

E. = J (2-  ev) rdrded. PZ rXr 
0 

(46) 

represents viscous dissipation. 

( 43) 

(44) 



- 17 - 

They presented Cb value of 1.090. Recently La Nieve 34 

reported a Co  of 2.53 for 94.9% ethylene glycol-water solution 

which is Newtonian. The experiment was carried out in the 

range of Reynolds number from 500 to 1500.. The fluid flowed 

from 6" pipe to 0.547" pipe so the contraction ratio was 12:1 

which could be compared with those for 00: 1 contractions. 

The upstream pipe was 6-ft long and .the downstream sectisection was 

5ft in length. The study attempted to measure the pressure 

drop in the chamber and in the entrance region of small pipe. 

The nearest tap hole was 0.2" apart from the entry plane, but 

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

perimental results were plotted as -e  vs 
91/ 4/Z8c 

X/R 

NRC, 

The Cb + 1 value was determined by a pressure tap located On the 

entry plane at a radial distance of :1,-" from the center line. 

The reported values. for Ca are 2.525, 2.53, 2.56, 2.53 and for 

Cb + 1 2.55 and 2.50. The differences between Co  and Cb + 1 are 

about 0.03, which would be the pressure drop in the chamber. The 

experimental value is higher than that predicted by theory and 

the vena contracta was not noted wit-h. Reynolds number below 00..,  

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. 

Christiansen and Lemmon17 solved the equation of motion in 

the entrance region for an isothermal, laminar, Newtonian fluid 

by finite difference numerical method. 
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The governing equation was Equation (62) and it was 

solved with the assumptions 

1. Axial molecular transport of momentum is negligible. 

2. The pressure is a function of z and is independent 

of r. 

3. The velocity at the tube entrance is uniform. 

The entrance region of the tube was considered to.  comprise 

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

perpendicular to the axis into annular segments a distance k long. 

And the governing equation was written for each of the N 1 

cylindrical boundaries of a set of N annular concentric segments 

k long and solved by a modified Gauss-Soidel method. It was 

noted that with. the axial diffusion tern the numerical method 

was operable, which indicated that axial diffusion of momentum 

is negligible at NRe as low as 200. It was also noted that the 

inclusion of the radial convection of momentum in the numerical 

solution significantly increased the pressure loss. 

b. Non-Newtonian fluids 

A number of experimental3" 20 and theoritical19,12,49 

studies existed for non Newtonian fluids. One can derive a 

relationship simillar to 2quation(34).• for Non-Newtonian fluids: 

From Equation(19) and (17) 

4Q _L  I DAP I 
 ( 4.a 

k  
;)14 Tr R3 ' 4. L._ I d °4—:6177) 

( 1+7 ) 



From Equation(33) 

f D fp/44_ 16 
3e/ 26e NRe 
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Substituting 4  _ 8V 
n R3   

into equation. (t37) one gets 

ci vz  
TT') = 

W ZI- 

 

(23/) d(2-1.1 (-1--;.."))/(4-,V)  
D r p&p / Dilp s  

k 4— 

 

8 V  r 
D l4 

ci en (-
8'V 

--) ) 
4 d ft-(W) (48) 

Rearranging :]quations(48) gives 

C
d Vz 8V ( 3 I 1 3»+ 1  V 
dr ) L4 zrn J 4 D 

where 

d ( V / D 

Equation(50) can be written as 

= K /  (q; 
where Kt and n' are constants. 

Combining Equations(49) and(51) one can write 

(L;9) 

(50)  

(51)  

Tw = cl 14 
d r K ari'f ) (52) 

Comparing Equations(1) and(52) one getb 

71 = 

= K(3  /1'  7) )/11+1 (53) 
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Substituting :quation(51) into(33) gives 

KTV-T 1 6  
1/ Y280 v ":5)  

go  
Comparing :quation(33) and(34) one can define a generalized 

Reynolds number 

Oc Ki  F 

For power law fluid from Equations(55) and (53) 

( 5 L- ) 

N/Ze 
OM* ( 5 5 ) 

Al 
/Virte 

v
z-n 

D"  
8  Writ' fe-' c 4)1 

(56) 

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

Equation(34). 

Then 

. 16 
1%.,W JP1/ 4/ecgc 

(57) 

A f'  - 0? Vis 
yvr

(pc 
o N Re' 

Then as in the Newtonian case -Equatien(57) can be written for 

the entrance region as 

vz/zs c w  N Re 
p z Ca 

( 5 8 ) 

In the case of Non-Newtonian fluids area change still causes 

a pressure drop of one velocity head. However,the kinetic 

energy change in the down stream is not one velocity head as 
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in the Newtonian case. The kinetic energy conection factor is 

determined in the following manner. For power law fluids the 

velocity profile in the fully developed region is given as 37  

1/21 1.,/ 371  + 1  I.  
11 i-1 

( 59 ) 

The total kinetic energy at that cross section is 

2 4  R 
zit 

= I/4  it vz  d A. 2 
 c 

 
ac . A 

uS  r rch-- 
0 

(60)  

Substituting Equation(59) into :quation(60) and solving one gets 

( ti 311+ I ) 
.571 ,3-n -t- Ti 

34+1  4n +Z sn+3 
for 

in = 1 of.. --.I 71 = 
. f 

— oiL = 0 - 6 7 7 
Z 

This means that the kinetic energy correction is always less 

than one velocity head for pseudoplastic fluid and greater than 

one for dilatant materials. 

Bogue12 presented a solution of equation of motion in 

the entrance region for the power law fluids which concerned only 

the entrance region in the smaller pipe. A 1)lug like velocity 

profile was assumed at the entrance. Furthermore, the core of 

the moving- fluid was assumed to be plug like until the profile 

developed. A cubic equation was .used to re`resent the boundary 

layer velocity profile. The basic equation was the z component 

(61)  



-22 - 

in the general equation of motion 

• 
v  ayff  Vniz _ d P Ss_  

r d z r (62) 

Equation(1) was substituted for -27tz  

Using the von Karman integral method and by rearranging an 

ordinary differential equation was obtained which was solved 

to give 

ct 
'71 

OVR  (znil 

c(C+ )d cC+  PipA' (63) 

where 
4 

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

fOr.the velocity profile in the entrance region as 

U 6 
cv ( 3 — a.) *1  4- (a. — ) (4.5 (64;-) 

a was taken equal to + 11 
b6 

ThiS is actually a generalization of..Schillerls method:.  

Solving quation(63) numerically gives entrance length at 
s4 

entry pressure drop, 'and correction factor Cb. For the 

Newtonian case Cb= 1.16 and the entry length is (_2(les. 1 = 0.0575 _ 

N Re i ent 
This result is one half on the conventional value which is based 

on 99 of fully developed flow. 

Collins and Schowalter1 J0 also studied the situation by 

applying the boundary layer technique in the region both near 



the entry and near the fully developed profile. The flow 

was described in terms of a perturbation to the fully developed 

velocity profile. 

The basic equation was the same act l]quation(62) and the 

technique used was simillar to that of Atkinson and Goldstei07 

A power series for stream function was defined as 

(65) 

where 

( — -14-C2  

   

   

I 2 V14-1 
A/R-e J 

Outside the boundary layer the velocity was expressed 

(66) 

Vz (z) =U ( + ) (67) 

Where is another constant. 

Putting :]quations(65) and(67) together with vk 

An infinite set of ordinary differential equations was obtained 

by equating coefficients of like powers of. 

Solving these equations gives 
pia etc. 

Then it can be written that 

= 
-r Uz  

(68) 



(69) 
u(  + 3n  \ r 

k + Y1 
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For the solution approaching fully developed flow the flow 

was described in terms of a perturbation to the fully develops 

velocity profile such as 

This perturbation velocity was obtained by solving the equation 

of motion with Equation(69). 

quation(68) was considered valid only as long as the 

absolute value of each successive term in that equation decreased 

and at this point the solution was combined with the perturbation 

velocity. Their result shows for the Newtonian XviiR  o .1 Ze.. 
NI Re 

The Cep  was found to be 1.33 for 99% develo-oment. It was also 

shown that the entry length actually increases as the flow index 

decreases from 1 to about 0.1. 

Experimental values of the excess pressure drop in the 

entrance region can be found in Dodge's
2C 

and La Nieve's.34 

Dodge
20 carried an experiment using Carboxymethycellulose 

and Carbopol solution with different weight percent in water so 

the flow behavior inclex of each solution were different. The 

contraction ratio was 1:2.56. as the fluid flowed from a 11z" pipe 

to 1" pipe. The pressure drop was measured only in the small 

pipe.,  The contraction loss was found to be 0.88 velocity head, 

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

and Schowalterts theoretical studies. 

La  Nieve34 who used Carbopol-Water gels, reported overall 

contraction losses for the Reynolds number range from 100 to 1500 

as follows: 

11 Ca. 

0.62 2.30 

0.47 2.27 

0./:2 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 upstream effect. Furthermore, it was reported that 

C u 0.0 4-4• Sor m = o. 475 and AiRe 7 1000 

and 
Cup = 0.12 jo-r-  -n = o. 4Z5 andNRe < t oo 

This is greater than the 0.03 value for the Newtonian fluid with 

Re >too°. 

Astarita and Greco
I introduced an equation which encompasses 

the entrance pressure drop for both before and after the contraction 

as following 

6. M we  rik,/-2. (70) 

where n and Mt are constants and M value shoves the pressure drop-

after the contraction and Id,  before the contraction. 
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A smillar equation can be derived from Equations(37) and (35) 

referring to Fig. 3. 

32/Q  + LUZ 
//lt 2 R3 Z 

(71) 

vq  
Ras vz 

iqt irr:L 

b it 

/sige • 
The M and 1,1' value are higher 

M • 3  
/2. 3 V 

M 
 

(72) 

M -f 

than predicted previously.2,19,3/1,/i,57  

A critical Reynolds number of 146 as proposed. This was 

P 
obtained by plotting the experimental data 

8 V'z 
as VS 

Afgg on log-log paper. The correlation can be summarized as 

A/Re < , 

N,. 14-6 , 

_  179.5" S' V S  

//Re 2 

6p= S. 4.8 5/i  
4, 

This means when the flow is in the range of AiRe<146, the kinetic 

energy correction does not apply in the entrance region of the 

smaller Pipe. 

c. Viscoelastic Fluids 

. /1 
Recently Metzner, Peeler and Chan Man Fong'.0 tried to 

express' the pressure and the stress field by means of a diagonal 

deformation rate tensor in converging flows of viscoelastic 



materials. In their experiment the fluid flowed from a large 

duct of 18" square into a small tube of 1.48" I.D. 

The materials used were 70% Globe brand white corn syrup in 

water(Newtonian fluid) and a 0.5% soparan AP 30 (viscoelastic 

fluid). The flow of the fluid ,*as made visible by small air 

bubbles which traced out the streeTlines. 

Some difference in the flow patterns were found between 

viscoelastic polymeric solution and the Newtonian fluid. 

For the viscoelastic polymeric solution fluid in the chamber 

converged only in a very slender conical section. Outside 

this conical section a secondary flow Vas seen which was not 

visible in the Newtonian fluid flow. 

One more difference observed was that an the increasingly 

intense haze developed in the .converging viscoelastic fluid as 

the flow rate increased. 

A spherical coordinate was adopted to express the velocity 

field in the converging conical region. Its origin was located 

downstream within the small duct at a point, determined by extending 

the converging strew lines to intersection shown in Fig. 14. 

.1 1 I I I n I 

I I t; t'i I e 
1 11-4- r 

I  
I V' u I 
I r I [ 
I 

il 1  

e 0 I 

CD 
FIG.. 14 Coordinate systems used in analysis. 
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The -visual observation suggested that the uT)stream flow 

in.the reservier were radially directed toward the origin of 

this spherical coordinate system.- Then the continuity equation 

in the conical section is 

Co) 
(73) 

This equation was proved to be valid by plotting 
V 
LI VS 

on logarithmic coordinates. The result implied that the 

fluid is subject only to stretching or elongational modes of 

deformation and that shearing deformations wore negligibly small. 

The velocity field was then expressed as 

Ur . Where W f(6)-24' 
(74) 

Lie TA L(06 =o 

Spherical coordinates were used to explain the velocity field 

A, 4c 
of Equation(74). A cylindrical metric r 0 , witn its 

origin on the axis of the tube at its upstream and was applied for 

the prediction of macroscopic momentum and oressilre drop. 

Letting Al, A2 and AA denote the cross sectional areas of 

the upstream duct, the down stream tube( of radius R) and the 

annular region of secondary flow outside the conical section 

a momentum balance between control surfaces 1 and 2 in Fig. 14 

was obtained. 

AA 

rA2 A t 

2Az  

 

(75) 
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In this equation V denotes the mean velocity in the smaller 

tube and (T11)2 is the total normal stress in the radial direction 

in the converging flow field. 

.In the() direction thb total normal stress can be written 

as 

(Tu)2.  = ( 1-22)z 
(76) 

and 
0 

(T12)2. = — PA t 4 ( A 2, (77) 

Combining Equations(76) and (77) gives 

(P)2P Az -tizz ) 2, ( 7 ) 

'Then one can write 

-(r),. 
__PAZ `  

(79) 

With these results quation (75) can be written as 

— P142 = 3 v 2+4 — (T-0 

Simillar derivation was made between sections 2. and 3 as 

Paz P.3 = 3 ki 2  (4i—A Vz2) z  

R 21— —124 ( Fs, 4- ) 7 c13  + 
0 
  

( - 0 ) 



Where L is the axial distance between sections 2 and 3. The 

entrance pressure drop is written as 

Pent =PAz P3 — Ti ) w 

V2 (*) ( T11 '" Z.22 ) 

(P3 + -in) 1- I 3 
(81) 

The integrated term is neglected because it is small in 

quantity Cormared to the other terms and 
Zn + 

is replaced 

with 0 because 3 -n+ ii is not correct practically. 

For Newtonian flUids 0 was calculated as 1.33 by Collins 

and Schowalter9 At Reynolds numbers greater than about 500 

the occurrence of vena contracta effects alp-pears so that in 

general $ must be evaluated experimentally. 

So one can write 

Pe )F3 S V
z 

( — (82) 

Using a convected Maxwell model as a constitutive equation 

and the deformation rate tensor in the converging entrance region 

the following relation. 

( V11 — rzz, ) z  (83) 

was derived.' 
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Where to(iis a large and positive constant. 

By'definition the isotropic pressure is 

P — T 5 . (84) 

Combining EquationS(84),(7 ) and (78)  gives 

P)2 TI1 -1-42 4-  T33 ) 3 

f 1 , 
3 I 0 Az "t" (-2z 12 — I 

ao 0 
Az— 

\ 
z 

P42 
rir -. 

(85) 

and from ations(85) and(83) 

1:32 PA z 
(tw 

(86) 

End effect measurement may be used to evaluate Oki from 

Equations(81) and(82). Honse, the isotropic pressure was 

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

below P112  the gage pressure measured at this axial position. 

3. Entrance Effects in the- Creeping Range. 

a. Newtonian Fluids 

Sampson45 theoretically derived the pressure drop of a 

Newtonian through an orifice in 1891. In 19/19 T=:oscoe44  derived 

an expression for the rate of slow viscous flow of Newtonian 



fluids through an elliptic aperture in a thin wall in analogy. 

to an electrical potential field 

(87)  F)  
,37r/us 

S : Area of the aperture 

s : Perimeter of `the aperture 

P-  : Pressure difference between two sides 

For a circular aperture of radius R, Equation (87) becomes 

P = 1/43,u  

R3  
Later Weissburg 7  calculated by a variational method 

an upper bound for the pressure drop near the ends of a long 

tube. The rate of energy dissipation , is written 

W=2 QAP j14) 2(4 V 4-  2.4a jr1 .( a ) a . (is 

(89) 

Where ,6,f)is the pressure drop between the two ends of the 

tube and the last two terms are volume and surface integrals 

over the region and its boundary, t.) is the yorticity and 
k 

is the unit outward normal to the surface element dS. 

From the vector identity and the symmetric velocity field one 

can show the surface integral vanishes. 

From the minimurn-energy theorem of Helmholt2', and 

Equation(89) an equation of unequality which gives the upper 

bound of the entry pressure drop as 

(88)  
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Q Pe < f < cf.)2> Ve 
(90) 

is derived. Here, are 6P — QP tube  

Applying an axially symmetric stream function V, and oblate 
spherical coordinates x,t2g5' makes Equation(90) 

<  r  I tz+0,z 
Q Jo, t-z+otxzL k 1 •A'z  

t ( J 9(  T -e< l's>  it 
t2 x2  J dt d 9( 

The trial stream function. used vas 

(91) 

< fa) ( 9(3)) 
(92) 

where f(t) is any function chosen so that U  satisfies the 

required boundary conditions. Various forme of ..-.F(t) were 

tried in Equation(92) and the resulting double integral in 

Equation(91) was computed numerically. The, upper bound 

presented was 

L re < 3.47 t,-1GZ/R%3 (93) 

For the orifice case the result obtainer. by 
115 

Sampson; 

30 = x3/TL 

was put into Equation(91) and this yielded 

2 Q /R3 (88). 
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in confirmation of a pre ..ous calculation of Roscoe. 

Recently J. S. Ch.ig, E. B. Christiansen and A. D. Baer
16 

attempted to solve the ier-Stokes equation of orifice flow 

by assuming a.velocity p file at the oriSice. The assumed 

profile was 

F 1.  
For n = 0, the velocity ofile at the orifice is flat and the 

calculated average presse drop for this case is 

Lib i~ = 3 f 1 1'3- 
is 

For n = .1/2 and k = 3012. 

1 j  () ....- 7-  4. is 

 

S ,m-1 — 1 
(--kf— r70. 

  

The pressure drop for this case coincides with that of "Tosco 

for r<R. 

2 0 
For parabolic velocity pg)file ( n = 1 and k = 7FiTi 

A series of experiments th different orifice diameters was 

also considered. The d noter ratio of the vessel to orifices 

ranged from 8.75 to 23.641 One side of the orifices was tapered 

and the orifices were slotted at the bottom of the vessel with 

the tapered.edge facing side. 

The work was done room temperature using a standard-

viscosity 03 Oil and aDr-Corning //200 fluid as testing materials. 
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The data was plotted 6 P Vs —73 

The resultant data was correlated with the equation. 

P 

The results indicated that the velocity profile would 

lie between a flat profile and that proportional to the square 

root of a fully developed parabolic profile. 

b. Non-Newtonian Fluids 

Tomita48 has treated the problem for a power law fluid 

in an approximate manner. The Couette correction factor 

defined in the following equation has been calculated 

Lc = L D (94) 

where Le  is corrected fictitious length, L and D are the tube 

length and diameter respectively. 

Two separate regions were considered. One far from 

the entrance where the streaMline is in the .radial direction. 

The other region was close to the mouth of smaller Pipe with 

assumed" flow lines. With an assumed stream function an equation 

was derived-to represent the energy dissipated per unit time. 

The final result is 

Areht = 1Z 2e • t psu .€ 
°(;  

(95) 
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1 
where T 

ju ps„is the pseudo viscosity defined in a generalized 

Reynolds number as 

il e4= ljt V --*.c  
- psu 

A and B are numerical series containing 

( 9 6 ) 

The Couette correction factor for the Newtonian case was, found 

to be 0.444. 

Tomita's result do not reduce exactly to Equation (88) 

for the Newtonian case. Bogue et a1.
11 modified the result in 

which the multiplying coefficient has been empirically reduced 

by the factor 1.5. This final result is.  

Pent — t8 ic r (a 4. ( 
-)10.7 7-Tre) 

( 97) 

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

c. Viscoelastic Polymeric Fluids 

1, Flow Pattern 

i::etzner et a1.40 studied the viscoelastic polymeric fluid 

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

fluid converged into a small duct through a full 1800  solid angle. 

At larger Reynolds numbers small vortices formed in the corner 

of upstream chamber. The flow patterns of non-Newtonian and 
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viscoelastic fluid were found to be simillar t.o those of 

.11 
Newtonian fluid.-  

A number of flow visualization studies of polymer melts 

have been made in connection with melt fracture. 

A typical one can be found in the experiment by Bagley and Birks? 

They showed in their experiment that the flow of branched 

polyethylene(low density polyethylene) produced a funnel-shaped 

pattern near the entrance leaving stagnant regions or circulating 

eddies in the corners. In contrast linear polyethylene(high 

density polyethylene) does not leave these corner regions. 

Maxwell and Galt
25 carried a visual study of polyMer melt 

in a tube of -2-;" in diameter and a X -18- rectangular conduit by a 

tracer technique. They descrived three regions of distinCt type 

of flow: boundary annulus, shear annulus and plug flow region. 

Bogue et al.
11 

studied the flow pattern of the polymeric 

solutions by a birefringent. They reported unusual 

features. One was the tendency of the stresses to concentrate 

near the centerline rather than near the corne, strongly suggestive 

of the channeling behavior described earlier. The second feature 

was the occurrence of a stressdiscontinuity just before and right 

after the entrance plane. No explanation of this features was 

presented. 

'2. Actual Analysis 

In 1958 philippoff and Caskins43 showed that the elastic 
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potential energy of the emerging liquid in a capillary 

experiments led to a new kind of correction. In essence , the 
• 

end correction was increased by 1/2 the recoverable shear are- 

In the capillary the elastic energy is in rted to the liquid 

at the entrance of the capillary and is carried out of the 

capillary by the flowing 

pi_ a Pc + v zo. -I- E. (98) 

where PT 
: total pressure drop 

Pc :• the pressure held in equilibrium.inside the 

capillary 

m 3V
2 : kinetic energy correction term 

: elastic energy transported out at the capillary 

Dividing by Q we obtain 

PT pc rn Vz  -t- E/0- 
(99) 

Philippoff and Gaskins designated the term EA as the 

mean elastic energy or the axial normal force P11, the normal 

stress acting as a pull or tension in the direction of flow. 

They derived in their earlier work that this elastic energy 

per unit volume is the product of the shearing stress and 

the recoverable shear s, called "normal stress", 211 , which is 

a constant for each rate of shear. 

(100) 
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Assuming that Pc  is a constant dyer the capillary area and 

that (y)
11
)
1 

is the normal force at the rim of the capillary, 

then Equation(35) becomes 

PT 17-.  Pc t 171 3V2 ( PIOR (101) 

Any real geometrical end correction would increase the 

active length of the capillary by gL = nR. n is termed the 

"Couette Correction". Then from Equation(13) one can write 

PC 2(Lt EL) _  
cR 

2(L T1R)  zeR (102) 

where teR is the shear stress at the capillary wall and.the 

"total or apparent shear stress" /:."T becomes 

p L 2 — 
T r 

Furthermore at the radius R 

(103) 

F)11)R = tcR'1.R . (104) 

we can rearrange Equation(10) to obtain 

Tir Ft Z-C C 1  ÷ IF!.  t -ST t fr; (105) 

Similarly, for r = EquatLon(fo0 can be written 

PT + 2n t S R  J + ms V 
z ( 106) 
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From their experimental result it was seen that Equation(t0.6). 

had been correct within the whole possible range of capillary 

lengths from 0 to v0 . 

In 1961 Bagley4 tried to separate,the elastic and viscous 

effects in polymer flow. He stated that for a certain polymer 

if Hook's law in shear is obeyed one can write the following 

.expressions from Equations(4) and (160. 

G ZR (107) 

where 

.VeR = P 20-+eik) 

e Pri ort/g, 

(108)  

(109)  

Combining equations (fo7) and (log) gives 

e = 20. Tw + (110) 

Plots e versusTiohave been found to be linear for 'some poly- 

ethylenes-.5 From these linear plots the shear modulus G, the 

Couette correction n, and the recoverable shear strain sP at 

any stress can be found. 

Bogue and Lanieve-35 tried to correlate entrance pressure 

drop with the primary normal stress difference in an experiment 

using polymer solutions and capillary tubes. By dimensional 

analysis with equation of motion, a general integral constitutive 

theory and a general power series they derived the following 



form of equation for the entrance pressure drop. 

A ' 1, 3 b3 

EiPer 8 = of Z 2.-ch 
, 

Ch6
2 

+ 04 
fr  

3 1-ch,\ch (111) 

where,  ot.;  bL are constants and 77dh,"\ch are characteristic 

shear stress and time. The first term is for viscous effect 

and the second term is for elastic effect. 

The entrance pressure loss was extracted conventionally 

from Ptot versu 
They approximated the viscous portions 4 

of the pressure drop with Weissberg s and Tomitals viscous 

analysis and the difference between the measured total and 

estimated viscous end effects losses was assumed to be the loss  

due to elasticity,. 

These entrance pressure dro-ps versus shear rate were 

plotted together -with the normal. stress ..difference T11-T22. which was 

measured with rheogoniometer. It was noted the normal stress 

difference has a linear relationship with shear rate on log-log 

paper.. So it could be assumed there exist a linear relati.on 

between the entrance pressure drop and the primary normal stress 

difference as 

P E  = c43 (Til T2z) (112) 

From Equations(111) and OM one can write 

-Fa - P 2v" -  
where lc.' and m are constants. 

A 

(113) 
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It 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 

tube shoat rate. The elastic entrance pressure drop might 

then be visualized as a sum of incremental pressure losses over. 

this flow field, each with its characteristic shear rate between 

zero and the tube shear rate. 

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 dLfference describes the property of the 

fluid that causes the elastic entrance pressure loss. 

Recently BogUe et al.
11 summarized the previous work 

.concerning the entrance pressure drop. They stated that although 

the recoverable strain concept in ?GB 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 Equations0o,5,(108), and (109) the entrance Pressure 

drop can be described as 

A rent  - z 

  

 

(114) 

For the power law fluid Equation(M) becomes 

Pent 
!).11 

2 K rw K4 "In 
1);' (115) 
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where m = n and 1.) is defined in Equation(50) Comparing 

Equations (113)and (115) one can see K
2/ = k,  for the case 

m = n if one neglects the viscous term. 

.,30 
Han, Charles and Philippofi carried an experiment 

in which the axial pressure distribution of .polymer melt in 

a circular tube was measured. The shear rate range was from 

-1 1 - 
100 sec - to 500 sec - and L/D ratio 4. The. result showed 

the entrance length, based on the constancy of the radial 

normal stress at the wall was less than one equivalent diameter 

of the tube. 

The experiMent was extended later on
31 and the. entrance 

effect was described in relation with exit pressure and die 

swell ratio. The entrance length based on the constancy of 

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 greater relative• strains and 

shear rates than in the capillary itself. Therefore in this 

region the fluid builds up normal stress which is greater than 

those consistent with fully developed flow within the capillary.. 

So these stresses must relax prior to the attainment of fully 

developed flow. 

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

certain shear rate and interpreted that the constant slope 

showed the constancy of the elastic property and the exit 

pressure is related to the primary normal stress difference 



as follows: 

1-1-k 

( Tz Trr )s,L, — Ter CR, 1-) 

The exit pressure Pwas defined as 

PP I - - L) -rr 

Then. Equation (116) can be written as 

(Tzz Trr)R,L 
= 

(116)  

(117)  

(118)  

It was also shown a certain relationship between the exit 

pressure and shear rate. 
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D. Heat Transfer to Flowing Molten or Thermally Softened 

Polymers. 

Ther2tildylpfileattransft.1"torlolteriflo
-: polymers 

is one of the basic research needs for polymer processing 

operations such as extrusion, injection molding, calendering 

and melt spinning. 

Many difficulties have been encountered in such studies 

because the polymer has elastic non-Newtonian properties and 

a high apparent . viscosi.ty. 

The purpose of this investigation is to study the heat 

transfer to molten polymer flowing in a circular tube by 

measuring the radial temperature profile at different axial 

position and by correlating the data in the form of dimensionless 

parameters. 

1. Fluid Flow and Heat Transfer 

There can be several cases in studying heat transfer to 

flowing fluid 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 heat transfer and the temperature 

profile. The physical  properties of a fluid are a function of 

temperature and pressure and hence any change in temperature 

or pressure causes a c..:aresponding change in velocity and temperature 

Profile. 
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The-  flow behavior in a circular conduit. under isothermal 

condition has been described previously.• 

Generally the temperature profile of a fluid under 

non-isothermal flow can be obtained by salving the energy 

equation with proper isothermal velocity profile and boundary 

conditions. 

a. Graetz-Nusselt Problem 

The basic and simple problem 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 whose wall temperature is another constant 

temperature. 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 

17 K '-‘) 1-  j 
C Vz = Ty; ) 

3 = density of the liquid, 1.b '3 

Cp = Specific heat 

Yz  = velocity of the fluid in the axial direction. 

= the rate of change of temperature in the axial 

'direction, of/ft 

K thermal cinductivity of the fluid, Btu/ft 0F 

r = the radial distance from the center of the tube, ft. 

(124) 
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al:-the radial temperature gradient °f/ft 
C)T 

v-g)  
the rate of change of the radial distance times 

the temperature gradient with radial distance, 
o
F/ft • 

In 1885 Graetz
28 solved this equation for two different 

velocity profiles, i.e., the flat and the parabolic velocity 

profiles over the entire cross section. His solution for plug 

flow was of the form of a Bessel function: 

t  
t, = z 2Y()ii ii)  exP 

(71) wcp 

( 125) 
where 

• 
t = temperature of the fluid at.-any point, oF. 

tw = the wall temperature, °F 

t1 = the initial mixing cup temperature of the fluid, 
o
F 

9.1i, 7 tfk root of Jo  

= Bessel function of zeroth order 

J1 = Bessel function of first order 

L = the axial distance of heat transfer, ft 

W = mass flow rate, lbrlihr 

For the parabolic velocity profile he got 

t (f)  

 

-&( tl,t/ 

 

I wcp 
41 

(126) 
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Series solution of the following differential equation. 

(127) 

• The mixing cup temperature for this case is given by' 

- ttt,  - p_ KL 
k/Cp t iw  

(128) 

Since both of these solutions have the variables express 

in the form of the dimensionless expression wqr , this 
XL 

expression has become to be known .as the Graetz number (G'4). 

Defining an average heat transfer coefficient ha  as 

h a  Al  (i'pv —6, )4' C t .Z.,$)  

2 
(129) 

where 

q = rate of convective heat transfer, Btu/hr 

A = area of heat transfer surface, ft 

Then the Graetz solutions can be expressed in terms of Graetz 

and Nusselt numbers: 

For plug lfow 
(130) 

0 2 Cr z - 0.61Z e 5:44'  QZ) 
-rr l t + 0 . 692 e(- Q.2)I 
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For parabolic velocity profile 

• 
= ha 0  _ e — () 

IT 
 

(131)  

Vaughn 55 presented an asyitotic expression for 2quation(118) 
k 

for plug flow with the assumption of small temperature difference 

between the fluid and the tube wall." The r sult showed 

_L 
N= 8  u Tr 

4 z -r %-1" (132)  

Later Drew, :Hogan and McAdams have shown for parabolic flow as 

=1.75- 
(133) 

Lyche and Bird36 Solved the Graetz-NusSelt problem for the case 

power-law fluid. The governing equation was Equation (118) 

and the solution was in the form such as 

+1 
: 0 (6 ) ( - 1  ) ) (134) =1 

where 
Tiv 

Tw 

The 4  (5) are  

14:  

Vma, R2 ) 
the eigen functions .obtained from the solution of 

   

-t- C1  ( t — St) 

 

    

   

(135) 



50 

the Ci being the eigen value. 

The y(pare 

(136) 

and the Bi are determined from 

Jd  O.; CI — int5  
(1 z 

-1"") ' of s' (137) 

Here the n is the reciprocal value of the n in Equation(1). 

b. Effect of Temperature on Fluid Properties 

Temperature is an important factor affecting the physical 

and rhe.ological properties of polymeric materials. For example 

Newtonian viscosity is dependent on temperature and this can be 

expressed as follows: 

e x P R6 
1-1 

( 138 ), 

where 

Ali= the energy of activation for flow, ft lbf/lb mole 

A= an empirical constant depending on the nature of 

the fluid, lbf-sec/ft2 

The non-Y wi;onian viscosity 7/ a function of temperature 

and shear rate or shear stress. 



or 
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McKelvey3? presented an equation to express the temperature 

dependence of non-Newtonian viscosity holding shear rate: or 

shear stress constant. 

(139) 

Gee and Lyon used the following linear relationchi-os to 

calculate the thermal diffusivity and specific heat in their 

study of non isothermal 

04.0  //t t -i- 7r - 273 ) 

Cp =-- (C, )
0 
 ( I ("i'-273J )  

(140) 

c. Corapressibility 

In most polymer processing high pressure is needed for 

the polymer to flour. In a circular conduit the high pressure 

gradient causes the polymer melt to expand in the down stream 

and therefore cooling effect arises at the center of the tube. 

In the energy equation compressible energy effects are e= pressed 

in the term 

. (141). 
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Where energy consumed due to the expansion, lbilft2-sec. 

Bydcfinition • 

Coefficient of 

thermal expansion, 

of-1.  

(g)T, 

Compr ibility, 

ft2/1bf 

from the above definitions one can write 

lbf/ft r (x-42) 

Foster, W .. Waldman and Gri cay 
21r 
 used the Spencer and' 

Gilmore equation of Uliate to determine the compressibility 

of the high d-nsity•polyethylene. 

2. Nonisothernia non-Newtonian Flow 

There are some difficulties to study the nonisothermal 

flow or viscous non-Newtonian fluids, i.e., the viscosity of 

the fluids changes with tem6erature and, therefore, heat transfer 

affects the velocity distribution. Frictional heat generated 

. during flow .and cooling due to expansion must be included in 



R"-  (TN, - To) 

K(V) 
tt 

or (145) 
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many cases and variations of thermal diffusivity and heat 

capacity with temperature must be considered. 

a. Viscous Heat Dissipation 

When the fluid the. friction between the layers 

of the fluid causes mechanical energy to be converted into 

heat, which is called viscous heat disci Dation. In most cases 

effect can be neglected, but if high velocity gradients or high 

viscoaLties are encountered, viscous heat dissipation would be 

consderable. In general the flow of polymer is in this catyory. 

Brinkman-'r solved the problem of viscous heat di i-nati on 

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

capillaries. Toor53'54 and Bird haV extended Brirkman's 

work to include Non-Newtonian flow. 

The amount of viscous heat dissipation for the axial steady 

flow of a fluid can be expressed as 

ret: cf V Z 

The Brinkman number is defined for Newtonian fluids as 

r. 
../(% V z  

(7t -T) 

for non-Newtonian fluids 

(144) 
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The Brinkman number is a measure of the extent to which 

viscous heating is important as compared to the heat transfer 

from the tube 'gall to the center of the tube. 

b. Heat Transfer to the rolym6ric Fluids 

When molten plastics are extruded through conduit at 

high shear stresses a temperature distribution may result from 

the heat produced by viscous dissipation. Many theoretical 

and experimental work have been done on this subject. 

Bayer and Dahl7 carried an experiment to measure the 

temperature profile of polystyrene in an injection molding 

machine. The mass average 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 within three 

percent of the temerature measured at 0.6 of the radius fmm 

the center of the polymer stream. Schott and KaghanSI measured 

the radial temperature profile of a low denSity polyethylene 

flowing through a one inch I. D. circular donduit three in chess 

long. 

The radial distance of the thermocouple tip inside the 

die channel was measured with a travelling microscope to within 

4- 0.001 inches. They found the ratio r/I2 at which the temperature 
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was equal to the calculated average temperature was found to be 

between 0.65 and 0.70, regardless of whether the melt at the 

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

Bird9 has theoretically studied t1e case, where the polymer 

melt throubh a tube with an isothermal wall. From the equation 

of the energy he developed an expression includingviscous h_, 

dissipation term as 

vt  
r +- r r 

== J P,k ) (146) 

The velocity distribution for a power law fluid Can be stated 

as 

", R 
0(4 -2, ck+R., 

v (1 (*) 
(147)  

The following form of power law model was used in this derivation 

et 
_— _  / r% 

(148)  

where 
= shear stress 

Au = the viscosity at shear stress, 1r 

04.= a measure of the deviation from Newtonian behavior. 

The expression for the heat produced by viscous dissipation is 

given as 

,44(  d Vz  = (1-'541 etiv e021,.044-2, 

r (—KT (149)  



e>0 
5; (1)  exP 

'0(4 4t- 

(s 2--'. °2c÷f I s-*S'e4÷2) SiCa Cif  / 

— S S V) 
2 ' ,,4  2 off 

.6._ (04+4) 1  
01 8(cA4z) Jc 
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Defining the following dimensionless group Bird solved 

Equation(140) for two cases, one is for the case of isothermal 

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

Isothermal wall: 

= 2,!:-(, —s'o<44)  — 

Insulated wall: 

i3;  . (8') P ez-§ 

(150) 

4 8'0(1-  

-÷ 44  

) 
(151) 

For -c= 0, the constants, Bi, can be evaluated for isothermal 

wall: 

f
o 

C—S°(÷.) f'93
0
/ d f 

(152) 

and for- insulated wall 

(153) 
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where 

ZG)(tZ) K,At- 
Cr R 3 2"w etiv/ef 

T(04+ tt)27(' 

4 k z -t  ( vw/cf) (154)  

Toor :._ads. made the same assumtions as Bird but assumins 

compressible fluid. He used a power law rheolosical equation 

of the form: 

dt4 rn - 

8 1- 
(155) 

where ft2 )
m-1

/hr F = rheological constant (  
lb 

m = rheological constant, dimensionless 

and F = K- 
i_m  

m =  + 1 

Toor modified the equation of motion: 

_ (4 ' ) I -? Crri-z) 
r r 

and obtained 

(156) 

'n1 +2 711 
V Z ------ V CI ) 111 ',I AI' 

where 
(157)  

(158)  



(160) 

12E71  s 6 (/ 
9-7/ +2.  w 

)11  -PCP  fi 
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and 

 ff V = fi ( ))"- I 
inuvi •yr; 1-2 l 2of J r 

(158) 

He modified the energy equation as 

(159) 

where w V ag' d 
d I' /b ,f tft  2. .1r 

Combining 7.7,quations (152) and (153) he obtained 

Ti 

-  D 
`per r (r dr] 

Gee and Lyon26 extended the heat transfer problem t 

non-isothermal non-Newtonian fluid including the factors of 

the variations of and thermal diffusivity with temperature, 

the heat generated by friction and cooling resulting from 

expansion. They considered only one material, Acrilic Resin, 

Polymethyl.Methacrylate (Lucite 140). 

They used an rheological equation as 

= t -Zit ) 
11 70 (161) 
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where 

E is the activation energy 

R is 'the gas constant 

A is the Newtonian Viscosity extrapolated to 0°K, poises. 

The resultant energy equation is 

Vg a  T, K DaT OT 
Le  Di -r • DO g2 Y 2 Y 

( c)v,z, ( x  
,Pcde 1-0 dz 

(162) 

where 
r 

Tflow = average flow temperature 

Lo = length of tube 

E = coefficient of expansion at Tflow 

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 where the wail temperature 

is approximately equal to the initial fluid temperature the 

position of the maximum temperature, resulting from frictional 

heat generation shifts slightly toward the center of the tube for 

increasing distances down the tube. The average flow temperature 

lay between -  r  of 0.62 and 0.66. This value is in agreement 
• R 

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

Of interest in the result-  was the prediction that the wall 



temperatUreiirust'beT_reduced below,itsinitialvalUe by .o for 

thecenter'core,to-feelthe wall teiriperaturS. 

The aSsuMptiOns were justified by the good agreement between 

the calculated flow rate and the measured one. 

Griskey and Wiehe29 attem-oted to extend the Graetz-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 orifice to get uniform temperature and then sent into a 

heat transfer section of Schedule 80 3 pipe the wall 
8 

temperature of which was maintained constant. 

The measured polymer melts.temperature were less than 

those predicted from theoretical calculations and the Graetz- 

Nusselt data measured for polyethylene melts agrees fairly 

well with theoretical curves. 

Forsyth and Murph
y22,23 obtained temperature profiles of 

molten flowing polymers through an isothermal wall heat exchanger. 

A one inch screw extruder melted 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 heat exchanger exit, a thermocouple was 

inserted 3 in. into the polymer side of the heat exchanger, 
4 

parallel to the tube axis. The radial position of the 

thermocouple tip was measured .to within 0.002 in. by. a set of 
11 

micrometer gages. The thermocouple was 0.0355 in 0. D. 
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They noticed a maximum temperature is observed in the 

temperature profile for cooling polymer melts at low Graetz 

numbers at a radial position between 0.70 and 0.80. it was 

concluded the temperature. dependent power. law model with 

viscous heating effects is a more accurate method of predicting 

temperature profile calculations for cooling of polymer melt. 

The result, showed large viscous heating effects, particularly 

for cooling. 

Recently Saltuk
51 developed a similar experiment as 

Vliehe's to measure the temperature profile of polyethylene 

flowing in 1 schedule 80 stainle tube. An oil circulating 

/system was used, rather than electrical heating to get the 

uniform wall temperature. The equipment is the same one used 

in this investigation and the detailS has been described in 

the experimental section. 

The melt- temperature were measured at seven different 

radial position(includLng wall temperature) and five different 

axial position of 0.527, 3.560, 6.600, 9.560 and 12.600 ft 

from the inlet temperature thermocouple. 

The plot of reduced temperature and reduced radius 

showed significant viscous heating effect between Graetz No. 

of 7.5 to 595.0. 
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EXP=MENTAL 

A. Plan of the Experimentation 

There was previous experimental work-34 "40,20concerning 

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-3 .°,31,39,6The apparatus for 

this work is quite different from the previous studies both in 

size and complexity.- 

The equipment was designed to study the isothermal 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 done by measuring the pressure drop in 

a larger pipe of chamber and then 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 to try to find the entrance 

length for the the melt to relax. This relaxation is.due to the 

excessive normal stress developing just before the. mouth.of the 

entrance. 

In In additon to the entrance flow study, attention was directed 

to the transfer of heat to a thermally•softened flowing polymer 

(polymethyl methacrylate). The device used for this work is 

also described herewith. 
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B. Development of TThiuipment 

1. Ge.neral  

Two separate experimental devices re required for 

the present work: one to Study,the entrance effects in 

• flow in molten polymer systems and the other to investigate 

the transfer of heat to thermally softened flowing polymer 

systems. Although two devices were needed some components 

were common to both. These will be described below. 

• In any study relating to a flowing polymer system 

(whether molten or thermally softened) a rugged precise, 

pumping apparatus is needed. The method used in the present 

work was to combine a 2" diameter. screw extruder with a soar 

pump-vari-drive combination. • The polymer flowed from the 

extruder to the gear pump which served as a metering pump for 

the extruder output8. 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 precisely set the.  speed at which the gear pump 

was driven. One additional aspect(important. for the heat 

transfer study) was that the polymer temperature profile was flat 

at the gear pump exit. 

Another common segment was a heat unit for the test 

sections following the gear pump. The components of the system 

were reservoir tank, rotary pump and two sets of heating coils in 

two containers. (See Figure 10.) 
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The oil was drawn from. the reservoir by a.rotary pump 

and passing through the heater supplied to the double pipe 

heat exchanger (test section) and gear pump housing. It then 

returned to the pump to fOrm a closed circulation system. 

The heating unit was designed to compensate for the 

heat loss from the equipment to the surroundings.42  

Heat loss from gear pump, test section and heating unit'itself 

was approximately calculated as 5 Kwh at the operating temperature 

of 200oC. Two 6 Kw heating coil were selected to supply the 

amount of heat required(considering a safety factor). 

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

Oil temperature was set and controlled by Partlow Industrial 

temperature controllers. This type of controller has a metal 

*bulb filled with mercury. The metal bulb is immersed in the 

heater. Temperature is controlled by the expansion of mercury 

through a capillary tube to a spring and plunger loaded diaphragm. 

The entire system was insulated with asbestos and insulation 

cement. 

2. Entrance Region Test Section, 

a. Test Section 

The entrance region test section was designed in the 

following 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 was 4" schedule 80 pipe led in turn to another length 

of 1" schedule 80 pipe. The result (see Figure10) was an 

expansion from the 1" to the /1" pipe and then a contraction 

from the 4" pipe to the 1" pipe. The entire test section 

was jacketed and heated in the manner described previously. 

The particular pipe diameters used were selected so that 

the polymer shear rates would be in a range which could be 

obtained with the Weissenberg Rheogoniometer (Model R18). 

In addition, careful attention was also given to the design of 

the . axial.  lengths for the 1" diameter entrance and exit sections 

as well as the 4" diameter enlarged section. • These were all 

checked by estimates made from earlier work on polymer melt.39 '6  

Details are shown in Figures 4:5 and.10. 

A total of 28 pressure tap holes were used. These are 

shown schematically in Figure 6'together with the placement of 

wall temperature taps (9 in number). Tables 1 and II also 

list the positions of the various taps. The pipe entrance and 

exit regions had five different pressure tap holes symmetrically 

at various axial and radial positions. (See Figure 7). The 

placement of the pressure taps was paZrtially based on the 

earlier work of La Nieve34 and a desire to maximize information 

concerning entrance and exit flow behavior for molten polymer 

systems. 

Pressures were measured with transducers manufactured 

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 POSITION OF PR7]SSURE HOLES IN 

THIS ENTRANCE REGION 

TAP NO. X(in) . Z(in) 

P1 1.931 -20.000 
=, 

P2 (T5) 1.931 -8.000 

P3 1.931 

P4 450deviation from X axis 12:0000: 

as shown in Fig. 6 

P5 1.2285 0.000 

PG 0.728.5 0.000 

p7 o.785 0.250 

P8 0.4785 1.250 

p9 0.4785 2.250 

p1o(T4) 0.4785 10.750 

0.4785 p11 22.750 

p12(T3) 0.4785 

o.4785 

' 34.750 

p13(T2) 48.000 

P14 0.4785  61.000 

p15(T1) 0.4785 73.000 



?2 

TA  'ALE II POSITION OF PRESSURE HOLES IN 

THE EXIT R7,GION 

TAP HO. X'(in.) 

P1'  

P2'  

P3'  

P4'  

P5'  

(T7) 

1.931 

1.931 

1.931' 

1.931 

45
0 deviation from . X axis 

32.000 

20.000 

8.000 

4 2:::: 

as shown in Fig. 6 

P6'  1.2285 0.000 

F7' 0.000 0.7285 

P8' 0.4735 -0.250 

P9' 0.4785 -1.250 

P10' 0.4785 -2.250 

P11' (T8) 0.4785 -14.000 

P12' 0.4785 -26.000 

P13,  (T9) 0.4785 -38.000 
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oceanographic studies, had a wide range of pressure capability. 

The behavior under varied temperature conditions was not as well 

known. However, the vendor(Louis Johnson) indicated that prior 

experience with temperature was favorabelz. Very favorable aspects 

of the transducers were their relatively low cost and infinite 

resolution. 

System temperatures were measured with iron constantan 

thermocouples placed. as per Figure 6. In addition, each pressure 

transducer unit was itself equipped with a alumel-chromel 

thermocouple. 

b. Pressure Measuring System 

The pressure transducer used was similar to the memory 

core of a computer (Size: 0.070" outside diameter, 0.02" high; 

weight: 0.015 grans)._ The device is a ferrimagnetic transducer 

made of Nickel ferrite which exhibits a property called 

magneto triction. The transducer converts the parameters of 

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

was equipped with primary and secondary winding similar to a 

transformer. When the sensor was embedded into a medium and 

then electrically exerted, pressure forces would act hydro- 

statically in it. These forces caused the volume to decrease 

infinitesimally. The result which was a change in the magnetic 

flux content together with a change in flux content. 



- - 

The latter caused a change in output voltage since 

di5 
E=N dt 

where E = output voltage 

N = numbers of turns 

diVdt = 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 auxiliary system 

supplied the electric current and depicted the output voltage. 

The auxiliary consisted of two fundamental circuits. One was 

an oscillator driver and the other the sense electronics. 

The circuits in the auxiliary operated from ± 15 VDC supplied 

by DC dual power supply. The oscillator operated as a current 

source and supplied a 1 amp., 2.5 sec pulse to the primary 

Winding of the core. The voltage pulse from the sensor 

secondary winding was fed to the sense electronics and the peak 

detect or circuit accepted the voltage pulse. This was presented 

at the output as a DC voltage equal to that of the pulse peak.! 

There were three amplifiers in the auxiliary pulse generator: 

the buffer amplifier, an inverter amplifier and, the high gain 

amplifier. The inverter amplifier simply inverted the output 

so the reader gave zero output voltage at zero pressure. The 

high gain amplifier and associated gain adjust provided amplifica- 

tion of the sensitivity between unity and 100. 

The orifinal transducers as provided needed some provision 
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to prevent the leakage of the molten polymer melt through . 

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

done as follows: First, the four extension wire of the core 

were carefully separated by four teflon tubes of small diameter 

and placed with the core in a stainless steel tube. A commercial 

epoxy resin was used as a seal between the teflon tubes and 

the stainless steel. 

3. 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 of interior wall roughness. 

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 oil circulating unit is given in 

Figure 10. It should be noted that the gear pump unit was also 

heated by oil flowing through a jacket. 

Temperature profile measuring devices were set at various 

axial lenghts in the test section. The first of these at a 

distance 0.525 feet from the gear pump exit and the others at 

3.525, 6.525, 9.525 and 12.525 feet, respectively, from the same 

exit. (See Figure 12.) 
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The temperature profile measuring' deviCe is shown in 

Figure 13. Thermocouples were parallel to the flowing polymer 

and pointed upstream. .This configuration was used because it 

gave excellent dynamic response, thermal „precision and mechanical 

stability. In : addition, flow disturbances and viscous heating 

at the thermocouple itself were minimized. A total of six 

thermocouples were used in each measuring device.. 

The thermocouples were iron-constantan enclosed first in 

hypodermic tubing and then in a stainless steel sheath. Teflon 

packing was used as an insulation between the hypodermic tubing 

and the stainless steel sheath.. This type of thermocouple 

insured against the possibility of errors due to heat conduction. 

The outside 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 than that in 

the other studies of temperature measurement-  in molten flowing 

polymer systems. 

All of the probes were set at different reduced radial 

points .(0.00, 0.186, 0.373, 0.560, 0.746 and 0.931). The pattern 

of the probes when viewed from the position of the flowing 

polymer was spiral-like. Such a pattern meant that there was 

minimal interference of any probe with its neighbors. In addition, 

it should be noted that the spiral pattern was changed at each 

axial length position. 
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Each probe extended 0.5" into the flowing melt. 

This immersion length was determined by both mechanical 
• 

stability and the need to avoid heat conduction errors. 

The combination of the small diameer of each probe, 

the spiral like•iattern for the robes and the pattern 

alteration at each axial length all helped to minimize 

both flow disruptions and viscous heating at the probe. 

This can be more clearly understood by considering the situation 

in More detail. 

First, polymer flow is directed to a very small cylinder 

(each probe). The resultant boundary layer at the probe is 

consequently very small essentially no flow disruption. 

Furthermore, the separation of the probes by the spiral like 

pattern assures that any disruption (although minimal) does . 

not become synergistic. Finally, the alteration of the spiral 

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. Next, the spiral like 

.pattern prevents any cumulative effect of probe viscous heatin 

The axial length ep rations further insure that no probe viscous 

heating effect will be transmitted to the next axial length. 

C. Experimental Procedure 

1. Entrance Region Tests 
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a. Calibration of Pressure Measuring .Systems 

A special metal chamber was made to calibrate the 

transducer (Figure 8). The chamber had provisions for an 

oil pressure inlet, a thermocouple, one transducer, and a 

screw for purging the air in the chamber. The chamber was 

submerged in a silicon oil heat bath to keep temperature 

constant. A dead weight tester was used to supply the 

necessary pressure. 

It was found, however, that oil leaked into the 

transducer because the epoxy resin did not adhere well enough 

to the teflon and stainless steel tubing. The teflon tubing 

was etched:with teflon etching agent and the stainless tube 

with aqua regia to provide better adhesion. However, there 

was still leakage. In fact, 1 extension wire and the 

soldered junction between the extension wires broke because of 

the thermal expansion of the materials and improper protection of 

the wire. Another try was made to seal the gap by using an 

epoxy melt, but again it failed. Finally, a ceramic tube with 

six tiny holes was 'used in place of t e teflon tube. This 

procedure yielded somewhat better results. 

Two types of transducers were calibrated. One had 

core that prestressed with epoxy resin to give high 

sensitivity. This was to be used for low pressure measurements 

(0-500 psi). The other which had no epoxy resin in the core 

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



82- 

Output voltage in both cases was measured by nuTling the 

voltage with a Harrison D.. C. Power Supply at D. C. output 

terminals. 

The following is the actual calibration procedures. 
6 

First, the hot oil bath was heated up to the dedred temperature, 

one of 160°C, 190°C and 220°C. All the instrument were turned.  

on for about 30 minutes to be stabilized. D. C. Dual Power 

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

during the calibration. The calibration started from zero 

pressure. When the cable from the transducer was hooked up 

to the auxiliary read out the reading of the auxiliary read-out 

was fixed at a certain point between 0-100 by controlling the 

referrence adjust. 

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

the auxiliary read out through the pulse output. By adjusting 

the applied voltage the needle of the auxiliary read-out was 

brought up to the samepoint fixed previously. The a plied voltage 

was read for the zero preesure m D. C. Digital Power Sup ply. 

In the same way the equivalent output-voltage for.  250 psi 

was recorded and all the way up to 2000psi by 250 psi increment'.". 

The temperature was checked for each pressure measurement. 

Considerable difficulty was encountered in calibrating 

the transducers. The needle of the auxiliary read-out drifted 

continuously. A check of the various system combinations showed 

that the problem seems to lie in the -cable linking the sensor 
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and auxiliary. Replacement of the cable did not alleviate 

the problem. A typical set of data are shown in Figure 9. 
• 

As can be seen, results shifted considerably over a given time 

period. 

Continued r-allts of the type found in Figure 8 led to 

• the conclusion that there was some change in the actual core 

behavior during calibration. A modified calibration chamber 

was r.,ade to test a total of fifteen transducers during ono run. 

The curves still shifted. - Attempts were then made to fill the 

transducer with polymer melt. This too proved unsuccessful. 

Finally, it was decided to calibrate the transducers in place 

after each run in the test device itself. 

b. Actual Test Procedure  

The first step in the procedure was to heat the test 

section to the desired level. This was done for a period 

of five hours so to attain steady state. In this procedure 

the oil circulating pump was started and all available heaters 

were turned to full power. After steady state was attained, 

a thermoregulator was found to be able to control the temperature'. 

The section between the extruder and the gear pump was heated with 

high temperature electric tape. 

Next, the extruder and gear .1pump combination was started. 

The pressure between the extruder and gear pump was maintained at 

500 psi. It took approximately fifty minutes to replace the 
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polymer melt in the test ction with a flow rate of 225 

grams/minute. 

When the system was operating on a steady state basis, 

temperatures and pressures were recorded.t In addition, frequent 

checks were made of the weight rate of flow. At each flow rate 

. several repeat measurements of temperature and pressure were 

made. Calibration checks were made of the pressure transducers 

following each run. 

2. Heat Transfer Experimental Procedure  

The experimental procedure used in the present work is 

described below. 

Before any measurements were made the thermocouples!Were 

all calibrated. This was done in hot oil, boiling water, at 

the ice point and at room temperature in isolated and closed 

units. A potentiometer was Used to determine the temperatures. 

This instrument had a sensitivity of 0.00001 volts. 

Prior to actual heat transfer studies a considerable amount 

of preliminary work was necessary. One of the initial steps 

was to bring the entire system up to ter.perature. This was 

done by starting the oil circulating pump (Figure 10) and turning 

on all availabel electrical heaters to full power. After steady 

state was attained:in the -Oil system, a- thermoregulator was found 

. to be able,t.o acceptably control the temperature.- As was noted 

earlier, the -oil jacketed system heated not only the flow test 
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section but also the gear pump. The section between the extruder 

and gear pump was heated with high temperature electrical tape. 

Temperature was also brought ur both in the extruder 

and the line segment between it and the gfar 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 especially important to synchronize the speeds 

of the metering pump and extruder so that.there was neither 

bubbling in the polymer flow nor an accumulation. This process 

was aided by observing the extruder pressure gages and another in 

•the line between the extruder and gear nu p. 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 and checked at the multipoint 

switch boxes. Next, all wall temperatures, oil heat exchanger 

temperatures, gear pump jacket temperatures were checked. When  

no serious fluctuations were observed, thermocouple readings were 

taken. At one flow rate thirty profile thermocouples, the wall 

-thermocouples and a thermocouple for average inlet temperature 

were all read in continuous rounds of readings. Flow rate was 

then changed and the sy stem was brought to steady state before 

another set of readings was made. 

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. 
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D. Materials and Equipment 

1. Materials 

Polyethylene 

El Rexene-low density polyethylene, type PE 107, pellets, 

lot f C-11857, melt index 1.0 gr/10 min., gr. 0.920 at. 

room temperature, elastic modulus 18,500 psi 

Dart Industry Inc. -Pexall Chemical Co., Paramus, N. J. 

This low density polyethylene was chosen for the study of inlet 

flow behavior and used throughout the experiment. 

Polymethyl Methacrylate 

Plexiglas Vii 100, pellets, density 74.2 lbm/ft-  at 23°C 

melt index 4.0 gr/l0min. at condition H, Flow Temperature 284°F 

Rohm and Haas Co., Philadelphia, Pa. 19105 

Used for the study of heat transfer 

Mobiltherm 600 

Sp. gr. at 2.12°F2oF 0.90, B.P. 760°F, Flash Point, coc 360°F,  

specific heat 0.580(500°F) Btu/lb °F 

Mobil Oil Corporation, N.Y., N. Y. 10036 
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Used as heating medium in the heating unit. 

Other materials used:  

Thermocouple vire, Iron-Constantin and Chromel-Alumel, 

• 316 stainless tube, Swage qock, ceramic tube of 0.070" with 

6 bores, 36 gage lead wire, shrinking tube, Bendix connector, 

Teflon tube, epoxy resin, insulation materials, pipes, 

fittings and valves. 

2. Apparatus and Equipment 

Extruder  

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

r.p.m. 30/132 

Prodex Corporation, Fords, N. J. 

To melt the polyethylene and push it to the test section. 

Variable Speed Transmission  

Input r.p.m. 1750, output r.p.m. 230-0, Model No. 250 MR 2.8, 

Serial No. 39058688 

Graham Transmission Incorporation, Menomonee Falls, ' s. 
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To vary the gear pump rotation so that it can control the 

flow rate of the melt. 

Motor 

r.p.m. 1725/1425, 1.5, 220v, 3P11, 60Hz 

Doerr Electric Corporation, Cedarburg, Wiscon 

To run the Variable ,Specd Transmission 

Zenith Two Gear Fixed Mounting Hot Pump 

Type HLB 4729-20, 20cc/rev, 

Zenith Products Co., Jest Newton, Mass. 

To mix uniformly the polymer melt from the extruder and 

for prevent the flow fluctuation. 

Electric Heating Tare 

1172105-Type H, 1" with x 6" length, 230v, 864w 

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

To heat the :Ape between the extruder and the gear pump. 
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Rupture Disc 

3/16" solder type, bursting pressure 3783 psig at 72°F, 

(est. 3556 psig at 525°F), Tag A 2319-2, Date 3-6-70 

Pike Metal Products Co., North ftainfield, N.J. 07060 

Installed between extruder and gear pump for safety. 

Tachometer 

Zero-Max Tachometer, two speed ranges 0-100 and 0-500 r.p.m. 

Mod. No. 3-215 

Zero-Max Company, Minneapolis, Minn. 

To synchronize the r.p.m. of gear pump and extruder. 

Worthington Rotary Pump 

20 cc rev., 15 GPM, Yodel No. 3Ga 8771B 

Worthington Corporation, Harrison, N. J. 

To supply and circulate mobiltherm 600 throughout the equipment. 
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Immersion Heaters 

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

unit to make 6 Kw. 

Fisher Scientific Co. 

To supply the necessary heat to the oil, Mobiltherm 600. 

Centur Squirrel-Caac-e Induction Polyphase Motor  

r.p.m. 1755/1460, hp 2, 220-440v, 60Hz 

Gentry Electric Co., St. Louis, Mo. 

To run the oil circulating rotary pump. 

Triple Beam Balance  

Max. Cap. 2610 gr 

Ohaus Scale Corp., Union, N. J. 

To weigh the melt bar which were cut at certain time interval. 

Flow rate was calculated from the result. 
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Potentiometer  

Type K-3, Catalog No. 7557-A 

Leeds and Northrup, Philadelphia, Pa. 

To measure the wall temperature. 

Temperature Bath 

Model H-1 High temperature bath 

Cannon Instrument- Co., State College, Pa. 

To keep the temperattlre constant of transducers during calibration. 

Dual D. C. Power Supply 

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

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

0.400 amps. 

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

To supply t a5 VDC to System 2000 
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D. C. Differential Voltmeter/Ratiometer 

Ranges: 4- 1V, ±100V and t 1000V 

Resolution: 6 digit readout yields resolution of 1ppm of range 

Models 3420B 

Accuracy:,  30day : ±(0.002% of reading + 0.0002% of. range) 

at 23°C ± 1°C 

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 Supply 

Model 6112A 

Input: 105-125/210-250 VAC, Lingle phase, 48-63 Hz, 0.5A, 52w 

output:0-40 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. 



99 - 

System 2000  

Meter Scales: 0-100%, 0-5 VDC 

Output: 0-5 DC volts, FS, pulse 1.5 voltsnominal 

Power Input 4- 15 VDC ± 0.2 v, 50 ma 

International Technical Industries, Santa Cruz, Calif. 95060 

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

certain pressure by supplying and receiving signals to and 

from the transducer. 

Transducer (Sensor 500), 

Repeatability 0.5% FS, Resolution infinite, size 0.05" ODx 

0.03" IDx0.01, weight 0.0015 gr. 

International Technical Industries, Santa Cruz, Calif. 95060 

-To sense the pressure in the medium. 

Ashcroft Dead Weight Gauge Tester 

Range 0-2000psi, pressure increment step 250 psi 

Manning, Maxwell & Moore Inc., Stratford, Connecticut 
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To calibrate the transducers. 

Hypodermic Tuliinp, 

Stainless steel hypodermic needle tubing, eight wall. 

0.0623 in. I. D., 0.0630 in. 0. D. 

Becton Dickinson Co., Rutherford, N. J. 

Used to reinforce the profile thermocouples and prevent 

bending. 

Multi-Point Thermocouple Switch Box 

24 point for thermocouple connections, model No. 3311353. 

Thermo Electric Co. Inc., Saddlebrook, N. J. 

Used to connect all the thermocouple extension wire to the 

.potentiometer. 

Profile Thermocouples 

Iron-Constantan, grounded Conax thermocouples, stainless steel 

sheath, 0.0625 in. 0.D., Model No. J-ss6-G-PJFC-6. 
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Thermo Electric Co., Inc., SacIdlebrook, N.J. 

Used to measure the radial temperature of flowing polymer. 
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IV. RESULTS AND DISCUSSION 

A. Entrance Region Studies 

1. " Results 

Typical results for the entrance region tests are 

given in Tables III through VI. The pressure data calibrations 

are given in Figures 15 through 20. As can be seen, the results 

are inconclusive. Note in certain cases no pressure was 

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

In addition, the pressure behavior follows no meaningful pattern. 

The continued difficulties indicate that the pressure measuring 

system is not capable of being used in molten polymer systems. 

2. Discussion 

As noted previously, the pressure results simply do not. 

make sense. In attempting to determine error sources only 

two possibilities seemed to exist. One the effect of 

temperature, the other the devices' and instrumentation. 

The response range on span and imv-equivalent pressure 

for each transducer in the range of 0-2000psi are shown in 

Table VII for further discussion. 
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TABLE III PRESSURE MEASUREMENT HE FIRST RUN 

Flow Rate: W = 211 gr/min 

Shear Pate: 3.7/sec 

Position Transducer Consecutive Output Volta Equivalent 

No. in No. Press. from 

Fig. 6 Fig. 15 &16 

P2 N-1 2.4660 2.4563 2.4552 2.4544 2..4536 2.4534 600 

P4 .N-4 2.6423 2.6329 2.6350 2.6460 2.6342 2.6375 None 

P5 N-6 3.1623 3.1700 3.1676 3.1800 3.1800 3.1798 None 

P6 0-1 2.1158 2.1204 2.1160 2.1086 2.1112 2.1000 700 

P7 N-7 2.7744 2.7730 2.7742 2.7717,  2.7627 2.7523 200 

P8 N-8 3.3862 3.3838 3.3767 3.3913 3.3830 3.3830 None 

P9 0-2 2.0753 2.0833 2.0810 2.0753 2.0658 2.0600 1250 

P10 N-3 2.2981 2.2971 2.2958 2.2914 2.2934 2.2954 None 

(psi) 
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TABLE IV TEMPERATURE MEASUREMENT OF TIE FIRST RUN 

Flow Pate: 225 cr/min. 

Shear Rate: 3.7/sec 

Position No. 
in-Fic. 6 

Temperature measured consecutively °F
. 

 

P1 430.6 431.0 431.0 429.2 427.6 424.6 

423.3 422.3 423.0 424.3 -424.5 430.3 

430.3 424.3 424.6 424.0 424.3 424.0 

T5 427.3 427.3 427.3 427.0 425.6 424.0 

421.3 420.2 418.2 419.6 420.3 420.6 

420.6 421.0 421.0 420.7 420.6 420.6 

T4 429.4 429.2 429.3 429.4 427.0 421.7 

423.0 421.5 420.0 422.0 422.3 423.0 

422.6 423.0 420.7 420.6 420.6 420.3 

P11 423.3 423.3 423.0 422.6 421.6 420.6 

413.5 418.2 417.6 • 418.5 419.0 419.3 

419.3 418.5 418.3 418.2 '418.0 418.0 
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TABLE V.PRESSURE MEASUREMENT OF T_B SELOND RUN 

Flow Rate: 225, min 

Shear Rate: 5.7/sec 

Position Transducer Consecutive Outlmt Voltage(mV) Equivalent 

No. in • No. . and Temperature(°F) Press. from 
Fig. 6 Fig. 17-20(psi) 

P13' N-6 .3.1100 3.1040 3.1030 3.0963 3.0950 3.0958 1200 

°F 425.5 425 425 425 424.5 424 

P2 N-1 2.4024 2.3824 2.3860 2.3892 2.3863 2.3e52 None 
Op 

422 422 421'.5 421 422 421.5 

P6 0-1 2.0395 2.0392 2.0360 2.0392 2.0386 2.0396 500 
of 

429.5 430 429.5 429.5 429.5 429.5 

P7 N-7 2.7100 2.7066 2.6991 2.6960 2.6912 2.6936 670 

°F 424 424 424 424 424 424 

N-4 2.5310 2.5750 2.5702 2.5722 2,5660 2.5652 790 
oF • 423 423 423 423 423 423 

P9 0-2 2.0164 1.9992 1.9990 2.0090  1.9972 2.000 110 
of 

422.5 423 423 423 423 423 

P10 N-3 2.2410 2.2300 2.2254 2.2250 2.2237 2.2230 1050 
o_ 

Nore: Temperature and Pressure were measured at the same time. 
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TABLE VI TEYPERATURE MEASUREYiENT OF TIE SECOND RUN 

Flow Rate: 225 Er/min 

Shear Rate: 3.7/sec 

Position No. 
• in 6 

Temperature 41 the Axial DireotiOn 

TO 423.6 423.3 424.3 

L;.21,..7ml  425.7 425.3  
T2 421.7 422.3 422.7 

T3 423.3 423,0 424.0 

Pll 526.3 426.3 426..7 426.0 426.3 426.3 

426.7 427.0 426.3 426.7 

T4 422.0 422.2 422.6 

T5 425.0 425.3 425.6 

T6 422.0 422.0 422.7 

T7 4l6.3 416.3 417.0 

T8 424.6 424.7 425.0 

T9 423.0 423.2 423.6 

T10 412.3 412.6 413.0 

.TII 417.0 417.3 418.0 

T12 429.6 420.6 420.2 
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TABLE VII SPAN AND lmv-EqUIVALENT PRESSURE 

Transducer N-1, 11-2 N-3 - N 4 N-6 N-7 N-8 0-1  0-2 

No. 

Span(uv) 277 153 169 315 281 51:6 325 258 284 

lmv = psi 7.23 13.0 11.9 6./' 7.1 3.7 6.2 7.8 7.1 

The possible effect of temperature was checked by 

determining the thermal sensitivity of the transducers at atmospheric 

pressure.. ReSults of this testing are-given'belew and in.Figure 21, 

TABLE VIII PRESSURE EQUIVALENT TO 1°F 

Transducer 

N 0 . 

N-6 N-1 

Temperature 329.5-317 357.3-340.5 374-360.5 
Range F 

T 12.5 16.8 13.5 

T/50=°F/% 0.25 0.336 0.27 

1°F %. 4.0 2.98 3.7 

Equivalent my 2.40 1.79
, 

 2.22 

(1% = 0.6mv) 

Equivalent Press. 17.0 11.5 16.0 

from Table VII psi 

On the basis of these data a 1°F error in temperature 

could yield a 10 to 30psi error in pressure. It should be added, 
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however, that temperature errors are not too likely since 

considerable attention had'veen directed to perfecting this 

technique in an earlier study 51  

Other errors could have resulted from the transducers 

and auxiliary system. For exalule, when the D.C. digital 

power supply was checked with a D.C. digital voltmeter it was 

found that the error developed could be as large as 2 mv, 

(roughly 15-30- psi). 

While the errors that could develop from either thermal 

effects or equipment -problems are sizable, they cannot even if 

cumulative account for the large deviation found in this work. 

The only conclusion that can be reached is that the ITI 

device simply cannot be. used under the severe conditions of 

a flowing polymer melt. This incidentally has been a common 

failing of most pressure transducers that have been proposed for 

such.  systems. 

A possible way out of the problem- is .to use a device 

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

The device is rugged and insensitive to temperature. 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 Flowing Thermally Softened Polymer Systems 

a. Results 

A large amount of data was accumulated for a thermally 

softened polymethylrlethacrylate(PleXiglas VM 100). 

Table IX shows raw point tempo ature data for this 

material at a flow rate of 155.5 gm/min. and an axial length 

of 0.527 feet. These data are typical of the measurements 

made with the apparatus of this investigation. Note the 

precision of the point temperatures for the repeated runs. 

This precision is especially significant since the experimOtal 

situation should be the worst possible case (short axial length, 

low flow rate). The reproducibility of the point temperatures 

also demonstrates that no free convection occurred during the 

tests. 

Temperature profile curves are shown in Figures 22 through 28. 

The data are plotted as dimensionless temperature -T1 

versus reduced radius, r • Where: 
Tw-911 

r = point radius 

R = tube radius 

T = Point temperature at r 

T1 = average inlet temperature 

T = wall temperature 
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Each graph is at a given weight flow indicated on the 

figure. The narameter for each of the curves is the Graets 

wC 
number 

hL 
Where w = weight flow rate 

C = polymer s specific heat 

k = thermal conductivity 

L = acial length 

Table IX 

Flow Rate = 193.5 grarls/minute 

Axial Length = 3.560 ft. 

Test 3 Test 4 

= 
o ,35oF T 

. 
( - 434.7 F (Tinlet inlct - 

= 467.7°F) o Twall Twall = 467.0 F) 

Reduced Radius T °F point T . °F no2.1.1,‘ 

0.000 447.2 447.2 
0.186 447.3 447.0 
0.373 448.2 448.0 
0.560 451.2 451.0 
0.7t!6 456.8 456.3 
0.931 467.7 467.8 
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b. Discussion 

Each of the figures is at a constant weight flow rate 

(varied from 180.9 to 477.0 gm/min). Asa result, each of 

the curves on a given figure represents a different heat 

transfer axial length. The lowest curve is measured 0.527 feet 

from the gear pump. The other curves are at 5.560, 6.600, 

9.560 and 12.600 feet, respectively. Likewise, since Graetz 

number is inversely proportional to length, the lowest curve 

represents the highest Graetz number. and the top curve the 

lowest value. 

The overall pattern given by any set of curves represents 

the development of the temperature profile with increasing 

axial length at a constant flow rate. As would' be expected, 

point temperature at a given reduced radius increases with 

increasing axial length. 

It can also be seen that a point temperature at a constant, 

r/P, and axial length decreases with increasing weight flow rate. 

This occurs because of the decrease in residence time with 

increasing flow rate. 

Certain other aspects of the curves in Figures should also 

be noted. These are: 

1. Temperature profiles at the 0.525 foot length are almost 

. flat. (Most temperature change occurs at the wall.) 
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2. A depression in temperature at the center of the 

tube (r/R from. 0.0 to 0.0 occurs. 

3. A peak in temperature appears near the wall. 

The almost flat profiles ,occurring at the 0.525 foot 

length show that the temperature profiles is not developed at 

this axial length. It also 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 

foot length to that predicted from Kay's correlation. 
51 

The correlation, when extended to non-Newtonian fluids, 

predicts entrance lengths of 10-2 to 10-1 feet for develoment 

of temperature profiles for the flow conditions of Figures 22 

through 28. As can be seen, the actual length required is at 

least an order of magnitude Greater than the correlation value. 

Before considering the other two aspects of Figures 

(center depression and peak near wall), mention should be made 

of the factor of viscous dissipation. This factor depends on 

the dissipation function, 0v , which in cylindrical co-ordinates 

for Newtonian fluids is 

f sVr 2 i DV° 
13V 2 "a 'T -( r)32 -;.)2  

1. A4t(-gy 

   

'Dvr \z 
DE 

(163) 

    

    

t (__L?Vr Ve N •12 1 
C r -Ter 4" DT( i—r-)J J 
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where Vr, Ve , Vz = radial, angular, axial velocity components 

r, = cylindrical co-ordinates 

= viscosity 

For a non-Newtonian fluid that obeys the power law 

(1) 

(where T= Shear stress; K = consistency index; 

n = power law index) and in which there is only axial flow 

Vz I 71." -31.4 
(164) 

As can be seen the dissipation factor is directly 

proportional to the velocity gradient raised to a power greater 

than unity. This means that heating due to viscous dissipation 

will be the greatest near the wall(steep velocity gradient) 

and least in the center (shallow velocity gradient).- 

An additional factor which must be taken into consideration 

is fluid thermal expansion. If a fluid has a significant 

thermal expansion actual cooling can occur. 

Now consider the shape of the temperature profile curves 

in light of the foregoing. In the tube center heat generation 

by viscous dissipation is small and as a result is easily 

removed by the thermal expansion process. Furthermore, this 

process serves to further flatten the fluid velocity profile 



compared to values computed by Toor55 constant Brinkmannumber, 

T
1
- T 

- 12! - 

which decreases even further the viscous heatins. The net 

result is that'therm 1 expansion can ultimately depress the 

center line temperature. 

Next, in the region near the wall viscous dissipation 

is at a maximum. As this effect builds up, heat is transferred _ 

to the main body of the fluid. Howev,..r, owing to the poor 

fluid thermal diffusivity, the -00r ture builds up until it 

actually peaks. 

The effect of viscous dissipation can be demonstrated in 

another way. Consider Figures 29 and 30, where a reduced 

temperature T - T w  is plotted versus reduced radius and 

The Brinkman number 

ker 
riv '77 

KR (377 *OCT; -TO 

(where Vt, wall shear stress, C1 
= constant) is a measure of 

viscous disbpation, 

As can be seen, the experimental data fall between the 

curves for zero viscous dissipation (3* = 0.0) and the value 

of B* = -0,5.near the wall. This demonstrates that viscous dissipation 

is clearly .important in flowing; molten polymer systems. The Failure 

of earliere studi e,22,23,60 to find large viscous dissipation 

effects may have been due to low flow rates especially since 

the present work attained flows several times those of earlier 

studio  
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Attention should also be directed to the earlier work 

26' 
of Gee and Lyon. These investigators solved the equations of 

motion and ener gy for heat transfer to a flowing thermally 

softened polymer (Lucite14° also a polyme:thylmothancry, 2.te). 

Figure 31 shows a predicted to ,-oratu e As can be 

seen, tie slope closely _reserbles that found in the present work. 

This would indicate that the Gee--Lyon solution is at least 

qualitatively correct for heating of flowingthem ally softened 

polymers. 

2. Cooling of Flowing Thermally Softened Polymer Systems 

a.. Results.  

Data was also taken for the case where the flowing 'polymer 

system was cooled. Table X shows raw data for a ty-,-ical 

temperature profile. These data are for a flow rate of 197.8 

grams/minute and an axial length of 0.527 feet. 

As with the heating case the situation ought to be the 

worst possible case (short axial length, low flow rate) in terms 

of precision. However, as can be seen, the results are reproducible 

and quite precise. 

Plots of the data as temperature profiles are shown in 

Figures 32 through 37. 
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Table X 

Flow Rate = 197.8 grams/minute 

Test 28 (Tiniet =423; Test. 29 (T.ini et =424'3 

=384.2) T =.,65.3) Twall wall 

   

Tp 
T 

oF 
oint' F poidat' 

  

Reduced 
Radius 

    

        

        

        

        

0.000 /1-42.0 442.7 

0.186 k42.o 442.7 

0.373 444.8 445.3 

0.560 4)+0.6 441.2 

0.756 '129.4 430.3 

0.931 387.0 700 .) ,.- .J00 

b. Discussion 

Attention should be called to the ordinate of the temperature 

Hrafi riots. The denominator of the reducedtemperature 

(Tw-T1
) will always be negative. Hence, the more negative 

T-91  
.the numerator (T -T1

), the more positive- the ratio - 1  

T - wT 1 

This means that the highest positive reduced temperature values 

are actually the coolest pasts of the stream. 

In Figures 32 through 37 it can be seen that polymer cooling 

is a function of axial length. That is, maximum cooling is 
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found at the longest axial length. This behavior is as 

would be expected. The longer the residence time (i.e., longer 

axial length at constant flow rate), the more cooling that 

takes place. In addition, a s flow rate increases cooling 

decreases at any given axial length. This again taffies place 

• because of reduced residence time. 

The shapes of the profiles in Figures 32 through 37 also 

deserve comment. Unlike the case for heating no special 

occurrences seem to be evident. There appears for example to 

be a greatly reduced effect of viscous dissipation. This can 

be explained because of the alteration "of the velocity profile 

(see Figure 38). As can be seen, the change in profile near 

the wall Will greatly reduce any viscous heating effects. 

Furthermore, the colder wall will readily act as a heat sink for 

any viscous heating that- does occur. The net result is the 

type of smooth temperature profile seen in Figures 32 through 37. 

Attention should once again be directed to the work of 

Gee and Lyon.2 In Figure 31 plots of their predicted temperature 

profiles for cooling are shown. As can be ,seen, their curves are 

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

further reinforces the study of Gee and Lyon. 
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Recommendations  

Future study should be directed to the stress and velocity 

field in the eAtrance region using a proper instrument such as 

strain gage or by another approach such as birefringent or 

tracer technique. 

It is recommended to study the flow behavior such a manner 

that the result could be correlated to the physical properties, 

nornial h-treSs. differences, and molecular structure. 

It is emphasized to control More accurately the boundary 

conditions of the test section. For example to keep the wall 

temperature essentially constant it is one way to increase the 

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

piece of the'test•Section separately. 

For the study of heat transfer it would be helpful 4 

do the experiment in different conditions, i.e., polymer inlet 

temperature and the wall temperature should be same to investigate 

the true viscous heat generatibn. It would be another 

fundamental study to find the heat transfer coefficient of the 

polymer melt under certain conditions. 

There should be some improvement in measuring the te,f1 erature 

so that the axial and radial temperature could be recorded 

continuously and at the same time. 

It is possible to shorten the time needed to heat up the 

whole system by changing the heating coils with the ones which can 

supply more :neat per unit time.  
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• V. COI CTU IONS  

In this investigation an apparatus has been developed 

to study the entrance region flow behavior of non-Newtonian 

fluids, especially for polymer meltsby measuring the pressure 

drop. Although it has left many problems to be solved, a 

new pressure sensing device was tried to measure the pressure. 

Total length of the test section was fifteen. feet and 

inside diameters of small and large pipes were 0.957" and 

3.826" respectively. Operating temperature was 425°F. Flow 

rate was 225 gr/iliin. Pressure range in calibration was 0 

to 2000 psi. 

A heat transfer to molten flowing polymer was ed  

in a heat exchanger of 15 feet and of 0.957 inch I.D. Polymer 

-inlet temperature was controlled between 4.20°F to 440°F both 

in heating and cooling experiment. Oil temperature at the 

melt inlet was maintained by 30°F difference lower and higher 

for the experillients'of cooling and heating effects. 

Heat transfer lengths from inlet to the axial position 

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/P = 0.000, 0.186, 0.373, 0.560, 

0.746, 0.931 and 1.000. Flow rate range were from 158.6 to 

477.0 gr/min. 

1. It was tried to develop an apparatus to study the entrance 

and exit flow behavior. 

2. Temperature profiles at the 0.525 fobt-length were almest. 



flat. (Most temperature change occurs at the wall) 

3. A depresslon'in temperature at the center of the tube 

(r/IR from 0.0 to 0.4) occurred. 

L;.. L. A peak in temperature appeared near the wall when heating 

the polymer melt. 

5. When cooling the polymer melt there appeared to be a 

greatly reduced effect of viscous dissipation due to 

the alteration of the velocity profile and heat transfer 

to the cold wall. 

6. The polymer melt at the center of the tube could feel 

the wall temperature which was 30
o_ lower -than the inlet 

polymer temperature at a Graetz number less than 22.L. 



Two separate experimental device were required for 

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

- in molten polymer- systems and the other to investigate the 

transfer of heat to thermally softened flowing polymer 

systems. 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 be 

consisted of the pressure measured at different axial and 

radial positions.. It was concluded from the literature survey 

that most of the pressure drop in the case of molten polymer 

system occurs just before the entrance and that the polymer 

exhibit excess normall stress caused by the contraction to some 

distance of downstream. To verify this entrance effect a new 

technical device was tried to measure the pressure drop, but 

unfortunately it was not successful. 

A temperature profile of polymethylmethacrylate were 

obtained for several flow rates at different. axial -3.nd radial 

positions of one inch Schedule 30 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 melt. When cooling the polymer 

there appeared to be a greatly reduced effect of viscous 

dissipation due to the alteration of the velocity profile and 

heat transfer to the cold wall. 



- 142 - 

VII.. BIBLIOGPAPHY 

1. Astarita,'G. and G. Greco, "Excess Pressure Drop in Laminar 

Flow Through Sudden Contraction(Newtonian FluidW, Ind. 

Eng. Chem. Fund., 7, 27 (1968) 

2. , and , "Excess Presure Drop in Laminar 

Flow Through Sudden Contraction (Non-Newtonian Fluids)", 

Ind. Eng. Chem. Fund., 7 595 (1968) 

3. Bagley, E. B.,"Hookets Law in Shear and Polymer Melt Fracture", 

J. App?. Phys., 31, 1126 (1960) 

4. , "The Separation of Elastic and Viscous Effects 

in Polymer Flow", Trans. Soc. Pheol., 5, 355 (1961) 

, and A. M. Birks, "Flow of Polyethylene into 

a Capillary", J. Appl. Phys., 31,556 (1960) 

.6. , S. H. Storey and D. C. Vest "Post Extrusion 

Swelling of Polyethylene", J. App?. Pol. Sci., 7, 1661 (1963) 

7. Beyer, C. E. and R. B. Dahl, "Measurement of Heating Capacities 

of Injection Molding achines", Modern Plastics, 30, 124-30, 

204 (1952) 

3. Bernhardt, E. C., "Processing of Thermoplastic Materials", 

Reinhold Publishing Co., N.Y., N.Y. (1959) 

9. Bird, R. B., "Viscous Heat Effects* in Extrusion of Molten 

Plastics SPE, 11, 35 (1955) 

Stewart, and E. N. Lightfoot, "Transport 

Phenomena", Wiley, New York (1960) 

11. Boles, R. L., H. L. Davis and D. C. Bogue, D. C., "Entrance 

Flows of Polymeric Materials: Pressure Drop and Flow Patterns", 

Poly. Eng. Sci., 10, 24 (1970) 

10.  



-143- 

12. Bogue, D. C., "Entrance Effects and Prediction of Turbulence 

in Non-Newtonian Flow", Ind. Eng. Chem., 51, 874 (1959) 

13. Boussine.sq, J. V., "Sur la Manire dont les vitesses, dans 

un tube cylindrique de section circulaire, evas6 a son entree, 

se distribuent depuis cette entree jusqu'aux endroits oil se 

trouve etabli un regime uniforme", Compt. Rend. 113, 9-15 

(1891) 

14. Brinkman, H. C., "Heat Effects in Capillary Flow", Appl. Sci., 

Res., A2, 120 (1951) 

15. Campbell, W. D., and J. C. Slattery, "Flow in the Entrance 

of Tube", Trans. A. S. M. E. J. of Basic Eng., 85, 

Series D, 41 (1963) 

16. Chong, J. So., E. B. Christiansen, and A. D. Baer, "Flow of 

Viscous Fluid Through a Circular Aperture", 15, 369 (1971) 

17. Christiansen, E. B. and H.. E. Lemmon, "Entrance Region Flow", 

A.I.ChE, 11, 995 (1965) 

18. Chu, C. S., M. S. thesis, UniVersity of Tennessee, Knoxville, 

Tennessee (1965) 

19. Collins, M. and W. P. Schowalter, "Behavior of Non-Newtonian 

Fluids in the Entry Region of a Pipe", A. I. ChE. t%, 

9, 804 (1963) 

20. Dodge, D. W., Ph. D. thesis, "Turbulent Flow of Non-Newtonian 

Fluids in Smooth Round Tubes", University of Delaware, Newark," 

Delaware (1957) 



- 144 - 

21. Drew,.T. B., J. J. Hogan, and W. H. McAdams„"Heat Transfer 

in Stream Line Flow", I. E. C., 23, 936 (1931) 

22. . Forsyth, T. H. and N. F. Murphy, "Experimental Measurement 

of Temperature Profiles of Molten Flowing Polymers in a 

Heat Exchanger",Poly. Eng. Sci., 9, 1, 22 (1969) 

23. and , "Temperature Profile of Profile 

of Molten Flowing Polymers in a Heat Exchanger", A. I. ChE. 

J., 15, 5, 958 (1969) 

24. Foster, G. N., N. Waldman and R. G. Griskey, "Pressure-Volume-

Temperature Behavior of High Density Polyethylene", J. of 

Appl. Pol. Sci., 10, 201 (1966) 

25. Galt, J. and B. Maxwell, "Velocity Profiles for Polyethylene 

Melts", 41, No. 12, 115 (1964) 

26. Gee, R. L. and J. B. Lyon, "A Nonisothermal Flow of Viscous 

Non-Newtonian Fluids", I. E. C., 49, 956 (1957) 

27. Goldstein, S., "Modern Developments in Fluid Dynamics",. 

Vol. 1, P299-308, Dover, N. Y. (1965) 

28. Graetz, L., Ann. Physik, 18, 79 (1883) 

Drew, T. B., "Mathematical Attacks on Forced Convection 

Problems", A Review, Trans. of the A. I. ChE, 28, 55-71 (1936) 

29. Griskey, R. G. and I. A. Wiehe, "Heat Transfer to Molten Poly-

mers" A. I. ChE. J., 12, 308 (1966) 

30. Han, C. D., M. Charles and W. Philippoff, "Measurement of the 

Axial Pressure Distribution of Molten Polymers in Flow Through 

a CircUlar Tube", Trans. Soc. Rheol., 13: 4, 455 (1969) 



- 145 - 

31. Han, C. D., M. Charles,'and W. Philippoff,.."Rheological 

Implications of the Exit Pressure and Die Swell in Steady 

Capillary Flow of Polymer Melts", Trans. Soc. Rheol., 

14:3, 393 (1970) 

32. Kreith, F. and Eisenstadt,,,R., "Pressure Drop and Flow 

Characteristics of Short Capillary Tubes at Low Reynolds 

Number", Trans. A. S. M. E., 79, 1070 (1957) 

33. Langhaar,.H.L., "Steady FloW in the Transition Lenght of a 

Straight Tube", J. Appl. Mech, 9, No. 2, A55-9 (1942) 

34. La Nieve H. L., M.S. thesis, "Entrahce Effects in Non-

Newtonian Pipe Flow", University of Tennessee, Knoxville, 

Tennessee (1963) 

35. La Nieve, H. L. and D. C. Bogue, "Correlation of Capillary 

Entrance Pressure Drops with Normal Stress Data", J. Appl. 

Pol. Sci., 12, 353 (1968) 

36. Lyche, B. C. and R. B. Bird, "The Graetz7Nusselt Problem 

for a Power-Law non-Newtonian• fluid", Chem. Eng. Sci., 

6, 35 (1956) 

37. McKelvy, J. M., "Polyther Processing", .john Wiley and Sons, 

Inc., New York (1962) 

38. Metzner, A. B., "Advances in Chemical Engineering", Vol. I, 

Academic Press, New York (1956) 

39. , E. Lucille Carley, and I. K. Park, "Polymeric 

Melts", Modern Plastics, 37, No. 11, 133 (1960) 

40. , E. A. Nobler and C. F. Chan Man Fong, 

"Converging Flows of Viscoelastic Materials", A. I. ChE. 

J., 15, 750 (1969) 



146 — 

41. Middleman, S., "The Flow of High Polymers", Interscience 

Publishers, New York (1968) 

42. Perry, J. H., Chemical Engineer's Handbook, 4th Edition,. 

McGraw Hill.- 

43, Philippoff, W., and F. H. Gaskins, "The Capillary FYperiment 

in Rheology", Trans. Soc. noel., 2, 263 (1958) 

44. Roscoe, R., "The Flow of Viscous Fluids round Plane Obstacles", 

Phil. Hag., LEO, 338 (1949) 

45. Sampspn R. A., Phil. Trans. Roy. Soc., 182A, 449 (1391) 

46. Schiller L., "Die Entwicklung der laminarion 

Geschwindigkoitsverteilung.und ihre Bedeutung fur 

Zahigkeitsmessungen", Z. Anger. Mathematik and Mechanik 2 

94-106 (1922) 

47. Skelland, A. H. P., "Non-Newtonian Flow and Heat Transfer", 

P122-128, Wiley, N. Y. (1967) 

48. Tomita, Y., "On the Additional Loss at the Entry of a Pipe in 

the Case of Non-Newtonian Laminar Flow", Trans. JSME, 

25, 938 (1959) 

49.  , "On the Non-Newtonian Laminar Flow in the Region 

near the Entrance of a Circular Pipe", Soc. Chem. Engrs. 

Japan 23,325 (1959) 

"Analytical Treatments of Non-Newtonian Fluid 

Flow by Introducing the Conception of Boundary Layer", 

Bull. JSME, 4, 77 (1961) 

50.  



- 147 - 

51. Saltuk, I. K., "Development of an Apparatus to Obtain 

Temperature Profiles of Molten Flowing Polymer", M.S. thesis, 

Newark College of Engineering, Newark, New Jersey 

52. Schott, H. and W. S. Kaghan, "Tempe_ature Profile of Molten 

Plastic Flowing in a Cylindrical Duct", SPE J., 20, 139 (1964) 

- 53. Toor, H. L., "The Energy Equation for.Viscous Flow", Ind. 

Eng. Chem., 48, 922 (1956) 

54. , "Heat Generation and Conduction- in the Flow of 

a Viscous Compressible Liquid", Trans. Soc. Rheology, I, 

177 (1957) 

55. , "Heat Transfer in Forced Convection with Internal 

Heat Generation", A. I. ChE. J., 4, 319 (1958) 

56. Vaughn, R. D., "Heat Transfer to Non-Newtonian FluidA", 

Ph. D. thesis, University of Delaware, Newark, Delaware (1956) 

57. Weissberg, H- "End Correction for Slow Viscous Flow 

through Long Tubes", Phys. Fluids, 5, 1033 (1962) 

58. Weltman, P. and T. Keller, "Pressure Losses of Titania and 

Magnesium Slurries in Pipes and Pipeline Transitions", Natl. 

AdviSory Comm. Aeronaut. In 3889 (19571 

59. Westover, R. F., "Processing Properties", in "processing of 

Thermoplastic Materials" by E. C, Bernhardt, Reinhold 

Publishing Co., New York, N. Y. (1959) 

60. Wiehe, I. A., M.S. thesis, "Development of an Apparatus for 

'Measuring Heat Transfer to Molten Polymers", Virginia Poly-

technic Institute, Blacksburg, Virginia (1965) 

61. Wilkinson, W. L., "Non-Newtonian Fluids", Pergamon Press, 

New York '(1960) 



- 148 - 

APPENDIX A 

NOTATTON  

A = Newtonian Viscosity at 0°K, poise 

A = cross sectional area 

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

lbf-sec/ft2 

a = n + 1 , constant in Y:quation (64) 
n 

a = constant in Fouation (140) 

b = constant in Equation (140) 

Br= nrinmar number for Newtonian fluids 

Br'= Brinkman number for non-Newtonian fluid 

C = heat capacity of the fluid,  Btu  

lbm,
o
F 

P
)o= heat capacity of fl uid at constant pressure at 0°C., 

ergsPramoK 

D = diameter of the tube 

Ev = viscous dissipation energy 

E. = elastic energy 

7 = activation energy 

e = n 2- 

Lp = energy.consumed due to the expansion, lbf/ 2 -sec. 
2 
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2 
F = RheolOsical constant in Equation (135)1  ( 1t  )171-1/hr 

lb 

F = energy dissipated by friction 

F = velocity, function of (  

f = friction factor 

f = function of ) inEquation( 

G = shear modulus 

Gr Graetz nunber, dimensionle-ss 

Ge-= gravitational constant 

= heat transfer coefficient 

H = the energy of activation for flow, ft lbf/lb-role 

Jo  = Bessel function of the zeroth order 

Ji = Bessel function of the first order 

k = thermal conductivity of the fluid, 

ft ir‘ hr 

K = consistency index in Equation (3) 

Ki= constants in Equation (67) 

L = tube length or heat transfer length, ft 

= rheological constant, 1 

Btu 
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N and MI =—constants in Equation (70) 

m .= kinetic energy correction factor in Equation (103) 

.= rheological constant in Equation (155), dimensionless 

NRe= Reynolds number, dimensionless 

NRe' = generalized Reynolds number for power law fluid, 

v'S 
4 

NRe" = generalized Reynolds number, 

on  vz-"  
0  W 8 

Nu  = Nusselt number.,,  ha
D 

k 
n = flow behavior index 

to = constant defined in Equation(50) 

n = Couette correction in Equation (107) 

P = pressure, lbf/in2 

P.Pi.= deviatoric stress 

= volume flow rate, ft3/Sec 

q= rate of convective heat transfer, Btu/hr 

R = pipe radius, ft 

Re= generalized Reynolds number in Equation (96) 

r = radius, variable, ft 
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S = cross sectional area of the tube 

s = recoverable shear 

Td.= total normal stress 

T = temperature 

Tb = bulk temperature of the fluid 

Tw  = wall temperature 

T1 = inlet temperature of the polymer 

t = temperature, variable 

t = spherical coordinate in Equation (91) 

U = core velocity 

u=. perturbation velocity in equation (69) 

u = radial velocity in Equation (73) 

V = average  velocity, ft/sec 

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

W = f (9) in Equation (74) 

w = flow rate, gr/:nin 
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x = distance in the axial direction 

x = snherical coordinate in Equation (90) 

x,= entrance length 

• y = distance from the wall of a tube, R-,. 

y = reduced radius, 

Greek 

ok= thermal diffusivity of the fluid, cm2/sec 

010= thermal diffusivity at 00C - 

blo,c4i,e= kinetic energy correction factor 

0;4  = constant in Equation (83) 

/I = compressibility, 1  
psi a 

= rate of shear, sec-1 

Pw = shear rate at the wall, ,sec-1 
= boundary layer thickness 

S* = g  
R 

E = coefficient of thermal expansion 

d4  = Couette correction 

= dimensionless distance, 
S CP V►S4ax ft4 

K  

=dimensionless variables in Equation(66) 

= aprarent or plastic viscosity 

= jth root of J0 

r 

R 
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T Tw reduced temperature, dimensionless 

Tl- Tw  

 

relaxation time 

UGC = Newtonian viscosity 

jp = density of the fluid, lb/ft3 

Jr= r reduced radius,  
R 

CN-= dimensionless variable in Equation(66) 

= shear stress, lbf/ft2 

rtvy= shear stress at the wall, lbf/ft2 

= function defined in Equation (17) 

= Cb in Equation_ (82) 

spherical coordinate in Equation;(91)' 

=  U - 1 
V 

= stream function 

.44.7 = vorticity 
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APPENDIX B SAMPLE. CALCULATION 

All the physical properties were calculated at bulk 

temperature, which is defined as 

Tb = 1/2 (T11 
T
1
) 

1 

The  average inlet temperature and the average wall temperature 

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

equation. 

for the heating effect: Tb 
= 231°C = . 448°F 

for the cooling effect: Tb = 208.5°0 = 407.5°F 

Rheoloc,ical Data  

The constants in poser law were calculated from the flow 

curve of Plexiglas Vii 100 in WestoverY s "Processing Properties":-

By extrapolating to 448°F one can get 

n = .  ) z;J2 -102 1. o. :.-- O. 4 I 
41(1 -"V -10/ f o — f 

The consistency index, K, isthe value of intercept atP = 1. 

Density 

Density was taken from the processing properties of 

Westover's.58 

3 . 66.0 lb/ft3 at Tb =  448 F  

a y = 66.8 ro/ft3 t Tb = 407.5°F  

Thermal Diffusivity 

The thermal diffusivity was calculated using Equation(140) 

with the proper constants. 35 

0( = 4.01 x 10-4 cm2/sec at Tb = 448 F 



-155- 

-6; = 4.30 x 10-4 cm2/sec at Tb = 407.5 F 

Specific Neat • 

The data for specific heat were taken from the Processing 

Properties of Westover's.58 

C = 0.88 Btu/lbm°F at-  T = 448°F 

C. = 0.85 Btu/lbm°F at = 407.5°F 

Thermal Conductivity  

This physical property was evaluated by the following 

relationship using the values obtained above. 

K =SC ot. 

K = 0.09 Btu/ft °R hr at. Tb = 448°F 

K = 0.0945 Btu/ft°R hr at T
b 
= 407.5oF 

Evaluation of Temperature 

All the data were taken in Millivolts and converted ,to 

degrees Fahrenheit referring to the tables of National Bureau 

of Standards Circular 561. 

Calculation of Reduced Temperatures 

One reduced temperature was determined in the following 

manner. 

Reduced temperature = T  
Thf - T1 

where 

T = probe temperature 

T1= polymer inlet temperature 

TW= wall temperature 

The" other reduced temperature was evaluated by subtracting 

the first reduced temperature from unity. substituting data 

from Table XI , Test 8 on page 173 at a reduced radius of 0:130, 
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44/.  = - 0.314- 
41-‘7•Z - 4,430.Z 

Tri 
Tw  - T4 

T-7( 

(3n* I) KIVU (7; -7-1.0 

Tr2 
Tw -  T  = .0 • 31 11 = O. 6 86  

Graetz Number  

The Graetz numbers were determined by dividing the 

product of the average flow rate and the heat capacity by 

the product of the thermal 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 following s are obtained. 
eta 60 zero(  *ix. 

1411. 9 4.---c-4-t  0  • 48'8 .16-7,y 'PR 453 RI' .... a 7.  8 

0.0? -"gL.M----  S. S-6 f t 
dqlehr 

Calculation of Brinkrlan Number(Viscous Heating Factor) 

rk On.t KS r K (7i--74/) 

.From the previous calculation 

n 7  0.61 

k = 0.09 Btu/ft°R hr 

3 = 66.0 lb/ft3 

R = 0.957 in. 

f fr._  ,„ ‘e, /6 rip, 
0.0 27v 771z 14/ mis `t—r-  ft 2- 4-T-1-.37-Thfr  

(2.83)(0.09 ,)  

,ft•gh). f /4) (44)11-  (Tr-  TwYri 118 f f- 141/1  
3,J ft Btu 

1%'1,101./ ,  3.V/8 x 10 
-7-pv 

For the test run 10 on page 213, 

T1 - w = 430.8 - 473.3 = -42.5°F 

A/6z 



- 15? - 

w =. 316.t gr/mir" 

At .this flow rate the shear rate, 8V/D, was Calculated to be 

3.9/sec. and the corresponding wall shear stress is 0.60 lbf/in2 

from Westover's "Processing Properties".58 Substituting the 

obtained.data into the above equation gives a value of -0.016. 
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TABLE XI 

Data Obtained for Molten Plexiglas VM 100 

At a Reduced Length of 0.042 and a Heat Transfer Length of 0.527 

• 
Test Reduced Inlet Wall Probe Flow 
No. Radius Temperature . TemperatUre Temperature Rate 

M.V _ o m.v F m.v or gr/min 

1 0.000 12.03 432.3 12.26 440.0 12.345 442.5 193.5 

0.186 12.335 442.15 

0.373 12.460 446.3 

0.560  12.480 447.0 

0.746 12.43 445.3 

0.931 12.08 434.0 

2 0.000 12.10 434.7 12.34 442.3 12.40 444.3 193.5 

0.186 12.39 444.0 

0.373 12.515 448.2 

0.560 12.535 448.8 

0.746 12.48 447.0 

0.931 12.14 436.0 
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0.000 12.11 435.0 12.42 445.0 12.43 445.3 193.5 

0.186 12.415 444.8 

0.373 12.55 449.3 

0.560 12.56 449.7 

0.746 12.51 

4 44387:: 0.931 12.195 

0.000 12.10 434.7 12.445 445.8 12.43 445.3 193.5 

0.186 12.415 444.8 

0.373 12.54 449.0 

0.560 12.56 449.7 

0.746 12.51 448.0 

0.931 12.205 438.2 

0.000 11.95 429.75 12.44 445.7 12.325 441.8 241.9 

0.186 12.31 441.3 

0.373 12.39 444.0 

0.560 12.42 445.0 

0.746 12.365 443.2 

0.931 12;15 435.2 
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6 0.000 11.95 429.75 • 12.45 446.0 12.325 441.8 241.9 

0.186 12.31 441.3 

0.373 12.39 444.0 

0.560 12.425 445.2 

0.746 12.36 443.0 

0.931.  12.15 436.3 

7 0.000 11.925 429.1 12.45 446.0 12.33 442.0 241.9 

0.186 12..32 441.7 

0.37.3 12.395 444.2 

0.560 12.425 445.2 

0.746 12.36 443.0 

0.931 12.15 436 4 3 

8 0.000 11.965 430.2 12.43 443.3 12.345 442.5 316.4 

0.186 12.33 442.0 

0.373 12.38 443.7 

0.560 12.415 444.8 

0.746 12.35 442.7 

0.931 12.15 436.3 
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9 0.000' 11.975 430.5 12.44 445.7 12.355 442.8 316.4 

0.186 12.355 442.2 

0.373 12.39 444.0 

0.560 12.42 445.0 

0.746  12.36 443.0 

0.931 12.165 436.8 

. 10 0.000 11.985 430.8 12.45 446.0 12.36 443.0 316.4 

0.186 12.345 442.5 

0.373 12.395 444.2 

0.560 12.43 445.3 

0.746 12.37 443.3 

0.931 12.17 437.0 

11 0.000 12.04 432.7 12.46 446.3 12.41 444.7 413.4 

0.186 12.39 444.0 

0.373 12.41 444.7 

0.560 12.46 446.3 

0.746 12.355 442.8 

0.931 12.23 439.0 
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12 0.000. 12.045 432.8 12.46 446.3 12.40 444.3 413.4 

0.186 12.38 443.7 

0.373 12.41 444.7 

0.560 12.47 446.7 

0.746 12.36 443.0 

0.931 12.24 439.3 

13 0.000 12.10 434.7 12.465 446.5 12.40 444.3 413.4 

0..186 12.385 443.8 

0.373 12.435 445.5 

0.560 12.48 447.0 

0.746 12.37 443.3 

0.931 12.24 439.3 

14 0.000 12.22 438.7 12.485 447.2 12.56 449.7 477.0 

0.-186 12.55 449.3 

.  0 373 12.56' 449.7 

0.'560 12.615 451.4 

0..746 12.505 447.8 

0.931 12.31 441.3 
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15 0.000 12.235 439.2 12.51 448.0 12.60 451.0 477.0 

0.186 12.585 450.5 

0.373 12.595 450.8 

0.560 12.65 452.3 

0.746 12.54 449.0 

0.931 12.35 442.7 

16 0.000 12.22 438.7 12.52 448.3 12.58 450.3 477.0 

0.186 12.52 450.0 

0.373 12.59 450.7 

0.560 12.63 451.7 

0.746 12.54 449.0 

0.931 12.355 442.8 

17 0.000 11.93 429.25 11.75 423.3 12.085 434.2 180.9 

0.186 12.0a5 434.2 

0.373 12.22 438.7 

o.560 12.20 438.0 

0.746 12.05 433.0 

0.931 11.445 413.5 
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0.000" 11.88 427.8 11.705 421.8 12.0 6 433.3 180.9 

0.186 12.05 433.0 

0.373 12.195 437.8 

0.560 12.18 437.3 

0.746 12.00 431.3 

0.931 11.39 411.7 

19 0.000 11.865 427.2 11.685 421.2 12.04 432.7 180.9 

0.186. 12.04 432.7 

0.373 12.19 437.7 

0.560 12.17 437;0 

0.746 11.985 430.8 

0.931 11.36 410.7 

20 0.000 11.825 425.8 11.63 419.3 11.91 428.7 270.4 

0.186 11.90 428.3 

0.373 12.055 433.2 

0.560 12.12 435.3 

0.746 12.02 432.0 

0.931.  
11.36 410.7 
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21 0.000- 11.835 426.2 11.635 419.5 11.91 1f28.7 270.4 

0.186 11.905 428.5 

0.373 12.06 433.3 

0.560 12.13 435.7 

0.746 12.025 L32.2 

0.931 11.365 410.8 

22 0.000 11.845 426.5 11.645 419.8 11.93 429.3 271.5 

0.186 11.92 429.0 

0.373 12.07 433.7 

0.560 12.14 436,0 

0.746 12.035 432.5 

0.931 11.37 411.0 

23 0.000 11.855 426.8 11.415 412.5 12.02 432.0 382.0 

o.186 12.01 431.7 
• 

0.37.3 12.07 433.7 

o.560 12.195 437.8 

0.746 12.155 436.5 

0.931 11.28 408.0 
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214 0.000 11.855 426.8 11.51 415.7 12.0 2 432.0 382.0 

0.186 12.005 431.5 

0.373 12.065 433.5 

0.560 12.13 435.7 

0.746 12.105 434.8 

0.931 11.34 410.0 

25 0.000. 11.375 411.2 10.565 385.1 11.895 428.2 158.6.  

o.186 11.89 428.0 

0.373 11.98 430.7 

o.560 11.845 426.5 

0.746 11.54 416.7 

0.931 10.485 382.5 

26 0.000 11.46 414.0 10.49 382.7 ,12.08 434.0 158.6 

0.186 12.08 434.0 

0.373 12.17 437.0 

0.560 12.01 431.7 

0.746 11.64 419.7 

0.931 10.455 381.5 
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27 0.000- 11.52 416.0 10.465 381.8 .12.14 436.0 158.6 

0.186 12.13 435.7 

0.373 12.21 438.3 

0.560 12.05 433.0 

0.746 11.68 421.0 

0.931 10.465 381.8 

28 0.000 11.74 423.0 10.535 384.2 12.33 442.0 197.8 

0.186 12.33 442.0 

0.373 12.415 444.8 

0.560 

0.746 

12.285 

11.935 

440.6 

429.4 

0.931  10.63 387.0 

29 0.000 11.78 424.3 10.57. 385.25 12.35 442.7 197.8 

0.186 12.35 442.7 

0.373 12.43 445.3 

0.560 12.305 441.2 

0.746 11.97 430.3 

0.931 10.675 388.5 
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70 0.000 11.755 423.5 10.60 386.0 12.235 439.2 237.3 

0.186 12.235 439.2 

0.373 12.325 441.8 

0.560 12.27 440.25 

0.746 12.00 431.3 

0.931  10.76 423.7 

31 0.000 11.73 422.7 10.585 385.6 12.18 437.3 237.3 

0.186 12.18 437.3 

0.373 12.275 440.4 

0.560 12.225 438.8 

0.746 11.96 430.0 

0.931 10.78 392.0 

0.000 11.83 426.o 10.575 385.4 12.25 439.7 317.9 

0.186 12.255 439.8 

0.373 12.36 443.0 

0.560 12.385 443.8 

0.746 12.09 434-.3 

0.931 10.78 392.0 
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33 0.000 11.83 426.0 10.575 335.4 12.26 440.0 317.9 

0.186 12.26 440.o 

0.373 12.365 443.2 

0.560 12.39 444.0 

0.746 12.095 434.5 

0.931 10.78 392.0 

34 0.000 11.84 426.3 10.57 385.25 12.235 439.2 360.7 

0.186 12.235 439.2 

0.373 12.345 442.5 

o.56o 12.39 444 0 

0.746 12.125 435.5 

0.931 10.80 392.7 

35 0.00o 11.815 425.5 10.555 384.8, 12.21 438.3 360.7 

0.186 12.205 438.2 

0.373 12.315 441.5 

0.560 12.345 442.5 

0.746 12.095 434.5 

0.931 10.775 391.7 
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36 0.000 11.87 427.3 10.545 384.5 12.27 440.25 414.5 

0.186 12.27 440.25 

0.373 12.48 447.0 

0.560 12.425 445.2 

0.746 12.18 437.3 

0.931 10.80 392.7 

37 0.000 11.86 427.0 10.55 384.7 12.26 440.0 414.5 

0.186 12.26 440.0 

0.373 12.47 446.7 

0.560 12.415 444.8 

0.746 12.175 437.2 

0.931 10.805 392.8 
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Data Obtained for Molten Plexiglas VM 100 

At a Reduced Length of 0.282 and a Heat Transfer Length of 3.56' 

Test Reduced Inlet Wall Probe Flow 
No. Radius Temperature Temperature Temperature Rate 

m.v. m.v. of of  o
F m.v. gr/min 

1 0.000 12.03 432.3 12.93 461.7 12.105 /A4.5 193.5 

0.186 12.405 444.5 

0.373 12.435 41,5.5 

0.560 12.50 447.7 

0.746 - 12.67 453.0 

0.931 12.965 462.5 

2 0.000 12.10 434.7 13.04 465.0 12.455 446.2 193.5 

0.186 12.45 446.0 

0.373 12.48 447.0 

0.560 12.56 449.7 

0.746 12.74 455.3 

0.931 13.07 466.0 
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3 0.000• 12.11 435.0 13.12 467.7 12.485 447.2 193.5 

0.186 12.49 447.3 

0.373 12.515 448.2 

0.560 12.605 451.2 

0.746 12.785 456.8 

0.931 13.12 467.7 

4 0.000 12.10 434.7 13.12 467.0 12.485 447.2 193.5 

0.186 12.48 447.0 

0.373 12.51 448.0 

0.560 12.60 451.0 

0.746 12.78 456.7  

0.931 13.125 467.8 

5 0.000 11.95 429.75 13.12 467.8 12.34 442.3 241.9 

0.186 12.34 442.3 

0.373 12.355 442.8 

0.560 12.45 446.0 

0.'746 12.64 452.0 

0.931 13.10 467.0 
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6 0.000 -  11.95 429.75 13.125 467.8 12.345 442.5 241.9 

0.186 12.34 442.3 

0.373 12.36 443.0 

o.56o 12./:5 446.0 

0.746 12.645 452.2 

0.931 13.10 467.0 

0.000 11.925 429.1 13.13 468.0 12.345 /142.5 241.9 

0.186 12.34 442.3 

0.373 12.355 4/-2.8 

0. 56o 12.45 446.o 

0.746 12.645 452.3 

0.931 13.10 467.o 

8 0.000 11.965 430.2 13.105 467.2 12.33 442.0 316.4 

0.186 12.325 441.8 

0.373 12.33 442.0 

0.560 12.41 444.7 

0.746 12.575 450.2 

0.931 13.07 466.0 
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9 0.000' 11.975 430.5 13.115 467.5 12.34 442.3 316.4 

0.186 12.35 442.7 

o.373 12.34 442.3 

0.560 12./12 445.0 

0 .746 12.585 450.5 

0.931 13.08 L:66.3 

10 0.000 11.985 430.8 13.115 467.5 12.31+ 442.3 316.4 

0.186 12.34 442.3 

0.373 12.345 442.5 

0.56o 12.1+2 4/15.:0 

0.746 12.585 450.5 

0.931 13.08 466.3 

11 0.000 12.04 432.7 13.115 467.5 12.365 443.2 413.4 

0.186 12.365 443.2 

0.373 12.36 443.0 

0.560 12.43 445.3 

0.74.6 12.55 449.3 

0.931 13.07 466.0 
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12 0.000 12.0/15 432.8 13.11 467.3 12.36 443.0 413.14 

0.186 12.36 443.0 

0.373 12.355 442.8 

0.560 12.42 445.0 

0.746 12.54 449.0 

0.931 13.065 465.8 

13 0.000 12.10 434.7 13.115 467.5 12.37 443.3 413.4 

o.186.  12.37 443.3 

0.373 12.365 443.2 

0.560 12.43 445.3 

0.746 12.555 449.5 

0.931 13.07 466.0 

14 0.000 12.22 438.7 13.11 467.3 12.52 448.3 477.0 

0.186 12.515 448.2 

0.373 12.51 448.0 

0.560 12.565 449.8 

0.746 12.65 452.3 

0.931 13.08 466.3 



-176- 

0.000 12.235 439.2  13.12 467.8 12.55 449.3 477.0 

0.186 12.545 449.2 

0.373 12.54 449.0 

0.560 12.60 451.0 

0.746 12.685 453.5 

0.931 13.10 467.0 

16 0.000 12.22 438.7 13.125 467.8 12.535 446.8 477.o 

0.186 12.525 448.5 

0.373 12.52 448.3 

0.560 12.58 450.3 

0.746 12.68 453.3 

0.931 13.105 467.2 

17 0.000 11.93 429.25 12.63 451.75, 12.16 436.7 180.9 

0.186 12.16 436.7 

0.373 12.18 437,3 

0.560 .12.28 40.5 

0.746 12.40 444.3 

0.931 12.67 453.o 



-177- 

18 0.000- 11.88 427.8 12.62 /151.5 12.135 435.8 180.9 

0.186 12.13 435.7 

0.373 12.155 436.5 

0.560 12.25 439.7 

0.746 12.37 443.3 

0.931 12.66 452.7 

19 0.000 11.865 427.2 12.62 451.5 12.13 435.7 180.9 

0.186 12.125 435.5 

0.373 12.15 436.3 

0.560 12.245 439.5 

0.746 12.365 443.2  

0.931. 12.66 452.7 

20 0.000 11.825 425.8 12.605 451.1.  11.99 431.0 270.4 

o.186 11.985 430.8 

0.373 12.02 432.0 

0.560 12.11 435.0 

0.746 12.23 439.0 

0.931. 12.625 451.6 



-178- 

21 0.000 11.835 426.2 • 12.615 451.4 11.995 431.2 270.4 

0.186 11.985 430.8 

0. 373 12.02 432.0 

0.560 12.11 435.0 

0.746 12.235 439.2 

0.931 12.635 451.9 

22 0.000 11.845 426.5 12.625 451.6 12.01 431.7 271.5 

0.186 12.005 431.5 

0.373 12.035 432.5 

0.560 12.125 435.5 

0.746 12.25 439.7 

0.931 12.645 452.2 

23 0.000 11.855 426.8 12.33 442.0 12.04 432.7 382.0 

0.186 12.03 432.3 

0.373 12.08 434.0 

0.560 12.115 435.2 

0.746 12.175 437.2 

0.931 12.40 444.3 



• 

-179- 

24 0.000 11.855 426.8 12.32 441.7 12.03 432.3 382.0 

0.186 12.025 432.2 

0.373 12.055 433.2 

0.560 12.10 434.7 

0.746 12.18 437.3 

0.931 12.475 446.8 

25 0.000. 11.375 411.2 11.03 400.0 11.85 426.7 158.6' 

0.186 11.835 426.2 

0.373 11.79 424.7 

0.560 11.64 419.7 

0.746 11.49 415.0 

0.931  11.14 403.7 

26 0.000 11.46 414.0 10.90 396.0 12.025 432.2 158.6 

0.186 12.000 431.3 

0.373 11.94 429.25 

0.560 11.735 422.8 

0.746 11.52 416.0 

0.931 11.04 400.3 



- 180 - 

27 0.000 11.52 11 16.0 .10.835 393.8 12..07 433.7 158.6 

0.186 12.045 432.8 

0.373 11.97 430.3 

0.560 11.75 423.3 

0.746 11.515 415.8 

0.931 10.99 398.7 

28 0.000 11.74 423.0 10.81 393.0 12.29 440.75 197.8' 

0.186 12.27 440.25 

0.373.  12.20 433.0 

0.560 11.97 430.3 

0.746 11.67 L.20.7 

0.931 11.00 399.0 

29 0.000 11.78 424.3 4 10.81 393.0 12.31 441.3 197.8 

0.186 12.29 440.75 

0.373 12.215 438.5 

0.560 11.99 431.0 

0.746 11.68 421.0 

0.931 11.00 399.0 



- 181 - 

3o 0.00o* 11.755 423.5 10.80 392.7 12.23 439.0 237.3 

0.186 12.215 438.5 

0.373 12.18 437.3 

0.560 11.98 430.7 

0.746 
11.70 421.7 

0.931 11.005 399.2 

31 0.000 11.73 422.7 10.80 392.7 12.19 437.7 2373 

0.186 12.17 437.0 

0.373 12.14 436.0 

0.560 11.935 429.4 

0.746 11.675 420.8 

0.931 11.00o 399.0 

32 0.000 11.83 426.0 10.805 392.8 12.28 440.5 317.9 

0.186 12.27 440.25 

0.373 12.275 440.4 

0.560 12.095 434.5 

0.746 11.835 426.2 

0.931 11.045 400.5 



33 0.000 11.83 426.0 ,10.80 392.7 12,45 440.6 317.9 

0.186. 12.275 440.4 

0.373 12.28 440.5 

0.560 12.10 434.7 

0.746 11.83 426.0 

0.931 11.04 400.3 

34 0.000 11.84 426.3 10.805 392.8 12.265 440.1 360.7 

0.186 12.255 439.8 

0.373 12.275 4/0.4 

0.560 12.11 435.0 

0.746 11.865 427.3 

0.931 11.055 400.8 

35 0.00o 11.815 425.5 10.81 393.0 12.235 439.2 360.7 

0.186 12.235 439.2 

0.373 12.24 439.3 

0.560 12.085 434.2 

0.746 11.85 426.7 

0.931 11.055 400.8 



-183- 

36 0.000 11.87 427.3 10.815 393.2 12.295 440.9 414.5 

0.186 12.29 440.75 

0.373 12.315 441.5 

0.560 12.18 437.3 

0.746 11.95 429.75 

0.931 11.085 401.8 

3? 0.000. 11.86 427..0 10.81 393.1 12.285 440.6 414.5 

o.186 12.28 L140.5 

0.373 12.305 441.2 

0.560 12.17 437.0 

0.746 11.94 429.5 

0.931 11.08 401.7 



184 - 

Data Obtained for Molten Plexiglas VM 100 

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

. Test Reduced Inlet Wall Probe Flow 
No. Radius Temperature Temperature Temperature Rate 

(:),„ o_ m.v. m.v. oF m.v. gr/min 

0.000 12.03. 432.3 13.01 464.0 12.50 447.7 193.5 

0.186 12.485 447.2 

0.373 12.515 448.2 

0.560 12.64 452.0 

0.746 12.825 458.2 

0.931 13.035 464-8 

2 0.000 12.10 434.7 13.13 468.0 12.56 449.7 193.5 

0.186 12.54 449.0 

0.373 12.57 450.0 

0.560 12.71 454.3 

0.746 12.91 461.0 

0.931 13.15 468.7 



- 185 

3 0.000 -  12.11 435.0 13.185 469.8 12.60 451.0 193.5 

0.186 12.585 450.5 

o.373 12.615 451.4 

o.560 12.76 456.0 

0.746 12.95 462.25 

0.931  13.185 469.8 

4 0.000 12.10 434.7 13.185 470.8 12.60 451.0 193.5 

0.186 12.58 450.3 

0.373 12.61 451.25 

0.560 12.75 455.7 

0.746 12.95 462.25 

0.931 13.18 469.7 

5 0.00o 11.95 429.75 13.18 469.7 12.42 445.0 241.9 

0.186 12.40 444.3 

0.373 12.43 445.3 

0.560 12.595 450.8 

0.746 12.83 458.3 

0.931 13.15 468.7 



• 

- 186 -- 

6 0.000 11.95 429.75 13.195 L70.2 12.425 445.2 2L1.9 

0.186 12.405 444.5 

0.373 12.435 445.5 

0.560 12.60 451.0 

0.746 12.84 458.7 

0.931 13.165 469.2 

7 0.000 11.925 429.1 13.19 470.0 12.42 445.0 241.9. 

0.186 12.40 444.3 

0.373 12.43 445.3 

0.560 12.60 451.0 

0.7L6 12.835 453.5 

0.931 13.165 469.2 

8 0.000 11.965 430.2 13.17 469.3 12.36 443.0 316.4 

o.186 12.34 442.3 

0.373 12.36 443.0 

0.560 12.52 448.3 

0.746 12.76 456.0 

0.931 13.13 466.0 



- 187 - 

9 0.000 .11.975 430.5 13.175 469.5 12.375 443.5 316.4 

0.186 12.35 442.7 

0.373 12.37 443.3 

0.560 12.53 448.7 

0.746 12.77 456.3 

0.931 13.135 468.2 

10 0.000 11.985 430.8 13.18 469.7 12.37 443.3 316.4 

0.186 12.35 442.7 

0.373 12.37 443.3 

0.560 12.53 448.7 

0.746 12.77 456.3 

0.931 13.145 468.5 

11 0.000 12.04 432.7 13.18 469.7 12.37 443.3 413.4 

0.186 12.35 442.7 

0.373 12.355 442.8 

0.560 12.50 447.7 

0.746 12.72 454.7 

0.931 13.13 468.0 



- 18)8 - 

12 0.000 12.045 432.8 . 13.17 469.3 12-36 443.0 413.4 

0.186 12.345 442.5 

o.373 12.35 442.7 

0.560 12.49 447.3 

0.746 12.71 454.3 

0.931 13.125 467.8 

13 0.000 12.10 434.7 13.175 469.5 12.38 443.7 413.4 

0.186 12.36 443.0 

0.373 . 12.365 443.2 

0.560 12.505 447.8 

.0-746 12.725 454.8 

0.931 13.125 467.8 

14 0.000 12.22 438.7 13.175 469.5 12.51 448.0 477.0 

0.186 12.49 447.3 

0.373 12.485 447.2 

0.560 12.60 451.0 

0.746 12.785 456.8 

0.931 13.14 468.3 



-189- 

15 0.000 12.235 439.2 13.185 469.8 12.54 449.0 477.0 

0.186 12.52 448.3 

0.373 12.515 448.2 

0.560 12:63 451.75 

0.746 12.84 458.7 

0.931 13.155 468.8 

16 0.000.  12.22 438.7 13.185 469.8 12.52 448.3 477.0 

0.186 12.50 447.7 

0.575 12.50 447.7 

0.56o 12.62 451.5 

0.746 12.81 457.8 

0.931 13.15 467.2 

0.000 11.93 429.25 12.72 454.7 12.27 440.25 180.9 

0.186 12.25 439.7 

0.373 12.27 440.25 

0.560 12.39 444.0 

0.746 12.565 450.9 

0.931 12.735 455.2 



- 190 - 

18 0.000-  11.88 427.8 12.705 454.2 12.245 439.5 180.9 

0.186 12.225 438.8 

o.373 12.245 439.5 

0.560 12.365 443.2 

0.746 12.545 449.2 

0.931 12.72 454.7 

19 0.000 11.865 427.2 12.72 454.7 12.24 439.2  180.9 

0.186 12.22 438.7 

0.373 12.245 439.5 

0.560 12.365 443.2  

0.746 12.55 449.3 

0.931 12.735 455.2 

20 0.000 11.825 425.8 12.70 454.0 12.06 433.3 270.4 

0.186 12.04 432.7 

0.373 12.07 433.7 

0.560 12.20 438.0 

0.746 12.42 445.0 

0.931 12.695 453.8 



• 

- 191 - 

21 0.000 11.835 426.2 12.70 454.0 12.065 433.5 270.4 

o.186 12.045 432.8 

0.373 12.07 433.7 

0.560 1272o 438.0 

0.746 12.42 445.0 

0.931 12.695 453.8 

22 0.000 11.845 426.5 12.71 454.3 12.08 434.0 271.5 

0.186 12.055 433.2 

0.373 12.08 434.0 

0.560 12.21 438.3 

0.746 12.43 445.3 

0.931 12.71 454.3 

23 0.000 11.855 426.8 12.42 445.0 12.05 433.0 382.0 

0.1.86- 12.035 432.5 

0.373 12.05 433.0 

0.560 12.125 435.5 

0.746 12.275 440.4 

0.931  12.46 446.3 



--192- 

24 0.000 11.855 426.8 12.51 448.0 12.05 433.0 382.0 

0,186 12.025 432.2 

0.37.3 12.04 432.7 

o.56o 12.13 435:7 

0.746 12.30 441.0 

0.931 12.535 4118.8 

25 0.000 11.375 411.2 11.06 401.0 11.67 420.7 158.6 

0.186.  11.65 420.0 

0.373 11.61 418.75 

0.560 11.475 414.5 

0.746 11.35 410.3 

0.931 11.145 403.8 

26 0.000 11.46 414.0 10.935 396.8 11.82 425.7 158.6 

0.186 11.795 424.8 

0.373 11.74 423.0 

0.560 11.535 416.5 

0.746 11.34 410.0 

0.931 11.04 400.3 



-193-- 

27 0.000 11.52 416.0 10.865 394.8 11.845 426.5 158.6 

0.186 11.82 425.7 

0.373 11.76 423.7 

0.560 11.53 416.3 

0.746 11.32 409.3 

0.931 10.985 398.5 

28 0.000 11.74 423.0 10.845 394.2 12.11 435.0 197.8 

0.186 12.08 434.0 

0.373 12.005 431.5 

0.560 11.73 422.7 

0.746 11.435 413.2 

0.931 11.00 399.0 

29 0.000 11.78 424.3 10.86 394.7 12.13 435.7 197.8 

0.186 12.10 434.7 

0.373 12.02 432.0 

0.560 11.745 423.2 

0.746 11.45 415.7 

0.931 11.02 399.7 



44 194 - 

0.000 11.755 423.5 10.845 39/1.2 12.11 435.0 237.3 

0.186 12.085 434.2 

0.373 12.025 432.2 

0.560 11.76 423.7 

0.746 11.47 414.3 

0.9 31 11.01 399.3 

31 0.000.  11.73 422.7 10.845 394.2 12.065 433.5 237.3' 

0.186 12.04 432.7 

0.373 11.98 430.7 

0.560 11.775 424.2 

0.746 11.45 413.7 

0.931 11.01 399.3 

32 0.000 11.83 426.0 10.855 394.5 12.225 L38.8 317.9 

o.186 12.20 438.0 

0.373 12.165 436.8 

0.560 11.905 k28.5 

0.746 11.595 418.4 

0.931  11.055 400.8 



- 195- 

33 0.000 11.83 426.0 .10.855 394.5 12.225 438.8 317.9 

0.186 12.20 438.0 

0.37.3 12.165 436.8 

0.560 .  11.90 428.3 

0.746 11.60 L118.5 

0.931 11.06 401.0 

34 0.000 11.84 426.3 10.86 394.7 12.225 438.8 360.7 

0.186 12.20 438.0 

0.373 12.18 1137.3 

0.560 11.94 429.5 

0.746 11.645 419.8 

0.931 11.08 401.7 

35 0.000 11.815 425.5 10.86 394.7 12.195 437.8 360.7 

0.186 12.17 437.0 

0.373 12.145 436.2 

0.560 11.913 428.8 

0.746 11.645 419.8 

0.931 11.08 401.7 



-  196 - 

36 0.000 11.87 427.3 10.865 394.8 12.265 440.1 414.5 

0.186 12.2L.5 439.5 

0.373 12.23 439.0 

0.560 12.02 432.0 

0.746 11.72 422.3 

0.931 11.105 402.5 

37 0.000 11.86 427.0 10.865 394.8 12.25 439.7 414.5 

o.186 12.23 439.o 

0.373 12.215 438.5 

0.56o 12.005 431.5, 

0.746 11.715 422.2 

0.931 11.105 402.5 



-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 Inlet Wall Probe Flow 
No. Radius Temperature Temperature Temperature Rate 

m.v. of of  m.v. 
of  M.V. gr/min 

1 0.000 

0.186 

0.373 

0.560 

0.746 

0.931 

12.03 432.3 13.08 466.3 12.61 

12.61 

12.46 

12.78 

12.915 

13.12 

451.25 

451.25 

446.3 

456.7 

461.2 

467.7 

193.5 

2 0.000 12.10 434.7 13.195 470.2 12.675 453.2 193.5 

0.186 12.68 453.3 

0.373 12.53 448.7 

0.560 12.86 459.3 

0.746 13.01 464.0 

0.931 13.23 471.3 



--198- 

3 0.000 12.11 435.0 13.22 471.0 12.72 454.7 193.5 

0.186 12.72 454.7 

0.373 12.575 450.2 

0.560 12.905 460.8 

0.746 13.045 465.2 

0.931 13.24 471.7 

4 0.000 12.10. 434.7 13.22 471.0 12.72 454.7 193.5 

0.186 12.72 454.7 

0.373 12.565 450.8 

0.560 12.90 460.7 

0.746 13.04 465.0 

0.931 13.24 471.7 

5 0.000 11.95 429.75 13.22 471.0 12.53 448.7 241.9 

0.186 12.53 448.7 

0.373 12.39 444.0 

0.560 12.755 455.5 

0.746 12.93 461.7 

0.931 13.20 470.3 



-199- 

6 0.000' 11.95 429.75 13.24 471.7 1?.54 449.0  241.9 

0.186 12.54 449.0 

0.373 12.395 444.2 

0.560 12.77 456.3 

0.746 12.95 462.25 

0.931 13.23 471.3 

7 0.000 11.925 429.1 13.235 471.5 12.53 448.7 241.9 

0.186 12.53 448.7 

0.373 12.39 444.0 

0.560 12.76 456.0 

0.746 12.94 462.0 

0.931 13.22 471.0 

8 0.000 11.965 430.2 13.205 470.8, 12.43 445.3 316.4 

0.186 12.43 445.3 

0.373 12.28 440.5 

0.560 12.66 452.7 

0.746 12.85 459.0 

0.931 13.17 469.3 



-200-- 

9 0.000 11.975 430.5 13.215 470.8 12.435 445.5 316.4 

0.186 12.435 445.5 

0.373 12.29 440.75 

0.560 12.67 453.0 

0.746 12.865 459.5 

0.931 13.185 469.8 

10 0.000 11.985 430.8 13.22 471.0 12.44 445.7 316.4  

0.186 12.44 445.7 

0.373 12.295 440.8 

0.560 12.67 453.0,  

0.746 12.87 459.7 

0.931 13.185 469.8 

11 0.000 12.04 432.7 13.21 470.8 12.395 444.2 413.4 

0.186 12.395 444.2 

0.373 12.24 439.3 

0.560 12.61 451.25 

0.746 12.80 457.3 

0.931 13.16 469.0 



- 201 - 

12 0.000. 12.045 432.8 13.21 470.7 12.385 443.8 1413.1 

0.186 12.385 443.8 

0.373 12,235 439.2 

0.560 12.61 451.3 

0.746 12.805 457.8 

0.931 13.16 469.0 

13 0.000 12.10 434.7 13.22 471.0 12.40 444.3 413.4 

0.186 12.1+0 444.3 

0.373 12.24 439.3 

0.560 12.62 451.7 

0.746 12.81 457'.7 

0.931 13.175 469.5 

14 0.000 12.22 438.7 13.21 470.7 12.51 448.0 477.0 

0.186 12.51 448.0 

0.373 12.54 449.0 

0.560 12.70 454.0 

0.74-6 12.865 459.5 

0.931 13.175 469.5 



- 202- 

15 0.000 12.235 439.2  • 13.22 471.0 12,54 449.0 477.0 

0.186 12.54 449.0 

0.373 12.32 443.3 

0.560 12.72 454.7 

0.746 12.885 460.2 

0.931 13.19 470.0 

16 0.000 12.22 438.7 13.23 471.3 12.525 448.5 477.0 

0.186 12.525 448.5 

0.373 12.355 442.8 

0.560 12.71 454.3 

0.746 12.875 459.7 

0.931 13.20 470-3 

17 0.000 11.93 429.25 12.73 455.0 12.38 443.7 180.9 

0.186 12.38 443.7 

0.373 12.22 438.7 

0.560 12.515 448.2 

0.746 12.62 451.5 

0.931 12.775 456.5 



- 203- 

18 0.000 11.88 427.8 12.72 454.7 12.35 442.7 180.9 

0.186 12.35 442.7 

0.373 12.185 437.5 

0.560 12.49 447.3 

0.746 12.60 451.0 

0.931 12.76 456.0 

19 0.000 11.865 427.2 12.725 454.8 12.35 442.7 180.9 

0.186 12.35 442.7 

0.373 . 12.19 437.7 

0.560 12.49 447.3 

0.746 12.605 451.2 

0.931 12.765 456..2 

20 0.000 11.825 425.8 '- 12.705 454.2 12.14 436.0 270.4 

0.186 12.14 436.0 

0.373 11.99 431.0 

0.560 12.32 441.7 

0.746 12.475 446.8 

0.931 12.72 454.7 



- 204- 

21 0.000 11.835 426.2 12.72 454.7 12..145 436.2 270.4 

0.186 12.145 436.2 

0.373.  11.985 .  430.8 

o.56o 12.325 441.8 

0.746 12.48 447.0 

0.931 12.73 455.0 

22 0.000 11.845 426.5 12.715 454.5 12.15 436.5 271.5 

0.186 12.15 436.5 

0.373 12.00 431.3 

0.560 T2.335 442.2 

0.746 12.485 447.2 

0.931 12.725 454.8 

23 0.000 11.855 426.8 12.465 446.5\' 12.065 433.5 382.0 

0.186 12.065 433.5 

0.373 11.79 /124 • 7 

0.560 12.20 433.0 

0.746 12.325 441.8 

0.931 12.52 4113.3 



- 205 - 

24 0.000' 11.855 426.8 12.555 449.5 12.06 433.3 382.0 

• 0.186 12.06 433.3 

0.373 11.785 424.5 

0.560 12.215 438.5 

0.746 12.355 442.8 

0.931 12.59 450.7 

25 0.000 11.375 411.2 11.055 400.8 11.50 415.3 158.6 

0.186 .11.50 415.3 

0.373 11.185 405.2 

0.560 11.14 412 

0.746 11.315 409.2 

0.931 11.18 405.0 

26 0.000 11.46 414.o 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 



-206- 

27 0.000 11.61 418.75 • 10.89 395.7 11..61 418.75 158.6 

0.186 11.605 418.6 

0.373 11.27 407.75 

0.560 11.42 412.7 

0.746 11.265 407.8 

0.931 11.055 400.8 

28 0.000 11.74 423.0 10.87 395.0 11.875 427.5 197.8 

0.186 11.865 427.2 

0.373. 11.51 415.7 

0.560 11.61 418.7 

0.746 11.38 411.3 

0.931 11.08 401;7 

29 0.000 11.78 424.3 -10.87 395.0 11.89 428.0 197.8 

0.186 11.89 428.0 

0.373 11.53 416.3 

o.56o 11.63 419.3 

0.746 11.40 412.0 

0.931 11.08 401.7 



- 207 -- 

30 0.000 11.755 423.5 10.87 395.o 11.92 429.0 237.3 

0.186 11.915 428.8 

0.373 11.565 417.5 

0.560 11.6? 420.7 

0.746 11.43 413.0 

0.931 11.10 402.3 

31 0.000 11.73 422.7 10.865 394.8 11.88 427.7 237.3 

0.186 11..875 427.5 

0.373. 11.58 418.0 

0.560 11.64 149.7 

0.746 11.41 412.3 

0.931 11.095 402;2 

32 0.000 11.83 426.0 10.87 395.0 12.095 434.5 317.9 

0.186 12.09 /04.3 

0.373 11.755 423.5 

0.560 11.835 426.2 

0.746 11.57 417.7 

0.931 11.15 404.0 



- 208 - 

33 0.000 11.83 426.0 10.87 395.0 12.095 434.5 317.9 

0.186 12.09 434.3 

0.373 11.75 423.3 

0.5,60 3.1.84 426.3 

0.746 11.57 417.7 

0.931 11.15 404.0 

34 0.000 11.84 426.3 10.87 395.0 12.115 435.2 360.7. 

0.186 12.11 435.0 

0.373 11.79 424.7 

0.560 11.88 427.7 

0.746 11.615 418.9 

0.931 11.17 404.7 

35 0.000 11.815 425.5 10.92 396.5 11.99 431.0 360.7 

0.186 11.975 430.5 

0.373 11.99 431.0 

0.560 11.78 424.3 

0.746 11.565 417.5 

0.931 11.085 401.8 



- 209 - 

36 0.000 11.87 427.3 10.875 395.2 12.17 437.0 414.5 

0.186 12.17 437.0 

0.373 11.855 426.8 

0*. 560 11.97 430.3 

0.746 11.70 421.7 

0.931 11.20 405.7 

37 0.000 11.86 427.0 10.875 395.2 12.165 436.8 414.5 

0.186 12.16 436.7 

0.373 11.84 426.3 

0.560 11.965 430.12 

0.746 11.695 421.'5 

0.931 11.20 405.7 



- 210 - 

Data Obtained for Molten Plexiglas VM 100.. 

At a Reduced Lpngth of 1.000 and a Heat Transfer Length of 12.600' 

Test Reduced Inlet Wall Probe Flow 

No. Radius Temperature Temperature Temperature Pate 

m.v. of m.v.  of 
o, m.v. gr/nin 

1 0.000 12.03 432.3 13.165 469.2 12.77 456.3 193.5 

0.186 12.77 456.3 

0.373 12.82 458.0 

0.560 12.94 462.0 

0.746 12.99 463.3 

0.931 13.15 468.7 

2 0.000 12.10 434.7 13.28 473.0 12.85 459.0 193.5 

0.186 12.85 459.0 

0.373 12.905 460.8 

0.560 13.035 464.8 

0.746 13.095 466.8 

0.931 13.26 472.3 



- 211 -- 

3 0.000 12.11 435.0 13.30 473.7 12..90 460.7 193.5 

0.186 12.90 460.7 

0.373 12.955 462.4 

0.560 13.075 466.2 

0.746 13.12 467.7 

0.931 13.27 472.7 

4 0.000 12.10 434.7 13.29 473.3 12.89 460.3 193.5 

0.186 12.89 460.3 

0.373 12.945 462.2 

0.560 13.07 466.0 

0.746 13.115 467.5 

0.931 13.255 472.2 

5 0.000 11.95 429.75 13.30 473.7 12.72 454.7 241.9 

0.186 12.72 454.7 

0.373 12.785 456.8 

0.560 12.935 461.8 

0.746 13.02 464.3 

0.931 13.24 471.7 



- 212- 

6 0.mo- 11.95 429.75 13.315 474.2 12.73 455.0 241.9 

0.186 12.73 455.0 

0.373 12.80 457.3 

0.56o 12.95 462.25 

0.746 13.04 465.0 

0.931 13.255 472.2 

0.000 11.925 429.1 13.305 473.8 12.725 454.8 241.9 

0.186 12.725 454.8 

0.373 12.79 457.0 

0.560 12.945 462.1 

0.746 13.03 464.7 

0.931 13.245 471.8 

8 0.000 11.965 430.2 13.28 473.0 12.59 450.7 316.4 

0.186 12.59 450.7 

0.373 12.66 452.7 

0.56o 12.83 458.3 

0.746 12.93 461.7 

0.931 13.21 470.7 



- 213- 

9 0.000 11.975 430.5 13.29 473.3 12.60 451.0 316.4 

0.186 12.60 451.0 

0.373 12.67 453.0 

0.560 12.84 458.7 

0.746 12.945 462.1 

0.931 13.22 471.0 

10 0.000 11.985 430.8 13.29 473.3 12.60 451.0 316.4 

0.186 12.60 451.0 

0.373.  12.67 453.0 

0.560 12.84 458.7 

0.746 12.945 462.1 

0.931 13.22 471.0 

11 0.000 12.04 432.7 13.28 473.0 12.52 448.3 413.4 

0.186 12.52 448.3 

0.373 12.585 450.5 

0.560 12.77 456.3 

0.746 12.88 /160.0 

0.931 13.195 470.3 



214 

12 0.000 12.045 432.8 13.285 1473.2 12.52 448.3 413.4 

0.186 12.52 448.3 

0.373 12.585 450.5 

0.560 12.765 456.2 

0.746 12.875 456.8 

0.931 13.20 470.3 

13 0.000 12.10 434.7 13.29 473.3 12.53 448.7 413.4 

0.186 12.53 448.7 

0.373 12.59 450.7 

0.560 12.775 456.5 

0.746 12.89 460.3 

0.931 13.205 470.5 

14 0.000 12.22 438.7 13.285 473.2 12.62 451.5 477.0 

0.186 12.62 451.5 

0.373 12.665 452.8 

0.560 12.83 458.3 

0.746 12.925 461.5 

0.931 13.21 470.7 



-215- 

15 0.000 12.235 439.2 13.30 473.7 12.65 452.2 477.0 

0.186 12.65 452.2 

0.373 12.69 453.7 

0.560 12.855 459.3 

0.746 12.94 462.0 

0.931 13.225 471.2 

16 0.000 12.22 438.7 13.30 473.7 12.63 451.75 477.0 

0.186 12.63 451.75 

0.373- 12.68 453.3 

0.560 12.845 458.8 

0.746 12.94 462.0 

0.931 13.225 471.3 

17 0.000 11.93 429.25 12.73 455.0 12.51 448.0 180.9 

0.186 12.565 450.9 

0.373 12.665 452.8 

0.56o 12.685 453.5 

0.746 12.79 457.0 

0.931 12.81 457.8 



-• 216 - 

18 0.000 11.88 427.8 12.80 457.3 12,435 447.2 180.9 

0.186 12.48 447.0 

0.573 12.54 449.0 

0.560 12.64 452.0 

0.746 12.67 453.0 

0.931 12.77 456.3 

19 0.000 11.865 427.2 12.805 457.5 12.485 447.2 180.9 

0.186 12.48 447.0 

0.373 12.54 449.0 

0.560 12.645 452.2 

0.746 12.67 453.0 

0.931 12.78 456.7 

20 0.000 11.825 425.8 12.79 457.0 12.27 440.25 270.4 

0.186 12.27 440.25 

0.373 12.34 442.3 

0.560 12.48 447.0 

0.746 12.545 449.1 

0.931 12.745 455.5 



- 217 - 

21 0.000' 11.835 426.2 12.79 457.0 .12.27 440.25 270.4 

0.186 12.27 440.25 

0.373 12.345 442.5 

0.560 12.48 447.0 

0.746 12.55 449.3 

0.931 12.79 455.3 

22 0.000 11.845 426.5 12.795 457.2 12.28 440.5 271.5 

0.186 12.275 440.4 

0.373 12.345 442.5 

0.560 12.48 4470 

0.746 12.55 449.3 

0.931 12.75 455.7 

23 0.000 11.855 426.8 12.545 449.2, 12.155 436.5 382.0 

0.186 12.135 435.8 

0.373 12.205 438.2 

0.560 12.32 441.7 

0.746 12.375 443.5 

0.931 12.54 449.0 



- 218 - 

24 0.000 11.855 426.8 12.63 451.75 12.155 436.5 382.0 

0.186 12.15 436.3 

0.373 12.21 438.3 

0.560 12.34 442.3 

0.746 12.41 444.7 

0.931 12.61 451.25 

25 0.000 11.375 411.2 11.11 402.7 11.43 413.0 158.6 

0.186 11.42 412.7 

0.373 ' 11.41 412.3 

0.560 11.38 411.3 

. 0.746 11.27 407.75 

0.931 11.125 403.2 

26 0.000 11.46 414.0 10.975 398.2 11.48 414.7 158.6 

0.186 11.47 414.3 

0.373 11.45 413.7 

0.560 11.37 411.0 

0.746 11.225 406.5 

0.931 11.02 399.7 



- 219 

27 0.000 11.52 416.0 10.94 397.0 11.48 414.7 158.6 

0.186 11.47 414.3 

0.373 11, 445 413.5 

0.560 11.36 410.7 

0.746 11.21 406.0 

0.931 11.00 399.0 

28 0.000. 11.74 423.0 10.92 396.5 11.715 422.2 197.8' .  

0.186 11.70 421.7 

0.373 11.665 420.5 

0.560 11.525 416.2 

0.746 11.325 409.5 

0.931 11.01 399.3 

29 0.000 11.73 424.3 10.925 396.6 11.73 422.7 197.8 

0.186 11.72 422.3 

0.373 11.675 420.8 

0.560 11.53 416.3 

0.746 11.325 409.5 

0.931 11.02 399.7 



. 

- 220 -- 

30 0.000* 11.755 423.5 10.91 396.25 1L1.795 424.8 237.3 

0.186 11.78 424.3 

0.373 11.74 423.0 

0.560 11.59 418.25 

0.746 11.375 411.2 

0.931 11.025 399.8 

31 0.000 11.73 422.7 10.92 396.5 11.755 423.5 237.3 

0.186 11.745 423.2 

0.373 11.71 422.0 

0.560 11.56 417. 

0.746 11.355 410.5 

0.931 11.03 400.0 

32 0.000 11.83 426.0 10.915 396.z4- 11.98 430.7 317.9 

0.186 11.97 430.3 

0.373 11.965 430.2 

0.560 11.75 423.3 

0.746 11.52 416.0 

0.931 11.07 401.3 



- 221 -- 

33 0.000 11.83 426.0 , 10.915 396.4 11<.99 431.0 317.9 

0.186 11.975 430.5 

0.373 .11.97 430.3 

0.560 11.755 423.5 

0.746 11.52 46.0 

0.931 11.07 401.3 

34 0.000 

0.186 

0.373. 

11.84 426.3 10.915 396.4 12.015 

12,00 

12.02 

431.8 

431.3 

432.0 

366.7 

0.560 11.80 425.0 

0.746 11.57 417.7 

0.931 11.085 401.8 

35 0.000 11.815 425.5 10.92 396.5 11.99 431.0 360.7 

0.186 11.975 430.5 

0.373 11.99 431.0 

0.560 11.78 424.3 

0.746 11.565 417.5 

0.931 11.085 401.8 



- 222 -- 

36 0.000 11.87 427.3 10.92 396.5 12.08 434.0 414.5 

0.186 12.07 433.7 

0.373 12.11 435.0 

0.560 11.89 423.0 

0.746 12.67 420.7 

0.931 11.10 402.3 

37 0.000 11.86 427.0 10.92 396.5 12.075 433.8 414.5 

0.186 12.06 433.3 

0.373 12.10 434.7 

0.560 11.88 427.7 

0.746 11.665 420.5 

0.931 11.11 402.7 



- 223 - 

TABLE III 

Reduced Temperature Obtained for Molten Plexiglas Viii 100 

Test Reduced Reduced Reduced Flow Reduced 

NuMber Radius Temperature1 Temperature? Rate Length 

Dimen- Dimon- Dimen- Dimen- 
sionless sionless sionless gr/min sionless 

r/R 
T T1 

T - T z/L 
Tw T1 T1 - T 

0.000 0.415 0.585 193.5 0.282 
0.186 0.415 0.585 
0.373 0.449 0.551 
0.560 0.524 0.476 
0.746 0.704 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 0.320 
0.931 1.033 -0.033 
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 
0.560 0.495 0.505 
0.746 0.667 0.333 
0.931 1.000 0.00o 
1.000 1.000 0.000 

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 0.1499 
0.746 0.681 0.319 
0.931 1.025 -0.025 
1.000 1.000 0.000 



- 224 - 

5 0.000 0.330 0.670 .241.9 0.282 

0.186 0.330 0.670 
0.373 0.343 0.657 
0.560 0.42.7 0.573 
0.746 0.585 0.415 
0.931 0.979 0.021, 
1.000 1.000 0.000' 

6 0.000 0.335 0.665 241.9 0.282 

0.186 0.330 0.670 
0.373 0.348 0.652 
0.560 0.427 0.573 
0.746 0.590 0.410 
0.931 0.979 0.021 
1.000 1.000 0.000 

7 0.000 0.344 0.656 241.9 0.282 

0.186 0.339 0.661 
0.373 0.352 0.648 
0.560 0.434 0.566 
0.746 0.596 0.404 
0.931 0.974 0.026 
1.000 1.000 0.000 

8 0.000 0.319 0.681 316.4 0.282 

0.186 0.314 0.686 
0.373 0.319 0.681 
0.560 0.392 0.608 
0.746 0.541 0.459 
0.931 0.968 0.032 
1.000 1.000 0.000 

9 0.000 0.319 0.681 316.4 0.282 
0.186 0.330 0.670 
0.373 0.319 0.681 
0.560 0.392 0.608 
0.746 0.541 0.459 
0.931 0.968 0.032 
1.000 1.000 0.000 

10 0.000 0.313 0.687 316.4 0.282 
0.186 0.313 0.687 
0.373 0.319 0.681 
0.560 0.387 0.613 
0.746 0.537 0.463 
0.931 0.967 0.033 
1.000 1.000 0.000 



225 -- 

11 0.000 0.302 0.698 
0.186 0.302 0.698 
0.373 0.296 0.704 
0.560 0.362 0.638 
0.746 0.477 0.523 
0.931 0.957 0.043 
1.000 1.000 0.000 

12 0.000 0.296 0.704 
0.186 0.296 0.704 
0.373 0.290 0.710 
0.560 0.354 0.646 
0.746 0.47o 0.530 
0.931 0.957 0.043 
1.000 1.000 0.000 

13 0.mo 0.262 0.733 
0.186 0.262 0.738 
• 0.373 0.259 0.741 
0.560 0.323 0.677 
0.746 0.451 0.549 
0.931 0.954 0.046 
1.000 1.000 0.000 

14 0.000 0.336 0.664 
0.186 0.332 0.668 
0.373 0.325 0.675 
0.56o 0.388 0.612 
0.746 0.476 0.524 
0.931 0.965 0.035 
1.000 1.000 0.000 

15 0.000 0.353 0.6147 
0.186 0.350 0.650 
0.373 0.343 0.657 
0.560 0.413 0.587 
0.746 0.500 0.500 
0.931 0.972 0.028 
1.000 1.00o 0.000 

16 0.000 0.347 0.653 
0.186 0.337 0.663 
0.373 0.330 0.670 
0.560 0.399 0.601 
0.746 0.502 0.498 
0.931 0.979 0.021 
1.000 1.000 0.000 

413.4 0.282 

413.4 0.282 

413.4 0.282 

477.0 0.282 

477.0 0.282 

477.0 0.282 



- 226 - 

17 0.000 
0.186 
0.373 
0.560 
0.746 
0.931 
1.000 

0.331 
0.331 
0.358 
0.500 
0.669 
1.056 
1.000 

0.669 
0.669 
0.642 
0.500 
0.331 
-0.056 
0.000 

180.9 0.282 

18 0.000 0.338 0.662 180.9 0.282 

0.186 0.333 0.667 
0.373 0.367 0.633 
0.560 0.502 0.498 
0.746 0.654 0.346 
0.951 1.051 -0.051 
1.000 1.000 0.000 

19 0.000 0.350 0.650 180.9 0.282 

0.186 0.342 0.658 
0.373 0.374 0.626 
0.560 0.506 0.494 
0.746 0.658 0.342 
0.931 1.049 -0.049 
1.000 1.000 0.000 

20 0.000 0.206 0.794 270.4 0.282 

0.186 0.198 0.812 
0.373 0.245 0.755 
0.560 0.364 0.636 
0.746 0.522 0.478 
0.931 1.020 -0.020 
1.000 1.000 0.000 

21 0.000 0.198 0.802 270.4 0.282 

0.186 0.183 0.817 
0.373 0.230 0.770 
0.560 0.349 0.651 
0.746 0.516 0.484 
0.931 1.020 -0.020 
1.000 1.000 0.000 

22 0.000 0.207 0.793 271.5 0.282 

0.186 0.199 0.811 
0.373 0.239 0.761 
0.560 0.359 0.641 
0.746 0.526 0.474 
0.931 1.024 -0.024 
1.000 1.000 0.000 



- 227 - 

23 -o.000 0.388 0.622 382.0 0.282 
0.186 0.362 0.638 
0.373 0.474 0.526 
0.560 0.553 0.447 
0.746 0.684 0.316 
0.931 1.151 -0.151 
1.000 1.000 0.000 

24 0.000 0.369 0.631 382.0 0.282 
0.186 0.369 0.631 
0.373 0.430 0.570 
0.560 0.530 .0.470 
0.746 0.705 0.295 
0.931 1.342 -0.342 
1.000 1.000 0.000 

25 0.000 -1.384 2.384 158.6 0.282 
0.186 -1.339 2.339 
0.373 -1.205 2.205 
0.560 -0.7589 1.7589 
0.746 -0.339 1.339 
0.931 0.670 0.330 
1.000 1.000 0.000 

26 0.000 -1.011 2.011 158.6 0.282 
0.186 -0.961 1.961 
0.373 -0.847 1.847 
0.560 -0.489 1.489 
0.746 -0.111 1.111 
0.931 0.761 0.239 
1.000 1.000 0.000 

27 0.000 -0.797 1.797 158.6 0.282 
0.186 -0.757 1.757 
0.373 -0.644 1.6;4 
0.560 -0.329 1.329 
0.746 0.009 0.991 
0.931 0.779 0.221 
1.000 1.000 0.000 

28 0.000 -0.592 1.592 197.8 0.282 
0.186 -0.575 1.575 
0.373 -0.500 1.500 
0.560 -0.243 1.243 
0.746 0.077 0.923 
0.931 0.800 0.200 
1.000 1.000 0.000 



- 228 - 

29 .0.000 
0.186 
0.373 
0.560 
0.746 
0.931 
1.000 

-0.543 
-0.526 
-0.454 
-0.214 
0.105 
0.808 
1.000 

1.543 
1.526 
1.454 
1.214 
0.395 
0.192 
0.000 

197.8 0.282 

3o 0.000 -0.503 1.503 237.3 0.282 

0.186 -0.487 1.487 
0.373 -0.443 1.448. 
0.56o -0.254 1.234 
0.746 0.058 0.942 
0.931 0.789 0.211 
1.000 1.000 0.000 

31 0.000 -0.50 1.50 237.3 0.282 

0.186 -0.477 1.477 
0.373 -0.443 1.443 
0.560 -0.223 1.223 
0.746 0.063 0.937 
0.931 0.790 0.210 
1.000 1.000 0.000 

32 0.000 -0.437 1.437 317.9 0.282 

0.186 -0.429 1.429 
0.373 -0.434 1.434 
-0.560 -0.256 1.256 
0.746 -0.006 1.006 
0.931 0.768 0.232 
1.000 1.000 0.000 

33 0.000 
o.186 

-0.438 
-0..432 

1.438 
1.432 

317.9 0.282 

0.373 -0.435 1.435 
0.560 -0.261 1.261 
0.746 0.000 0.00G 
0.931 0.772 0.228 
1.000 1.000 0.000 

34 0.000 
0.186 

-0.412 
-0.403 

1.412 
1.403 

360.7 0.282 

0.373 -0.421 1.421 
0.560 -0.269 1.269 
0.746 -0.030 1.030 
0.931 0.761 0.239 
1.000 1.000 0.000 



229 - 

35 0.000 -0.422 1.422 360.7 0.282 
0.186 -0.422 1.422 
0.373 -0.425 1.425 
0.56o -0.268 1.268 
0.746 -0.037 1.037 
0.931 0.760 0.240 
1.000 1.000 0.000 

36 0.000 -0.399 1.399 414.5 0.282 
0.186 -0.394 1.394 
0.373 -0.416 1.416 
0.560 -0.293 1.293 
0.746 -0.072 1,072 
0.931 0.748 0.252 
1.000 1.000 0.000 

37 0.000 -0.401 1.401 414.5 0.282 
0.186 -0.398 1.398 
0.373 -0.419 1.419 
.0.560 -0.295 1.295 
0.746 -0.074 1.074 
0.931 0.746 0.254 
1.000 1.000 0.000 
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Reduced Temperature Obtained for Molten.. Plexiglas VM 100 

Test Reduced Reduced Reduced Flow Reduced 
Number Radius Temperature)  TemPerature2  Rate Length 

Dimen- Dimen- Dimen- Dimen- 
sionless sionless sionless gr/min sionless 

r/R T -T1 -T • w z/L 

     

Tw  -T1 -T - w 

1 0.000 0.486 0.514 193.5 0.523 
0.186 0.470 0.530 
0.373 0.502 0.498 
0.560 0.621 0.379 
0.746 0.817 0.183 
0.931 1.025 -0.025 
1.000 1.000 0.000 

2 0.000 0.450 0.550 193.5 0.523 
0.186 0.429 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 

3 0.000 0.460 0.540 193.5 0.523 
0.186 0.445 0.555 
0.373 0.471 0.529 
0.560 0.603 0.397 
0.746 0.783 0.217 
0.931 1.000 0.000 
1.000 1.000 0.000 

0.000 0.452 0.548 193.5 0.523 
0.186 0.432 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 



231 - 

5 0.000 0.382 0.618 241.9 0.523 
0.186 0.364 0.636 
0.373 0.389 0.611 
0.560 0.527 0.473 
0.746 0.715 0.285 
0.931 0.975 0.025 
1.000 1.000 0.000;  

6 0.000 0.382 0.618 241.9 0.523 
0.186 0.365 0.635 
0.373 0.389 0.61] 
0.56o 0.525 0.475 
0.746 0.716 0.234 
0.931 0.975 0.025 
1.000 1.000 0.000 

7 0.000 0.389 0.611 241.9 0.523 
0.186 0.372 0.628 
.0.373 0.396 0.604 
0.560 0.535 0.465 
0.746 0.719 0.281 
0.931 0.980 0.020 

0.000 0.327 0.673 316.4 0.523 
0.186 0.309 0.691 
0.373 0.327 0.673 
0.560 0.463 0.537 
0.746 0.660 0.340 
0.931 0.967 0.033 
1.000 1.000 0.000 

9 0.000 0.333 0.667 316.4 0.523 
0.186 0.313 0.687 
0.373 0.328 0.672 
0.560 0.467 0.533 
0.746 0.662 0.338 
0.931 0.967 0.033 
1.000 1.000 0.000 

10 0.000 0.321 0.679 316.4 0.523 
0.186 0.306 0.694 
0.373 0.321 0.679 
0.560 0.460 0.540 
0.746 0.656 0.344 
0.931 0.969 0.031 
1.000 1.000 0.000 



0.236 
0.270 
0.273 
0.405 
0.595 
0.954 
1.000 

279 
266 
271 

1.300 

..259 
.239 
..244 

- 232- 

0.714 
0.730 
0.727 
0.595 
0.405 
0.046 
0.000 

0.721 
0.734 
0.729 
0.603 
0.411 
0.041 
0.0m 

0.741 
0.761 
0.756 
0.624 
0.422 
0.049 
0.000 

0.698 
0.721 
0.724 
0.601 
0.412 
0.039 
0.000 

0.680 
0.703 
0.706 
0.590 
0.363 
0.033 
0.000 

0.691 
0.711 
0.711 
0.588 
0.386 
0.084 
0.000 

413.4 0.523 

413.4 0.523 

413.4 0.523 

477.o '0.523 

477.0 0.523 

477.0 0.523 



-233- 

17 0.000 0.432 . 0.568 180.9 0.523 

0.186 0.410 0.590 
0.373 0.432 0.568 
0.560 0.580 0.420 
0.746 0.851 0.149 
0..931 1.020 -0.020 
1.000 1.000 0.000 

18 0.000 0.443 0.557 180.9 0.523 
0.186 0.417 0.583 
0.373 0.443 0.557 
0.560 0.583 0.417. 
0.746 0.811 0.199 
0.931 1.019 -0.019 
1.000 1.000 0.000 

19 0.000 0.441 0.559 180.9 0.523 
0.186 0.423 0.577 
0.373 0.452 0.5t1.8 
0.560 0:588 0.422 
0..746 0.813 0.187 
0.931 1.029 -0.029 
1.000 1.000 0.000 

20 0.000 0.266 0.734 270.4 0.523 
0.186 0.245 0.755 
0.373 0.280 0.720 
0.560 0.433 0.567 
0.746 0.681 0.319 
0.931 0.993 0.007 
1.000 1.000 0.000 

21 0.000 0.263 0.737 270.4 0.523 
0.186 0.237 0.763 
0.373 0.270 0.730 
0.560 0.424 0.576 
0.746 0.676 0.324 
0.931 0.993 0.007 
1.000 1.000 0.000 

22 0.000 0.270 0.730 271.5 0.523 
0.186 0.241 0.759 
0.373 0.270 0.730 
0.560 0.424 0.576 
0.746 0.676 0.324 
0.931 1.000 0.000 
1.000 1.000 0.000 



- 234 - 

0.00o 
0.186 
0.373 
0.560 
0.746 
0.931 
1.000 

0.341 
0.313 
0.341 
0.478 
0.747 
1.071 
1,000 

0.659 
0.687 
0.659 
0.522 
0.253 
-0.071 
0.000 

382.0 0.523 

24 0.000 0.292 0.708 382.0 0.523 
0.186 0.25/4 0.746.  
0.373 0.278 0.722 
0.560 , 0.420 0.580 
0.746 0.670 0.330 
0.931 1.038 -0.038 
1.000 1.000 0.000 

25 0.000 -0.931 1.931 158.6 0.523 

0.186 -0.931 1.931 

0.373 -0.740 1.740 
0.560 -0.324 1.324 
0,746, 0.088 0.912 
0.931 0.725 0.275 
1.000 1.000 0.000 

26 0.000 -0.680 1.680 158.6 6.523 
0.186 -0.628 1.628 
0.373 -0.523 1.523 
0.560 -0.145 1.145 
0.746 0.233 0.767 
0.931 0.797 0.203 
1.000 1.000 0.000 

27 0.000 -0.495 1.495 158.6 0.523 
0.186 -0.1458 1.458 
0.373 -0.363 1.363 
0.560 -0.142 1.142 
0.746 0.316 .0.684 
0.931 0.825 0.175 
1.000 1.000 0.000 

28 0.000 -0.417 1.417 197.8 0.523 

0.186 -0.382 1.382 
0.373 -0.295 1.295 
0.560 0.010 0.990 
0.746 0.340 0.660 
0.931 0.833 0.167 
1.000 1.000 0.000 



-235- 

29 0.000 -0.385 1.385 197.8 0.523 
0.186 -0.351 1.351 
0.373 -0.260 1.260 
0.560 0.037 0.963 
0.746 0.358 0.642 
0.931 0.831 0.169 
1.000 1.000 0.009 

30 0.000 -0.392 1.392 237.3 0.523 
0.186 -0.365 1.365 
0.373 -0.297 1.297 
0.560 -0.007 1.007 
0.746 0.31): 0.686 
0.931 0.826 0.174 
1.000 1.000 0.000.  

31 0.000 -0.379 1.379 237.3 0.523 
0.186 -0.351 1.351 
0.373 -0.281 1.281 
0.560 -0.053 1.053 
0.746 .0.316 0..684 
0.931 0.821 0.179 
1.000 1.000 0.000 

32 0.000 -0.406 1.406 317.9 10.523 
0.186 -0.381 1.381 
0.373 -0.343 1.343 
0.560 -0.079 1.079 
0.746 .0.241 0.759 
0.931 0.80o 0.200 
1.000 1.000 0.000 

33 0.000 -0.406 1.406 317.9 0.523 
0.186 -0.381 1.381 
0.373 -0.343 1.343 
0.560 -0.073 1.073 
0.746 0.238 0.762 
0.931 0.794 0.206 
1.000 1.000 0.000 

34 0.000 -0.396 1.396 360.7 0.523 
0.186 -0.370 1.370 
0.373 -0.348 1.348 
0.560 -0.101 1.101 
0.746 0.206 0.794 
0.931 0.778 0.222 
1.000 1.000 0.000 



35 0.000 
0.186 
0.373 
0.560 
0.746 
0.931 
1.000 

3.399 
1.373 
1.347 
1.107 
0.815 
0.227 
0.000 

-0.399 
-0.373 
-0.347 
-0.107 
0.185 
0.773 
1.000 

360.7 0.523 

36 1.394 
1.375 
1.360 
1.145 
0.846 
0.237 
0.000 

0.000 
0.186 
0.373 
0.560 
0.746 
0.931 
1.000 

-0.394 
-0.375 
-0.360 
-0.145 
0.154 
0.763 
1.000 

414-.5 0.523 

37 
414.5 0.523 1.394 

1.373 
1.357 
1.140 
0.851 
0.239 
0.000 

0.000 
0.186 
.0.373 
0.560 
0.746 
0.931 
1.000 

-0.394 
-0.373 
-0.357 
-0.140 
0.149 
0.761 
1.000 

-236- 
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Reduced Temperature Obtained for Molten Plexiglas VM 100 

Test Reduced 
.Number Radius 

Reduced 
Temperaturel. 

Reduced Flow Reduced 
Temiierature2 Rate Length 

ti 

Dimen- Dimen- Dimen- Dimen- 
sionless sionless sionless gr/min sionless 

r/R T - T1 T -T tis z/L 

T, -T w w 

1 0.000 0.557 0.443 193.5 0.758 
0.186 0.557 0.443 
0.373 0.412 0.588 
0.560 0.718 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 
0.56o 0.693 0.307 
0.746 0.825 0.175 
0.931 1.031 -0.031 
1.000 1.000 0.000 

3 0.000 0.547 0.453 193.5 0.758 
0.186 0.547 0.453 
0.373 0.422 0.578 
0.560 0.717 0.283 
0.746 0.839 0.161 
0.931 1.019 -01019 
1.000 1.000 0.000 

0.000 0.551 0.449 193.5 0.758 
0.186 0.551 0.449 
0.373 0.446 0.554 
0.560 0.716 0.284 
0.746 0.835 0.165 
0.931 1.019 -0.019 
1.000 1.000 0.000 



- 238- 

5 0.000 0.459 0.541 241.9 0.758 

0.186 0.459 0.543 
0.373 0.345 o.635 
0.560 0.642 0.358 
0.746 0.775 0.225 
0.931 0.983 0.017 
1.00.0 1.000 0.000 

6 0.000 0.459 0.541 241.9 0.758 

0.186 0.459 0.541 
0.373 0.344 0.656 
0.560 0.633 0.367 
0.746 0.775 0.225 
0.931 0.990 0.010 
1.000 1.000 0.000 

7 0.000 0.462 0.538 241.9 0.758 
0.186 0.462 0.538 
0.373 0.351 0.649 
0.560 0.634 0.366 
0.746 0.776 0.224 
0.931 0.988 0.012 
1.000 1.000 0.000 

8 0.000 0.372 0.628 316.4 0.758 

o.186 0.372 0.628 
0.373 0.254 0.746 
0.560 0.554 0.446 
0.746 0.709 0.291 
0.931 0.963 0.037 
1.000 1.000 0.000 

9 0.000 0.372 0.628 316.4 0.758 
0.186 0.372 0.628 
0.373 0.254 0.746 
0.560 0.558 0.442 
0.746 0.720 0.230 
0.931 0.975 0.025 
1.000 1.000 0.000 

10 0.000 0.371 0.629 316.4 0.758 
0.186 0.371 0.629 
0.373 0.249. 0.751 
0.560 0.552 0.448 
0.746 0.719 0.281 
0.931 0.970 0.030 
1.000 1.000 0.000 



-239- 

11 0.000 0.302 0.698 .413.4 0.758 
0.186 0.302 0.698 
0.373 0.173 0.827 
0.560 0.487 0.513 
0.746 0.646 0.354 
0.931 0.953 0.047 
1.000 1.000 0.000 

12 0.000 0.290 0.710 413.4 0.758 
0.186 0.290 0.710 
0.373 0.169 0.831 
0.560 0.488 0.512 
0.746 0.660 0.340 
0.931 0.955 0.045 
1.000 1.000 0.000 

13 0.000 0.264 0.736 413.4 0.758 
0.186 0.264 0.736 
0.373 0.127 0.873 
0.560 0.468 0.532 
0.746 0.634 0.366 
0.931 0.959 0.041 
1.000 1.000 0.000 

14 . 0.000 0.291 0.709 477.0 0.758 
0.186 0.291 0.709 
0.373 0.322. 0.678 
0.560 0.478 0.522 
0.746 0.650 0.350 
0.931 0.963 0.037 
1.000 1.000 0.000 

15 0.000 0.308 0.692 477.0 0.758 
0.186 0.308 0.692 
0.373 0.129 0.871 
0.560 0.487 0.513 
0.746 0.660 0.340 
0.931 0.969 0.031 
1.000 1.000 0.000 

16 0.000 0.301 0.699 477.0 0.758 
0.186 0.301 0.699 
0.373 0.126 0.874 
0.560 0.479 0.521 
0.746 0.644 0.356 
0.931 0.969 0.031 
1.000 1.000 0.000 



- 240 - 

17 0.000 
0.186 
0.373 
0.560 
0.746 
0.931 
1.000 

0.561 
0.561 
0.367 
0.736 
0.864 
1.058 
1.000 

0.439 
0.439 
0.633 
0.264 
0.136 
-0.058 
0.000 

180.9 0.758 

18 0.000 0.554 0.446 180.9 0.758 

0.186 0.554 0.446 
0.373 0.361 0.639 
0.560 0.725 0.275 
0.746 0.862 0.138 
0.931 1.048 -0.048 
1.000: 1.000 0.000 

19 0.000 0.562 0.438 180.9 0.758 
0.186 0.562 0.438 
0.373 0.380 0.620 
0.560 0.728 0.272 
,0.746 0.870 0.130 
0.931 1.051 -0.051 
1.000 1.000 0.000 

20 0.000 0.359 0.641 270.4 0.758 

0.186 0.359 0.6/41 
0.373 0.183 0.817 
0.560 0.560 0.4/i0 
0.746 0.739 0.261 
0.931 1.018 -0.018 
1.000 1.000 0.000 

21 0.000 0.351 0.649 270.4 0.758 
0.186 0.351 0.649 
0.373 0.161 0.839 
0.56o 0.547 0.453 
0.746 0.730 0.270 
0.931 1.011 -0.011 
1.000 1.000 0.000 

22 0.000 0.350 0.650 271.5 0.758 
0.186 0.350 0.650 
0.373 0.171 0.829 
0.560 0.561 0.439 
0.746 0.739 0.261 
0.931 1.011 -0.011 
1.000 1.000 0.000 



- 241 - 

23 0.000 
0.186 
0.373 
0.560 
0.746 
0.931 
1.000 

0.340 
0.340 

0.569 
0.761 
1.091 
1.000 

0.660 
0.660 

0.431 
0.239 
-0.091, 
0.000' 

0.758 

24 0.000 0.286 0.714 382.0 0.758 
0.186 0.286 0.71/; 
0.373 - - 
0.560 0.515 0.485 
0.746 0.705 0.295 
0.931 1.053 -0.053 
1.000 1.000 0.000 

25 0.000 -0.394 1.394 158.6 0.758 
0.186 -0.394 1.394 
0.373 0.577 0.423 
0.560 0.106 0.894 
0.746 0.392 0.808 
0.931 0.596 0.404 
1.000 1.000 0.000 

26 0.000 -0.261 1.261 158.6 0.758 
0.186 -0.261 1.261 
0.373 0.371 0.629 
0.560 0.046 0.954 
0.746 0.336 0.6.64 
0.931 0.713 0.287 
1.000 1.000 0.000 

27 0.000 0.000 1.000 158.6 0.758 
0.186 0.007 0.993 
0.373 0.477 0.523 
0.560 0.262.  0.738 
0.746 0.475 0.525 
0.931 0.779 0.221 
1.000 1.000 0.000 

28 0.000 -0.161 1.161 197.8 0.758 
0.186 -0.150 1.150 
0.373 0.261 0.739 
0.560 0.154 0.846 
0.746 0.418 0.582 
0.931 0.761 0.239 
1.000 1.000 0.000 



- 242 - 

29 0.000 -0.126 1.126 197.8 0.758 
0.186 -0.126 1.126 
0.373 0.273 0.727 
0.56o 0.171 0.829 
0.746 0.420 0.580 
0.931 0.771 0.229 
1.000 1.000 0.000 

30 0.000 -0.293 1.193 237.3 0.758 
0.186 -0.186 1.186 
0.373 0.211 0.789 
0.560 0.093 0.902 
0.746 0.368 0.632 
0.931 0.75b, 0.246 
a.000 1.000 0.000 

31 0.000 -0.179 1.179 237.3 0.758 
0.186 -0.172 1.172 
0.373 0.168 0.832 
'0.560 0.108 0.892 
0.746 0.373 0.627 
0.931 0.735 0.265 
1.000 1.000 0.000 

32 0.000 -0.274 1.274 317.9 0.758 
0.186 .L0.268 1.268 
0.373 0.081 0.919 
0.560 -0.006 1.006 
0.746 0.268 0.732 
0.931 0.710 0.290 
1.000 1.000 0.000 

33 0.000 -0.274 1.274 317.9 0.758 
0.186 -0.268 1.268 
0.373 0.087 0.913 
0.560 0.010 0.990 
0.746 0.268 0.732 
0.931 0.710 0.290 
1.000 1.000 0.000 

34 0.000 -0.284 1.284 360.7 0.758 
0.186 -0.278 1.278 
0.373 0.051 0.949 
0.560 -0.045 1.045 
0.746 0.236 0.764 
0.931 0.690 0.310 
1.000 1.000 0.000 



- 243 - 

35 0.000 -0.190 1.190 -360.7 0.758 
0.186 -0.172 1.172 
0.373 -0.190 1.190 
0.560 0.041 0.959 
0.746 0.276 0.724 
0.931 0.817 0.183, 
1.000 1.000 0.000' 

36 0.000 -0.302 1.302 LD+.5 0.758 
0.186 -0.302 1.302 
0.373 0.0156 0.98/14 
0.560 -0.093 1.093 
0.746 0.174 0.826 
0.931 0.673 0.327 
1.000 1.000 0.000 

37 0.000 -0.308 1.308 414.5 0.758 
0.186 -0.305 1.305 
0.373 -0.022 1.022 
0.560 -0.101 1.101 
0.746 0.173 0.827 
.0.931 0.670 0.330 
-1.000 1.000 0.000 



- 244 - 

Reduced Temperature Obtained for Molten Plexiglas VM 100 • 

Test Reduced Reduced Reduced Flow Reduced 
Number Radius Temperature)  Temperature2  Rate Length 

Dimen- Dimen- Dimen- Dimen- 
sionless sionless sionless gr/min sionless 

r/R T - T1 T - Tw z/L 

Tw Tl 'T 1 - TW 

1 0.000 0.650 0.350 193.5 1.000 
0.186 0.650 0.350 
0.373. 0.696 0.304 
0.560 0.805 0.195 
0.746 0.840 0.160 
0.931 0.986 0.014 
1.000 1.000 0.000 

2 0.000 0.634 0.366 193.5 • 1.000 
0.186 0.634 0.366 
0.373 0.681 0.319 
0.560 0.786 0.214 
0.746 0.833 0.162 
0.931 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 

1+ 0.000 0.663 0.337 193.5 1.00o 
0.186 0.663 0.337 
0.373 0.712 0.283 
0.560 0.811 0.199 
0.746 0.850 0.150 
0.931 0.972 0.028 
1.000 1.000 0.000 



.245 - 

5 0.000 0.568 0.432 241.9 1.000 
0.186 0.568 0.432 
0.373 0.615 0.385 
0.560 0.729 0.271 
0.746 0.786 0.214 
0.931 0.954 0.046 
1.000 1.000 0.000 

6 0.000 0.568 0.432 241.9 1.000 
0.186 0.568 0.432 
0.373 0.620 0.380 
0.56o 0.731 0.269 
0.746 0.793 0.207 
0.931 0.955 0.045 
1.000 1.000 0.000 

7 0.00o 0.575 0.425 241.9 1.000 
0.186 0.575 0.425 
0.373 0.624 0.376 
0.560 0.738 0.262 
0.746 0.796 0.204 
0.931 0.955 0.045 
1.000 1.000 0.000 

8 0.000 0.479 0.521 316.4 1.000 
0.186 0.479 0.521 
0.373 0.526 0.474 
0.560 0.657 0.343 
0.746 0.736 0.264 
0.931 0.946 0.054 
1.000 1.000 0.000 

9 0.000 0.479 0.521 316.4 1.000 
0.186 0.479 0.521 
0.373 0.526 0.474 
0.560 0.659 0.341 
0.746 0.738 0.262 
0.931 0.946 0.054 
1.000 1.000 0.000 

10 0.000 0.475 0.525 316.4 1.000 
0.186 0.475 0.525 
0.373 0.522 0.478 
0.560 0.656 0.344 
0.746 0.736 0.264 
0.931 0.946 0.054 
1.000 1.000 0.000 



- 246 - 

11 0.000 0.337 0.613 413.4 1.000 
0.186 0.387 0.613 
0.373 0.442 0.558 
0.560 0.586 0.414 
0.746 0.677 0.323 
0.931 0.933 0.067 
1.000 1.000 0.000 

12 0.000 0.384 0.616 413.4 1.000 
0.186 0.384 0.616. 
0.373 0.438 0.562 
0.560 0.579 0.421 
0.746 0.594 0.406 
0.931 0.928 0.072 
1.000 1.000 0.000 

13 0.000 0.363 0.637 413.4 1.000 
0.186 0.363 0.637 
0.373 0.415 0.585 
0.560 0.565 0.435 
0.746 0.663 0.337 
0.931 0.927 0.073 
1.000 1.000 0.000 

14 0.000 0.371 0..629 477.0 1.000 
0.186 0.371 0.629 
0.373 0.40.9 0.591 
0.560 0.568 0.432 
0.746 0.661 0.339 
0.931 0.928 0.072 
1.000 1.000 0.000 

15 0.000 0.377 0.623 477.0 1.000 
0.186 0.377 0.623  
0.373 0.420 0.580 
0.560 0.583 0:417 
0.746 0.661 0.339 
0.931 0.928 0.072 
1.000 1.000 0.000 

16 0.000 0.373 0.627 477.o 1.00o 
0.186 0.373 0.627 
0.373 0.417 0.583 
0.560 0.574 0.426 
0.746 0.666 0.334 
0.931 0.931 0.069 
1.000 1.000 0.000 



- 247 - 

17 0.000 0.728 0.272 180.9 1.000 

0.186 0.841 0.159 
0.373 0.915 0.085 
0.560 0.942 0.058 
0.746 1.073 -0.078 
0.931 1.109 -0.109 
1.000 1.000 0.000; 

18 0.000 0.658 0.342 180.9 1.000 

0.186 0.651 0.349 
0.373 0.719 0.281 
0.560 0.820 0.180 
0.746 0.854 0.146 
0.931 0.966 0.034 
1.000 1.000 0.000 

19 0.000 0.660 0.340 180.9 1.000 

0.186 0.653 0.347 
0.373 0.719 0.281 
0.560 0.825 0.175 
0.746 0.851 0.149 
0.931 0.974 0.026 
1.000 1.000 0.000 

20 0.000 0.463 0.537 270.4 1.000 
0.186 0.463 0.537 
0.373 0.529 0.471 
0.560 0.679 0.321 
0.746 0.747 0.253 
0.931 0.952 0.00 
1.000 1.000 0.000 

21 0.000 0.456 0.544 270.4 1.000 
0.186 0.456 0.544 
0.373 0.529 0.471 
0.560 0.675 0.325 
0.746 0.750 0.250 
0.931 0.945 0.055 
1.000 T.000 0.000 

22 0.000 0.456 0.544 271.5 1.000 
0.186 0.453 0.547 
0.373 0.521 0.479 
0.560 0.668 0.332 
0.746 0.743 0.257 
0.931 0.951 0.049 
1.000 1.000 0.000 



- 248 - 

23 0.00o 0.433 0.567 382.0 1.00o 
0.186 0.402 0.598 
0.373 0.509 0.491 
0.560 0.665 0.335 
0.746 0.746 0.254 
0.931 0.991 0.009 
1.000 1.000 0.000, 

24 0.000 0.389 0.611 382.0 1.000 
0.186 0.381 0.619 
0.373 0.461 0.539 
0.560 0.621 0.379 
0.746 0.717 0.283 
0.931 0.980 0.020 
1.000 1.090 0.000 

25 0.000 -0.212 1.212 158.6 1.000 
0.18 6 -0.176 1.176 
0.373 -0.129 1.129 
0.560 -0.012 1.012 
0.746 0.406 0.594 
0.931 0.941 0.059 
1.000 1.000 0.000 

26 0.00o -0.044 1.044 158.6 1.000 
0.186 -0.190 1.190 
0.373 0.019 0.981 
0.560 0.190 0.810 
0.746 0.475 0.525 
0.931 0.905 0.095 
1.000 1.000 0.000 

27 0.00o 0.068 0.932 158.6 1.000 
0.186 0.089 0.911 
0.373 0.132 0.868 
0.560 0.279 0.721 
0.746 0.526 0.474 
0.931 0.895 0.105 
1.000 1.000 0.000 

28 0.000 0.030 0.970 197.8 1.000 
0.186 0.049 0.951 
0.373 0.094 0.906 
0.560 0.257 0.743 
0.746 0.509 0.491 
0.931 0.894 0.106 



-249- 

29 0.000 0.058 0.942 197.8 1.000 

0.186 0.072 0.928 
0.373 0.126 0.874 
0.560 0.289 0.71_1 
0.746 0.534 0.466 
0.931 0.888 0.122 
1.000 1.000 0.000 

3o 0.000 -0.047 1.047 237,3 1.000 

0.186 -0.029 1.029 
0.373 0:018 0.982 
0.560 0.193 0.807 
0.746 0.451 -0.549 
0.931 0.870 0.130 
1.000 1.000 0.000 

31 0.000 -0.0305 1.0305 237.3 1.000 

0.186 -0.0191 1.0191 
0.373 0.0267 0.9733 
0.560 0.206 0.794 
0.746 0.465 0.535 
0.931 0.865 0.135 
1.000 1.000 0.000 

32 0.000 -0.159 1.159 317.9 1.000 

0.186 -0.145 1.145 
0.373 -0.142 1.142 
0.56o 0.091 0.909 
0.746 0.338 0.662 
0.931 0.835 0.165 
1.000 1.000 0.000 

33 0.000 -0.169 1.169 317.9 1.000 
0.186 -0.152 1.152 
0.373 -0.145 1.145 
0.560 0.0845 0.9155 
0.746 0.338 0.662 
0.931 0.835 0.165 
1.000 1.000 0.000 

31+ 0.000 -0.184 1.184 360.7 1.000 

0.186 -0.167 1.167 
0.373 -0.191 1.191 
0.560 0.0435 0.9565 
0.746 0.288 0.722 
0.931 0.820 0.180 
1.000 1.000 0.000 



- 250- 

35 0000 -0.190 1.190 -360.7 1.000 

0.186. -0.172 1.172- 

0.37✓ -0.190 1.190 
0.560 0.0414 0.9586 
0.746 0.276 0.724 
0.931 0216 0.184, 
1.000 1.000 0.000 

36 0.000 -0.2175 1.2175. 414.5 1.000 
0.186 -0.208 1.208 
0.373 -0.250 1.250 
0.560 -0.2175 1.2175 
0.7/16 0.214 0.786 
0.931 0.811 0.199 
1.000 1.000 0.000 

37 0.000 -0.223 1.223 414.5 1.000 

0.186 -0.206 1.206 
0.373 -0.265 1.265 
0.560 -0.0229 1.0229 
0.746 0.213 0.787 
0.931 
1.000 

0.796 
1.000 

0.204 
0.000 
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