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ABSTRACT 

A computer-based data acquisition system was designed to monitor 

the operation of a Prodex 1-3/4-inch diameter, 24:1 L/D ratio pilot 

plant extruder located in the Chemical Engineering Unit Operations 

laboratory. The process variables monitored were the extruder screw 

speed, the pressures and temperatures of the melt in the transition, 

metering and die zones, the corresponding barrel temperatures, the 

amperage and voltage, and the inlet and outlet cooling water temperatures. 

Using these process variables, steady state material and energy 

balances were performed. The accuracy and reliability of the system 

were verified using a conventional low-density polyethylene and a 50/50 

cellulosics/polymer slurry. 

Consistently good energy balances were obtained for low-density 

polyethylene and 50% sawdust/50% vacuum bottoms. Most of the energy 

balances at various screw speeds were within a closure of + 10%. 

The output flow rates of low-density polyethylene were success

fully predicted using the isothermal steady state Newtonian model at 

screw speeds of 40, 50, 60, 70, and 80 rpm. 

ix 



CHAPTER 1 

INTRODUCTION TO COMPUTER-BASED DATA ACQUISITION 

1.1 Historical Background 

Early research studies on the Prodex extruder at the University 

of Arizona Chemical Engineering Unit Operations laboratory provided 

data acquisition by means of a PDP-9 minicomputer. The application 

program, Datex, developed by J. B. Felix and Dr. J. W. White,"'"was de

signed to monitor three pressures and three temperatures in the tran

sition, metering, and die zones, respectively, the input and output 

temperatures of the cooling oil to the screw, the temperature of the 

hopper cooling water, and the screw speed. The results were presented 

either in the form of a tabular output 0131 a teletype or in the form of 

a punched-paper type. 

1.2 Brief Summary of Datex 

Datex examined the ten process variables and, using a simple 

moving average comparison, determined when all variables had reached 

steady state after a process upset. Once steady state had been de

clared, Datex collected and outputted values for these process signals 

at intervals specified by the user. Millivolt transmitters were 

provided at the process site for three pressures and three temperatures. 

The screw speed output was transmitted directly to the College of Mines 

1. Unpublished manuscript, University of Arizona, College of 
Mines, 1973. 
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Computing laboratory (MCL). The other three temperatures were transmit

ted at millivolt levels and amplified using Burr-Brown isolation 

amplifiers in the MCL process/computer interface. 

Datex was "triggered" from the process site. It monitored the 

process operation looking for steady state within operator-set toler

ances, declared steady state and began the data collection run. At the 

end of the run, a flashing "ready" light at the process site signals 

the operator that Datex was ready for the next run. 

Datex has two basic functions. First, to monitor the extruder 

operation for steady state conditions after a process change such as 

manipulating the screw speed or other process variable and secondly, to 

output the data. In order to do this, the data input from all function

ing transducers were computed as a moving average whose order was 

specified by the user. As each new point was collected, a new moving 

average was computed. These two moving averages were then compared 

against a convergence criterion specified by the user, and when the 

detectable change was less than this criterion, Datex declared steady 

state and entered the data acquisition and output mode. 

1.3 Limitations of Datex 

Due to memory restrictions of the PDP-9, it was not possible to 

store process data in any large amount; therefore, the sampling and 

dump intervals were restricted to eight seconds or greater if the out

put was to the teletype and three seconds or greater if the output was 

to be the paper-tape punch. Hence, Datex was used only for steady 
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state operation. Secondly, all ten transducer channels for the analog-

to-digital converter (ADC) had to be specified even if certain trans

ducers were not in use. No material or energy balances were performed 

and therefore, the validity and reliability of the data could not 

immediately be determined. 

1.4 Objective 

The development and implementation of a new data acquisition 

system is the next logical step beyond Datex. It is designed not only 

to accomplish the usual data acquisition and monitoring functions but 

also to simultaneously perform material and energy balances. Therefore, 

the user can immediately evaluate the quality and validity of the data. 

The mean and standard deviation of each variable are computed and 

tabulated on a teletype. This thesis describes the hardware and soft-

ward modifications for the data acquisition system and reports on its 

operation to obtain data on the extruder in the unit operations 

laboratory. 



CHAPTER 2 

THEORY OF PLASTICATING EXTRUSION 

2.1 General Principles 

Screw extrusion theory is by no means an exact science. The 

processes involved are complicated and often theory has lagged far 

behind practice. The most common form of extrusion machine is the 

single screw plasticating extruder into which polymer granules are fed, 

to emerge eventually as a homogenous melt. An extruder consists essen

tially of a feed hopper, a heated cylindrical barrel with an internal 

screw, and a die, as shown in Figure 1. An extruder usually consists 

of at least three geometrically distinct sections. The first section 

is characterized by a cylindrical root and deep uniform channel; the 

second is the compression section which commonly has a tapered channel 

of uniformly decreasing depth; the third section is often again of 

cylindrical root but its uniform channel is shallow. In addition to 

the geometrical division of the plasticating extruder, it is also 

important to divide it according to its functional zones. The three 

distinct functional zones of the extruder are: conveying of solid 

plastic, melting of the plastic, and pumping of the melt. It is very 

rare that the boundaries of a functional zone and a geometric section 

coincide. 

4 
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Figure 1. Cross-section of Plasticating Extruder. 
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From the feed hopper, located over the rear end of the barrel, 

polymer resin in the form of pellets drops by gravity into the channel 

of a rotating screw. Inside the extruder barrel, the resin is forced 

forward by the rotating screw flights, and as it moves forward it is 

heated, melted, mixed, and compressed by a series of complicated flow 

patterns inside the screw channels. On its way through the barrel, the 

solid must be transformed into a homogenous viscous melt that is forced 

through the orifice of the die to form the final extruded product. The 

die imparts the desired two-dimensional shape to the extrudate as it 

exits, after which the melt is cooled rapidly to preserve the desired 

form and dimensions. 

Heat is produced by shear within the flowing polymer and may 

also be supplied by external heaters. To improve mixing efficiency, 

the screw may be water- or oil-cooled. The result is that a combination 

of frictional drag flow and pressure flow take place inside a single 

flow channel. Also, the temperature distribution within the system is 

very complicated. The motive force for conveying the polymer towards 

the die comes from the relative motion between the screw and the barrel. 

As an added complication, thermoplastic melts exhibit rheological prop

erties which are dependent on the shear rate. 

2.2 Development of the Steady State Model 

The plasticating extruder is a modified screw pump which con

tains a melting step in addition to the pumping step. If it is assumed 

that the fluid is Newtonian, then the screw pump becomes amenable to 
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mathematical analysis. Such hydrodynamic analyses of screw pumps have 

been presented in detail in many places [1, 2, 3] and are used as a 

theoretical basis of the extrusion process. The internal mechanisms 

occurring in plasticating extruders are, however, inherently more com

plex, and a sound mathematical analysis of plasticating extruders that 

incorporates the solids conveying and the melting in addition to the 

melt pumping has yet to be made. 

The fluid in the extruder is contained by the bottom and sides 

of the screw channel and by the barrel surfaces. Because of the rota

tion of the screw, the fluid is contained within a system that has both 

a moving boundary (the bottom and sides of the channel) and a stationary 

boundary (the barrel surface). Hence, a drag flow is established in 

the fluid. A necessary condition for the existence of a drag flow is 

that the fluid have a finite viscosity. A perfect fluid (a hypothetical 

fluid of zero viscosity) could not be pumped by an extruder because 

such a fluid could not support a shear stress and therefore could not 

undergo drag flow. 

Figure 2 shows the dimensions that establish the geometry of the 

extruder screw and the symbols used to represent them. The screw has 

multiple flights with two parallel channels. The inside diameter of 

the barrel is D and the distance from the root of the screw to the bar

rel surface is H. The radial clearance between the top of the screw 

flight and the barrel is c. The pitch of the screw flight is related 

to the helix angle 0, measured at the top of the screw flight, by the 

equation 



Figure 2. Geometry of Extruder Screw. 
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E = TT(D-2c)tan 0 (1) 

where E represents the pitch. 

The width of a channel is W, and for a screw having m channels 

in parallel, the following relation can be deduced: 

m(W+e) = ECos 0 (2) 

where e is the width of the screw flight. 

A hydrodynamic analysis of screw pumps would involve the speci

fication of the path of a fluid particle, as it passed through the pump, 

relative to a set of reference coordinates. The choice of the refer

ence coordinates is purely arbitrary. Two obvious possibilities would 

be either to specify the position of a fluid particle relative to the 

barrel or relative to the screw. It is clear that the better choice is 

to specify the position of the fluid particle relative to the screw, in 

which case the fluid motion is described as it would appear to an 

observer located on the screw. To such an observer, the screw would 

appear to be stationary and the barrel rotating. Exactly the same 

results would be obtained if the alternative point of view were adopted. 

The conveying action of an extruder becomes readily understood 

by considering the helical screw channel as unwrapped and laid flat as 

shown in Figure 3. With this convention, the barrel becomes a second 

flat plate which moves over the screw. It is the relative motion of 

the two planes that causes the pump to operate. The component, V , of 

barrel motion parallel to the screw channel imparts a drag force to the 

molten polymer which wets the barrel. 



BARREL 

SURFACE RELATIVE BARREL 

MOTION 

UNWRAPPED SCREW 
CHANNEL 

Figure 3. Unwrapped Screw Channel for Purposes of Analysis. 
o 



Using a parallel plate representation of the screw channel and 

a rectangular system of coordinates (Figure 4), the development of the 

theory is analogous to that given by McKelvey [4]. The z-axis is the 

so-called helical axis. Its positive end is toward the discharge end 

of the channel and its length is z. A cross-section of the channel 

perpendicular to the z-axis has width W and height H. The X-axis has 

a total length L and is parallel to the axis of the screw. It is 

inclined at an angle 0, the helix angle of the screw, to the x-axis. 

The shaded area of Figure 4 represents a plane perpendicular to the 

X-axis; hence, it is also a plane perpendicular to the axis of the 

screw. 

The volumetric flow rate Q is obtained by integrating the z-

component of the fluid velocity vector over the cross-section of the 

channel perpendicular to the z-axis. This is expressed mathematically 

by the equation 

Q = 

H 

0 

W 

0 

vzdxdy (3) 

The z-component of the momentum equation for steady isothermal flow of 

an incompressible Newtonian fluid is written as: 

9v 8v 8v 3z 
- , z . z . z , v^ 
~3t~ + VaT + Vs? + 'zar' " 

,p 82V 32V 32V 

- h + V(—T + TT + —T> + psz <4> 
dx 3y oz 

The left side of Equation (4) represents the acceleration terms and can 

be neglected for the slow flow of highly viscous materials. Furthermore, 



Figure 4. Coordinate Axis for Derivation of Flow Equations in Metering 
Section. 

to 
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if the cross-section of the channel is not a function of the z-position 

coordinate, then V does not change with z, and Equation (4) reduces to 

32V 32V 

—r + (5) 
y 3z 3x2 3y 

If it is assumed that there is no clearance between the top of the 

screw flight and the barrel surface and if we are dealing with a single-

channel screw, the boundary conditions are written as 

v (0,y) = 0 v (x,0) =0 (6) 
z z 

vz(W,y) = 0 vz(x,H) = Vz 

where V is the z-component of the velocity vector that describes the 

motion of the top of the channel. 

The left side of Equation (5) does not depend upon x or y if it 

is assumed that the pressure is only a function of the z-position coor

dinate. Equation (5) can therefore be solved by the method of separation 

of variables. Let v be a sum of two functions f and g. 
z 

vz = f + g (7) 

where f = f(x,y) and g = g(x,y). 

3x 3y 3x 3y p 

Equation (5) is therefore resolved into two equations in f and g: 

j. i>it - I (9i 

a*2 a,2 " " 3z 



^ = 0 
2 2 

3x 3y 
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(10) 

The boundary conditions are: 

f(0,y) = 0 g(0,y) = 0 

f(W,y) = 0 g(W,y) = 0 

f(x,0) = 0 g(x,0) = 0 

f(x,H) = 0 g(x,H) = V 

(11) 

Equation (9) and the boundary conditions of f constitute a boundary value 

problem whose solution has been presented by McKelvey [4] as: 

1 9P 
y 3z 

U \ I 4H y(y-H) + — 
IT n=l,3. 

„ cosh(^-)(2x-W) 
Ĵ ln (SEZ.)  ̂1 
r v H ' »./nirWv 
n cosh(—g—) 

(12) 

In a similar manner, Equation (10) and the boundary conditions on g 

constitute a boundary value problem whose solution is given as: 

4 V 00 i sinh(̂ lp-) 

g - — I W3?) V 
* n=l,3...n " sinh(SIfi) 

(13) 

The solution to Equation (5) is, from Equation (8) 

v = 
4 V 00 sinh(^p^) 
z Y w 

n=l,3... nsmh(——) 

. /HTTX. 
sin("ir) 

1 j)p 
V 3z 

(14) 

,,2 vH , 4H2 y co.h(SgH2i,W) 

2 - 2 + ? , 3 „ . ,m,W. ""("if*1 
n=l,3... n cosh(—r—) 

n 
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The volumetric flow rate is found by introducing Equation (8) into 

Equation (3) and performing the indicated integrations. One obtains 

V 1,11 xm3 

'•'f'VWiT'p <15> 

where the first term represents the drag flow and the second term the 

pressure flow. It should be noted that if the pressure gradient is 

positive, the pressure flow opposes the drag flow; and if the gradient 

is negative, the converse is true. 

The quantities and F^ are shape factors defined by the 

equations: 

00 

16W n 1 
Fd = I -=jtanh (nirH/2W) (16) 

ir H n=l,3.. . n 

00 

1 92T1 n 1 
Fp = 1 - I -=jrtanh (mrH/2W) (17) 

ir W n=l,3... n 

Most screws have a small but finite clearance between the top 

of the screw fligfit and the surface of the barrel. Therefore, the flow 

equation must be modified to account for the "leakage" of the fluid 

within the clearance. The existence of a finite radial clearance redu

ces the effectiveness with which the screw can move the fluid forward. 

Mohr and Mallouk [5] have proposed that the drag flow formula include 

the factor 

(1-c/H) (18) 

to correct for the loss of drag flow caused by the clearance. The 

pressure flow through the radial clearance must also be considered. 
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A correction factor for the pressure flow term, based on the derivation 

of Gore and McKelvey [6] can be written as 

(1 + (c/H)3(W/e)(l/Sin0Cos0)2) (19) 

For isothermal operation with a given set of design variables, 

the extrusion rate Q is a unique function of AP, the pressure increase 

generated by the pump. The relationship between Q and AP, called the 

screw characteristic, is derived below: 

v = VcosS = TTDNCOSB (20) 
z 

JJL.UOU IIVU-IL/OILLU /„1\ 
W = -J- -e - e (21) 

Ecos0 e _ ir(D-2c)sin6 

where 

m = number of parallel flights 

e = width of flight 

c = radial clearance 

N = screw speed 

Upon introducing the correction factors for the effect of radial clear

ance, Equations (18) and (19), and generalizing the results to apply to 

a screw having m channels in parallel, we obtain 

where 

q  =  c N - ^ f  ( 2 2 )  

2 
D Hsin0cos0r, 2c em ^2,, 

2 [1 " TT " uDsinff " H FD (23) 

3 n TTDH S III0 ri 2 c 6M i i /CN 3 /W s/ X \ i n / / \ 
6 12 11 ' T - uSslne11 (h' "e sin0cos0 P <24) 



CHAPTER 3 

EQUIPMENT AND PROCEDURE 

3.1 The Prodex Extruder 

The Prodex extruder used in this research is the same used by 

Schott [7]. It is a 1-3/4-inch diameter model with an L/D ratio of 

24:1. The machine is capable of a maximum throughput of 60 lb/hr of a 

low density polyethylene having a melt index of 9.0. Below are the 

specifications of the Prodex extruder. The geometry of the screw used 

is shown in Figure 5. 

Electric Load, kw 

Drive 5.6 

External heaters 9.7 

Die heaters 1.15 

Blowers 0.115 

Motor Drive 

U.S. Varidrive make, Veugs type 

7.5 hp; 350/175 rpm 

220 volt power supply, 3 phase, 60 cycles 

Manual control 

Heaters 

Gate 220 volts, 1.475 kw 

Cylinder 115/230 volts, 0.81 kw 

17 
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[SHANK 

10 PITCH L€NGTHS 

FEED 

42.0 

10 (.5 

0.300 DEEP 

PITCH LENGTHS 

TRANSITION 

14.0 

0.08 DEEP 

8 PITCH 

LENGTHS 

PUMP 

1 
0.48 

Figure 5. Geometry and Dimensions of Experimental Extruder Screw. — 
Dimensions in inches. 

00 
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Screw Dimensions (inches) 

Screw Section Flight Depth No. of Turns Clearance 

Feed 0. 30 8 0. 005 

Compression 0. 3 -• 0.08 6 0. 005 

Metering 0. 08 10 0. 0025 

Parameter 

W 

e 

H 

L 

e 

Dimension 

1.17 

0.212 

0.083 

1.46 

17.7° 

3.2 Instrumentation 

The basic instrumentation consisted of type J (iron-constantan) 

thermocouples and "Dynisco," bridge-type, strain-gauge pressure trans

ducers. The system included the following transducers: one 0-10,000 

psig, and two 0-3,000 psig, and two 0-5,000 psig. In addition, there 

were the following combination pressure/temperature transducers: one 

0-1,200 psig, two 0-1,500 psig and two 0-3,000 psig. Only five pressure 

transducers were installed for operations and the rest were used for 

stand-by purposes. The specifications of the transducers are as 

follows: 

Specifications of Transducers 

Combined error +0.5% full-scale output 

Repeatability 

Resolution 

Maximum pressure 

Material 

Within +0.1% full-scale output 

Infinite 

2 times full scale 

17-4 PH stainless steel-Armoloy coated 
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Full-scale output 

Zero balance 

Excitation 

Shunt calibration 

Maximum diaphragm temp. 

Mounting torque 

Configuration 

Bridge resistance 

500 inch-pounds maximum 

4 active arm bonded strain gauge-
Wheatstone bridge 

Input resistance 350 ohms 
Output resistance 350 ohms 

3.33 millivolts 

+ 5% full-scale output 

10 volts dc 

80% full-scale output +0.5% 

750 deg. F 

In order to operate the strain gauges an external 10 volts dc 

excitation was required. This excitation voltage was supplied by the 

"Dynisco" SCM600 power supply signal conditioners. It interfaced these 

transducers with other electronic devices and computer-based data acqui

sition system. The basic module provided a 0-2 volt output from both 

a front panel jack and from rear terminals. Two optional outputs 

provide separate voltage and/or current outputs. The SCM600 has front 

panel zero and span controls for conveniently calibrating the sensor in 

use. A calibration push-button is provided to connect internal or 

external resistors used in this calibration process. A zero suppression/ 

range expansion interface output allows the user to calibrate the module 

for full voltage/current output over a selected portion of the pressure 

input range. 

monitoring of critical pressures. A seven-position switch provided 

readout for seven plug-in modules. It displayed each output in the 

A "Dynisco" DRM623 digital readout module was used for visual 



correct units (psi) and range for that module. Input selection was 

accomplished using convenient push-buttons. In addition, the DRM623 

incorporated a filter which was used to minimize the effect of input 

fluctuations on the digital display. 

3.3 Data Acquisition System 

Figure 6 shows a block diagram for the data acquisition and 

control system indicating the types of equipment used. It can be seen 

that, first of all, there is a requirement for essential process infor

mation to be conveyed by instrumentation through an interface to the 

computer. The computer was programmed to evaluate the process infor

mation and to perform material and energy balances. Work is currently 

in progress to devise a suitable control strategy. When this is com

pleted, it may be necessary for the computer core storage to be 

supplemented by a back-up storage memory to allow all the information 

to be stored prior to processing. It was also necessary for operators 

to provide modifications to the computer's mode of operation via a 

teletypwriter. 

The components of the data acquisition system were installed in 

two separate locations. The microcomputer, SPC-16, was located in the 

College of Mines computation laboratory. Other peripheral equipment 

such as the amplifiers, digital readout module, signal conditioners and 

analog-to-digital converters were mounted on a rack near the extruder. 

The teletypewriter was mounted on a mobile table located a few yards 

away from the extruder. 
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Figure 6. Data Acquisition System. 
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The screw speed measuring device consisted of a thin steel disc 

mounted on a shaft. On the disc are seventy-two equally spaced 5 mm 

holes on a 23 cm pitch circle diameter. A light source and photocell 

are placed on opposite sides of the disc so that the photocell can be 

illuminated through the holes as the disc rotates. The pulses from the 

photocell are fed into a frequency-voltage converter which produces an 

output voltage proportional to speed. Details of the rectification 

circuit for the voltage signal are given in [7]. 

Table 1 shows the channel allocation for the variables monitored. 

Table 2 shows the location of the thermocouples and pressure transdu

cers as measured from the beginning of the feed section and shown in 

Figure 7. 

3.4 Extruder Start-up Procedure 

The initial procedure consisted of turning on the cooling water 

to the feed box and then turning on the power. It was necessary to cool 

the feed box throughout the run to prevent premature melting of the feed 

or "bridging." When this occurs, a continuous flow process cannot be 

achieved. Next, the extruder was brought to operating temperature by 

switching on the variacs for each band heater. The die heater variac 

was switched on to correspond to a temperature of approximately 400° F 

at the die. It usually required one or two hours before the barrel was 

sufficiently warm enough for any residual polymer to be melted and for 

the experimental run to begin. 

Next, the extruder drive was started and its speed was adjusted 

to 40 rpm. The feed motor was turned on sufficiently to provide enough 



Table 1. Channel Allocation. 

Channel Data Collected 

1 T1 

2 T2 

3 T3 

4 T4 

5 T5 

6 T6 

7 T7 

8 T8, Outlet cooling water 

9 T9, Inlet cooling water 

10 Screw speed 

11 Voltage 

12 Amperage 

13 PI 

14 P2 

15 P3 

16 P4 

17 P5 



Table 2. Location^of Thermocouples and Transducers. 

Distance (inches) from Pressure Distance (inches) from 
Thermocouple Start of Feed Section Transducer Start of Feed Section 

T1 49.4 PI 45.0 

T2 45.0 P2 42.2 

T3 42.2 P3 37.2 

T4 37.2 P4 32.8 

T5 32.8 P5 24.3 

T6 24.3 

T7 11.9 

T8 7.1 

T9 0.8 

TBI 44.7 

TB2 37.4 

TB3 30.7 

TB4 24.4 

TB5 19.4 

TB6 14.4 



Feed Port TBI 
PI P2 

TB2 P4 TB4 
P3 Die TB3 TB5 TB6 

T8 T9 T7 T6 T4 T5 T2 T3 T1 

Figure 7. Location of Thermocouples and Transducers. 
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feed so that the extruder was neither starved nor overflowing at the 

feed hopper. The extruder is commonly said to be starved when the 

solids transport rate or the melting rate is less than the pumping rate. 

A starved screw usually leads to erratic operation and an extrudate of 

poor quality. 

The molten strap product coming out of the die was threaded 

through the water bath and fed to the nip rolls. The heater and screw 

speed controls and die valve were set at the desired operating condi

tions . 

The extruder was then allowed to reach steady state. During 

this start-up procedure, the computer data acquisition system was 

started. The computer program was set up so that the operator can 

determine when steady state has been achieved by merely looking at the 

teletype. The computer periodically declared steady or unsteady state 

for each operating variable at a rate specified by the user. It also 

printed the mean and standard deviation of each variable. 

3.5 Calibration of Pressure Transducers 

In order to determine the relationships between the voltages 

and extruder pressures, the data acquisition system was calibrated so 

that the computer-read voltages could be converted to bits and then to 

the appropriate engineering units. The system operating variable was 

then expressed as a function of bits. For the transducers the voltages 

were read for zero and 80 percent full-scale excursion using the SCM600 

signal conditioner. A calibration push-button on the signal conditioner 
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connected internal resistors used in the calibration process. The 

front panel zero and span controls were used for adjustment. This pro

vided a much easier and faster method of calibration than the use of a 

Bourdon test gauge. The calibration equations are presented in Table 

A-l and a sample calibration plot for the transducer is presented in 

Figure A-l. 

3.6 Calibration of Thermocouples 

For the calibration of the thermocouples, one end of the 

thermocouple was immersed in an ice bath while the other end was im

mersed consecutively in boiling water and in a slowly heated oil bath. 

The corresponding voltages and A/D output were read from a voltmeter 

and the computer teletype, respectively. The calibration equations for 

all thermocouples are listed in Table A-l and a sample plot is given in 

Figure A-2. 

Calibration equations for the screw speed, amperage, and volt

age are listed in Table A-l, and Figures A-3, A-4, and A-5 show the 

respective plots. 



CHAPTER 4 

EXPERIMENTAL RESULTS AND ANALYSIS 

4.1 Steady State Material Balance 

The data acquisition system was set up to perform material and 

energy balances for fresh and reground low-density polyethylene and for 

fresh and reground 50% sawdust-50% vacuum bottoms. 

Under ideal conditions, the material balance could be accom

plished by means of appropriate instrumentation to continuously measure 

the output flow rate. In the absence of such instrumentation, the 

output flow rate was predicted using Equation (15) by substituting 

appropriate values of the screw dimensions. In general, polymer melts 

are non-Newtonian and Equation (15) can only be considered an approxi

mation. However, the predicted results for the output flow rate agree 

remarkably well with the measured values for fresh and reground LDPE as 

shown in Figures (8) and (9) . Attempts to predict the output flow rate 

for 50% sawdust-50% vacuum bottoms using the same equation failed. 

Besides the non-Newtonian nature of the materials, a major stumbling 

block was the lack of accurate viscosity data at the shear rates of 

interest. The viscosity of the combination could not be measured beyond 

-1 
a shear rate of 0.2 sec . Attempts to extrapolate to the range of 

44-88 sec ^ were unsuccessful. The effect of screw speed on the output 

rate of 50% sawdust-50% vacuum bottoms reground is shown in Figure 10. 
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Figure 8. Effect of Screw Speed on Output Rate of Fresh LDPE. 
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From Figure 6.18 of [8], the drag flow and pressure flow shape 

factors are, for H/W of 0.071, 

Fd = 0.95 

F = 0.945 
P 

By substitution of the shape factors and the screw geometry data into 

Equations (23) and (24), we obtain, respectively, 

a = 0.366 cu in 

-4 4 
3 = 2.2 x 10 in 

To convert to appropriate units: 

a = (0.3669 in3)(ft3/1728 in3)(1/60 sec)(3600 sec/hr) 

= 1.3 x 10"2 ft3/hr 

3 = (2.2 x 10~4 in4)(1/14 in)(3600 sec/hr)(ft3/1728 in3) 

= 3.3 x 10~5 ft3/hr 

where the metering section is 14 inches long. The output flow rate, in 

lb/hr, is given by 

Q = (<*N - £|p)p (25) 

where 

p = lb/ft3 

y = lb^-sec/in2 
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AP = psi 

N = rpm 

Sample Calculation for Fresh LDPE 

Viscosity data for LDPE: 

At 483°K, 

6 «0 44 
11 = (5.3 x 10°/YU'^) c.p. 

The shear rate is related to the screw speed by 

y = DN/H 

where 

D = barrel diameter 

N = screw speed 

H = channel depth 

At a shear rate of 100 sec \ the activation energy, AE, of LDPE is 

7,200.0 cal/mole from [9]. At 483°K, the viscosity of LDPE at various 

screw speeds and shear rates and assuming the same activation energy is 

tabulated as follows: 

Temp °K RPM y> sec" '* •LPf"se 

483 40.0 44.1 0.144 

483 50.0 55.2 0.136 

483 60.0 66.2 0.120 

483 70.0 77.2 0.112 

483 80.0 88.3 0.106 
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Knowing the viscosity at a given temperature and shear rate, 

the viscosity at any temperature and at the same shear rate are related 

by, from (4), 

Ln(n2/n1) = (AE/RTJTjj) (AT) (26) 

where 

AE = activation energy, cal/mole 

R = gas law constant, 1.987 cal g-mole °K 

T^,T2 = temperature, °K 

From Table B-l, the temperature of the melt in the metering section is 

357°F (= 453.6°K, thermocouple T2) at 40 rpm. At a shear rate of 44.2 

-1 2 
sec and 483°K, the viscosity, 0.114 lb^-sec/in . From Equation 

2 
(26), ri-^ is equal to 0.235 lb ̂-sec/in . From Table B-l, 

AP = (PI - P4) 

= -1256.0 psi 

3 
The density of LDPE at 357°F is 36.0 lb/ft . Hence, from Equation (25), 

the output rate is given by 

Q = (0.01274(40.0) - (3-3) X0*°34G(~1256))36.0 

= 24.7 lb/hr 

Tabulated results of predicted and measured output rates are given in 

Tables 3, 4, and 5 for fresh and reground LDPE and for reground 50% 

sawdust-50% vacuum bottoms. These results are based on the data of 

Tables B-l, B-2, and B-3. 



Table 3. Steady State Energy Balance for Fresh LDPE (Run No. 10, 6/17/81). 

Seres 
Speed 
rpm 

Predicted 
Output 
Rate 
lb/hr 

Measured 
Output 
Rate 
lb/hr 

Flow 
Energy 
Btu/hr 

Enthalpy 
Change 
Btu/hr 

Cooling 
Water 
Loss 
Btu/hr 

Gear 
Loss 
Btu/hr 

Varidrive 
Loss 
Btu/hr 

Barrel Total 
Heat Energy 
Loss in 
Btu/hr Btu/hr 

Total 
Energy 
Out 

Btu/hr 

Percent 
Error 

40.0 24.7 23.2 150.0 5,393 2,900 587.0 587.0 1,877 11,747 11,494 2.0 

50.0 27.0 28.7 95.0 6,396 1,450 701.0 701.0 6,517 14,017 15,859 -13.0 

60.0 31.1 31.1 91.0 7,169 4,350 730.0 730.0 2,216 14,608 15,287 -5.0 

70.0 37.0 35.7 130.0 8,572 5,800 840.0 840.0 -774 16,795 15,408 8.0 

80.0 39.3 41.7 73.0 9,666 4,350 931.0 931.0 1,379 18,611 17,330 7.0 

to 
o> 



Table 4. Steady State Energy Balance for LDPE Regrind (Run No. 8, 6/1/81). 

Screw Predicted Measured Flow Enthalpy Cooling Gear Varidrive Barrel Total Total Percent 
Speed Output Output Energy Change Water Loss Loss Heat Energy Energy Error 
rpm Rate Rate Btu/hr Btu/hr Loss Btu/hr Btu/hr Loss In Out 

lb/hr lb/hr Btu/hr Btu/hr Btu/hr Btu/hr 

40.0 21.3 21.2 -33 4,236 2,400 752 752 6,826 15,040 14,933 1.0 

50.0 27.3 29.1 -73 5,982 2,400 803 803 8,534 16,061 18,449 -15.0 

60.0 36.3 35.7 -210 7,361 2,400 963 963 5,354 19,249 16,830 13.0 

f 
70.0 41.1 39.7 -205 8,364 3,600 1,045 1,045 9,866 20,904 23,716 -13.0 

80.0 44.7 47.6 -152 10,181 3,600 1,173 1,173 5,899 23,461 21,874 7.0 



Table 5. Steady State Energy Balance for 50% S.D.-50% V.B. Regrind.(Run No. 9, 6/10/81). 

Screw Measured Flow Enthalpy Cooling Gear Varidrive Barrel Total Total Percent 
Speed Output Energy Change Water Loss Loss Heat Energy Energy Error 
rpm Rate Btu/hr Btu/hr Loss Btu/hr Btu/hr Loss In Out 

lb/hr Btu/hr Btu/hr Btu/hr Btu/hr 

40.0 31.1 244.0 4,213 1,547 602 602 7,554 12,048 14,762 -23.0 

50.0 33.1 4.0 4,037 2,011 579 579 3,584 11,577 10,794 7.0 

60.0 37.7 37.0 4,971 464 722 722 5,565 14,433 12,480 14.0 

70.0 38.8 -31.0 5,203 2,011 684 684 4,099 13,676 12,650 8.0 

80.0 44.3 -25.0 6,060 1,083 770 770 8,907 15,399 17,565 -14.0 
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4.2 Steady State Energy Balance 

Steady state energy balances were made for fresh and reground 

low-density polyethylene at several screw speeds using the thermodynamic 

data of Maddock [9]. These data are on enthalpy plot as a function of 

temperature for LDPE at a reference base of zero enthalpy at 32°F and 

1 atm. The following equation, valid in the range 225°F-400°F, approxi

mates the data, including latent heat effects: 

H - 0.64T (27) 

where H is the enthalpy and T is the melt temperature (°F). The total 

enthalpy change for the melt is given by 

H = (H2 - H1)Q (28) 

where and are the enthalpies (Btu/lb) of the feed and exit melt, 

respectively. ^ is evaluated at the temperature of thermocouple Tl. 

The enthalpy of the feed was assumed to be 5.0 Btu/lb at 80°F, the 

entering feed temperature. 

Typical transmission efficiencies of extruder gearboxes are 

given in [10]. The varidrive and gear losses were each assumed to be 

5 percent of the motor input. The cooling water losses were calculated 

as a product of the cooling water rate (lb/hr) and the difference in 

temperature between thermocouples T8 and T9, the output and input 

temperatures of the cooling water, respectively. 

Figures 11-20 show the smoothed temperature profiles for fresh 

and reground LDPE at various screw speeds. The computer program 
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(Appendix C) projects a straight line from one thermocouple location 

reading to the adjacent thermocouple for both melt and barrel thermo

couples. A constant temperature (T7) is assumed from the beginning of 

the barrel to the location of thermocouple T7. Then a straight line is 

projected from temperature T7 to T6 and so on. The same procedure is 

repeated for the outer barrel surface temperatures. This defines the 

temperatures of the melt and outer barrel surface at every point along 

the extruder, from the beginning of the barrel to the edge of the 

metering section or tip of the screw. 

Consider a long circular cylindrical shell of known inner and 

outer radii r^ and r2» respectively. Steady state conditions prevail 

with no heat generation and the thermal conductivity k is constant. 

The outer barrel surface is held at the temperature TB, while the poly

mer melt at temperature Tq flows inside the barrel (between r = 0 and 

r = r.) with a known surface coefficient of heat transfer h between 
1 o 

the melt and the inside barrel surface. The radial temperature distri

bution is given by 

A 1 3T 1 32I S2T _ n 
7 *  + T  8? + ~Z2 +7T " 0 <29) 
3r r 30 3z 

2 2 
Since the shell is long, 3 T/3z - 0, and because of the symmetry of 

2 2 
the system, 3 T/30 = 0. Equation (24) reduces to: 

4  +  ̂ = °  ( 3 0 )  
dr2 1 dr 

with boundary conditions: 
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T = TB at r = r2 

h (T - T.) = -k(3T/3r) at r = r, 
o o 1 1 

where T^ is the temperature of the inside surface of the barrel. The 

temperature as a function of r for the conductive heat transfer between 

r^ and is given as: 

(T - TB) 

T " " L,(r,/r1°) 4- (k/h r,) Ln<r/r2> + 16 (31) 

Z  1  o  1  

The heat transfer rate per unit length of shell is obtained 

from Fourier's law of conduction: 

q' = -k27rr(l)g (32) 

where q' is the heat transfer rate per unit length at any r. Differ

entiating Equation (31) and combining with Equation (32) gives 

2iTk(To-TB) 

q' = Ln(r2/r;L) + (k/h^) (33) 

Mathematically, as the heat transfer coefficient, ho, between the melt 

and the inside barrel wall approaches infinity, the melt temperature 

approaches the temperature of the inside barrel surface. Hence, 

Equation (33) reduces to 

2irk(T -TB) 

• LnCr^) <34> 

If the length of the barrel is divided into n equal intervals with known 
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barrel surface and melt temperature, then the total barrel heat loss is 

given by 

Barrel heat loss - <T± - TB^ Xi (35) 

where 

k = thermal conductivity of barrel 

= 10.0 Btu/hr ft °F 

r2 = outside radius of barrel 

= 2.5 in 

r^ = inside radius of barrel 

= 0.875 in 

= melt temperature at location i 

TB^ = barrel surface temperature at location i 

Ax^ = step interval 

= 1 cm 

The total distance between the beginning of the barrel and the 

end of the metering section is 95 cm. Since the present location of 

the barrel and melt thermocouples may be changed, a small step size of 

1 cm is chosen so that the computer program can easily be altered to 

handle any adjustments. This approach of calculating the barrel heat 

loss has the advantage that in cases where there is heat addition to 

the system by conduction through the barrel, the net heat gain is 

simultaneously calculated. An example is shown in Table 3 and Figure 

17 for fresh LDPE at 70 rpm. 



The total energy balance of the system is the Sum of 

1. The enthalpy change of the melt. 

2. The varidrive loss. 

3. The gear loss. 

4. The barrel heat loss. 

5. The coolinjg water loss. 

6. The flow energy to pump melt through die. 

7. The electrical energy input of drive motor. 

The overall energy balance for the extruder system is thus 

given as: 

Z + qe = CQAT + QAP + (36) 

where 

Z = electrical motor power-gear loss-varidrive loss 

qe = heat input from electrical heater bands 

= 0 in this case 

CQAT = enthalpy change for resin 

QAP = flow energy to pump melt through die 

H = heat losses from barrel and through cooling water 
Li 

The power input for a 3-phase motor is given by: 

Power = /3 VICos<|> (37) 

where 

V = line voltage, volts 

I = current, amps 

Cosc() = power factor 
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Sample Energy Balance Calculation for 100% LDPE 

Sample calculations are based on the data of Tables 3 and B-1 

40 rpm. 

1. Cooling water loss: 

Cooling water rate = 5800 lb/hr 

T8 = 80.6°F 

T9 = 80.1°F 

Cooling water loss = (5800 lb/hr)(80.6-80.1)°F(1.0Btu/lb°F) 

= 2900 Btu/hr. 

2. Enthalpy change of melt: 

Input feed temperature = 80°F 

Enthalpy of feed, = 5.0 Btu/lb 

Exit melt temperature, T1 = 371°F 

Enthalpy of exit melt, ̂  = 0.64 (Tl) 

= 237.4 Btu/lb 

Enthalpy change of melt = (237.4 - 5.0) Btu/lb 

= 232.4 Btu/lb 

Measured output rate, Q = 23.2 lb/hr 

Total enthalpy change = (23.2 lb/hr)(232.4 Btu/lb) 

= 2393 Btu/hr 

3. Flow energy to pump melt through die: 

Q = 23.2 lb/hr 

AP = 1256.0 psi 

p = 36.0 lb/ft3 



Flow energy to pump melt, QAP/p 

= (23.2 lb/hr)(1256 lbf/in2)/(36 lb/ft3) 

= 150 Btu/hr 

Electrical motor power: 

Current, I = 14.6 amps 

Voltage, V = 210 volts 

Power factor = 0.65 

From Equation (37), 

Power = 1.732(210)(14.6)(0.65) 

= 3442 watts 

= 11,747 Btu/hr 

Gear loss: 

Gear loss = 0.05 (motor power) 

= 0.05 (3442 watts) 

= 172.1 watts 

= 587.0 Btu/hr 

Varidrive loss: 

Varidrive loss = 0.05 (motor power) 

= 0.05 (3442 watts) 

= 172.1 watts 

= 587.0 Btu/hr 

Barrel heat loss: 

Step 1. Establish barrel surface temperature profile, 

a. A constant temperature (TB6) is assumed from the 

beginning to the location of thermocouple TB6. 
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The distance is 13 cm. Hence, if the length of the 

barrel is divided into 1 cm intervals, 

TBi = 255°F i = 1, 13 

TB1 = 255, TB2 = 255 TB13 = 255°F 

where, from Table B-l, TB6 = 255°F. 

The distance between thermocouples TB6 and TB5 is 13 cm. 

A linear gradient is assumed between TB6 and TB5. The 

barrel surface temperature at 1 cm intervals between 

TB6 and TB5 is given by 

TBi = TB6 + (TB5 ~ TB6)(i " 13) ^ i = 13, 26 

From the data of Table B-l, TB5 = 285°F. Hence, 

IB. - 255 f (285 ' TJ&- , i = 13, 26 
i 13 

TB13 = 255, TB14 = 257'3' * * * » TB26 = 285°F 

The distance between thermocouples TB5 and TBA is 13 cm. 

TB4 = 305°F. Hence, 

TBi = TB5 + (TB4 " " 26) , i = 26, 39 

= 285 + (3°5 " " 26) , i = 26, 39 

TB26 = 285, TB27 = 286.5 TB39 = 305°F 

Similarly, the distance between thermocouples TB4 andTB3 is 
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16 cm. The distance between TB3 and TB2 is 17 cm and, 

between TB2 and TBI, the distance is 23 cm. 

TB3 = 340°F. TB2 = 360°F. TBI = 355°F. Hence, 

TB. = TB4 + (TB3 " " 39) , i = 39, 55 
l 16 ' 

- 305 + (34° ' 3̂ (1 * 39) , i-39, 55 

TB39 = 305, TB40 =307.2, . . . , TB55 = 340°F. 

TB. = TB3 + (TB2 - T»3)(i - 55) , i - 55, 72 

• 340 + (36° - 3̂ )(i - 55> , i-55, 72 

TB55 = 340, TB56 = 341.2, . . . , TB?2 = 360°F. 

TB. . TB2 + (TBI - TB2)(i - 72) # . ?2> „ 

= 360 + (335 " 323)(1 " 72) > i = 72, 95 

TB?2 = 360, TB?3 = 358.9 TBg5 = 335°F 

Step 2. Establish melt temperature profile. 

a. A constant temperature (T7) is assumed from the begin

ning of the barrel to the location of melt thermocouple 

T7. The distance is 6 cm. From Table B-l, T7 = 194°F. 

Hence, 
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T± = T7 i = 1, 6 

= 194°F 

T1 = 194, T2 = 194, . . . , Tg = 194°F. 

b. The distance between thermocouples T7 and T6, T6 and T5, 

T5 and T4, T4 and T3, T3 and T2, are 31, 22, 11, 13, and 

12 cm, respectively. T7 = 194°F, T6 = 344°F, 

T5 = 391°F, T4 = 370°F, T3 = 377°F, T2 = 357°F. 

Assuming linear temperature profiles between adjacent 

thermocouples,, the corresponding equations are: 

T± = T7 + (T6 " T̂ (1 " 6) , i = 6, 37 

. 194 + (344 - 194)(1 - 6) t i=6,37 

Tg = 194, T? = 198.8, . . . , T = 344°F. 

T± - T6 + (T5 " T̂ (l " 37) , i = 37, 59 

= 344 + (391 - 3̂ )(i-37> , i-37. 59 

T37 = 344, T38 = 346.1, . . . , Tsg = 391°F. 

T. - T5 + (T4 " T̂ (l " 59) , i = 59, 70 
l 11 ' 

= 391 + »70 - ' 59> , 1=59,70 

T59 - 391, T6q = 389.1, . . . , T?0 - 370°F 
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T< • 14 + <» - »)(1 - 70) _ i = 70>83 

. 37Q + (377 - 370)(1 - 70) _ * = 70, 83 

T?0 - 370, T?1 - 370.5 T83 - 377°F 

- T3 + (T2 ~ T3)(i - 83> f i = 83, 95 

= 377 + (357 ' (1 - 83> , i-83, 95 

T83 - 377, T84 - 375.3, . . . , T9J = 357°F 

Step 3. From Equation (35), 

T . I (T. - TB.)Ax. 
LnC^/r^ î 1 i x' x 

Barrel heat loss = 

_ 2(3.14)(10 Btu/hr ft °F)(957.3°F)(1 cm) 
(1.05)(30.45 cm/ft) 

= 1877.0 Btu/hr 

Substituting the values generated for the sample calculation 

into Equation (36), the energy balance becomes 

Net Power = 11,747 - 587 -587+0 

= 5393 + 1877 + 150 + 2900 + error 

error = 253 Btu/hr 

253 
Percent error = ,, _,_ x 100 

11,747 

a 2% 
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Major sources of error in the energy balance include: 

1. The assumption of a ten percent loss in electrical motor power 

due to gearbox and varidrive motor. This loss may be as low 

as five percent [10]. This is equivalent to an error of 587 

Btu/hr in this case. 

2. Inherent error in measuring instruments. For example, the 

standard limit of error in Type J thermocouples over the tem

perature range of zero to 400°F is + 4°F [11]. From Equation 

(27), this corresponds to an error of 2.6 Btu/lb in the enthalpy 

change or 59 Btu/hr at a flow rate of 23.2 lb/hr. 

3. A power factor of 0.65 was assumed at 40 rpm. In general, the 

power factor is a function of the load and varies from as low 

as 0.65 at 40 rpm to as high at 0.75. The value may be as high 

as unity at 80 rpm [12]. From Equation (37), this is equivalent 

to an error of approximately 1,800 Btu/hr in this case. 

4. Errors due to calibration. Depending on the frequency of use 

and type of resin, the transducer calibrations tended to devi

ate with time. However, these deviations were minimal. 

The total contribution of these errors is equal to 2,500 Btu/hr 

or 14% of the energy balance in this case. 

Due to the circulating cooling water in the feed throat section 

of the extruder and also because of the incoming cold feed, an axial 

temperature gradient exists along the barrel wall in the axial direction 

toward the feed port. If we assume that the inside surface of the barrel 
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is at the same temperature as the melt, then the rate of heat conduc

tion along the barrel in the axial direction can be calculated. 

Let the temperature at any two adjacent points 1 cm apart on 

the outside barrel surface be TB^ and Let the corresponding 

temperatures of the inside barrel surface be and respectively. 

Then 

AT (TBi+l + Ti+1> - ("i + V 
AL AL ( ' 

where AL is the distance between TB... and TB.. This is also the 
l+l l 

distance between T.t1 and T.. Then the rate of heat conduction in the 
l+l I 

axial direction is given by 

Q = kAAT/AL (39) 

where 

2 2 
A = ir(r2 - r^ 

= 3.14 (0.0434 - 0.0053)ft2 

= 0.12 ft2 

Using the previously calculated temperature profiles for fresh 

LDPE at 40 rpm and considering a segment of the barrel in the feed 

section, 

AT <TB39 + V ' (IB38 + T38> 
AL 1 cm 

= (305 + 348.2) - (302.8 + 346.1) 
1 cm 

= 131.1°F/ft 



From Equation (39), 

Q = (10 Btu/hr ft °F)(0.12 ft2)(131.1 °F/ft) 

= 157.0 Btu/hr 

The positive value of Q indicates that for the segment under considera

tion, the net heat conduction along the barrel is towards the feed port. 

The net conduction of heat towards the feed throat is rather small 

relative to the rate of heat removal by the cooling water in the throat 

(157 Btu/hr versus 2900 Btu/hr). Also, since the heat is conducted 

towards the throat section, it is part of the heat that is removed by 

the cooling water. 

If we consider a segment of the barrel nearer the die, 

AT (TB85 + T85> " (IB84 + V 
AL 1 cm 

= (374.1 + 373.6) - (373.1 + 375.3) 
1 cm 

= -19.6°F/ft 

From Equation (39), 

Q - (10 Btu/hr ft °F)(0.12 ft2)(-19.6°F/ft) 

= -23.5 Btu/hr 

The negative value of Q in this case indicates that the net axial heat 

conduction for this segment is toward the die. In general, the net 

axial heat conduction is toward the feed part for segments of the barrel 

in the feed section. Nearer the die, the net axial heat conduction may 

be zero, slightly negative or slightly positive. 



The procedure for calculating the energy balance for reground 

LDPE and sawdust-vacuum bottoms mixture is similar. However, no 

enthalpy-temperature data for sawdust-vacuum bottoms are available. 

The enthalpy change was calculated using a specific heat value of 0.45 

Btu/lb-°f. 

Consistently good energy balances were obtained for fresh and 

reground LDPE as well as for reground sawdust-vacuum bottoms. These 

results are tabulated in Tables 3, 4, and 5 and illustrated in Figures 

21, 22, and 23. A straight line is drawn through the data of Figures 

21, 22, and 23 because the screw speed is directly proportional to the 

total energy input. In all cases, the results of the energy balances 

were within an error tolerance of + 20%. 
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Figure 21. Summary of Energy Balances for Fresh LDPE. 
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CHAPTER 5 

STATISTICAL ANALYSIS OF DATA 

5.1 Basic Concepts 

The evaluation of experimental data, involving the expression 

of a dependent variable as a function of several independent variables, 

is easily accomplished by regression analysis or the least square fit 

method. This method not only gives the relationship among the vari

ables in the form of an equation but also provides valuable statistical 

data on the reproducibility of the experiments and the "goodness of fit" 

of the equation obtained. However, even if the fit were perfect, the 

regression would only give us a rather complicated equation containing, 

in the case of a second-degree equation, first- and second-degree terms 

as well as the cross products of the variables that would indicate 

interaction among the independent variables. Further analysis beyond 

this point may be achieved by the method of "response surface" analysis 

as developed by Box and his co-workers [13]. This method requires a 

large amount of data to obtain any meaningful results. 

5.2 Application to Extrusion Data 

The data of Tables B-l, B-2 and B-3 were fitted with a second-

degree regression equation with the output flow rate (lb/hr) as the 

dependent variable and screw speed (X^), pressure drop in the metering 
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section (X2), barrel temperature (X^), and output temperatures of the 

melt (X^) as the independent variables. 

q - bo + bA + b2X2 + b3x3 + b4x4 + b12xlX2 + . . . + 

bllXl + b22X2 + * * * + b44X4 (40) 

The results of the regression analysis are tabulated in Tables 

6 through 11. However, in each of the regression equations developed 

for fresh and reground LDPE and reground sawdust/vacuum bottoms, ten 

variables were not forced due to insufficient tolerance. Inclusion 

levels of these variables were set equal to zero. This is due to the 

limited amount of data. Unique estimates under these circumstances are 

impossible. A complete analysis would involve the measurement of 

several combinations of the independent variables. 

In regression analysis, residuals are conceived as measures of 

the error component. More specifically, an examination of residuals 

provides information relevant to two types of questions. First, it may 

indicate lack of linearity and provide guidance towards the most appro

priate modifications. The second type of question is whether the 

assumptions that the errors are independent, have a mean of zero and 

have the same variance throughout the range of values of the dependent 

variable, are met. 

Since the estimated regression equations are not unique, no 

inference can be drawn about the influence of the independent variables, 

screw speed, barrel temperature, pressure drop, and melt temperature on 

the output rate. 



Table 6. Analysis of Data Variance for Fresh LDPE. 

Source Sum of Degrees of Mean F Significance 
Squares Freedom Square 

Regression 196.888 4 49.222 0 1.000 

Residual 0.0 0 0.10E+76 

Observation Q Value Q Estimate Residual 

1 23.200 23.200 0.147791E-11 

2 28.700 28.700 -0.102318E-11 

3 31.100 31.100 -0.227374E-12 

4 35.700 35.700 0.682121E-12 

C J  41.700 41.700 -0.454747E-12 
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Table 7. Confidence Interval on Coefficients for Fresh LDPE. 

Variable Coefficient 95.0% Confidence Interval 

X. 

x; 

x. 

X? 

b (constant) 
o 

0.59976962 

-0.315077E-03 

0.129663E-03 

0.451864E-05 

20.896977 

0.59976962 

-0.315077E-03, -0.315077E-03 

0.129663E-03, 0.129663E-03 

0.451864E-05, 0.451864E-05 

Variable Multiple R R-Squared R-Squared Change Simple R 

X, 

x: 

x; 

0.99161 

0.99583 

0.99588 

1.00000 

0.98330 

0.99167 

0.99178 

1.00000 

0.98330 

0.00837 

0.00011 

0.00822 

0.99161 

0.32452 

0.49028 

-0.79707 



Table 8. Analysis of Data Variance for LDPE Regrind. 

Source Sum of Degrees of Mean F Significance 
Squares Freedom Square 

Regression 108.228 4 27.057 0 1.000 

Residual 0.0 0 0.10E+76 

Observation Q Value Q Estimate Residual 

1 31.000 31.000 0.27967E-10 

2 33.100 33.100 0.30695E-10 

3 37.700 37.700 -0.10800E-09 

4 38.800 38.800 0.12051E-10 

5 44.300 44.300 0.39336E-10 
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Table 9. Confidence Interval on Coefficients for LDPE Regrind. 

Variable Coefficient 95.0% Confidence Interval 

X1 
0.66152842 0 .66152842 , 0.66152842 

X4 
-0.25783230 -0 .25783230 , -0.25783230 

x2 
3 

0.42425878E-03 0 .42425878E-03, 0.42425878E-03 

X1X2 
0.16540598E-03 0 .16540598E-03, 0.16540598E-03 

b (constant) 54.602716 
o 

Variable Multiple R R-Squared R-Squared Change Simple R 

xi 
0.98182 0.96397 0.96397 0.98182 

X4 
0.98522 0.97065 0.00668 0.46418 

x2 
3 

0.98522 0.97066 0.00001 0.70478 

X1X2 
1.00000 1.00000 . 0.02934 -0.72686 



Table 10. Analysis of Data Variance for 50% Sawdust-50% Vacuum Bottoms. 

Source Sum of Degrees of Mean F Significance 
Squares Freedom Square 

Regression 406.012 4 101.503 0 1.0 

Residual 0.0 0 0.10E+76 

Observation Q Value Q Estimate Residual 

1 21.200 21.200 -0.984528E-10 

2 29.100 29.100 0.114255E-09 

3 35.700 35.700 -0.325144E-10 

4 39.700 39.700 0.406999E-10 

5 47.600 47.600 -0.250111E-10 
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Table 11. Confidence Interval on Coefficients for 50% Sawdust-50% 
Vacuum Bottoms. 

Variable Coefficient 90% Confidence Interval 

X1 
0.63935991 0 .63935991, 0.63935991 

X2 
2 

-0.15566618E-05 -0 .15566618E-05, -0.15566618E-05 

X3 
-0.84359735E-01 -0 .84359735E-01, -0.84359735E-01 

X4 
0.19235140 0 .19235140 , 0.19235140 

b (constant) -44.272197 
o 

-44 .272197 ,-44,272197 

Variable Multiple R R-Squared R-Squared Change Simple R 

xi 
0.99499 0.99001 0.99001 0.99499 

x2 
2 

0.99509 0.99021 0.00020 0.41677 

X3 
0.99960 0.99921 0.00900 0.62872 

X4 
1.00000 1.00000 0.00079 0.97878 



CHAPTER 6 

DISCUSSION 

The extrusion theory generally in use today was developed in 

the early fifties and suffers from many shortcomings. Essentially, it 

is an over-simplified analysis of flow in the screw extruder. It 

assumes that flow behavior in the extruder can be approximated by iso

thermal Newtonian flow between infinite parallel plates. The vast 

majority of extruders, however, are plasticating extruders and not just 

melt extruders. The polymer is completely melted only toward the front 

end of the extruder and often not even there. At best, therefore, the 

theory is applicable only in the last few turns of the extruder, which 

form the melt conveying zone. Even here the applicability of the 

Newtonian flow theory is extremely limited: temperature and pressure of 

the melt in this zone depend on the previous history of the polymer in 

the extruder. Applying the theory without the knowledge of the initial 

conditions will lead to significant errors. 

The basic Newtonian assumption is also a gross over-simplifica

tion and every one of the basic assumptions of this theory can give 

rise to errors. First, polymer melts are non-Newtonian fluids. By 

using the linear solution of the Newtonian case, errors are introduced. 

Solution of the flow problem for non-Newtonian fluids still takes the 

form of two independent terms, one expressing "drag flow" and the other 
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"pressure flow," but there is a combined effect (interaction) of the 

moving boundary and the pressure gradient on the flow. 

Secondly, the flow is rarely isothermal. One of the essential 

features of any polymer melt flow is the high value of the viscous dis

sipation term which increases the polymer temperature. This thermal 

energy, whether removed by cooling or not, leads to non-isothermal 

conditions. 

Finally, the real geometry in which the flow takes place devi

ates greatly from the assumed parallel plate configurations. 

A great deal of work has been published on modifications and 

improvements of the original screw performance theories [8]. Many of 

these appear in the form of various correction factors to the original 

theory: correction factors for the shape of the channel (the effect of 

screw flights), curvature, radial temperature distribution, taper, and 

the effect of flight clearance. However, these correction factors were 

usually derived independently of one another and their linear combina

tion will lead to errors. 

The major advantage of the Newtonian approximation, particularly 

in a computer-based data acquisition system, is its simplicity and 

linearity. For a given screw, the parameters in the model are easily 

determined and thus the output rate can be predicted. 



CHAPTER 7 

SUMMARY AND CONCLUSIONS 

The accuracy of the computer-based data acquisition system was 

successfully verified using low-density polyethylene and sawdust/vacuum 

bottoms. Most of. the energy balances at various screw speeds were 

within a closure of plus or minus 10%. In all cases, they were within 

a closure of plus or minus 20%, the estimated error tolerance based on 

the inherent errors of the measuring instruments. Approximations were 

made in estimating the frictional and mechanical losses in the gear and 

variable drive belt. Error contributions from this approximation were 

minimal. 

The output flow rates of low-density polyethylene (fresh and 

reground) were successfully predicted using the steady state, isothermal, 

Newtonian model at shear rates of 44, 66, 77, and 88 sec The model 

failed to predict the output flow rates of 50% sawdust-50% vacuum bot

toms because sawdust does not form a melt. Attempts to determine the 

viscosity using a viscometer at high concentrations of sawdust were 

unsuccessful. The maximum shear rate achieved was 0.2 sec ̂  at 10% 

concentration. 

The major advantage of utilizing the Newtonian model in spite 

of the pseudoplastic behavior of low-density polyethylene is that 

instantaneous flow rates can be computed rather than averaged values. 
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Due to the pressure fluctuations which may be as high as 100 psi, a 

small error is introduced when output rates are calculated from data 

collected over an interval of time. 

Often in experimentation, the experimenter has no immediate 

knowledge of the accuracy of the data being collected. He has to rely 

on subsequent analysis of the data. In complex equipment such as 

extruders, this method of experimentation can be time-consuming and 

expensive. A computer-based data acquisition and analysis provides a 

faster, cheaper, and more reliable method. 



CHAPTER 8 

RECOMMENDATIONS 

The major source of error in the energy balance for fresh and 

reground low-density polyethylene as well as in fresh and 

reground 50% sawdust-50% vacuum bottoms is the calculation of 

the heat loss through the cooling water. The accuracy of the 

thermocouples currently in use is limited to + 4.0°F. Although 

this error is small in magnitude, it introduces a large error 

in the energy balance. For instance, at a cooling water rate 

of 1450 lb/hr, a 1°F error in the thermocouple reading intro

duces an error of 1450 Btu/hr in the energy balance. At 40 rpm, 

for example, this is equivalent to an error of about 10 percent 

in the energy balance. More accurate thermocouples will mini

mize this error. An alternate solution is to reduce the cooling 

water rate if possible. 

The method of feeding of the polymer pellets into the feed box 

has a significant effect on the output rate. This effect was 

not apparent for low-density polyethylene. However, for 50% 

sawdust-50% vacuum bottoms, the screw is constantly starved 

without forced feeding. Observations made during several runs 

suggest that the erratic extrusion rate could be minimized by 

a consistent forced-feed mechanism such as a Crammer feeder. 
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The isothermal Newtonian model predicts the output rate of low-

density polyethylene with a high degree of accuracy. Its 

utility for a computer-based data acquisition and analysis sys

tem is limited, however, because the density and viscosity of 

the melt at the operating temperatures must be determined ji 

priori. There is often no available literature data for rela

tively new materials or for mixtures such as 50% sawdust-50% 

vacuum bottoms. The need to predict the output rate using a 

correlation could be eliminated by monitoring the output rate 

directly. 

The accuracy of the data depends, primarily, on the instrumen

tation. All the measuring instruments on the extruder need to 

be recalibrated at least once a month depending on the frequency 

of use. 

Output rates could be measured and recorded directly by means 

of a strain gage mounted beneath a belt conveyor. 



NOMENCLATURE 
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NOMENCLATURE 
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Roman Letters 

c Radial clearance between the top of the screw flight and 
barrel, inches 

D Barrel diameter, inches 

E Pitch of flight, inches 

e Width of flight, inches 

Fp Shape factor for drag flow 

F Pressure flow shape factor 
P 

2 
g Gravitational acceleration, ft/sec 

H Screw channel depth, inches 

m Number of parallel flights 

N Screw speed, rpm 

P Pressure, psi 

Q Extrusion rate, lb/hr 

*** 3 
Q Volumetric flow rate, ft /hr 

r Radius, inches 

T Temperature, °F 

t Units symbol for time 

V Barrel velocity at top of screw channel, ft/sec 

vx x-direction fluid velocity, ft/sec 

Vy y-direction fluid velocity, ft/sec 

vz z-direction fluid velocity, ft/sec 

W Width of channel, inches 

x Screw channel coordinate axis, inches 
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y Screw channel coordinate axis, inches 

z Screw channel coordinate axis, inches 

Greek Letters 

a Screw geometry constant 

3 Screw geometry constant 

y Shear rate, sec 

A Increment 

2 
ri Apparent non-Newtonian viscosity, lb ̂-sec/in 

0 Helix angle of screw 

A Coordinate axis parallel to screw axis, inches 

Phase angle for electrical power factor 

2 
y Newtonian viscosity, lb̂ -sec/in 

3 
p Density, lb/ft 
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Table A-1. Calibration Equations. — General Equation: 
Y = mx + b; x = A/D Output. 

Variable, Y Slope, m Intercept, b 

T1 -0.3373 726.0 

T2 -0.3294 706.0 

T3 -0.3326 712.7 

T4 -0.3343 713.4 

T5 -0.3514 756.3 

T6 -0.3223 709.9 

T7 -0.3284 715.2 

T8 -0.3238 700.6 

T9 -0.3289 706.8 

Screw Speed -0.0746 155.4 

Voltage -0.1593 327.3 

Amperage -0.0246 50.44 

PI -4.8780 10,000.0 

P2 -2.4020 5,000.0 

P3 -2.4410 5,000.0 

P4 -4.6512 9,644.5 

P5 -5.1562 10,591.0 
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Table B-l. Steady State Extrusion Data for Fresh LDPE (Run No. 10, 6/17/81). 

Screw Cooling Melt Temperature (°F) Barrel Temperature (°F) Pressure (psig) 
Speed Water 
rpm Rate T1 T2 T3 T4 T5 T6 T7 T8 T9 TBI TB2 TB3 TB4 TB5 TB6 PI P2 P3 P4 

lb/hr 

40.0 5800 371 357 377 370 391 344 194 80.6 80.1 335 360 340 305 285 255 4874 5040 5783 6130 

50.0 2900 356 369 391 365 374 330 240 80.6 80.1 350 365 345 230 245 245 4898 5136 5450 5540 

60.0 7250 368 362 376 360 373 320 230 80.7 80.1 345 360 340 285 270 255 2163 5248 5567 5730 

70.0 5800 383 364 375 355 351 308 227 81.1 80.1 360 360 330 290 290 260 5063 5152 5687 5770 

80.0 6444 370 366 383 360 369 321 244 81.6 80.1 345 375 345 295 295 250 5440 5456 6000 5780 



Table B-2. Steady State Extrusion Data for LDPE Regrind (Run No. 8, 6/1/81) . 

Screw Cooling Melt Temperature (°F) Barrel Temperature (°F) Pressure (psig) 
Speed Water 
rpm Rate T1 T2 T3 T4 T5 T6 T7 T8 T9 TBI TB2 TB3 TB4 TB5 TB6 PI P2 P3 P4 

lb/hr 

40.0 4800 320 294 295 279 277 258 250 80.6 80.1 255 250 245 220 210 205 1039 689 1488 736 

50.0 4800 329 307 298 256 285 265 255 80.6 80.1 255 260 255 205 200 195 . 996 628 1519 510 

60.0 4800 330 325 314 305 275 290 250 80.6 80.1 235 305 285 250 238 230 1315 818 2157 170 

70.0 5140 337 327 338 286 318 300 295 80.0 80.1 285 310 275 255 225 210 1262 820 2086 260 

80.0 5140 342 335 346 292 328 312 305 80.8 80.1 290 340 315 285 250 250 1279 793 2124 660 

VD 
U) 



Table B-3. Steady State Extrusion Data for 50% Sawdust-50% Vacuum Bottoms Regrind (Run No. 9, 6/10/81). 

Screw Melt Temperature (°F) Barrel Temperature (°F) Pressure (psig) 

apeea 
rpm T1 T2 T3 T4 T5 T6 T7 T8 T9 TBI TB2 TB3 TB4 TB5 TB6 PI P2 P3 P4 

40.0 3100 381 348 366 352 365 341 249 

0 

80.5 80.0 294 283 301 298 298 300 702 1108 1791 2440 

50.0 4020 351 329 360 369 390 350 193 80.5 80.0 290 327 323 321 306 278 811 1055 899 840 

60.0 930 373 351 374 361 376 362 293 80.5 80.0 297 348 328 328 328 308 983 1177 1072 1200 

70.0 4020 378 348 380 376 393 375 255 80.5 80.0 297 349 328 345 344 320 649 857 549 470 

80.0 1550 384 366 401 392 407 392 305 80.7 80.0 297 338 333 356 355 322 698 911 680 574 

VO 
•p-



APPENDIX C 

COMPUTER PROGRAM LISTING 
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Sample Program 
Material and Energy Balances for Fresh LDPE 

Program Regres (Input, Output) 

C 

C T(I) IS THE MELT TEMPERATURE (THERMOCOUPLE I) 

C TB(I) IS THE BARREL SURFACE TEMPERATURE (THERMOCOUPLE I) 

C YT(I) IS THE MELT TEMP AT I 

C YB(I) IS THE BARREL SURFACE TEMP AT I 

C P(I) IS THE PRESSURE (TRANSDUCER I) 

C T(8) IS THE EXIT COOLING WATER TEMP 

C T(9) IS THE INLET COOLING WATER TEMP 

C CWL IS THE COOLING WATER LOSS (BTU/HR) 

C CWR IS THE COOLING WATER RATE (LB/HR) 

C ALPHA IS A CONSTANT IN OUTPUT RATE EQUATION 

C BETA IS A CONSTANT IN OUTPUT RATE EQUATION 

C RPM IS THE SCREW SPEED (REV/MIN) 

C POW IS POWER (= VICOS<j>) 

C QM IS MEASURED OUTPUT RATE (LB/HR) 

C GEAR IS GEAR LOSS 

C VARI IS VARIDRIVE LOSS 

C ENTH ISENTHALPY OF EXIT MELT 

C BHTL IS BARREL HEAT LOSS 

C EOUT IS ENERGY OUT 

DIMENSION T(9), TB(6), YT(IOO), YB(IOO), P(6) 

PRINT 160 

160 FORMAT (1H1, ////, 20X, *STEADY STATE MATERIAL & ENERGY BALANCE 

PRINT 170 

170 FORMAT (///, 30X, *MATERIAL ... 100 PERCENT POLYETHYLENE*) 

PRINT 180 

180 FORMAT (///, 3X, *RPM*, 4X, CALCULATED*, 4X, *MEASURED*, 

4X, *POWER*, 4X, *P 
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1 OWER*, 4X, *PRODUCT*, 4X, *COOL WATER*, 4X, *GEAR*, 4X, 

*VARIDRIVE*, 4X, *BARREL HEAT*, 4X, *ENERGY*, 4X, *PERCENT*, 

/, 10X, *OUTPUT*, 8X, *OUTPUT*, 6X, 

1*WATTS*, 5X, *BTU/HL*, 3X, *BTU/HR*, 4X, *LOSS BTU/HR*, 

3X, *LOSS*, 4X, *LOS 

1 S BTU/HR*, 3X, *LOSS BTU/HR*, 3X, *BTU/HR*, 2X, *ERROR*) 

DO 5 N - 1, 5 

READ 10, (T(I), I = 1, 9) 

10 FORMAT (9F5.1) 

READ 20, (P(I), I = 1, 4) 

20 FORMAT (6F6.1) 

READ 30, RPM, POW, CWR, QM 

30 FORMAT (F4.1, 2F8.1, F6.1) 

READ 40, (TB(I),1=1,6) 

40 FORMAT (6F5.1) 

C READ IN DATA 

C 

C CALCULATE COOLING WATER LOSS 

C 

CWL = CWR*(T(8)-T(9)> 

C 

C DEFINE VALUE OF CONSTANTS IN OUTPUT EQUATION 

C 

ALPHA = 0.654506 

BETA = 0.001033 

C 

C CALCULATE OUTPUT RATE 

C 

Q = ALPHA*RPM-BETA*(P(4)-P(1) ) 

C 

C CALCULATE PRODUCT (ENTHALPY) 
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ENTH = 0.64*T(1) 

TH = ENTH-5.0 

PRDT = QM*TH 

C 

C CONVERT UNITS OF POWER TO BTU/HR 

C 

POWER = P0w*60.0/17.58 

C 

C CALCULATE GEAR LOSS AND VARIDRIVE LOSS 

C 

JSEAR =̂ Q.05*POWR 

VARI = 0.05*POWR 

C 

C CALCULATE BARREL HEAT LOSS 

C 

C DETERMINE BARREL SURFACE TEMP. PROFILE 

C 

DO 50 I = 1, 13 

J = 6 

YB(I) = TB(J) 

50 CONTINUE 

DO 70 M = 1, 5 

I = 7-M 

IF (I.EQ.6) 51, 52 

51 MIN = 13 

MAX = 26 

GO TO 60 

52 IF (I.EQ.5) 53, 54 

53 MIN = 26 

MAX = 39 

GO TO 60 

54 IF (I.EQ.4) 55, 56 



55 

56 

57 

58 

59 

60 

80 

70 

100 

121 

122 

MIN = 39 

MAX = 55 

GO TO 60 

IF (I.EQ.3) 57, 58 

MIN = 55 

MAX = 72 

GO TO 60 

IF (I.EQ.2) 59, 60 

MIN = 72 

MAX = 95 

DO 80 J = MIN, MAX 

YB(J) = TB(I) + (TB(I-l) - TB(I))*(J-MIN)/(MAX-MIN) 

CONTINUE 

CONTINUE 

DETERMINE MELT TEMP PROFILE 

DO 100 I = 1, 6 

J = 7 

YT(I) = T(J) 

CONTINUE 

DO 120 M = 1, 5 

I = 8-M 

IF(I.EQ.7) 121, 122 

MIN = 6 

MAX = 37 

GO TO 130 

IF(I.EQ.6) 123, 124 

MIN - 37 

MAX = 59 

GO TO 130 

IF(I.EQ.5) 125, 126 
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125 MIN = 59 

MAX = 70 

GO TO 130 

126 IF(I.EQ.4) 127, 128 

127 MIN = 70 

MAX = 83 

GO TO 130 

128 IF(I.EQ.3) 129, 130 

129 MIN = 83 

MAX = 95 

130 DO 140 J = MIN, MkX 

YT(J) = T(I) +• <T(I-1) - T(I))*(J-MIN)/(MAX/MIN) 

140 CONTINUE 

120 CONTINUE 

C 

C CALCULATE BARREL HEAT LOSS 

2 k 9 5  

C BARREL HEAT LOSS = ; — Y (T.-TB.)4x. 
Ln *2'xl 1 

C 

SUM = 0. 

DO 150 K = 1, 95 

SUM = SUM + 20.0 * 3.14(YT(K) - YB(K))/32 

150 CONTINUE 

BHTL = SUM 

C 

c. CALCULATE TOTAL ENERGY OUT 

C 

EOUT = BHTL + GEM + VARI + PRDT + CWL 

C 

C CALCULATE PERCENT ERROR IN BALANCE 

C 

PERR = (POWR-EOUT) -HOO/POWR 
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C OUTPUT DATA 

C 

PRINT 200, RPM, Q, QM, POW, POWR, PRDT, CWL, GEAR, VARI, BHTL, 

EOUT, PERR 

200 FORMAT (////, 3X, F4.1, 4X, F5.1, 7X, F8.1, 4X, F6.1, 2X, 

F8.1, 2X, F7.1, 3X, F10 

1.1, 3X, F6.1, 2X, F8.1, 9X, F8.1, 4X, F7.1, 3X, F8.1) 

5 CONTINUE 

STOP 

END 

Input Data 

371.0 357.0 377.0 370.0 391.0 

4874.0 5040.0 5783.0 6130.0 

40.0 3442.0 5800.0 23.2 

335.0 360.0 340.0 305.0 285.0 

356.0 369.0 391.0 365.0 374.0 

4898.0 5136.0 5450.0 5540.0 

50.0 4107.0 4833.0 28.7 

350.0 365.0 345.0 230.0 245.0 

368.0 362.0 376.0 360.0 373.0 

5163.0 5248.0 5567.0 5730.0 

60.0 4280.0 6214.0 31.1 

345.0 360.0 340.0 285.0 270.0 

383.0 364.0 375.0 355.0 351.0 

5063.0 5152.0 5687.0 5770.0 

70.0 4921.0 7250.0 35.7 

360.0 360.0 330.0 290.0 290.0 

344.0 194.0 80.6 80.1 

255.0 

330.0 240.0 80.4 80.1 

245.0 

320.0 230.0 80.8 80.1 

255.0 

308.0 227.0 80.9 80.1 

260.0 
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370.0 366.0 383.0 360.0 369.0 321.0 244.0 80.8 80.1 

5440.0 5456.0 6000.0 5780.0 

80.0 5453.0 6215.0 41.7 

345.0 375.0 345.0 295.0 295.0 25,0.0 

Output Data 

Sample output data for the input data above is given in 

Table 3. 

"V 
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