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Some aspects of injection molding dynamics were studied
using a laboratory injection molding machine operated under
the control of a microprocessor-based servocontrol system .
Three types of experiments we;e performed
(a) pseudo-static tests from which a linear relationship
between hydraulic anqynozzle pressures was found ;

»

(b) deterministic (step) tests which introduced step changes

in the servovalve opening ; ‘

(c) stochastic tests using pseudo-random bin&ry segquence
(PRBS) perturbations of the servovalve opening .

A simple relationship between nozzle and hydraulic
pressures was derived from a force balance on the ram and
was in good agreement with the experimental pseudo-static
data. Deterministic models were developed for the hydraulic
pressure, nozzle pressure and ram velocity. The model pre-
dictions were in good agreement with the experimental data. -
Stochastic transfer function-noise models were obtained for
the nozzle pressure and ram velocity. The agreement between
the stochastic models and the corresponding step test

models was satisfactory .
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RESUME

Certain aspects de la dynamique du moulage par injection

ont &t& etudiés 3 l'aide d'un appareil (mod&le de laboratoire)

de moulage par injection command& par servo-ré&gulation 3} 1l'aid

S Rty

d'un microordinateur. Trois types d'essais ont &t& effectuds :
(a) des essais pseudo-statiques 3 1l'aide des quels une relation
linéaire entre la pression hydraulique et la pression ¥ la sortie
a &8t& observée ,
(b) des essais avec perturbations déterministes de type &chelon
affectées 3 1'ouverture de la servo-vanne ,
(c) des essais stochastiques suivant des séquences binaires
pseudo-al&atoire aafect&is & l'ouverture de la servo-vanne.

Une relation simple entre la pression 3 la sortie et la
pression hydraulique a &té d&rivé 3 partir du bilan des forces
de la piston. Cette relation correspond bien aux valeurs expe-

rimentales obtenues des essais pseudo-statiques. Des mod&les

déterministes reliant la pression hydraulique , la pression 2

la sortie et la vitesse de la vis ont &t& décen&és. Les valeurs
obtenues de ces mod&les correspondent de fagon satisfaisante aux
résultats experimentaux. Des modéles du type fonction de transfert
stochastique reliant la pression 3 la sortie et la vitesse de la
vis ont &t& dérivés. Les correspondances entre les mod2les sto-
chastiques et les mod&les obtenus des perturbations de type

échelon est satisfaisante.
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CHAPTER 1

INTRODUCTION

The injection molding of thermoplastics is a multivariable
process involving complex interactions between material charac-
teristics, the molding conditions, and the desired properties
of the molded article. It is necessary to understand the
interactions between these variables to control the changes
which occur during the injection molding cycle both in the
process and the product.

Present injection molding models are generally based on
the solution of the equations of continuity, momentum and
energy in conjunction with suitable initial and bodndary con-
ditions. Although such models yield information regarding
the relationships between the resin properties, molding condi-
tions, the thermo-mechanical history of the resin and the
ultimate properties of the molded article, they are too compli-
cated for procgss control purposes which require simpler

dynamic models.

The present work explores the feasibility of some simple
phenomonological and empirical relationships between different
important process variables in the form of dynamic models

useful for controlling the injection molding process.




CHAPTER 2

GENERAL BACKGROUND

2.1 Injection Molding Simulation

The study of the injection molding of thermoplastics has
received considerable attention in recent years. A number of
studies has been concerned with the mathematical modelling of
various phases of the injection molding process. Different
models, of varying complexity, depending on the simplifying
assumptions and the nature of the rheoclogical constitutive
equations and other relationships, have been proposed.

Harry and Parrott (1) presented a numerical model of the
filling of a thin rectangular cavity. They assumed a power
law vigcosity model and solved both the momentum‘'and energy
equntiéns, allowing for the temperature dependence of polymer
properties. Borg;r and Gogos (2,3) and later Wu, Huang and
Gogos (4) treated the filling of a circular disk cavity.
Isothermal and non-isothermal one-dimensional models were ana-
lyzed in conjunction with a power law fluid. Kamal and Kenig
(5,6,7) proposed a model to describe the molding behavior of
thermoplastics in a suni—circulir cavity. Their model pre-
sented an integrated mathematical treatment of the filling,
packing and cooling phases of the injection molding cycle,
and was derived from the equations of continuity, motion and

energy for each phase of the cycle. Doan (8) extended Kenig's
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simulation to describe the behavior of commercial injection
molding resins in thin rectangular cavities.

Kuo et al. (9) proposed an analytical expression for
estimating the pressure distribution during the filling stage.
This work also proposed an equation for the temperature dis-
tribution in the molten region during the cooling phase.
Broyer, Gutfinger and Tadmor (10), as well as White (11),
modelled the flow in a narrow gap mold by recognizing the
gsimilarities between this system and the classical Hele-Shaw
flow. Their treatment neglected the time-dependent terms in
the momentum equation. Kuo and Kamal (12) extended this
analysis to unsteady, non-isothermal and non-Newtonian flows.
They developed an analytical-numerical method for determining
the shape of the progressing flow front and for camputing the
flow variables and temperature distributions during the
filling stage. This analysis accounted for the general de-
pendency of viscosity on both shear rate and temperature.

Kuo and Kamal (13) also derived working equations to simulate
the non-i1sothermal, compressible flow occurring during the
packing stage, using the thin cavity approximations to simplify
the governing equations. The model included the inertial
effect and considered the compressibility of the polymer melt
as the dominant feature in the packing stage. ‘

Kamal and Tan (l4) summarized the experimental studies
which have been directed to the understanding of the complex

interaction between moldability, material properties and process
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conditions. Lord (15) employed a model which incorporated
the effect of pressure on viscosity. Kruger (16) presented

exper imental data for advancing melt profiles, pressures and
temperatures during the filling of a rectangular cavity with
variously shaped inserts. Their experimental data were in
good agreement with the predictions of previously developed
theoretical models. Ryan and Chung (17) developed a conformal
mapping analysis of the mold filling behavior in rectangqular ,
cavities. The polymer melt was assumed to behave as a purely
viscous Generalized Newtonian Fluid. This technique allowed
the easy calculation of the position of the advancing flow
front, the pressure distribution in the mold cavity, stream-
lines, constant temperature lines and the filling time.

Wang et al. (18) modelled the filling and cooling stages
employing a viscoelastic constitutive equation. The model is
one~dimensional, unsteady, non-isothermal pressure flow of
polymer between two parallel plates. The model gives good
predictions for tHhe birefringence as a function of melt tem-
perature, wall temperatur;, gap thickness and fill time.
Recently, Lafleur and Kamal (19) proposed a computer simulation
of the injection molding procegs which permits the prediction
of soma microstructural parameters in the molded articles,
like the distributions of crystallinity and frozen stresses.

The above studies, without exception, require the numerical
solution of the model equations, which is obtained only after

considerable computation. Process control, however, demands
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simple émpirical or theoretical models (relationships) which
.do not require long computational times or large camputers.
Such modelg should relate the time-varying distributions of
process parametérs like pressure, temperature and velocity to
‘the relevant machine and materialﬁyariables.

-

2.2 Dynamic Models and Injection Molding Control

The injection molding of thermoplastics involves complex
interactions between the molding conditions, the processed
material properties and the ultimate properties of the molded
article. Mengés et al. (20) and Hunkar (21) pointed out that
the quality of the molded articles could be related to process
variables, such as pressure and temperature in the mold, by
utilization of the P~V-T diagram of the processed polvmer.

Mann (22) studied the effect of peak cavity pressure and cushion
size on part shrinkage. The results showed that any variation
in peak cavity pressure will cause a corresponding change in
part dimensions.

Several workers have attempted to classify the injection
process variables and to develop relationships between the
variables. N

< Paulson (23) classified the injection molding process
variables into machine variables and 'plastié" variables or
measurements. He suggested that molded part qualit; was
related to both of these variables. Therefore, both machine
and plastic variables should be considcred.in order to esta-

blish the proper setting for process controls. Typical

s
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machine variables are hydraulic pressufe, screw displacement
and barrel temperature. Plastic variables include polymer
melt temperature at the nozzle and the melt pressure at the .
nozzle and in the cavity. Plant and Maher (24) presented a
prel iminary analysis of the injection molding process trying to
describe the interactions between the process variables.
They concluded that changes in injection pressure were
accompanied with comparable changes in the nozzle melt pressure,
and the increase in cushion caused a slight increase in nozzle
pressure. Mold cavity pressure reacted to changes in most of
the machine variables, like injection pressure, injection rate,
back pressure and cushion. Therefore they strongly recommended
the use of cavity pressure in controlling the injection process.

| Ma (25) proposed gualitative functional relationships

between the process variables during the three phases of the

injection cycle, as follows:

Plastication phase:

Injection phase:

pml - FZ(Vj,Tnl,D2) (2.2)

Packing phase:

T = melt temperature
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N = rotational screw speed
Pl“ = melt pressure at the nozzle
'rb = barrel temperature
\'4 3 = injection velocity
Tmil = runner melt temperature i
Pnl = cavity pressure
Pk = hydraulic packing pressure
T-d , = mold temperature
Te = cooling time
D1,D2,D3 = external disturbances

Equation (2.1) does not include hydraulic back-pressure, which,
as shown by Border (27), has a direct effect on the melt tem-
perature 'during plastication. Also, the relationship for
nozzle prossuro,. equation (2.2), does not include the effect

of hydraulic pressure explicitly. Although the cooling time,

T included in equation (2.3), affects the properties of the

c’
molded part, it does not affect the peak cavity pressure.

Peter (26) conducted experiments to study the relation-
shipl‘ between hydraulic pressure and the mold packing pressure,
melt temperature and plastication time. On the basis of these

studies, he proposed the following relationships:

P.old = m Phydl + b + error (2.4)

Ld

-
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Tn.lt - ‘(Tbarrel + b+ m Pl ’2 + error (2.5)
=X
tp].ant 7 (m Phydz + b)+ crror‘ | (2.6)
vhere .
kY N /
Pmold = peak packing pressure in the mold
P = hydraulic pressure during packing )
hydl
Phyd = hydraulic back pressure during plastication
2
tphlt = plastication time
N = rotational screw speed
x = ghot size o ‘

a,b,m = experimentally determined constants

BEquation (2.4) shows that the mold pressure is linearly
related to hydraulic packing pressure. Equation (2.5) shows
the dependence of melt temperature on hydraulic back pressure
which was not included in the relationship proposed by Ma
(25).

porder and Suh (27) determined the theoretical aspect of
the viscosity change of various thermoplastic materials and
the possibility of controlling the viscosity change by varying
the opQrating conditions. They proposed a model which relates
the rate of change in viscosity to the change in temperature
and the viscosity itself. The model was of the form:
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whare a and b are constants. They also derived a linear
relationship between the rate of change of melt temperature
with respect to the change in back-pressure and the back-

pressure itself, as:

%%E = K Py (2.8)
v@cru P8 = hydraulic back-pressure. This relationship is
consistent with the relationship (2.5) proposed by Peter (26).

Basides these modelling efforts, several workers have
discussed the different control strategies that can be employed
with the injection molding process. )

Patterson and Kamal (28) summarized and discussed the
different control strategies that have been proposed for con-
trolling the different phases of the injection molding cycle.
Davis (29,30) and Davis and Thayer (31) discussed different
closed loop controls. They concluded that servocontrolled
injection ram velocity and hydraulic pressure provide a signi-
ficant improvement in the repeatability of the mold cavity
pressure. Takizawa et al. (32) obtained a similar conclusion,
that with a programmed injection velocity, only small variations
in cavity pressure were noticed.

The above review shows that, although the published
studies are useful in examining the interactions between the
process variables, the current knowledge of ua;hine and process

dynamics is still limited.
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The present study represents an effort to generate some
of the basic information required for the deve;épment of
dependable control strategies for the injection molding process.
It involves a study of the dynamics of the process with parti-

cular emphasis on the interactions between hydfaulic pressure

and important process variables.



CHAPTER 3 -

MODELLING TECHNIQUES

3.1 Introduction " ,,fm~aJ?

\

The interactions and phenomena involving engineering
variables in industrial processes may be described or modelled
in two ways.: The first method is based on solving the appror,
priate equations of continuity, momentum and energy in con-
junction with suitable initial and boundary conditions.
Examples of injection molding models obtained by this approach
were presented in section 2.1. The use of these models is*
Prohibitively complex when applied to a situation where the
process variables are changing in response to time-variable
forcing functions. In such situations, empirical models have
proven to be a valuable tool for attaining rational and effec-
tive process control strategies.

il

Empirical models are often obtained in a transfer function

form. The experimental method employed to obtain these ﬁodels

is based on introducing a controlled variation into a process
input variable and measuring the corresponding response. The
transfer function is then obtained from the ratio of the trans-
formed input and output variations (33,34), as illustrated in
Figure 3.1.

The transfer function-approach suffers from two- disad-

vantages:




Output (Re!pbn:e)
Variable Y(T)

Y (T

PROCESS TRANSFER FUNCTION, G(T) = X{T)

OR

¥(s)

TRANSFORMED TO LAPLACE DOMAIN, G(s) = X(s)

Figure 3.1 Transfer‘Funétiq€ Representation of -
a Process
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(a) the required data must be obtained from actual

 experimental runs carried out on the process;

(b) the method implicitly assumes that the process
response is linear. Therefore, it is necessary
to determine the limits of the validity of this

assumption by experimentation. -

A positive aspect of the transfer function approach is
that it gives models which are significantly simpler than
those of the transport phenomena approach, since, as pointed
out earlier, the equations of change become partial differential
equations and their solution is relatively complex. Thus
transfer function models are better suited for process control

applications.

3.2 Dynamic Models

-

3.2.1 Deterministic Models

Classically, the engineering methods for estimating

transfer function models are based on deterministic perturba-

tions of the input, such as step, pulse or sinusoidal cﬁanqos
(33,34,35,36). gypical responses to these inputs are shown
in Pigure 3.2. The step function is the most widely used,
because it is physically difficult to use the pulse function
and since the sinusoidal function requires long duration tests
(34). fhn response of first and second order systems to

step function inputs are given in Table 3.1. Figure 3.3
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Deterministic Signals to Obtain the
Transfer Function



TABLE 3.1 RESPONSES OF FIRST AND SECOND ORDER SYSTEMS
) TO A UNIT STEP FUNCTION

G

!

SYSTEN RESPONSE
/
rirst Order " y(t) =1 - AN (a)
1 2.1/2
Underdamped - 2, 1/2 ¢ ~1(1~
Second Order y{t) =1 s lxn[%l £%) 7 + tan 1——Szl-——] (b)
Critically damped t, _-t/1 '
Second Order yit) = 1 - (1 + Zle )
—
Overdamped - - 1 - 172 L -t/ 1 _-t/t
Second Order y(t) 1 ?i:?; (:r—; e L.- T e 2) (a)
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> 0.
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Equation

Equation (a) 0. Equation

Equation
0.

t/t . t/t
(a) First-Order System Response to a (b) Second-Order System Response 'to a
Unit Step Change Unit Step Change

Fiqure 3.3 Résponse to Step Function Input
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demonstrates a graphical method for estimatifng the model
parameters (34). The errors introduced by graphical con-
struction'can be avoided by using a fitting program to esti-
mate the parameters of the proposed models. In this study,
the NONLINWOOD program (37) was employed.

The disadvantage of the deterministic models is that

they are useful only when the system involves small amounts of

noise (random disturbances). Moreover, it is difficult to

distinguish between second and third or higher order systems.

3.2.2 Stochastic Models

The measured variables of most industrial processes
include experimental errors. The process itself is also

subject to random disturbances. Recently, statistical

techniques have been developed (38,39) which, after treatment
of the measured response, determine both the transfer function
and a model of the noise associated with the process. This
technique, using a pseudo-random binary sequence (PRBS) 'input
(40,41), is illustrated in Figure 3.4. Ideally, the PRBS is
generated by a camputer which also measures the response at
discrete time intervals.

The parametric models obtained by this approach are of
the form (39):

y(k) (1 618 LPY 8,.B%) (uo ula w B - —meee

~ugB®)x(k-b) + N(k) (3.1)
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Figure 3.4

_ UL

SAMPLED RESPONSE

Stochastic Testing of a Process to Obtain the
Transfer Function
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™ (l). 8 _(B)

s
T 1By Xk-b) + ,‘Sm a(k) (3.2)
r P -

th

the output at k measurement

the input at (k-b)th measurement

the noise at kth measurement

the backwards operator; B y(k) = y(k-1)
number of lags

(wo'wlB—szz- ———— ‘w'B')

2

(1-6,B-6,B%~ ---== -5 B

B-¢,B%- ----- -g_3%)

(1-9 q

1

‘1"15“232‘ ———-- -opBP)

white (random) noise

, and Woewyiwgy ~TT= are parameters obtained

from the analysis of the experimental data.

The deterministic process model of Figure 3.1 is modified

to that of Figure 3.5, when the stochastic model is used.

3.3 Stochastic Models Identification

Box and Jenkins (39) have proposed a detailed procedure

for identifying the stochastic model of a process. The

iterative procedure, as shown in Figure 3.6, consists of three

( ' ‘ main steps:
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(a) identification of the order of the transfer function

and noise models;
(b) estimation of the model parameters:;
(¢) diagnostic checking of the model.

3.3.1 Idertification Step
The objective of the identification step is to indicate

the order (or structure) of the transfer function and noise
models, which are worthy of further investigation, and to

estimate the initial values of the model parameters.

3.3.1.1 Identification of the Transfer Function Model

The basic tools employed in the process identification
are the cross correlation of the input and output and the

process impulse response. Equation (3.1) can be written as

y(k) = (vg#+v B+v B2+ —==) x(k-b)+ N(k) (3.3)

or

y(k) = v(B) x(k-b) + N(k) (3.4)

vhere Vg:VyrVyr == V, are the impulse response weights of
the system at discrete time intervals, to'tl' = .
The identification procedure then consists of the

following steps:
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(1) obtaining first estimates of the impulse response
weights, v's, in equation (3.3):;

-y
(ii) using the observed pattern of the estimated impulse
weights to choose a transfer function model, i.e.

w_ (B)
'8"'(57' , as illustrated by Box and Jenkins (39).
r

3.3.1.2 Identification of the Noise Model

The noise term N(k) in equation (3.1) can now be written

in terms of the tentative transfer function model:

wg (B) . ‘
N(k) =y(k) - zo=r x (k-b) (3.5)
o, .

¢

e

The autocorrelation and part;iai, autocorrelation functions of
the noise series can then be used to 'idgnéify ‘a noise model
(39). '

3.3.2 Estimation Step

The tentative model of .quaiidn\"u.ﬁ) :

‘ ug (B) \ 8 _(B) a »
y-(k) *m.x(k—b) + T:ﬁ)? a(k) - (3.5)
togcth-t with initial estimates of ths model pérancters w, §,

8 and ¢ allow the a(k)'s to be calculated .‘recursively as:
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: ¢ (B) w, (B) ‘
a(kj = Bmr (v(k) - Fhgy x(e-b)}; k= 1,2, -====n
s 3 q - r
(3.7)

where n = number of observations.

The best estimates of the parameters w, §, 8 and ¢ can be.
obtained by minimizing the sum of squares ,(39), using the maximum

likelihood approach:

[]

n .
S(6,w,0,¢) = I ai(dr(ﬂrer¢)z (3.8)
k=1

3.3.3 Diagnostic Testing

This step is essential to checg the statistical.adequacy
of the proposed model. A model is deemed aQequatq when the
residuals are uncorrelated random deviates. This can be
verified by comparing the autocorrelation function of the

residuals and examining the cross-correlation between the

input and the residuyals (39). Two cases could arise:
(i) The transfer function model is correct, while the
.noise model is incorrect. In this case, the

residuals are autocorrelated, but they are not
cross-correlated with the input. The form of
the .autocorrelation function would indicate the

appropriate modification-of the noise model.
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The transfer functi.ona no‘d}l is incorrect.

" In this case, not only are the residuals -

‘\ cross-correlated with the input, but also they —

‘are autocorrelated even if the noise model is
corroct‘.» The cross-correlation analysis
indicates the rct/;uired modifications to the
transfer function model and the analysis is
repeated (see Figure 3.6). J

o

'k 2
\
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CHAPTER 4 —
SCOPE AND OBJECTIVES ] Ny
\_./

The present work represents a part of a general research
program in the field of inféction molding, which has been in
progress for the last decade in the Chemical Engineering

Department at McGill University. The program covers a variety

of aspects of injection molding, including resin characteriza-
tion, mathematical modeling of the molding process and the
analysis of microstructure and ultimate properties of injection
molded articles. A substantial amount of work has involved
the injection molding of thermoplastics (6,8,42,43,44).

This work has led to the development of models and computer
simulations, of varying degrees of complexity, to describe the
injection moldirng process and the behavior of injection molded
articles (5-9,12-14,19).

Recently, as part of the above effort, a laboratory
injectiqn molding machine was modified fo; operation using a
microprocessor~based servocontrol system (45). The modified
machine is used in this work to study some aspects of injec-
tion molding dynamics and to develop simple models suitable
for the control of the injection molding process.

The specific objectives of the present work are:
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To develop models, suitable for control purposes,
showing the relationships between the hydraulic
pressure-time profile during the injection phase

and the following:

(i) the nozzle pressure-time profile
(ii) the screw (ram) position-time profile
(iii) the screw (ram) velocity-time profile.

The models are based on both a simplified theoretical
analysis and an empirical correlation of experimental
data. The theoretical and empirical models are

compared with regard to their agreement with experi-

mental data.

To study the dynamics of the injection molding
process and to obtain dynamic models (transfer
functions) useful for control purposes. The

dynamic models are based on both deterministic
(_stop) and stochastic (PRBS) tests, which have been
carried out to relate changes of process variables
(i.e. nozzle pressure, screw position, screw speed,
and hydraulic pressure) to changes in the opening
of the servovalve controlling the flow of oil in

the hydraulic system.
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5.1 Eguipment

5.1.1 Injection Molding Machine

This work was performed on a Danson Metalmec 2 1/3 0Z,
reciprocating screw injection molding machine, model 60-SR,
Figure 5.1. The machine is equipped for operation in the
automatic, semi-automatic, and manual modes. Injwtion,
holding, and back pressures are set by adjusting the appropriateg
manual valve. The screw rotational speed is adjusted by means
of a handwvheel located on the screw speed valve which controls
the rate of plastication. Injection and holding times are
set on their respective timers. The baxr.‘-e.l is divided into
two heating zones. Each zone is independently heated by an
eléctrical heating band. The two zOone temperatures are con-
trolled to within 3°C of the set temperatures by an on-off
control action. Figqure 5.2 shows a sketch of the barrel and
screw. A rectangular mold with cavity dimensions 0.1 x 0.06
x 0.003m was employed.

The hydraulic system of the machine was redesigned and
refitted to include a microprocessor-controlled servovalve (45).
An electro-hydraulic servovalve (Moog type A076-103), with a

capacity for passing 10 gallons (U.S.) per minute at a rated
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Figqure S.1 Danson Metalmec Injection Molding Machine
and the Microprocessor Systeam.
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pressure drop of 1000 psi (6.89 x 10° N/m?), was installed.
The full amplitude rise time was about eight milliseconds
{Appendix A). A constant line pressure was assured by an

accumulator installed before the servovalve to deliver addi-

tional o0il to the system during pressure fluctuation.

Figure 5.3 depicts the hydraulic system of the machine.

5.1.2 Microprocessor System

The microprocessor control system is based on a Cromenco
Single Card Computer (SCC). The facilities include 13 K
(K = 1024) bytes of random access memory (RAM) and 12 K bytes

of read only memory (ROM). There are seven 8-bit parallel
( ) input 'and output ports, and four serial (RS232) ports. The
ROM software provides a monitor and an integer BASIC. The

peripherals available are: a Hazeltine CRT terminal (model
1400), digital input and output modules (Opto 22), a Burrx
Brown l12-bit, 8 channel, analog to digital converter (SDM-856),
and an 8-bit digital to analog converter. The system was
programmed using subroutines for the machine sequencing,
control algorithms, and data acquisition programs for

L examining the process variables during the injection phase

of the molding cycle. The subroutines were written in

assembler language. A plock diagram of the microprocessor

is shown in Pigure 5.4 .
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Figure 5.3

Key

1. Injection cylinder
2. Carriage cylinder

3. Hydraul ic motor

4. Servovalve

5. Clamp cylinder

6. Mold position valve
7. Check valve

8. Carriage position valve
9. Main relief valve
10. Screw speed valve
11. Heat exchanger

12. Low pressure filter
13. High pressure filter
14. Reservoir
15. Sump filter
16. 2-vane pump

17. Electric motor

18.

Accumulator

The Hydraulic System of the Machine



33

(S¥) SUTYORW 9y3 Jo we3sks OTTneIpAN oyl

€6 Ohﬁmﬂ.m




8-K CROMENCO
_ MEMORY scc
BOARD

PARALLEL
PORT
OBH
8

DAC

Figure 5.4 Block Diagram of the Microprocessor System (45)

SOL
3,2} IMCR

5,8
S0L 7

IIlIlI."I.IIllIIlIIlllllIlI!llIlllllllIlI---"""L"

AOODUSTIC
OOUPLER
o MCGILL
A MUSIC

SYSTEM

L | s

LS?

R S S

143




35
5.2 Instrumentation

Two pressure transducers manufactured by Dynisco (model
PT 435A) were used for pressure measurements. One pressure
transducer (0-1000 psi) was located in the line between the
servovalve and the injection cylinder to measure the hydraulic
pressure. The second pressure transducer (0-10,000 psi) was

mounted in the nozzle to measure the nozzle preésure.

A linear displacement transducer, manufactured by Markite
(Model 4709) was used to monitor the displacement of the screw

during the injection molding cycle. A linear velocity trans-

!
i
!

ducer, TRANS-TEK (model 112-001), measured the injection
velocity. Figure 5.5 shows a sketch of the instrumented
injection molding machine. ~

All the transducers were calibrated prior to installation
to verify tﬁair gauge factors and linearity. A éypical cali-~
bration curve is shown in Figure 5.6. The calibration data
were E;tted by the regression equations given in Table 5.1.

The calibration data and a description of the calibration

procedure are given in Appendix B.

5.3 Materials

T;o injection molding grade polycthylcni resins, desig-
nated as EX1 and EX2 and supplied by DuPont of Canada, were
used in thif study. These resins have been employed in a
large number of injection molding studies carried out in the
Department of Chemical Engineering, McGill University (43,44).
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Pressure (N/mz) x 1077
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o .
Figure 5.6 A Typical Pressure Transducer
Calibration Curve )
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A substantial amount of data is available regarding the
- fundamental properties and molding characteristics of these
resins. Some 'of these properties are giveh in Table 5.2. /

- «

5.4 Experimental Procedure

% -

5.4.1 Start-Up and Operation of the Equipment .

p In order to insure reproducibility and smooth operation,
the following sequence was employed in starting up and

. .
operating the injection molding machine and associated auxi-

liary equipment and inknl-antation.

Sy

(a) Each set of experiments was begun by setting the
barrel temperatures on the controllers and allowing
one hour for the thermal sthbilization of the—

injection unit. = -

>

-
- -

(b) At this time, cold water at the dol'irod éﬂpcrature
and flow rate was circulated in the mold cooling
channels so as to achieve a uniform mold temperature.
Cold water circulated around the hopper assembly to o
prevent premature -oltinq“anq bridging of t.he resin
pellets. ’

(c) The screw rotational speed control valve and the _
cam d-tcmiﬁnq the shot size were set at predeter- -
mined positions., and these Positio;\s were maintained
throughout the experiment. \

-

Y
N
\




TABLE 5.2

Physical Properties of Materials (44)

Physical Properties

Resin Material

EX1 EX2
M, (Kg/Nawle) 8.92x10% ‘| 7.45x10*
i, 1.7sx10* | 2.23x10*
Density (Kg/m3) i 959 962
Melt Index (g/10 min) _ _ 8.07 7.40
Melting Range (°K) - 1 386-419 | 386-419
Average Specific Heat:
c, solid (3/Kg/°K) 2.38x10° | 2.54x10°
c,, melt (3/Kg/°K) 2.46x10° | 2.45x10°
Average Thermal Conductivity:
K, solid (J/m/°K/s) T 3.62x107 | 3.45x10’
» 7 7
K, melt (3/m/°x/s) 2.61x10 2.61x10
Power Law Index, n 0.800 0.822
AE/R (1/°K) . 2338 2167.4
9.276 13.99

A (Kg 8" %/m) _

Note: 'n, - A oip(zfl!)?,°'1
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When all the components of the system were ready,
the material was injected several times into the
air, wit.h the barrel retracted, to purge the barrel.

This was done in the manual control mode ;linq the

by-pass valves and switches.

The hydraulic and electric systems were switched

over to the servo-controlled system.

Under the contr$§l of the open loop injection’
computer program, run in conjunctiop with a pre-
determined cc-binati:on of settings for servovalve —
opening, injection time and holding time, the
polyn;r melt was injected into the mold cavity,

and continuous readings were taken of hydraulic
pressure, nozzle pressure, linear displgcenent

of the ram and ram velocity.

The output voltage responses of the transducers
were converted into actual ;\u'el-mse, lir{éar dis-
placement and velocity through the calibratiom
equations tabulated in Table 5.1. _

5.4.2 Pseudo-Steady State Experiments

to determine the system constraints.

Runs were performed with different servovalve openings

> and different barrel temperatures were used. Tests with

>

T™wo resins, EX1 and EX2,
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barrel front zone temperatures of 466 x,‘lit K and 505 K
were performed with each resin to examine the effect of
temperature on the relationships between the procc;Q
variables under study.

After 10 runs were completed with a given resin, the
hopper was emptied and the barrel was purged thoroughly.
Then 20-25 purge shots were made with the new resin to

ensure that all remaining previous resin had been eliminated,

before data were collected with the new resin.

5.4.3 Deterministic (Step) and Stochastic Tests

When the start-up was complete, the machine was run  —
under steady state operation for 30 minutes before beginning
the step or stochastic experiments. B

The step tests were performed by rapidly changing the
servovalve opening. This was done under the control of the
microprocessor either 0.880 or 1.528 seconds after the
commencement of injection, depending on the experimental
conditions. The responses of the hydraulic pressure, nozzle
pressure, linear displacement and linear velocity were mea-
sured and recorded for later analysis.

The stochastic experiments were performed using a pseudo- —
random binary sequence (PRBS) (see Appendix C) to position
the servovalve opening at one of two predetermined values

which were symmetric about the mean value. The PRBS wis

begun 0.320 seconds after the commencement of injection.
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The process variables (hydraulic pressure, nozzle pressure,
and linsar velocity) were measured and recorded.

The barrel temperatures were maintained at 472 :3 k and
433 t3 K for the front and rear zones, respectively, for all
teasts. The data sampling intervals were 0.005 seconds for
the step tests and 0.0l seconds for the PRBS tests.
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CHAPTER 6

<~

PSEUDO-STATIC ANALYSIS OF THE °

INJECTION PHASE

The relationship between nozzle pressure (PN) and
hydraulic pressure (PB) is examined in this chapter, using
two approaches. The first approach is an empirical analysis
of experimental data. The second is based on a simplified
theoretical analysis of the interactions between the hydraulic
pressure and the injection molding variables. The effects of
the temperature and resin properties on the PN-PB relationship

are included in both cases.

6.1 Bwmpirical Approach

Figure 6.1 shows typical hydraulic pressure and nozzle
pressure profiles for a 62% servovalve opening. It is obvious
that the nozzle pressure-time profile closely follows the hy-
draulic pressure-time profile throughout the injection phase.

Experiments were performed for valve openings of 7.5,
12.5, 25, 37, 50, 62 and 75 percent to derive an empirical
relationship between nozzle pressure and hydraulic pressure
and to determine the linear range of the relationship. Three
runs were made for each opening to verify the reproducibility
of the data.

RES
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rigures 6.2 to 6.8 show the nozzle pressure as a function

of hydraulic pressure. Thase results show that the relation-

ship between nozzle pressure and hydraulic pressure is reaso-

nably linear. The data were correlated, using linear regres-

sion, by the following equation:

I ‘WW'
o o e e B o A

PN = K1 X‘Pn + K2 (6.1)

3 Py = noszle pressure, u/nz
§

Pn = hydraulic pressure, N/-2

\ Kl = gslope of regression line, dimensionless

K2 = intercept with the ordinate, N/m2

The values for K1 and K2 are given in Table 6.1, which also

shows that the coefficients of correlation are greater than
0.98.

6.1.1 Effect of Resin Properties and Temperature on the

P,,-P,, Relationship

Figure 6.9 shows the relationship between the nozzle and

hydraulic pressures for resins EX1l and EX2 at a barrel tempera-
ture of 466 K. The nozzle pressure is higher for the EX2
. resin, which is consistent with the experimental viscosity

data published by Kalyon (43). His data showed that, for al%%
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Nozzle Pressure (N/nz) x 10-7
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ORun B
0.5 ORun C

—— Regression Line
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Hydraulic Pressure (N/m”~) x 10

Figgre 6.2 Relation Between Nozzle Pressure and
Hydraulic Pressure for 7.5% Valve Opening
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Hydraulic Pressure (N/mz) x 10.6
Figurb 6.3 Relation Between Nozzle Pressure and
Hydraulic Pressure for 12.5% Valve Opening
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TABLE 6.1
b2t
Ragression Cosfficients for Pn - Pn
Relationship, Equation (6.1)
- Valve Opening ¢ K2 o] Coefficient of
Y (M/m2)x10~6 Correlation
it * \
25 7.05 -0.53 0.98
S0 7.76 -2.73 0.99
62 7.94 -3.37 0.99
_ >

o
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Figure 6.9 Relation Between Nozzle and Hydraulic
Pressures for Resins EX]1 and EX2 at
Barrel Temperature of 466°x
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temperatures and shear rates (1 - 10* sec™l), Ex2 has a
higher viscosity than EXl.

Pigure 6.10 shows the effect of temperature on the Pl-PB

relationship. A higher ng:zle pPressure is.obtained at the
lower temperature for the same hydraulic pressuse. ' This
effect may be attributed to the effect of temperature on
viscosity. o
Figures 6.9 and 6.10 show that, for hydraulic pressures
> 550 psi (3.8 x 10° n/m?), the effect of the difference in
viscosity is negligible. This may be because, at high hydraa-
lic pressure, the effect of the resistance of the shear force
to the flowv 1s negligible compared to the pushing hydraulic !
force.

-

5.2 Simplified Theoretical Treatment

This section presents rclationsh—zps useful for eouttol‘.
purposes, reflecting the interactions between process .miablesl
during the injection stage. The relationships are based oa
the following force balance applied to theVscrew shown in
Figure 6.11. ' . _

P, X A = P'.—ix At + !" (6.2)

B P

2 ot
P, = x P, - : 6.3
n ’ i ’ ( )




Noszle Pressurs (N/m?) x 10’

s7

o 466 °x
® 488 °x
EX2 Resin

0.0 1 2 3 4 5
Hydraulic Pressure (8/m%) x 1076

Figure 6.10 Relation Between Nozzle and Hydraulic
Pressures for Resin EX2 and Barrel
Temperatures of 466°K and 488°K

N

= o




se

uoy3IvIues
sjussexdey Aeldg puw u-.x:;w uorosfur T1-9 eanbtg




T S

g

._.....,—W_-_.-.‘.....-—..-.-.....-—‘.._.,,‘w
-

W .. JEEUE————

‘ ‘ " -
.

P_ = nozzle pressure, l/-2

P, = hydraulic pressure, l/-2

AP = cross-sectioned area of ram piston, -2

Af = cross-sectioned area of screw flight, -2

F_ = shsar force exerted by tha polymer on the screw, M

The shear force can be estimated from the equation of
change (46) using either of the following approximations:
(1) plane couette flow,

-

N (2) axial annular couotio flow.

6.2.1 Plane Couette Flow (PCP)

The polymer surrounding the screw during the injection
phase may be represented as a fluid confined to the space
between two horizontal planes, Figure 6.12. The upper plane
is moving in the positive z-direction with a constant speed,

v, the injection velocity.

—

Assuming the only non-zero velocity component is in the
direction of the screw movement, Vg the equations of change,

in rectangular coordinates, are the following:

Continuity:

.g_z_ (pvz) = 0 v (6.4)
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Figure 6.12 Flow Between Two Horizontal Planes
with the Upper Plane Moving with a
Constant Speed, V
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The assumptions made to obtain a simple solution of the

problem were:

(a)

(b)

(e)

(4)

(e)

(£)

+

The unsteady state terms in the continuity and momentum

equations are negligible.

The gradients of v_ in the x- and z-directions are

P—

negligible; thus

“’z 3v‘ .
-3';—"03 t‘l'om-{-’——'ﬂr tz‘-ﬂ.

The polymer melt in the channels between the screw
flights is considered to act as a solid, i.e. that
the screw is & cylinder with a diameter squal to the
diameter of the flight.

X

Isothermal conditions (i.e. no viscous.heat generation).

The polymer melt is assumed to be incompressible and to

obey the Power Law.

<

The no-slip condition applies; i.e. v, ® 0 aty =0,

andvz-Vaty-B.
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The :~component of the equation of motion thus reduces

o

dar
2
S , (-e

-

™s integration of equation (6.6) combined with a Power Law

viscosity relationship and t.ho boundary conditions of
assumption (f) gives the velocity distribution as a function

of y:
v .
ve = [§ly | . (6.7
. .
and for the shear stress at any point in the gap, Tyst
4 v.n
tyz - - !(l) } ) . (6.8)

where m and n are the paramsters of the Power Law as defined
by:

' dv
Tog ™" u(a-y-!)" (6.9)

Y

|
_The shear force exerted by the polymer on the screw is:
*

Py = Ty X7 Dg L (6.10)




| | | ©
P_ = shear force, W

D, = flight diameter, m o

L = screvw length, m

The combination of (6.9) and (6.10) yields: - '

"
5
t
+
t
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v.n

6.2.2 Axial Annular Coustte Plow (ACY)

This model considers the polymer melt to be sheared in
the annular space between two co-axial cylinders. The inner

cylinder (the screw) is moving at a constant velocity, \}, in
the z-direction, while the-outer cylinder (the barrel) is
stationary (Figure 6.13). 'rbc squation of -:;tion for this
case, with the assumptions of section 6.2.1, becomes:

13
0=-23 () (6.12)

j .

?

: d .
T (=0 (6.13)

with the boundary conditions:

( at r=XR, V. =V~ K<l (6:14)

r=R,v, =0 . e (6.15)
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Pigure 6.13 . Geometry for Axial Asnular Couette Plow
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) The integration of equation (6.13) using the Power Law
relationship (equatiom (6.9)) yields the following velocity

.
f

profile:. . R
UL, i
¢ ) = ‘1—. - 1 . (6016)
3 - . R . ]
: ‘ r,
where , )
s = 1/n

o
'

.

The shear stress at the screw surface is given by:

.M 1. v .
tr:‘ = : . ';-n' n-I ‘ (6o17)

R e ®® -1

The shear force exerted by the polymer -1.‘1“: on the screw is

obtained by: . ) o
r. - Ty + 2wKR L~ . : © (6.18)
r=KR
where - .

P_ = shear force, N
IR'.- flight radius, =
L' = screw length, m ¥

: '
oo~ A 1

54
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" Equations (6.17) and (6.18) together give: ) '
z . S5 iy o
IR 27LM | v -
4 F. = —n—-I n""I v (6019)

R —_—
(Zp (x * - 1)

6.3 . Results and Discussion
R .
¢ ) The nozzle pressure was calculated using equation (6.3)

i in conjunction with equations (6.11) and (6.19) reflecting
plane couette and axial annular flows, respectively. The in-

jection velocities for each combination of resin and barrel

/"  Table '6.2.

The resin characteristics were evaluated'an an average
temperature of the polymer melt film between the screw and the
inside surface of the harrel. The average temperature was

estimated using an expression developed by Tadmor and Klein (47)

rd

i

|

¥

i !
‘ temperature were determined experimentally and are given in
£

a
»

Ad -A4 1 1
+ e (1 + )
° Ad + e -1

e

¢ T

° vhere

) . ‘TAV = average temperature of the polymer film

T "= the meltigg point of the polymer, taken as

the peak temperature in the specific heat vs.

(?‘ ’ temperature curve obtained from a differential

scanning calorimeter experiment (43)

-
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Experi-enéal values of

Injection Velocity

Barrel Temp.,

Injection Velocity

Resin oK (m/sec) x 103 .
EX2 466 1.85
EX2 488 1.90
EX2 505 f 2.00 -
e 'EX1 466 2.00
EX1 488 2.50
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1 3
barrel temperature
a(’rb - T')

n

-3
L]

a 'nﬁ%f; .

n = Power Law index

-t

The experimental notzle and hydraulic pr;sluxe data
collected during the filling phase, as typified by Figure 6.1,
were replotted and used to test the models. The results for
different constant 1njection velocities and different barrel
temperatures for both resins are shown 1n Figures 6.14 to

6.18.

- Althou;h the ACF model 1s a more realistic representation
of the physical situation, the PCF model yields almost identi-
cal results. This :s explained by the small gap (XK = 1)
between the flights and the barrel which allows the parallel
plate model to be a valid approximation.

The model predictions were in good agreement with the

experimental data and, generally, yield better agreement at
lower hydraulic and nozzle pressures. Apparently, at higﬁer

pressures, the assumptions of isothermal flow and incompressi-

bility lead to the observed deviations. -~

¢

!
i
i
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as a Function of Hydraulic Pressure for
Resin EX2; Barrel Temperature = 466 K;

Injection Velocity = 1.85 x 10-2

M/sec

- wro—s——— T




70

@.Experimental

Nozzle Pressure (N/nz) x 10”7
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Figure 6.15 Experimental and Calculated Nozzle Pressure

as a Function of Hydraulic Pressure for
Resin EX2; Barrel Temperature = 488 K;
Injection Velocity = 1.9 x 10-2 M/sec
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Nozzle Pressure (N/m2) x 10~
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Figure 6.18 Experimental and Calculated Nozzle Pressure

as a Function of Hydraulic Pressure for
Resin EX1l; Barrel Temperature = 488 K;
Injection Velocity = 2.5 x 1072 M/sec
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CHAPTER 7

DYNAMIC MODELLING

7.1 Deterministic (Step) Tests

The deterministic (step) tests were performed by rapidly .
opening or closing the servovalve during the injection phase.
The hydraulic pressure, nozzle pressure, linear displacement
of the injection ram, and the injection velocity were measured
throughout the injection phasge. Steps of +5, +10, +15, +20
percent in the servovalve oéening were used to estimate the
dynamic parameters of the process and to examine the system
linearity. Several runs were performed for each step change
to verify the reproducibility of the data. The dynamic para-
meters of the process were obtained by fitting different models

to the experimental data using the NONLINWOOD program (37).

\\ N

'

7.1.1 Hydraulic Pressure

Figure 7.1 shows the response of the hydraulic pressure
to the 510, +15, $+20 percent step changes in the servovalve
o?éning. Theie responses indicate a noisy, over-damped
second-order response superimposed on a constantly increasing
(ramp) pressure component. This constantly iqcreasing pres-
sure occurs at constant valve opening and, for the purposes

of dynamic behavior analysis, can be ignored.
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A careful cxl-inati;n of Pigure 7.1 reveals that the
apparent noise, or random deviation from a second-order
response, actually has a damped oscillatory nature. This is
probably due to the servovalve overshoot and resonance (see

Appendix A). The ‘combined response can be mddelled as (34):

/
) 1,1 -t/x -t/
S PR b By S I AL
)B 11712 T2 i3]
¢ R
-ttt/ . ( .
: 1 5 3 ; Nt
. Gl —T—r—e sin{ (1-¢%) - } ) g (7.1)
' (1=-¢7) T, 3
i . -
where . " |
PH = hydraulic pressure, N/m2
Gl’GZ = process gains, (N/mz)/% change in valve opening
TysTorTy = time constants, seconds
g = damping factor -

The first term on the right-hand side of equation (7.l1) accounts

for the basic second- order nature of the response, while the
]

. second term is the oscillatory, valve-induced, component.

Although physical considerations support the use of equati%%
(7.1), better fits to the data were obtained from a delayed

first-order plus oscillatory response as given by equation

(7.2): - " !
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' N -ttt/

- (t=-D) /1 1 1
PH G(l-e )+Gl ——:—7—5—- e
(156 %y
{ [4
sin{ (1-g2)% 5—}} (7.2)
Tl ~

where

D = time delgy, seconds

The av;rage values of the parameters of equation (7.2), as
obtaiﬁed with the NONLINWOOD program, (37), are given in
Table 7.1.

A comparison between the predictions of equation (7.2)
and the experimental data obtained using differen; step
changes in the valve opening is shown in Figure 7.2. The
model predictions are in good agreement with the experimental
data.

Figure 7.3 shows the linedrity of the response of hy-
draulic pressure to changes in the wvalve opening in the range
of +20%. This result indicated that the hydraulic pressure
response gain is not a function of the magnitudes of changes’

in the valve openihg in the range of :20%.

7.1.2 Nozzle Pressure

The nozzle pressure response shown in Figure 7.4/has the
appearance of an overdamped second~-order response. There is,

again, the constantly increasing component that is ignored in



& TABLE 7.1 . / r.

Values of the Parameters for the Hydraulic -

Pressure l!odel, Equation/(7.2)

First Order Model Parameters Oscillatory Component
Change in Gain, G, |Time Constant, T Gain, Gl, Time Constant, T Damping
Valve Opening,$ (N/mz.%)X10‘4 (sec.)xloz (N/mz.%))(lo_1 secs. Factor, §
+10 2.96 $0.19 4.0 10,30 2.62 0.005 0.16
~~
-10 3.22 10,21 4.9 10.48 2.06 0.005 0.20
+'15 2.76 $0.20 4.8 £0.46 1.43 0.005 0.16
-15 2,76 +0.19 4.8 $0.44 - 1.90 0.005 0.18
+ 20 3.45 £0.15 4.1 20.33 52.48 0.005 0.13
-
f - 20 3.31 10.16 4.6 $0.39 2,34 0.005 0.18

rd

‘8L
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Figure ‘7.2 Comparison of Experimentaliuydraulié Pressure Response to Fitted
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Model (Equation 7.2)-.
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the present analysis. However, the small oscillatory
comﬁonent observed in the hydraulic pressure does not appear
in the nozzle pressure. This is probably due to its atte-~

nuation by the hyﬁraulic piston and ram system.

The nozzle pressure response was modelled as an over-

damped second-order process:

T -t/1 -t/
SRS PR M T S S (2.3
L 17T2 T2 1 5

where\PN = nozzle pressure.
A first-order model with time delay was also fitted to the

nozzle pressure data using equation (7.4):

Py = G(1 - e~ (t-D) /1, ' (7.4)
¢ , y

The parameters for the fitted models, equations (7.3) and
(7.4), are given in Tables 7.2 and 7.3, respectively. -

Figures 7.5 A and B compare the twovmodéls for the nozzle
pressure to the experimental data. The fits for both

models appear to be equally good, but a comparison of the

two models using the sum of squares of the residuals indicates
that equation (7.3) yields a better fit. The second-order
model also is a more realistic representation of the physi-

cal situation of the process, in which the hydraulic system

>
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Values of the Parameters for

the Nozzle Pressure

Model: Second-Order, Equation (7.3) -

|
Time Constants, (sec)XlO2

lChange in valve Gain
Opening, % (N/mz)xlo-'5 T, . T,
+ 10 2.06 * 0.24 3,6 + 1.26 1.14 ¢+ 0.40
- 10 1.91 + 0.19 3.5\¢ 1.04 1.00 + 0.35
+ 15 2.10 ¢ 0.23 4.0 ¢ 1.00 1.00 £ 0.20
- 15 1.94 ¢+ 0.12 3.9 £ 0.70 0.99 t 0.26
+20 2.23 + 0.13 | 3.5 £°0.53 | 1.03 ¢ 0.25
- 20 2.18 + 0.11 4.1 ¢ 0.42 0.90 * 0.20
& —

P

L)




s .
TABLE 7.3
Values of the Parameters for the Nozzle Pressure
Model: First-Order \blus Time Delay, Equation (7.4)
i \ !
|
i
]
Change in Valve ain, G, . Time Constant Time Delay
 Opening, % (N/?lz .%)1'{1()-5 T, (sec)xlo2 - D, sec.
\ + 10 2:.08 t+ 0.11 | 4.50 % 0.51 0.0046
- 10 2,10 + 0.09 | 4.80 ¢ 0.45 0.0043
{;‘ .
+ 15 7 4.07 + 0.10 | 5.20 t 0.45 0.0046
- 15 .95 £ 0.09 5.30 £ 0.40 0.0042
+20 2.29 + 0.09 \\4\.‘70 + 0.33 0.0043
- 20 '2.20 + 0.08 5.00 + 0.28 0.0034
»‘,‘
- ‘&
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and the ram and polymer system can be considered as two
first-order systems in series.

Figure 7.6 shows the nozzle pressure response linearity

- in the range of +20% change in valve opening.

7.1.3 Linear Displacement

The ram displacements versus time for 5, 210 and #15
percent changes in valve opening are shown in Figure 7.77
The change in valve opening is associated with a change in
the slope of the displacement curve (ram velocity), which is
very rapid. The displacement data are contaminated by con-
siderable measurement noise. This is evident in Figure 7.8,
which shows the ram velogity: obtained as the’time derivative
of the displacement data. The measurement noise precluded
the possibility of obtaining a model for the ram velocity
using these data. It seems probable that machine v1brat10n
was the source of the ohserveq noise. '

5

7.1.4 Ram Velocity. *

l ‘ )
The difficulties encountered in modelling ram velocity

i

by dlfferentzatlng the linear displacement data led to the

ins/allatlon of a linear velocity transducer.

-

Figure 7.9 shows the response of ram velocity to 10,
L3

+13. and :ZO\pegcent sték\chaﬁges in the valve opéning. The

~

velocity response is rapid, and it appears to be complete

(jé ' within one sampling interval. //The data, once again, are {,
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.noisy, but the two steady states are distingudshable. The

most reasonable model obtainable from these data comprises

. a simple gain term: -
¢
, vV, = Gux Uy (7.5)

where ’
. V£ = ram velocity at sampling instant, t

U, = percent change in valve opening

G = process_gain
Table 7.4 gives the values of the gain of the velocity
‘response to different step changes in valve opening. These

values were obtained by averaging the velocities ai steady
state before and after the step. _
Figure 7.10 shows the linearity of the velocity response

to changes in the valve opening in the range of +20%.

7.2 Time Series Modelling

Models for hydraulic pressure, nozzle pressure and ram

~ linear velocity responses to changes in servovalve opening
were presented in the pfevious section. However, Figﬁres
7f1 and 7.9 show that the hydraulic pressure and velocity

responses are confounded with an appreciable noise component,




TABLE 7.4

values of the Gains for the

92

Ram Velocity Model, Equation (7.5)

Percent change in valve opening

Gain, G, (m/sec.%) Xl()3

+10 0.216
-10 0.260
#15 0.20
: -15 0.21
) +20 —~ 0.25 C
-20 0,28 -
| N

o
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Glhiﬁ:h h;s to be identified “sov as to determ;i?he an effective

control strategy. A serious defect of clééssical modelliﬁ%

4
techniques is that the process noise is neglected, because
Ve

there are no procedures available to model’ it. The time

-

series modelling apProach, introduced in section 2.3, g
identifies both the process transfer function and a model

of the a;sociated noise. For this approach, as described

in section 4.4.3, a PRBS was applied to the servovalve at 0.01

second intervals. The data were analyzed by the time series

method described by Box and Jenkins (39).

7.2.1 Hydraulic Pressure ER

" Figure 7.11 shows the hydraulic pressure response to a
PRBS input: The oscillatory valve response super imposed on
the hydraulic pressure response (see section 7.1l.1) requires
a seasonal type of-time series model, as indicated by
Figure 7.12, which shows the v-weights (Impulse Response
Function) as a function of lag. However, this approach has ~°

not been pursued, since such a model cannot be justified

o

physically.

7.2.2 Nozzle Pressure

4
The response of nozzle pressure to a PRBS input is
shown in Figure 7.13. No differencing of the data was
" needed although a small degree of non-stationarity is evident.

Figure 7.14 shows the v-weights for the nozzle pressure
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response. The comparison between these results and the

standard responses indicates that the transfer function

model for the nozzle pressure is of the form:’ Z

_ wgTw;B .
PN(k) = 1-:—6—{-.;— U (k-2) (7.6\)

where -

PN(k) = nozzle pressure at discrete sampling instant, k

U(k)

valve opening at discrete sampling instant, k
B = backwards difference operator defined as-
U(k~-1) = B U(k)

61,w0.m1 =, the model parameters

Figure 7.15 shows the autocorrelation and partial auto-
correlation functions of the residuals (noise). The auto-
correlqﬁion function tails off exponentially, whereas theh
partial autocorrelation function cd%s off after a lag of 1,
indicating that the noise can be modelled as a first-order,

autoregressive process:

. ON(k) =1-;%-1-§a(k) \ (7.7)

where
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N(k) = noise at sampling instant, k
a(k) = random noise value at sampling instant, k
¢1 = noise model parameter
e { ’ R
Thus the nozzle pressure was a;:iequately modelled by: :
wg=wyB 1 A
PN(k) = 1.:5_]:'5— U{k=2) + I—_—a—l-—B- a(k) (7.8)
with
wy = 6.62
-4
wl = ‘100
61 = 0.68
‘ ¢, = 0.97

——
—

Equation (7.8) distinguishes two components of the nozzle
pressure response, the first term is the direct response

defined 'in terms of previous values of Py and U, while the
second term describes the noise inherent in the variable.

7.2.3 Ram Velocity

The response of ram velocity to tﬁc_e PRBS input is shown
in Figure 7.16. It lis obvious that the response -is very
rapid, ;dhich is consistent with the response to the step
change jinput (see Figure 7.9). The analysis of the

"
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.v-weights given insF%qure 7.17 shows thas thé velocity
response,@ay‘be modéiied by:
‘»
Vik) = Wy U(k-1) (7.9)

~

. 1
which contains only a gain term. The autocorrelation and

partial autocorrelation functions for the noise, shown in
" =, - \
Figure 7.18, indicate that it may be modelled by a first-\\\

- , \
order moving average process: . ‘ \

n(k) = (1-eB)a(k) (7.10)

3

The ram velocity ‘is thus modelled by:

»

V(k) = wy U(k-1) + (L-eB)a(k) ‘ (7.11)
< - - w * S
where i
j
wo‘ = 003
© e, = 0.4 ’
& 1 - . i

7.2.4 'Comgarison‘aetwaen Detgfﬁinistic and

-

Stochastic Models

' 7

Box and Jenkins (39) have proposéd‘relationships

between the parameters obtaiﬂed from discrgte models and

-

continuous model counterparts.' In these relationships,
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the gain and time constants are given by:
Wa~Wy™ === =g -
- r .

61765 —7=- -8

T = Ts/jlnﬁ

where T, = sampling interval.
¢ —
Models of the form of equations (7.8) and (7.l1ll) were

compared to the correspogding continuous models by calculating
the gains and time constants. The results of the comparison
are given in Table 7.5. These results ,show tﬂ;t the para-
meters obtained by dete}miﬁistic and the stochastic models

are in reasonably good agreement.
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EABLE 7.3

o

Comparison of System-Parametérs Obtained

;»Q by Detexministic and Stochastic Models for

107

the Nozzle Pressure and Ram Velocity ‘Models

«

4

A
variable * Model - Gain’ Time Constant,
secs.
Deterministic | 1.91x10% N/m2.% 0.035
Nozzle Pressure .
Stochastic 1.64X10° N/m2.% 0.030 .
> Deterministic 0.26deﬁ3m/sec.%
Ram Velocity . -3
Stochastic 0.30X10 " m/sec.%
¥ 3 -
— —_— & L]
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\ CHAPTER 8

CONCLUSIONS

‘Pseudo-static and dynamip,experiments were pefformed to
study the relationshbetween different process variables during
the injection stage of the injection molding process. A
linear relationship between the hydraulic and nozzle pregsures
was derived from the empirical analysis of the pseudo-static
data and substantiated by a simplified theoretical analysis

of the injection phase. The dependence of nozzle pressure

o; hydraulic pressure, injection velocity, injection tempera-
ture, barrxel and screw geometry and resin characteristic was
examined.

Deterministic (step) and stochastic (PRBS) tests were
performed to obtain dynamic modelg in the form of a transfer
function relating the wvariation in servovalve opening to
variations in hydraulic pressure, nozzle pressure, ram linear:
displacement and ram velocity. The hydraulic pressure res-—
ponse to step changes in the valve .opening showed gh oscilla-
tory compénent sﬁpérimposed on a delayed first-order response.
The damped oscillations were attributed to the servovalve
response. The nozzle pressure response was best modelled

as a second-order overdamped process. The identification

of a model for the ram velocity by differentiation of the

.
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displacement-time data was unsuccessful due to measurement
noise. The model for ram velocity using direct measurements
of the velocity was found to be a zero-order model which
contains only a gain term.

Stochastic transfer function-noise models were obtained

for the nozzle pressure and ram velocity. -~ Both models were

W »

compared to tpe corresponding models determined from the
step tests, and satisfactory agreement was obtained.

The responses of all variables were Fapid (or the order,
of milliseconds) and are thus good candidates for controlling
the injection pr&cess. It appears that, for pressure con-
trol of injection molding, it is preferable to use nozzle
pressure rather than hydraulic pressure beqéuse,of the oscil-
latory component superimposed on the hydraulic pressure res-
ponse. The injection velocity seems to be the ﬁogt favorable
variable to be used in controlling the injection phase since

it has a simultaneous response.

-

~
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n APPENDIX A

SERVOVALVE - CHARACTERISTICS o

The servofélve used in the system is a two-stage valve,
MOOG A0-76-103 model. It has a rated flow of 10 gpm (u.s.)
at 1000 Qsi valve pressure drop. Figure A.l.alshows the!
rated flows at other supply pressures. Figure A.l.b shows
the step response;of the valve and the frequency response ' %

characteristics are shown in Figures A.2.a and A.2.b (48).
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Figure A.1l Flow Characterisiics of the Servovalve (48)
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APPENDIX B’

' TRANSDUCER CALIBRATION | Y . -

»

—_ ~

e A

B.1 Pressure Transducers

¢ v

Cglipration of the pressure transducers was performed
with the aid of the'spécially-designed apparatus shown in
Figure B.i. ' The trangducer was mounted to the base of the
cylindrical reservoir which was filled with Duckham's Hypoid
86 gear oili\ The oil was compgessed by a piston wpich was

driven by the crosshead of the Instron Universal Testing
L3

' Machine. The transducer output was recorded on a Hewlett-

Packard strip chart recorder (Model 7100B). The force exer-
ted by tﬁe crosshead was measured by the Instron load cell.

A pressure gauge gave a direct indication of the pressure.
The calibration data are given in Table B.l and were corre-

lated by linear regression to give the equations in Table 5.1.



N e T T - toEk . B i
- . g T
F, g PO TN (MG W iei o e o5 e kil & ~ -

-

. .
) . -
- .
. »
.
.

e : . F . . | L’__" Piston -
> ’ ’ - | Reservoir

| | z .

<
\\

4

V777772

Pressure
Gauge
. 2" —

, I//\\///

e

y

3 : Base Transducer
b
Figure B.1l Pressure Calibration Apparatus -

«

R




TonTHE AT W EOTOMERE T AR e et moeteaie Gd g e e

s
-
S g .
.

P S T

] " A.B
¢ TABLE B.1l
Pressure Transducer's Calibration Data
Hydraulic Pressure Nozzle Pressure
Transducer Transducer
Pressure (psi) | Output (mvV ) || Pressure (psi) | Cutput (mV)
0.0 0.0 0.0 0.0 o
286.06 0.55 56.14 0.6
448.72 0.89 84.10 0.7
560.90 1.06 140.35 1.0
701.12 1.35 168.42 1.25
981.57 1.90 224.56 1.82
1402, 27 2.80 277.89 42.50
l682.70 3.40 336.84 3.70
1963.14 4.00 392.98 -5.60
2243.60 ‘ 4.56 449.12 6.15
2804.50 5.73 499.64 7.0
3365.40 6.90 561.4 8.6
3926.30 8.10 617.54 9.9
4515.23 9.30 _
5608.98 11.80
7011.23 14.80 )
" Note: 1 psi= 6.895 X 10° N/m2
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B.2 Linear Displacement Transducer -

The linear displacement transducer was calibrated by
applying known displacement and determining the corres;;onding
output in volts on a chart recorder. The experimental cal)i-
bration data are given in Table B.2. The calibration cyrve
is Ish.own in Figure B.2. The regression equation obtained
was as follows (cornelatlon‘coeffiéiant= 0.99):

[

L=3.11*V - 0.19

i

' where L is the linear displacement in cm "(10“-2 m), and V is

the output in volts. .
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Linear Displacement Transduger

TABLE B.2

Calibration Data

At

Displacement , M x102

Output ,

\

vQ%ts

10
11
12
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°

1.05
1,35

1.65
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B.3 Velocity Transducer . ) N

V)

The velocity transducer was calibrated using the Instron

¢ o

Universal Testing Machine in conjunction with known velocities,

while the output was traced on a chart recorder. The cali-
!

bration data are given in Table B.3, and the calibration

curve is shown in Figure B.3. The calibration equation
obtained by linear regression was as follows (corfrelation

-

coefficient = 0.99 ):

vV = 0.208 * Mv - 0.004

. where V is the velocity in (mm/sec) and Mv is the output in

m.

-
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TABLE B.3 '
Velocity Transducer
‘ \ , calibration Data : |
; Velocity (mm/min) Output (mV),
B 5 _ 0.4
10 . 0.825 °
. \ 20 1.65
50 4.00
> O - 100 8.00
| 200 16.00
a | .
P -
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APPENDIX C

GENERATION OF A PSEUDO-RANDOM

BINARY SEQUéNCE (PRBS)

L

One of the simplest ways of generating a PRBS uses basgic

shift register and one (or more)‘modulo—two gates in the
feedback circuit, Figure C.1. The length of the sequence

(N) is given by:

" where n = number of stages (bits) in the shift register.

The following computer program was used to generate the PRBS

\

.PRBS Generator Program :,

Nomenclatue of Variables

ILONG : Register (word) length

..

IWORD : Value of the register

IXOR : Second feed-back bit

IBIT1 : Value of the lowest significant bit, 0 or 1
IBIT2 : Value of IXPR bit, 0 or 1 ¢

IBIT3 : Result of exclusive OR between IBITL and IBIT2
IBUF1 : Buffer value to reduce calculation time

IBUF2 : Buffer value to reduce caculation time
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AN

00 0000

a0

0oo0 o0

PROGRAM

THE MAIN FROGRAM SPECIFIES THE REGESTER (WORD)> LENGTH:»
THE VALUE OF THE REGISTER AND THE SECOMD FEED-BACK BIT/

FUNCTION IPRBS(ILONG»IXOR»IWORD)

VALUE OF THE LOWEST SIGNIFICANT RIT ‘ -
IBUF1=IWORD/2
IRIT1=IWORD-IBUF1x%x2 \
IFRBS=1BIT1

VALUE OF THE IXOR-BIT
IBUF2=IWORD/2%%( IX0R~1)
IBIT2=IBUF2~(IBUF2/2)%2

THE RESULT OF THE EXCLUSIVE OR BETWEEN IBIT1 AND IRIT2
IBITI=(IBITLI-IBIT2)X(IBITI-IBIT)

CREATION OF A NEW WORD BY SHIFTING THE FRECEEDING WORD TO
THE RIGHT AND PUTING THE VALUE OF IBIT3 IN THE MSB
IWORD=IBUF1+IBIT342%k(ILONG-1)
RETURN
END

”




