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(i) 

ABS1rAACT 

Soma aspects of injection molding dynamics were studied 

uaing a laboratory injection mOlding machine operated under 

th. control of a microprocessor-baséd servocontrol system . 

Three types of experiments were performed : 

(a) pseudo-static tests from which a linear relationship 

between hydraulic and nozzle pressures was found ; , 
\ot 

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

in the servovalve opening ; 

(c) .tocha.tic tests using pseudo-random binary sequence 

(PRaS) perturbations of the .ervovalve opening • 

A simple relationship between nozzle and ihydraulic 

p~e •• ures was derived from a force balance on the ram and 
~.' 

vas in good agreement vith the experimental paeudo-atatic 

data. Detarministic modala were daveloped for the hydraulic 

pre •• ure, nozzle pres.ure and ram velocity. 1he model pre

dictions were in good agreement with the experimental data. 

Stochastic transfer function-noise models were obtained for 

the nozzle pressure and ra. velocity. The agreement between 

the .tochastic modela and the corresponding .tep test 

models was aatisfactory • 
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.. (ii) 

RESUME 

CertaIn aspects de la dynamique du moulage par injection 

ont êtê etudiês ! l'aide d'un appareil (modale de laboratoire) 

de moulage par injection commandê par servo-r'gulation 1 l'aid 

d'un microordinateur. Trois types d'essais ont êt' effectu's : 

(a) des essais pseudo-statiques! l'aide des quels une relation 

linêaire entre la pression hydraulique et la pression 1 la sortie 

(b) des essais avec perturbations d'terministes de type 6chelon 

affectêes a l'ouverture de la servo-vanne , 

(c) des essais stochastiques suivant des séquences binaires 

pseudo-alêatoire aafectêis 1 l'ouverture de la servo-vanne. 

Une relation simple entre la pre •• ion 1 la sortie et la 

pression hydraulique a êtê dêriv~ ! partir du bilan de. forces 

de la piston. Cette relation correspond bien aux valeurs expe

rimentales obtenues des essais pseudo-statiques. Des modales 

dêterministes reliant la pression hydraulique , la pression 1 

la sortie et la vitesse de la vis ont êtê dêcenês. Les valeurs 

obtenues de ces modAles correspondent de façop satisfaisante aux 

rêsultats experimentaux. Des modAles du type fonction de transfert 

stochastique reliant la pression ! la sortie et la vitesse de la 

vis ont êtê dêrivês. Les correspondances entre les modAles sto-
'. ' 

chastiques et les modales obtenus des perturbations de type 

êchelon est satisfaisante. 
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1 
CBAPTER l 

INTRODUCTION 
.. 

The injection .oldinq of thermoplastic. i. a aultivariable 

proc.s. involvinq coaplex interactions between material charac

teri.tic., the moldinq conditions, and the de.irad propertie. 

of the molded article. It is necessary to undersUnd the 

interactions between these variables to control the chanqe. 

which occur durinq the injection moldinq cycle bath in the 

process and the product. 

Present injection moldinq models are qenerally basad on 

the solution of the equation. of'continuity, aomentum and 

enerqy in conjunction vith auitable initial and bodndary con-

ditions. Aithouqh such modela yield information reqardinq 

the telationahip. between the resin properti.s, moldinq condi

tions, the thermo-mechanical history of the resin and the 

ult~te properties of the molded article, they are too campli

eated for proc,ss control purpoaes which require simpler 

dynamic models. 

The present work explores the feaaibility of SODe simple 

phenomonoloqical and empirical relationships between different 

iIIIportant proc ••• variable. in the form of dynamie models 

usefui for controllinq the injection moldinq proee ••• 
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CHAPTER 2 

GENERAL BACKGROUND 

2.1 Injection Molding Simulation 

The study of the injection moldinq of thermoplastics ha8 

received cons~derable attention in recent years. A number of 

studies has been concerned with the mathematical modelling of 

various phases of the injection molding proeess. Different 

modela, of varying complexity, depending on the simplifying 

a8sumptions and the nature of the rheological constitutive 

equations and other relationships. have been proposed. 

Harr~ and Parrott (1) presented a numerieal model of the 

filling of a thin rectangular cavity. They aasumed a power 

law viscosi ty model and solved both the IDOmentum 4 and enerqy 

equations, allowinq for the temperature dependenee of pol~r 

properties . Berger and Goqos (2,3) and later Wu, Huang and 

Gogos (4) treated the filling of a circular diak eavity. 

Isothermal and non-i.othermal one-dimensional 1DOdels vere ana-

lyzed in conjunetion with a power law fluide ICUlal and Keniq 

(S,6,7) propoaed a model to describe the moldinq behavior of 
, 

thermoplastics in a ... i-circular cavity. Their model pre-

sented an integrated mathematical treatment of the fillinq, 

pacJcing and coolinq phase. of the injection SDOlding cycle, 

and vas derived froa the equation8 of continuity, IIOtion and 

energy for eaeh pha.e of the cycle. Doan (8) extended Itenig'. 

• 
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simulation to describe the behavior of commercial injection 

molding resins in thin rectangular cavities. 

Ruo et al. (9) proposed an analytical expression for 
1 

estimating the pressure distribution during the filling stage. 

This work also proposed an equation for the temperature dis-

~ribution in the molten region during the coo1ing phase. 

Broyer, Gutfinger and Tadmor (10), as weil as White (11), 

modelled the f10w in a narrow gap mold by recognizinq the 

similarities between th~s system and the class~cal Hele-Shaw 

flow. The~r treatment neglected the time-dependent terms in 

the momentum equation. Kuo and Kamal (12) extended this 

analysis to unsteady, non-isothermal and non-Newtonian flow8. 

They developed an analytical-numerical method for determining 

the shape of the progresaing flow front and for canputing the 

flow variable s and temperature distributions during the 

filling stage. This analysis accounted for the qeneral de-

pendency of viscosity on bath shear rate and temperature. 

Kuo and Kamal (13) also derived workinq equations to sLmulate 

the non-~sothermal, compressible flow occurring during the 

packinq staqe, usinq the thin cavity approximations to simplify 

the qoverninq equations. The model included the inertial 

effect and considered the compre8sibility of the polymer malt 

•• the dominant feature in the packinq stagoe. 

Kamal and Tan (14) sWIIII&rized the experimental studie. 

wbich have been directed to the under.tanding of the cc::.plex 

interaction batwean moldability, material properties and proc ••• 
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condi tions . Lord (15) employed a model which incorporated 

the effect of pressure on viscosity. Kruger (16) presented 

experimental data for advancing melt profiles, pressures and 

temperatures durinq the filling of a rectangular cavity with 

variously shaped inserts. Their experimental data were in 

good agreement w~th the predict10ns of previously developed 

theoretical models. Ryan and Chung (17) developed a conformaI 

mapping analysis of the mold filling behavior in rectangular 

cavities. The polymer mel t 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 ttme • 

Wang et al. (lS) modelled the filling and cooling stage • 

.. ployinq a viscoelastic constitutive equation. The model is 

one-dimensional, unsteady, non-isothermal pressure flow of 

polyaer betwe.n two paraI leI plates. The model qives good 

predictions for tne birefringence as a function of malt tem-

perature, wall temperature, gap thickne.s and fill time. 

Recently, Lafleur and Kamal (19) propoaed a computer simulation 

of the injection molding process which permits the prediction 

of 80 .. micro structural parameters in the molded articles, 

like the distributions of cryatallinity and frozen .tre ••••• 

The above .tudies, without exception, require the nua.rical 

aolution of the model equation., which is obtained only atter 

con.id.rable computation. Proceaa control, however, demanda 

, 
J 
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sbnple empirical or théoretical models (relationships) which 

<do not require long computational times or large computers. 

Such model, should relate the time-varying distributions of 

process parameters like pressure, temperature and veloc~ty to 

'the relevant machine and material~variables. 
!'" 

2.2 Dynamic Hodels and Injection Holding Control 

The injection mOlding of tnermoplastics ~nvolves eomplex 

interactions between the molding conditions, the proaessed 

material propert~es and the ult~ate propert~es of the molded 

article. Menges et al. (20) and Hunkar (21) pointed out that 

the quality of the molded articles ,could he rèlated to pxocess 

var1ables, such as pressure and temperature in the mold, by 

utilizat10n of the P-V-T diagram of the proce.seQ polymer. 

MAnn (22) studied the effect of peak cavity pre. sure and cushion 

S1ze on part ahr1nkaqe. The results showed that any variation 

in peak cavity pressure will cause a correspond1ng change in 

par t dimens10ns. 

Several workers have attempted to claa.ify the injection 

proce •• variable. and to develop relationahips between the 

variables . 

.. paulson (23) cla •• ified the injection molding proc.s. 

variables into machine variabl •• and ·pla.tic· variables or 

measurements. ae 8U9ge.ted that 1II01ded part quali ty va. 

related to bath of the_ variable •• Therefore, both machine 

and plastic variable •• bould be conaidered in order to •• ta-

blish the proper .. ttinq for proce •• controla. Typical 
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machine variables are hydraulic pressure, screw displacement 
1 

and barrel temperature. Plastic variables include pol~er 

melt tamperature at the nozzle and the melt pressure at the 

nozzle and in the cavity. Plant and Maher (24) presented a 

preliminary 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 cqmparable changes in the nozzle melt pre •• ure, 

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 inject10n pressure, injection rate, 

back pressure and cushion. Tharefore they strongly recomm.nded 

the use of cavity pre •• ure in controlling the injection proc •••• 

Ma (25) propo.ed qualitative functional relation.hip. 

between the proca •• variabl •• durin~ the thra. phas •• of the 

injection cycle, a. follovs: 

Pl •• tication pha.e: 

Ta, - Fl(N,P.t,Tb,Ol) (2.1) 

Injection pha .. : 

Pat - F2(V j ,T.l ,02) (2.2) 

(2.3) 

wbere: 

- .. lt t~.tur. 
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N • rotational screw speed 

Pa, - malt pressure at the nozzle 

Tb - barrel temperature 

V
j 

• injection velocity 

- runner melt temperature 

- cavity pres.ure 

Pk • hydraulic packinq pre. sur. 

Tc - coolinq tia. 

01,02,03 - external di.turbaDc •• 

Equation (2.1) doe. net includ. hydraulic back-pre.aw:., wbich, 

a. shawn by Border (27), ha. a direct attect on the _lt t __ 

\ 

perature durinq pla.tic.tion. Al.o, the relation.hip tor 

DOzzla pre.aure, equation (2.2), doe. not include the etfect 
., 

ot hydraulic pre.sure explicitly. Altho\1qh the coolinq tt.e, 

Tc, 1nc1uded in equation (2.3,), affects the propertie. of the 

IIOld84 part, it doe. not attect the peak cavity pressure. 

Peter (26) conducted expert.8nts ta study the relation

abip. between hydraulic pre •• ure and the mold packing pre.aur., 

.. lt t.-perature and plasticatien tu... On the basi. ot tba_ 

atudie., be propoaec1 t.be followinq relation.hip.: 

(2 •• ) 
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lItIi 'fJ'*l., ••••• _________ ._" --- -- _ 

c 
T .. 1t • a(Tbarre1 + b)+ • Pbyd2 + error 

v_ra 

P
mold 

• peak packing pr.saura in the .,ld 

- hydrau1ic pressure durinq packing 

8 

(2.5) 

(2.6) 

• hydrau1ic back pressure duriDq p1aatica~D 

t pLast - plastication tt.e 

If - rotationa1 acrew apeed 

• abot .ize C) 

.,b,. - expert..ental1y detem1ned coastaDta 

BquatiOft (2.4) .how. that the .cid pre • .ure i. linearly 

related te hydraulic packinq pre •• ure. Equation (2.5) .how. 
the depeDdence of _lt t_perature on hydraulic back pnasaure 

which wa. not included in the ralationahip proposed by Ma 

(25) • 

Border 

the vi.cosity chanqe of various ~l .. tic' .. terial. and 

the po.aibility of controllinq the viscosity change by varyiDq 

the operatinq condition.. They proposed a model which relates 

the rate of chanqe in viacosity to the çhanqe in teaperature 

aad the viscoai ty i tself • The.oeSel vaa of the fora: 

( . 
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(2.7) 

vbare a and b are constants. They _1.0 darived _ linear 

rel.ationahip between the rate of cb&nqe of .aIt teaperature 

vith respect to the change in beek-prasaure and the back-

prasaure itaelf, as: 

- (2.8) 

~ PB - hydraulic back-presaura. This relation.hip i. 

conai.tant vith the relation.hip (2.5) propoaed by Peter (26). 

"side. the .. modellinq efforta, several worker. have 

4iacuaaed the different control suateqie. thAt can be _ployed 
• 

vith the injection IDOldinq process. 

Patter80n and Kamal \ (28) slmaarized and discussed the 

different control atrateqies that have been proposed for con

trollinq the different phase. of the injection moldinq cycle. 

Davis (29,30) and Davis and Thayer (31) discussad different 

cloaed loop controls. They concluded that servocontrolled 

injection ram velocity and hydraulic pressure provide a siqni

ficant t.prov .. ent in the repeatab1lity of the mold cavity ~ 

pra.aura. Takizawa et al. ( 32) obtained a similar conclusion, 

tbat vith a proqraBDed injection velocity, only small variations 

in cavity pres.ure were noticed. 

The above review shows that, althouqh the published 

.tudies are us. fuI in examininq the interaction. between the 

~.s. variabl.s, the current knowledqa of machine and proces. 

dyaaaic. is .till lt.ited. 
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Tb. present study represents an effort to generate some 

of the basic info~tion required for the development of 

dependable control strategies for the injection molding process. 

It involves a studY of the dynamic~ of the proeess with parti

cular emphasis on, the interactions between hYdraulic pressure 

and important proeess variables. 

\ . , 

• 



nt 

\ 

o 

.. 

11 

CHAPTER 3 • 
MODELLING TECHNIQUES 

"3.1 Introduction 
\. 

The interactions and phenamena invo1ving engineeriDq 

variables in industrial processes May be described or modelled 

in two ways.' The first method is based on solving the appro~~ 

priate equations of continuity, momentum and energy in con

junction with suitable initial and boundary conditions. 

Examples of injection molding modela obtained by this approach 

were presented in section 2.1. The use of these modela is~ 

prohibitively complex when applied to a situation where the 

process variables are chanqinq in reaponae to time-variable 

forcing functions. In such situations, empirical models have 

proven to be a valuable tool for attaininq rational and effec-

tive process control strategies. , 
Empirical models are often obtained in a transfer function 

~orm. The experimental method employed to obtain these models 

is based on introducing a control1ed varia~ion into a process 

input variable and meaauring the correspondinq response. The 

transfer function is then obtained from the ratio of the trana-

formed input and output variations, (33,34), as illustrated in 

Figure 3.1. 

The tranafer t~ction-approach suffers fram t~disad

vantages: 

, 
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(a) the required data must be obtained frOID actual 

, experiment~ runa carried out on the proce •• ; 

(b) the method implici tly assumes that the proces. 

re.ponae is linear. Therefore, it is nece.aary 

to deter.mine the limits of the validity of this 

assumption by experimentation. • 

A positive aspect of the transfer function approach i. 

tbat it gives models which are siqnificantly simpler than 

those of the transport phenomena approach, since, as pointed 

out earlier, the equations of change become partial differential 

equationa and their solution is relatively complexe Thu8 

transfer function JaOdels are better .ui ted for process control 

applications. 

3.2 DynamiC Models 

3.2.1 DeteDainistic Moders 

Cla.sical1y, the engineering metbods for est~tinq 

·tranafer function lDOdels are basad on de~ermini.tic perturba

tion. of the input, such as step, pulse or sinusoidal chang •• 

(33,34,35,36). 

in Fiqure 3.2. 

Typical responses to thes. inputs are shawn 

The atep function ia the most widely u_d, 

because it is physieally difficult to use the pulse funetion 

&Rd sinee the sinusoidal funetion require. lonq duration testa 

(34) • The respon_ of first and second order .yst_s to 

step funetion inputs are given in Table 3.1. Figure 3.3 
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d..an.trat.. a qrapb1cal .. thod tor •• tt.at~q the mod.l 

par ... t.r. (34) • The .rror. introduced by 9raphical con-

• truction can be avoided by usinq a fittinq proqram ta •• ti-

_te the parametera of the propo.ee! modela. In thi. .tudy, 

the NONLINWOOD proqram (37) vas employed. 

The disadvantaqe of the deterministic models i. that 

they are uaeful only when the sy.tem involve. SlDAll amount. of 

,noi •• (random di.turbances) • Moreover, it is difficult to 

di.tinqui.h between .econd and third or hiqher order .y.t .... 

3.2.2 Stochastic Modela 
i 

The measured variables of mo.t indu.trial proc ••••• 

include exper !mental errors. The proc.s. i ta.lf i. also 

aubj.ct to random disturbances. Recently, statistical 

t.chniques have been developed (38,39) vhich, after treatment 

of the measured reaponse, de termine both the transfer functian 

and a model of the noise associated vith the proceas. This 

technique, usinq a pseudo-random binary .equence (PRBS) 'input 

(40,41), ia illu.trated in Fiqure 3.4. Ideally, the PRBS is 

q.nerated by a computer which also measure. the re.pon.. at 

discrete time intervals. 

The parame tric modela obtain.d by thi. approach Ar. of 

the form (39): 

y(k) (1-4 1B-6212- ----- -6r Br ) - (wO-wIB-w2B2-

-w.B·)xCk-b) + NCk) (3.1) 
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or 

... 

CIl. (a) , " (8) 
y(k) - a (1) x (.k-b) + œ .(k) 

r p 

y(k) • the output at k
th .... ur~t 

• (k-b) • the input at (k-b) th .... ur ... nt 

N (k) • th. noi •• at k th mea.ur_nt 

8 • th. backward. op.rator: B y (k) - Y (k-1) 

b 

· CIl. (8) 

• nUJllber of 1aq. 

2 • 
- (wO·w1B-w2B - ----- -CII.8 ) 

, 2 
- (1-6 18-6 2B -

2 
- (1-e 1 ~-e 2B -

• (k) - wb! te (randoa) noi •• 

l' 

(3.2) 

fra. the analy.i. of the experiment.l dat •• 

The deteraini.tic proce •• .o4el of Figure 3.1 i • .odified 

to tbat of Figure 3.5, wben the .tacha.tic lIOdel i. uaed. 

3.3 Stacha.tic Model. Identification 

Box: and Jenki.n. ( 39) bave propo.ee:! • detailed procedure 

for identifyinq the .tachastic moclel of a proce... The 

iterative procedure, .. sbovn in F19'J1"e 3.6, colUlists of thr .. 

_in .teps: 
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(a) identification of the order of the tran.fer ~tiCXl 

(b) e.t~ation of the model par ... teraJ 

(c) diaqno.tic checkinq of the .adel. 

3.3.1 Identification Step 

The objeçtive of the identification .tep ia to iDdicate 

the order (or structure) of the tran.fer function and noise 

modela, which are worthy of further investiqation, and ta 

e.timate the initial values of the aodel par ... tera. 

3.3.1.1 Identification of the TraDafer Function Model 

The basic tool. esployed in the proca._ identification 

are the cros. correlation of .the input and output and the 

proce •• ~l.e respon ... EquAtion (3.1) cao be written .. 

(3.3) 

or 

y(k) - v(B) x(k-b) + M(k) (3.4) 

wbare vO' V l' v 2' --- V n are the iJIpul.- reapoD8e we.lghta of 

tba .y.te. at di.crete tJ..e interyals, tO,t
l

, ---, tn. 

The identification procedure tben cOIlaiat. of tbe 

followi~ a tep. : 

m 
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(i) obtainiDg firat .st~tes of the tmpul.~ re.ponse 

weights, v", iD equation (3.3); 
-~ 

(ii) u.inq the ob •• rvee! pattern of tbe e8timated impulse 

weights ta choc •• a transfer function model, i.e. 

CAl. (8) 
'rCB) , •• illu.trated by Box and Jenkins (39). 

3.3.1.2 Identification of the Noise Model 

The DOi •• tera N(k) in equation (3.1) can nov be written 

in tenu of the tentative transfer function model: , 

(3.5) 

,-, fi 

The autocorrelation ~ par~al. autocorrelation funetions of 

the noi .. ' seri •• can then be uaed ta 'i.4~nti.fy ,a noise model 

(39). 

3.3.2 
. ' 

Thil ~tative model of aquatiÇ1n,' (3.6): 

III. (8) , 8 (B) 

y-(k) .. ~r (B) . x (k-b) + .:1,8), a (Je) (3 • .6) 

.( 

to4)etbèr vith initial e.tiaates of ,the -.odel par_tera !o' i, 

e ~ ! allow the' a (k) '. ta be ca'lçulated ,racursively as: 

" 

.' 
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_ ~ w~{B) 
a(x) 8

q
CD) {y(k) - ôrCB) x(k-b)}; k· 1,2, ----- n -

(3.7) ,. 

where n ~ number of observations. 

The best estimates of the parameters !!!., !~ ! and .t can be, 

obtained by minimizinq the sum of squares .(39), usinq the maximum 

likelihood approach: 

5(ô,III,8,,) -
n 2 
r a

k 
( ô , III , 8 , • ), 

k-l 
(3.8) 

3.3.3 Diagnostic Testinq 

This step is essential to check the statistical .adequacy 

of the proposed model. A model is deemed a'Qequat~ when the 
", 

residuals are uncorrelated random deviates. This can be 

verified by comparing the autocorrelation function of the 

residuals and examininq the cross-correlation between the 

input and the resid~als (39). Two cases could arise: 

(i) The transfer function model is correct, while the 

'. noise model is incorrect. In this case, the 
'1 

~esiduals are autocorrelated, but they are no~ 

cross-correlated with the input. The form of 

the ,4utocorrelation function would indicate the 

appropriate modification "of the noise modeL 

) 
~'r ""'. .. 

17 
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(i1) The tran.fer funct!Dna~'l i. incorrect. 

• 

In this ca .. , IlOt only are the. J: •• idual. 

, cro.a-corralated with "the input, but alao they 
\ 

,. 

. . are autocorrelated even if the noise model is 

correct. The cross-correlation analy.i~ 
1 

indicate. the required lBOdifications to the 
, J 

tranaf~ function model and the analysi. is 

repeated (see Fiqure 3.6). 
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CIIAPl'ER 4 

... 
seoPI ABD OBJECTIVES 

2' 

\. \ 
'-" 

Tt. pre_nt work repres.nts a part of a qenera1 re .. arch 

proqrJUR in the field of inj'èction moldinq, which has been in 

proqre.s for the last decade in the Chemical Enqineerinq 

Department at McGill University. The proqram covers a variety 

of •• pects of injection mo1dinq, including re.in characteriza

tion, .. thematical mad.ling of the molding process and the 

ana1ysis of microstructure .nd ultbaate properti •• of injection 

.olded article •• A subatantial aount of work bas invo1ved 

the injection mo1dinq of thenDOpla.tics (6,8,42,43,44). 

'1'h:i.. work has 1ed to the developllent of aode1s and ccapute1= 

siJBulation., of varyi,nq deqrees of co.plexi ty, to d.scribe the 

injection moldi~ proc.s. and the behavior of injection IDOlded 

articles (5-9,12-14,19). 

Recently, as part of tbl &bave effort, a 1aboratory 

.1' injecti~.n moldinq .. chine va • .odified for operation uainq a ,; 

.ucroproc::essor-based s.rvocontrol system (45). The JDOdified 

.-chine iB used in thi. work to study SOBMI aspects of injec

tion IIIOldinq dyn_ics aDd to develop .iaple modela suitable 

for the control of the injection mo1dinq proc.ss. 
1 

The çecific objectives of the present work are: 

.. 
# 

" 
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(1) To develop JaOdel., auitable for control purpo ... , 
• 

showinq the relationahips betveen ~~ hydraulic 

pr •• aure-time profiie durinq the injection phase 

and the follovinq: 

(i) the nozzle pressure-time profile 

(ii) the screw (raa) poaition-time profile 

(iii) the .crew (ram) velocity-time profile. 

27 

The .od.la are ba.ed on both a simplified theoretical 

analysis and an empirical correlation of expertm8ntal 

data. The theoretical and eapirical modela are 

coapared vith reqard to their aqreement with experi-

IMDtal data. 
• 

(2) Tc study the dynaaica of the injection moldinq 

proc.aa and to obtain dynaaic mod.la (tran.fer 

functionsl u.efU! for control purpo.... The 

dyna.dc modela are based on bath deteDDiniatic 

(atep) and atacha.tic (PRBS ) teat., vhich have been 
, - \ 

carried out to relate chanq .. of proces. variable. 

(Le. nozzle pre.aure, screw position, screw apeed, 

and hydraulic pre.aure) to chanqea in the opening 

of the aervevalve controlliDg the flow of oil in 

the hydraulic sy.tem • 

• 
. .,. 

.1 
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5.1 Equis-ent 

5.1.1 Injection Mc1d~9 Machine 

This work was pertormed on a Dan80D Meta~ 2 1/] OZ, 

reciprocatinq screw injection moldi.ng .. chine, mode1 60-SR, 

Fiqure 5.1. The machine is equipped for operation in the 

auta.atic, semi-automatic, and manual modes. Injection, 
1 

boldiDq, and back pressures are set by adjustinq the appropriate 

manual valve. The screv rota tiona 1 speed is ad j usted by .. ans 

ot a handwheel located on the screw speed valve which controls 

the rate of plastication. Injection and holding times are 

set on their respective timer a • The barrel is dividad into 

two heatinq zon.s. Each zone is independently heated by an 
, 

electrical heatinq band. The two zone teaperatures are con-

trolled to within 30 C of the set t_peratures by an on-oft 

control action. Figure 5.2 shows a sketch of the barr.l and 

screw. A rectanqular mold vith cavity dimensions 0.1 x 0.06 

x O.OOlm was .ployed. 

The hydraulic syst_ of the .. chine wa.s redesigned and 

refitted to include a aicroproceaaor-controlled .. rvovalve (45). 

AD electro-hydraulic .ervovalve (Mooq type A076-103), vith • 

capacity for pasaiDIJ 10 p110na (O.S.) par 1linute at a rated 
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( 
rigure 5.1 DaftllOn Metal-.c Injection Holding Machine 

aad the Microproceeaor 8y.~. 

1 
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preallUre dJ:op of 1000 pai (6.89 x 106 N/a2), vas in.~lled. 

The full uaplitude ri .. tille va. about eiqht ail1i.econd. 

(Appendix A). A con.tant line pre.sure vas a •• ured by an 

accuaulator in.talled before the servovalve to deliver addi-

tion&! oil to the system during pressure fluctuation. 

Figure 5.3 depicts the hydraulic system of the machine. 

5.1. 2 Microprocessor System 

• The aicroprocessor control .y.te. is based on a Crc:aenco 

Sinqle Card Computer (SeC). The facilities include 13 K 

ex - 1024) bytes of random acce •• ..-ory (RAM) anG 12 K byte. 

of read only IHIBOry (ROM). Thare are aeven 8-bit parallel 

input 'and output ports, and four serial (RS232) ports. The 

ROM software provid.s a monitor and an inteqer BASIC. The 

peripherals available are: a Hazeltine CRT terminal (model 

1400), digital input and output modules (Opto 22), a Burr 

Brown 12-bit, 8 channel, analoq to digital converter (SOM-aS6), 

and an 8-bit digital to analoq converter. The sy.t_ va. 

proqrammed u.ing aubroutines for the machine sequencinq, 

control alqorithas, and data acquisition proqrama for 

exaaininq the process variables durinq the injection phase 

of the IDOldinq cycle. The .uoroutine. vere written Ul 

a.MJDbler language. A clock dJ.aqr.. of the IIlicroproc •• sor 

i. abown in 2iqure 5.4 • 
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r19!E! 5.3 The Bydrau11c SY1l~ ot the Machine 

1. Injection eyliDder 

2. carriaqe cylinder 

3. Bydraul ie mator 

4. Servoval ve 

5. Cl_p cyl inder 

6. Mold po.ition valve 

1. Check valve 

8. carriaq. po.ition valve 

9. Main relief valve 

10. Sere •• peed valve 

11. Beat exchanqer 

12. Lev pre •• ure filter 

13. Biqh pre •• ure filter 

14. b .. rvoir 

15. Su.p filter 

16. 2-vane puap '. 

17. Electric .otor 

18. Accuaulator 
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5.2 lnatruMmtation 

TWD pre saure trana4uoers .anufactured by Dynisco (.adel' 

PT 435A) vare used for pressure measurementa. One pressure 

traDSducer (0-1000 psi) vas located in the line between the 

servovalve and. the injection cylinder to JDeAsure the hydraulic 

pressure . The aecond pre saure transducer '( 0-10,000 psi) vas 

.auDted in the nozzle to measure the nozzle pressure. 

A linear displacemen t transducer, manufactured by Marki te 

(Model 4709) vas u.ed to IDOnitor the displacement of the screv 

durinq the injection moldinq cycle. A linear velocity trans-

ducer, TRANS-TEK (model'~12-00l), measured the injection 

ve1ocity. Figure 5.5 shows a sketch of the inatrumented 

injection IDOlding machine. 

All the transducera were calibrated prior ta inatallation 

to verify their qauge factors and linearity. A typical cali-

bratian curve ia shawn in Figure 5.6. The calibration data 

vere fitted by the ragres.ion equationa ~iven in Table 5.1. 

The calibration data and a description of the calibration 

procedure are gi ven in Appendix B. 

5 .• 3 Materiala 

TwD injection .alding qrade polyethylene re.in., de.i9-

Dated as EXl and !Xl and .upplied by DuPont of C&rwada, vere 

uaed in thi. study. The_ resin. have been ~loyed in a 

large nu.ber of injection .,lding atudiea carried out in the 

Depart:lleDt of Ch_ieal BDgineeriDIJ, lIcGill University (43,44). 
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TABLE 5.1 .. 

(, -Regression Coeff,icients for Traruuîuçer 
-"*' 

Calibration Equations \ 

) ... 1 

, , Transducer Equation 

Hydraulic pressure P ;= 59.7 x (mV) + -66.2 psi 
1 , 

t 
,1 

Nozzle pressure P = 463. x bn") + 51.2 psi 

Linear displacement L = 3.11 x (volts) cm ~ 

Linear velocity V = 0.209 x (mV) - 0.·004 mm/sec. 
1 

() 

Note: 1 psi- 6.895 X 103 N/m2 .' 
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Il 8Ubstantial a.ount of data i. available reqardiDq the 

, fund ..... tal propertia. aDd .oldinq cbaracteri.tic. of the .. 

ra.in •• sa. 'of the.. propertie. are qi ven in Table 5.2. 

5.4 !xp!rt.ental Procedure 

5.4.1 Sart-Op and Operation of the !qui~nt 

In order ta in.ure reproducibility and ..aoth operation, 
1 

the followinq sequence va. _ployecl in .tartinq up and 
'II> 

operating the injection J80ldinq IUChine and •• aoc'iate4 auxi-

• ... 
Ca) Bach set of exper~nta v~ bequn by _ttinq the 

barrel te.perature. on the controller. aDd ,allowiDg 

one bour for the thenu.l .ttIlhiliaation of the 
o 

injection unit. .. 

-
Cb) At thi. tille, co14 vater at the de.ired t_perature , 

and flow rata ".. cuculated in the .,14 coolinq 

channel. 110 •• to achieve a uni fora 111014 t.-petature. 
+ 

Cold water circulated around. the bopper ••• .-bly ta 

pravent pr_ture _lti.DcJ -&ad bridqinq of the re.iD 

pellet •• 

Cc) 'l'ba 8CrtIW rotatioDal. ap •• " coatrol val". aad the 

c_ deteZ'ain i Dg tbe abot .:i •• "-ra Mt At pr:wdeter-
~ 

aiDed poaitiollS. aD4 the .. po.ltJDaa .... ~iDed 
• 

.' , 

• 

c> -,. , 
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TABLE S.2 

Pbyaical properti.a ot' llat.rials (44 ) 

Pbyaical Propertie.' 

-

M,. (Kq/JraDl.) 
, 

~ 

Denaity (Kq/.l, 

Mel t Index (q/10 Jrin) 

Mel tinq RaDlJe (OK) 

Averaqe Specific Beat: 

Cp ao~id (J/Kq;OK) 

Cp aelt (J/Kg;OK) 

-

r \ .. 

Average Theraal Conductivity: 

K. solid (J/.;oK/a) 

K • .aIt (J/";oIC/a) .. 

Power Law I~", n . .. 
AE/R (1/°1() 

A (K9 an- 2/a) 

-

-
Rasin Material. 

EX! 
-

8.92xl04 . 

1. 75xl04 

5.09 

959 

8.0' 

38,6-419 

2.38xl03 

2.46xl03 

~ 3.62xl0' 

2.6lxl0' 

0.800 

233. 

9.276 

U2 
. , 

7.~5xl0 
4 

2.23xl0 4 

3.33 

962 

7.40 

386-419 

2.54xl03 

2.45xl03 

3.45xl0' 

2. 6lxlO 7 

0.822 

2167.4 

13.99 

40 
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~. (4) ~ all the ccaponents of the ayate. vere rudy, 

t.be .. te.ria1 vas injected several tilles into tbe 

air, vith the barrel retracted, to purge-the barrel. . 
This va. done in the lII&Ilual control .ode usinq t.n. 

by-paas valves and awitahes. 

(e) The hydrau1ic and electric syst ... w.re awitc~ 

. over to the servo-controlled syat __ _ 

(f) Onder the con ~ of the open loop injection' 

co.puter proqr .. , run in conjunction vith a pre-
, 

deteaained ccabina tion of settinqs for servova1ve-

openinq, injection tt.e and holding tï.e, the 

po1y.er mel t va. injected into the ..o1d cavi ty, 

aDei continuOU8 readinqa vere taken of hydrau1ic 

presaure, nozzle pressure, linear disp1ace.ent 

of the ra. and ra. velocity. 

(g) The output voltage responses of the transducers 

vere converted into actual ~resallH, li~e.r dia-

5.4.2 

placeaent and velocity through the calibration 

equations tabulated in Table 5.1. 

P_1,1do-Steady Sute Experï.enu 

Runs vere perfor..ed vith different .ervovalve openiDg. 

to deteraine the syat.a conatraints. '1'Wo reaillS, EXl and D2, 

Q aad different barrel teaperaturea vere used. T •• ta vith 

- • 

• 



• L 
., 

........ -----,._----_. '.,"', 

42 

barral f~t &OD. t.-peraturas of 466 K, 4 ••• and 505 K 

~ perforaed. vith e&ch re.in to ex_ine the effect of 

~rature o~ the relation.hip. bet.een the proc ••• 

variable. under .tudy. 

Alter 10 run. vere cc:.pleted vith a qiven re.in, the 

happer was esçtied and the barrel va. purqed thorouCJhly. 

Tben 20-25 purge abots vere made vith the new re.in to 

en.ure tbat all reaaining previous resin had been eliainated, 

before data were collected with the new re.in. 

5.4.3 Ceterainistic (Step) and Stochastic Tests 

When the start-up was caaplete, the machine vas run 

under .teady state operation for 30 minutes before beginni~ 

the atep or stochastic experiments. 

The step tests vere performed by rapidly chanqinq the 

servovalve opening. This vas done under the con~ol of the 

microproces80r either 0.880 or 1.528 seconds after the 

eoaaencement of injection, dependinq on the experimental 

conditions. The responses of tne hydraulic pressure, nozzle 

pressure, linear displacement and linear velocity vere mea-

8ured and recorded for later analysis. 

The stochastic experiments were performed usinq a paeudo

random binary sequence (PRBS) (see Appendix C) to position 

the servovalve openinq at one of two predetermined value. 

vhich were sytllletric about the mean value. The PRaS va. 

bequn 0.320 seconds after the coaaenceaent of injection. 
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fte pcoce.. variable. (h!'kaalic pre.aun, DCza1. pr •• eue, 

and li .... r v.loeity) wer. _1IUred and recorded. 

'fbe barrel taaperatur.. var. IlAintaiDed at 472 t 3 K and 

433 t3 K for the front and rear zon •• , r .. peetively, for a11 

teata. 'l't. data ... p1inq inurvals were 0.005 seconds for 

tba atep testa and 0.01 IMICODds for the PRBS teata. 
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CBAPl'IR 6 

PSBtJDO-STATIC ANALYSIS or TBB 

INJECTION PHASE 

The re1ation.hip· betveen nozzle pre •• ure (Pli) and 

) hydraulic pre.Rre (PH) i. ex_inee! in W. chapter, u.inq 

two approach... The fir.t approach i. an -.pirical analy.i. 

of experiaental data. The _eond i. ba.ad on a siaplified 

theoretical analysi. of the interaction. between the hydraulic 

pre •• ure and the injection moldinq variable •. The affect. of 

the t.-perature and re.in propertie. on the PM-PH relation.hip 

are inc luded in bath ca.a •• 

6.1 B!pirieal Approach 

Piqure 6.1 show. typical hydraulie pr •• aur. and no&zle 

pr •• aure profiles for a 62' •• rvovalve openinq. It i. obvioWi 

that the nozzle pr ••• ur.-tt.a profile clo .. ly followa the hy

c1raulic pre.sura-tae protile tbrQWJhout the injection pha ••• 

bperiments wera pertoraed for valve opening. of 1.5, 

12.5, 25, 37, 50, 62 and 15 percent to derive an .-pirical 

r.lation.hip between DOzzle pre •• ure and hydraulic pr •• suze 

and to deteraine the li08ar ranq. of the relationahip. TIan. 

ruIl. vere JUde for each ope.ninq to verify the r.pr04u.cibility 

of tt. data. 
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Pigure. '.2 ta '.8 abow t_ nossle pr .. aun .a a funci:ion 

of hydraulic pr.saure. The .. r.sults show that th. ralation-

ahip between noz.1e pr •• .ur. and hydraulic pr •• aura i. r .. ao-

nabl Y . 1inear • The data vera corralated, uaing linellr rtl9%' •• -

aion, by the fo1lowiDg equai:ion: 

P • DOs.l. pr •• sur., R/.2 .. 
P • hydraulic pre •• ur., K/.2 

B 

1(1 • a10pe of rttCJr ••• ioD li08, diaenaionl •• a 

1(2 • int.rcept with the ordinate, N/m2 

(6.11 

The value. tor K1 and K2 are qiven in Table 6.1, which a1.0 

abow. that the coefficient. of correlation are greater than 

0.98. 

6.1.1 Eff.ct of Resin Properties and Temperature on the 

~-PH Re1ationship 

Figure 6.9 shows the relatioD8hip between the nozzle and 

hydraulic pressures for resins EXl and EX2 at a barrel tempera-

ture of 466 K. The nozzla pre.sure ia hiqher for the EX2 

r •• in, whioh i. consi.tent with the experimental viscosity 

data publiahed by Italyon (43). Ri. data ahowed that, for al~ 
';:y 
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'fABLE 6.1 

.Reqruaion c.ae~.fici.enu for Pli - Pa 

R8lat1ouhip, !Juation (, .1) 

Openinq lU X2 ~ Coeff1cient of , (11/.2) ][10-6 Correl.&t.ioJl 

, 
7.05 -0.53 0.98 

7.26 -1.55 0.99 

7.76 -2.73 0.99 

7.94 -3.37 0.99 
,. 
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sa 
... ar r.u. (1 - 10~ MC -1), D2 ha •• 

b..iqMr vi8COaUy t.baD EXl. 

P'iqure '.10 ahOwa U. .ffect of teeperatur. on t.bIt P.-PB 

relationahip. A hiCJhar D~Zl. pr.aaure i., obtaiDed at tbe 

to.r tfPlllPAr.tur. for the .... byc1r&\ll.ic: prea~.. '1'hi.a 

\ e~fect .. y be attribut.ed ta the effect of t perature on 

vi.c:oaity. 

Fiqure. '.9 and 6.10 abov that, for bydraull.c prea.uzwa 

> 550 pal (3.8 • 10' B,.2), the effect of the differeDCe Ln 

viacoaity ia oagliqible. Thia .. y be bec:aUM. ,At hiqh hydrau-

lic pre.~e, the e~fect of t.be r.aiatance of the ahear force 

te the tlow 1.. -sliql.ble CCiIII"*red ta the puahiD9 hydraul.ic 1 

force. 

i.2 S!91it1ed ort.oretical -rr-~t 

'1'b1a MCtion pre_ta relationabipa UMtul for CODt:rol 

purpo_a, reflectiD9 the l.Dteractiona bet:weD proceaa vari.abl .. . , 

4urÙ2IIJ the inJection at&ge. The relatiOllahi.pa are baaed 0Il 

t:ba followlDCJ force balance appl.ied ta tha '--=rew abowD in 

P'iqure '.11. 

(6.2) 

(6.3) 
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1 (1 
1 
1 
1 

\ 

" ... 
p. -oo •• le p~sur., ./a2 

PB -bydrau1ic pre.aure, 1/.2 

~ -cro •• -8eCtJ.oDed area of r_ pi8taD, .2 

At .. cro •• -8eCtioDeCl ar .. of acrew fli9bt, .2 

' . .. a.ar force exerted by ta. pol,..r OD tM acrev, • 

'l'be •• ar fore. cu be eatiaated fn. the equa tian of 

chante (4') uainq either of the followiDg approx~t1o .. : 

(1) plane couette flov, 

• 
(2) &sial annul.ar couette flov. 

6.2.1 Plane Couette Flow (PC!') 

Th. po1y.er aurroundinq tbe acr .. 4uring' tbe iDject10n 

pha.e .. y be repre .. nted a. a flui4 confined te the apace 

between two horizontal plan •• , tiqure 6.12. The upper plane 

i. JaOvinq in the poaitive z-direction vith a constant .peed, 

V, the injection velocity. 

Asauming the only non-zero velocity caapon.nt ia in the 

direction of the screw IIlOvement, v z' the .qua tion. of chanq., 

in rectanqular coordinate., are the fOllowinq: 

Continuity: 

(6 • .&) 
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z-o Barnl 

FloW "t~ TWo Horizontal Plan •• 
vith, the Upper Plu. Movinq vith. 
COn. tant Speecl, V 
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. - (6.5") 

t'be •• a.ptiolUl ...se ta obtai.A a .iJIple aolut1oa of t:.be 

probl_ vere: 

'a) The unateady Kate tenu in the CODt.i.Duity aDd .,.,nt_ 

equation. are neqliq1ble. 

(b) 'fhe gradilmt. of va in the x.~ aDd a-4irectiooa are 

negli9ible1 thua 

Cc) 'l'be pol~r MIt 1n the channel. betveen tbe 11er.., 

fliqbt. i. con.idereeS to Act a. a IIOlieS, i. e.' tbat 

tbe acrew 'i. 4 cy linder vi th • di_ter equal to the 

4ia.eter of the fliqht. 

(4) llOtheraal condition. (i.e.'no viacou •. heat generation). 

Ce) The polymer _lt i. a •• UID8d ta be inccapre •• ible and ta 

obey the Power Law. 

(f) The no-slip condition applie'1 i .•. Vz • 0 at y • 0, 

. and v z - V at y-B. 
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12 

au 

0-- dis 
y CI.6) 

, 

~ iateqration of equAtiOD (6.6' ca.bi.necl vith a PcMar Law 

vi8COaity relatiOlUlbip and t.be bnnDdary conditioft.8 of 

aa~on (f) givea the v.locity diatribution •• a fUDCtiOD 

of y: 

(6.7) 

.. . 
~ for th •• ~ au ••• at &Dy pout iD the ,ap, Ty.: 

1; 
V n 

t • - JII (1' y. - (6.1) 

by: 

dv 
T ya • - JI(ay·)n '6.9) 

. '" 
\ 

....... ar forc. exerted by the pol~ CIl the 8Crew i.: 

• 
'6.10) 



• 

( 

'3 
p. -.... u foree, • 

Of - fl. i9ht di_ter, • \ 

\ .. 
L - 11er.. leDl)t.h, • \ '" 

,.. aoabinatiOll of (6.9) and (6.10) ~ie1d •• 

C6.11) 

6.2.2 Axial AIImllar Couatt. Plow (ACl') 
( 

'!'his .ad.1 considera th. pol~ -.l t te be abeared iD 

t:be &JUlular .pace between two co-axial cyliDdar •• 'l'be iDner 

cylinder (the screv) is .",in9 ,t a constant v.locity, V, in 

th •• -direction, while tbe·outer cyliDder (the barrel) is 
" 

8tationary (Figure 6.13). 'rhe equation of 8Otion for t:h1. 

c ... , vi th the •• auaptions of section 6.2. l, ~.: 

o - - l L (r T ) r 3r r. (6.12) 

(I.13)-

~, 

at r • KR, v z • V K < l 

. 
r • R , V z • 0 

~, . 
C6.15) 
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, 
'!be iDt..,ratioll of eqaatiea (6.13) ua1Dg' the PcnMr Law 

relatiollâip (eqaati.Qll (6.9» yi.ld. tba followiDg velocity ( ... ~ .. 

profile: 0 

(6.16) 

/ 
"re 

•• ' lin 

The .t.ar .tr... at the 11er- nrfac. i. given by: 

, Il' 1. r . r ~r.1 
V (6.17) 

• f · - 0-1 ail 
'r-Itll (l~n) (It -;- -. l) / 

j 

----- \. .. 
1 

t'be .béat' force .erted by the pol~J:! _ri on tbe acrew i. 
o' 

obtaJ.ned by: 

, 

.. 
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Equations (6.l7) and (6.18) together give: 

[
' :;. . , 

. V 
n-1 

( n ) (;n 
n-1 . 

6.3 Resulta and Discussion 
~ 

, 
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(6.19) 

The nozz1e pres~ure was calcu1ated using equation (6.3) 

in conjunction vith equat;ons (6.11) and (6.19) ref1ecting 

plane couette and axial annular flows, respectively. The in

jection velocities ~r each combination of resin and barrel , 
temperature were determined experimentally and are given in 

/ Table '6.2. 

The resin characteristics were evaluated a~ an average 

temperature of the polymer melt film between the screw and the ... 
inside surface of the barrel. The avera~e temperature was 

estimated usinq an expression deve10ped by Tadmor and Klein (47): 

where 

A4 + e-A4(1 + 1 ) 1 
T

AV 
- Tm + (Tb-T ) r . A4 Al, 

m 0 A4 + e -A4 _ 1 

" 

• 

• aV8f:age t_perature of the polymer film 

(6.20) . 

Tm - the Jae1ti;9 point of the polymer, taken as 

the peak temperature in the specifie heat vs. 

• 

temperatu~e curve obtaifted from a differential 

~cannin9 calorimeter éxperiment (43) 

.. 

m 
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• -TABLE 6.2 

'. Exper iJlen ta l Values of 

Inject~on Veloc~ty 

Barrel T_p. , Inject~on Velocity 
OJ( (aillee) x 103 

, 

466 1.8S 

488 1. 90 

505 r 2.00 --

466 2.00 

488 2.50 
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Tb - barrel te.perature 

, a(Tb - T.) 
A4 - n 

a - XTmC'b' - T R m \ 

n a Power Law index 

The exper~nt~l nozzle and bydraulLc presaure data 

collected duru~ the fl.l1inq phaM, as typified by P'1CJure 6.1, 

were replotted and uaed te teat the .adela. The reaulta for 

different constant l.n)ect10n veloc1ties and dl.fferent ~rel 

t_peratures for both reS1n. are shawn ln F"l.qures 6 .14 to 

6.18. 

Al thouqh the ACF model 1. a DIOre reali.tic repr:eaentation 

of the physical situation, the PCF model y1eld. a~.t identi-

cal results. Th.l.s loS expiained by the saali gap (J( :: 1) 

between the flights and the barrel whlch al10,",s the parailel 

plate model ta be a valid approximation. 

The model predictions were in good aqreement with the 

experimentai data and, generally, yield better agreement at 

lower hydrauiic and nozzle pressures. Appar~ntly, at hiqher 

'1 pressures, the assumptions of isothermal flow and incompressi-

bility lead to the observed deviations. -

. . .. 
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T 
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Figure 6.16 Experimental and Ca1culated Nozz1e Pressure 

as a Function of Hydraulic Pressure for 

Resin EX2; Barrel Temperature = 505 Ki 

Injection velocity = 2 x 10-2 M/sec 
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CBAPTER 7 

DYNAMIC MODELLING 

\ 

7~1 oeter.œinfatic (Step) Teats 

The deterministic (step) teats were perfôrmed by rapid1y , 

openinq or closinq the servovalve durinq the injection phase. 

The hydraulic pressure, nozz1e presaure, linear diap1ac ... nt 

of the injection ram, and the injection ve10city vere measured 

throughout the injection phase. Stepa of ±5, ±IO, ilS, ±20 

percent in the servovalve o;P4lning vere uaed 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. Th~ dynamic para-

maters of the process were obtained by fitting different models 

to the experimental data using the NONLINWOOD progr~ (37). 

\ 
\ 

7.1.1 Hydraulic Pressure 

Figure 7.1 shows the response of the hydraulic pressure 

to the ±lO, ilS, ±20 percent step changes in the servovalve 

opening. These responses indicate a noisy, over-damped ... 
second-order response superimposed on a constant1y increasing 

(ramp) pressure component. This constantly increasing pres-

sure occurs at constant valve o~ening and, for the purposes 

of dynamic behavior analysis, can be ignored. 

, 
\ 

r 

• 
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76 • 
A caretul exaaination of Figure 7.1 rev .. la that the 

apparent noi.e, or randaa deviation froa a .econd-order 

re.ponae, aetually ha. a d .. ped o.eillatory nature. Thi. i. 

pr:obably due to the .arvovalve over.hoot and reaoruanee ( ... 

Append ix A). The . eClllLbined re.pon •• can be modelled •• (34): 
/ 
1 

-+ 
{ 

T l T2 (L -t/T 1 -th 2] 
PH e 1 -e + 

Tl-T 2 T 2 Tl 
, .. 
~ 

(7.1) 
, . 
, t 

vbera '. 

- hydraulic pressure, N/m2 

8 proeess gains, (N/m2)/\ change in valve opaning 

a damping factor 

The first term on the riqht-hand side of equation (7.1) accounts 

for the basic second- order nature of the response, while the 
, 1 

second term ls the oscillatory, valve-indueed, camponent. 

Although physical considerations support the use of equatiSh 

{7.1}, better fits to the data were obtained from a delayed 

first-order plus oscillatory response as given by equation 

(7.2) : 'J 

.' <;" 

• 
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where 

p -B 

\ 

"', 

o - tise d.l~y, second. 
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(7.2) 

The average values of the parameters of equation (7.2), as 

obtained with the NONLINWOOD program, (37), are given in 

Table 7.1. 

A camparison between the predictions of equation (7.2) 

and the experimenta1 data obtained using different step 

c~nges in the valve opening is shown in Figure 7.2. The 

mo4el predictions are in good agreement with the experimental 

data. 

Figure 7.3 shows the 1ine~rity of the response of hy-

drau1ic pressure to changes in the valve opening in the range 

of ±20%. This result indicate~ that the hydraulic pressure 

response gain is not a function of ~he magnitudes of changes' 

in the valve openibg in the range ot ±20%. 

7.1.2 Nozzle Pressure 

The nozzle pressure response shown in Figure "7. J has the 

appearance of an overdamped second-order response. There i13, 

again, the constantly increasing compon.nt that is ignored in 
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1 ... 

--
~'TABLE 7.1 ~ '-

Values of ~he Parameters for th, Hydraulic . 

Pressu~e node1, Equation/(7. 2) 
J 

• 

First Order Model Parameters Oscillatory Component -
Change in Gain, G, Time Constant, T Gain, Gl, ~ime Constant, T 

(N/m2 .%)XIO-4 (sec.)XI02 (tl/m2 .,) XIo- l 1 

Valve Opening,':ï secs. 
; . 

+ 10 2.96 fO.19 4.0 fO.30 2.62 0.005 
'---

-10 3.22 tO.2I 4.9 tO.48 2.06 0.005 

+'j.5 2.76 fO.20 4.8.fO.46 1.~3 0.005 

-15 2.76 tO.19 4.8 tO.44 . 1.90 0.005 

'--- + 20 3.45 tO.15 4.1 tO.33 /.48 0.005 

f 
1l 

- 20 3.31 tO.16 4.6 fO.39 2.34 0.005 

--

.. 
:. 

_il plS'1 F' . l'rIZ, nm a ~ ) 

" 

, 

Dampinq 

Factor,t 

0.16 

0.20 

0.16 

0.18 

0.13 

0.18 
'" . , 

\ 
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the present analysis. However, the small oscillatory 
r 

\ , 
camponent observed in the hydraulic pressure does not appear 

t ' 

in the noz'zle pressure. This is probably due to its atte-

nuation by the hydraulic pis~on and ram system. 

The nozzle pressure response was modelled as an over

damped second-o~der process: 

-wbere PN = nozzle pressure. 

(7.3) 
~ 

A first-order model with time delay was also fitted to the 

nozzle pressure data usinq equation (7.4): 

-(t-D)/T e ) (7.4) 

The parameters for the fitted models, equations (7.3) and 

(7.4), are given in Tables '7.2 and 7.3, respectiveIy. 

Figures 7.5 A and B compare t,he two modela for the nozzle 

pressure to"the experimental data. The fi ts for both 

models appear ta be equally goOO, but a comnarison af the 

two models usinq the sum of squares of'the residuals indicates 

that equation (7.3) yields a better fit. The second-arder 

model aisa is a more realistic representation of the physi-

cal situation af the process, i~ which the hydraulic system 

IP1Jl:fl'r. 
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TABLE 7.2 () 

Values of the Parameters for 

the Nozz1e Pressure 

Model: Second-Order, Equation (7.3) 

-\ 
1 

Change in Valve Gain Time Constants, (sec) jn02 
\ 

Opening, % eN/m2 ) X10-S 
II , Tz 

+ LO 2.06 :t 0.24 3~ 1.26 1.14 :t 0.40 

- 10 1. 91 ± 0.19 3. ± 1.04 1. 00 ± 0.35 

\ 

+ 15 2.10 :t 0.23 4.0 ± 1.00 1.00 ± 0.20 
, 

- 15 1.94 ± 0.12 3.9 ± 0.70 0.99 ± 0.26 
r '\ 

0 \ {J 

+ 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 . 

c-

l ' 



, , 

TABLE 7.3 
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Values of the Parameters for the Nozzle Pressure 

MOdel: First-Order lus Time Dela (7.4) 

f 
Change in Valve rain, G, " Time Constant Time Delay 

-
Opening, (N/f2 .%)XIO-S '[' (sec) X102 % , D, sec. 

, , 
+ 10 2~ 08 ± 0.11 4.50 ± 0.51 0.0046 

1 

0.09 
~ 

- 10 2(10 ± 4.80 ± 0.45 0.0043 
\ 

15 
() 1.07 ± '+ 0.10 5.20 ± 0.45 0.0046 

- 15 1.95 ± 0.09 5.30 ± 0.40 0.0042 

" "-+ '20 2.29 ± 0.09 , ~.70 ± 0.33 0.0043 
" , 

- 20 2.20 ± 0.08 5.00 ± 0.28 0.0034 , . 

l' 
~ . 

1 

/ 

1 

\ 
\ 
\ 
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and the ram and po 1 ymer system can be considered as two 

first-order systems in serie~. 

Figure 7.6 shows the nozzle pressure response linearity 

in the range of ±20% change in valve opening • 
. . 

7.1.3 Linear Dise1acement 

The ram displacements versus time for ±5, ±lO and ±15 

percent changes in valve opening are shown in Figure 7.7. 

The change in valve opening is associated with a change in 

the slope of the displacement curve (ram ve1ocity) , which is 

very rapide The displacement data are contaminated by con-

siderable measurement noise. This is evident in F~qure 7.8, 

which shows the' ram velo~ity, obtained as the time derivative 

of the di'splacement data. The mea$urement noise prec1uded 

the possibility of obtaining a model for the,ram velocity' 

using these data. It seems probable that machine vibration 
. 

was ~ne source of the observed noise. 

7.1.4 RaID Velocity, 

The difficulties encountered in modellinq ram velocity 

differentiating the linear d~splacement data l~d to the 

allation of a linear velocity transducer. 

Figure 7.9 shows the rèsponse, of tam ve10city to ±lO, 

_~~~ t20 'pe~cent st~ Ch~ngeS in the val:e opening. The 

velocity response ls rapid, and it appears to be complete 

within one sampling interva'l. /The data, once again, are 
~'\/' 

(/ 
( 
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.n9isy, but the two steady states are distingu~shable. The 

most reasonable model obtainable from these data' comprises 

a simple gain term: -{ 

(7.5) 

where 

Vt = ram velocity at sampling -instant, t 

Ut = 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 at 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 Modellinq 

Models for hydraulic pressure, nozzle pressure and ram 

linear velocity responses to changes in servovalve opening 

were presented in the previous section. However, Figures 

7.1 and 7.9 show that the hydrau1ic pressure and velocity 

responses are confounded with an appreciable noise component, 
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TABLE }.4 

Values of the Gains for the 

Ram Velocity Mode1, Equation (/.5) 

. 
, 

Percent change in valve opening Gain, G, Cm/see. %) XIa' 

--
+10 0.216 

~ 

-10 0.260 

+15 
Jf 

0.20 

0 -15 0.2l. . -
+20 - 0.25 

, 
-

-
0- -20 

.... 
0,28 " , 
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~ , 
whi~h has to be identified so as to determ~e an effective 

control strategy. A serious defect of Cl~ssical mOdelli~ , 
\, 

techniques is that the process noise is neglected, because 

there are no procedures available to, model" i t. The time 

series modelling approach, introduced in section 2.3, 
J 

identifies both the process' transfer function and a model 

of the associated noise. For this approach, as described 

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

second intervals. The data were analyzed by the time series 

method described by Box and Jenkins (39). 

1.2.1 Hydraulic Pressure 

Figure 7.11 shows the hydraulic pressure response to a 

PRBS input. The osci1latory valve response superimposed on 

the hydraulie pressure response (see section 7.1.1) 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 1ag. However., thi s approach has .,... 

not been pursued, sinee such a model cannot be justified 

physically. o 

7.2.2 Nozzle Pressure 
r 

The response of nozzle' Rressure to a P-RBS input i8 

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 

o 

~------ -_.~ 
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The camparison between theae resu~ts and~the 

standard responses indicates that the transfer function 

model for the nozzle pressure i8 of the form:-

where' 

(7.~ 

PN(k) = nozzle pressure at discrete samp~ing instant, k 

U(k) = va~ve openinq at discrete samplin9 instant, k 

B = backwards difference operator defined as' 

U(k-l) = B U(k) 

Figure 7.15 shows the autocorrelati,on and partial auto-

correlati~n functions of the residuals (noise). The auto-

correlation function tails off exponentially, whereas the 

parti~l autocorrelation function ~s off after a 1a9 of ~, 

indicatin9 that the noise can bè mode11ed as a first-order, 

autoregressive process: 

~ 
N(k) = 1-, B a(k) 

1 
(7.7) 

where 

-

,j 

• 
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N(k) = noise at samplinq instant,' k 

a(k) = random noise·value at sampling instant, k 

'1 = noise model parame ter 

Thus the nozzle pressure was adequately modelled hy: 

(7.8) 

with 

(1)0 = 6.62 

• 

Equation (7.8) œistinquishes two components of the nozzle 

pressure response r the first term is the direct response 

defined 1 in terms of previous values of PH and Ur while the 

second term describe, the noise inherent in the variable. 

7.2.3 RaID Ve10ci ty 

The response of ram velocity to the PUS input is shown 

in Figure 7 .. 16. It is obVious that, the respense -i.s very 

'" rapid, which ia consistent vith the response to the step 

change input (see Figure 7. 9) • Th~ analysis of the Il 

i 
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, 

,v-weiqhts given in Figure 7.17 shows that the velocity 
.' 0 "- 1 

responae 'l':lay be mOdt!:h,ed by: 

V(k) = Wo U (k-l) (7 ~ 9) 

which contains only a gain terme . The autocorrelation and 

partial autocorrelation functions ~or the noise, shown in 

Figure 7.18, indicate that it may be m~e11ed by a first-~, 
orâer movinq average process: 

N(k) = (l-eB)a(k) 

The ram velocity 1s thus ritodellEltd by: 
r' 

-
V(k) = "'0 U Ck-1) + (];-eB)a(k) 

"- 'Ii' 

wherè 

f 

wo' = 0.3 

8 1 
,. 0.4 

7.2.4 Coœparison'Between Deterministtc and 
1 

Stochastic Models 

'. 
~ 

-' 

l 

Box and Jenklns (39) ha~e proposed re1ationships 
(. ~ \' 

\ 
\ 

(7.10) 

(7.11) 

between the parameter's optained from discr~te models and 
. " 

continuous mode~ counterparts. In'these relationships, 

" 
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the gain and time constants are qiven by: 
c, 

," 

1.110-11)1 - ----- -WS 
q ... 

1-Ô1 ~15 2 ----- -6 r 
(7.12) 

/ 

where T S =: samp1inq interva1 • 

• 
Mode1s of the for.m of equations (7.8) and (7.11) were 

compared to the correspondinq continuou$ modela by ca1cu1ating 
':> 

the qains and time constants. The resu1ts of the comparison 
• 

are qiven in Table 7.5. These resu1ts,show that the para-

meters obtained by detetmi~istic and the stochastic mode1s 

are in reasonab1y qood agreement. 

/ 
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by Dete~inistic and Stochastic Models for 
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the Nozzle Pressure and Ram Velocity 'Models. 

v 

\.. ~ Time Constant, Variable o Model Gàin secs. 

Deterministic 1. 91X105 N/m2 • % 0.035 
Nozzle Pressure 

Stochastic 1. 64X10
5 NÎm2 • % 0.030 

, -3 
~ Determini stic O.26XIO m/sec.% 

Ram Velocity . -3 
Stochastic O.30X10 m/sec.% 
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CHAPTER 8 

Q 

~ 

CONCLUSIONS 

'Pseudo-static and dynamic.experiments were pe/formed to 
1 

study the relations between different process variables during 

the injection stage of the injection molding process. A 

linearorelationship between the hydraulic and nozzle pre~sures 

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 

/ on hydraulic pressure, injection velocity, injection tempera-

o • 

ture, bar~el and screw geometry and resin characteristic was 

examined. 

Deterministic (step) and stochastic (PRBS) t~sts were 

performed to obtain dynamic model~ in the forro of a trans;er 

function relating the variation in servovalve opening to 

variations in hydraulic pressure, nozzle pressure, ram linear', 

displacement and ram veloc'ity. The hydraulic pressure res

panse to s,tep changes in the valve .<>pening showed in osciila-
. " 

tory component superUnposed 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 r~ velocity by differentiation of the 

. 
l' 
/. 
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displacement-time data was unsuccessful due to measurement 

noijle. The model for ram velocity using direct measurements 

of the velocity was found to be a zero-order model which 

cont~ins only a gain terme 

Stochastic transfer function-noise models were obtained 

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

compare~ to the corresponding models determined from the 

step tests, and satisfactory agreement was obtained. 

The responses of all variables were rapid (or the orde~ 
1 

of milliseeonds) and are thus good candidates for con~rolling 

the injection prdcess. It appears that, for pressure con-

trol of injection mOlding, it is preferable to use nozzle 

pressure rather than hydraulic pressure be~ause of the ose il

latory component superimposed on the hydraulic pressure res

ponse. The injection veloeity seems to be the ~oJt favorable 

variable to be used in controlling the injection phase since 

it has a simultaneous response. 

" 

• 
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APPENDIX A 

SERVOVALVE "CHARACTERISTICS 

,A.l 

The servovalve used in the system is a two-stage valve, 

MOOG AO-76-103 model. It bas a rated flow of 10 gpm (U.S.) 

at 1000 psi valve pre~sure drop. Figure A.l.a shows the 

rated flows at other supply pressure's.· '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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APPENDIX B" 

. . 
.TRANSDUCER CALIBRATION " 

\ 

B.l Pressure Trarlsducers 

Calibration qf the presSure transducers was performed 

with the aid of the'specially-desiqned apparatus shown in 

Figure B.l. . The transducer was mounted to the base of the 

cylindrical reservoir which was filled with Duckham's Hypoid 
1 

80 gear oil. The oil was comp~essed by a piston w~ich was 

driven b~the crosshead of the Instron Universal Testing 
e 

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

Packard strip chart recorder (Model7l00B). The force exer-

ted by the 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 qive the equations in Table 5.1. 
" 
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A.6 

TABLE B.l 

Pressure Transducer's Calibration Data 

H~drau1ic Pressure Nozz1e Pressure 
Transducer Transducer 

-

Pressure (psi) Output (rnV) Pressure (psi) OUtput (mV) 

0.0 0.0 0.0 0.0 "-

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 
'1 

1402.27 2.80 277.89 2.50 
~ 

1682.70 3.40 336.84 3.70 

1963.14 4.00 392.98 -5.60 " 

2243.60 4.56 449.12 6.15 
1 

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 Il.80 

7011. 23 14.80 
-

.. 
Note: 1 psi =- 6.895 X 103 ~/Iil2 
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B.2 Linear Oisplacement Transducer .. 
The linear displacement transducer was calibrated by 

, 
applying known displacement and determining the corresponding 

output in volts on a chart recorder. 

bration data are given in Table B.2. 

The experimental cali-

The calibr~tion c~rve 

is shown in Figure B.2. The regression equation obtained 

was as follows (cor~e~at~on-coéffici8Dt= 0.99): 

L = 3.11 * V - 0.19 

where L is the linear displacement in cm (1~2 m), and V is 

the output in volts. 

( 

, 
, 
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TABLE B.2 

Linear Displacement Transduçer 

Calibration Data 

1 

Disp1acement , M X10 2 Output , 
• -- u 

3 1. 05 

4 1'.35 

5 J 1.65 
. 

6 2.00 

7 , 2.40 

8 2.70 

9 2.95 

10 3.30 

Il 3.52 
! ~ 

12 1 3.90 
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B.3 velocity Transducer 

The velocity transducer was calibrated using the Instron 

Universal Testinq Machine in conjunction with known velocities, 

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

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 (cori:'elation 

coefficient = 0.99 ): 

v = 0.208 * Mv - 0.004 

- wbe~, V i5 t;he velocity in (DIlI/Sec). and" MY i5 the output in 

MY. 
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TABLE B.3 

Velocity Transducer 

Calibration Data 

Velocity (mm/min) Output 

5 0.4 

(mV),; 

10 , 0.825 
. 

20 1.65 

50 4.00 

100 8.00 

200 16.00 

• 
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APPENDIX C 

GENERATION OF A PSEUDO-RANDOM 

BINARY SEQUtNCE (PRBS) 

One of the simplest ways of generatinq a PRBS uses ba~Jic 

Mft 't and ( ) d 1 t gates 1.' n the~' s regl.S er one or more mo u 0- wo 

feedback circuit, Figure C.l. 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 PRaS : 

. PRBS Generator program :, 

Nomenclatue of Variables 

lLONG Re<jister (ward) lenqth 

IWORD Value of the register 

lXOR Second feed-back bit 

lBITl Value of the lowest significant 

lBIT2 Value of IXOR bit, 0 or l ... 
lBIT3 Result of exclusive OR between 

bit, o or l 
>f 

IBITl and 1BIT2 

1BOFl Buffer value to reduce ca1culation time 

IB01"2 : Buffer value to reduce caculation time 

1 1 .. 

( 
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A.IS 

PROGRAH 

C THE MAIN PROGRAH SPECIFIES THE REGESTER (WORD) LENGTH, 
C THE VALUE OF THE REGISTER AND THE SECOND 'FEED-BACK BIT; 
C 

\C 
FUNCTION IPRBS(ILONG,IXOR,IWORD) 

C 
C VALUE OF THE LOWEST SIGNIFICANT BIT 

IBUF1=IWORD/2 
IBIT1~IWORD-IBUF1*~ 
IF'RBS=IBIT1 

C 
C VALUE OF THE IXOR-BIT 

IBUF2=IWORD/2**<IXOR-1) 
IBIT2=IBUF2-(IBUF2/2)*2 

C 
C THE RESULT OF THE EXCLUSIVE OR BETWEEN IBIT1 AND 1BIT2 

IBITJ=<IBIT1-IBIT2)*(IBIT1-IBIT~) 
C 
C CREATION OF A NEW WORD BY SHIFTING THE PRECEEDtNG WORD TO 
C THE RIGHT AND PUTING THE VALUE OF 1BIT3 IN THE MSB 

IWORD=IBUF1+IB1T3*2**<ILONG-l) 
RETURN 
END 

, \ 
llU_~ 

1 
\ : 


