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) In thig work a numeruca] sumulat on of the mold cavity filling proceqs was attempted,
1 The»nﬁfd Fided In this simulation is a disk which hot pclymer melt enters through a
| tubular enttance located at the center of the top plate. The tube is 2.54 cim, ‘long and
’haa aradius of 0.24 cm. The plate separation and outer radius of the disk cavity may

o varied, -A constant -pressure app!ned at the entrance of the tube causes the flow.

. ~'shn cavity walls afe Kept at various low temperatures. The reported results ave For 1

“Figld polyv;nyl chloride (PVC):. v

© The general transport equations, {.e, continuity, momentum, and energy, for a con-

i stant density power Jaw fluid are used 'to solve the tlow problem, |t is. assumed that

the outér radius of the disk & very much: greater than the plate scpandtion,athat there {

1s. axisymmetry, that only one of the viscous terms in the -moméntum equation is. signifi=|

;Ecant, and that in the flow direction heat conductlon i$ negligibié compared with-con=

" | vection, Constant values for the thermal conductivity .and heat capacity of the melt

t.are used.

Using the results obtained 1t Is possible to pnedict UEPNT times'!, 'The formatlon of:

g frozgn polymar skin as the eavity Fiils may be foilowed via the velotity profiles.

¥ The tempatature profiles which reflect ccdling and the aniount of viscous heat generated
previde tha hasis for studying resin therms! degradation effects. The pressufe and temf

perature p‘ofiles at the Ingtant of fill provide the initiai conditions for solving the}.

i problems of packing the mald and r‘aclMg It under pressure, from-which final frozen

P stains and residual pressures can, in principle, be obtabned,
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Fil¥ing cold.mold cavities with 'hot polymer melts at high pressures is a
complicated physical process, which is of great practical intereést to- the

chemical and polymer process.inrg industries. The transport approsch to this

A

process of solving the general equations of change with suitable equations of
3 state to descrile the flowing material has been iarggfy ighored. . No analytic

> solucion is possible, and the non“steady state flow adds a -dimension which

TN makes digital computation discouraging because of the ctre storage -and execu-
E tion time récuirements as well .as the sophisticated programming required.

S

Theseé considerations ‘have forced the development of mold filling as an empiri;
cal art which relies heavily on expgriénce.

n this work a hﬁmericél simulation of the mold cavity filiing érocess was
artempted, The mold: filled in this simulation is a disk which hot polymer
melt enters through a tubular entrdnce located at the center of the top plate.
The tubé is 2.54 ¢m, long afid: has a radius of 0.24 cm. The piate scparation
¥ and outer -radius. of the disk cavity.may be varied., A constant pressure ap-
7plﬁed at the entrance of the tube causes the flow. The cavity walF§rare kept
5;‘ at various iow temperatures. THRe reported résults are for rigid polyvinyl
chioride '(PV5)..

The -general transport equations, i{.e. continuity, momentum, énd'energy;

y for a consiant density power law fluid are used to solve the flow problem. It

Is. assumed tnat the-outer radius of the disk is very much greater than the

plate separation, that there is axfsymmetry, that only ohe of ‘the viscous

terms in the nomentum ecquation is significint, and that -in the flow direction
heat conduction is negligible compared with convection. -Constant valugzs for

the thermal conduétivity and heat capacity of the mel!t arc used. L




The resulting differential equations are transformed into dIffefence
equations explicltly, except for the energy equation. In this case a Six
Point Crank<Nicholson impliclit differencing technique was necessary to assure
thermal stabillity of the solution. The difference equations were salved Ey
using a Fourth Order Runge-Kutta integration formula for the velocity profiles
and the Thomas metliod for the temperature profiles. Convergence to the dif-
ferential solutlions Is guaranteed but since a lower limit was imposed on the
time increment by the core storage linit of the computer facilities (27K) and
long execution times, all results are semi-quantitative for the problem as
stated.

Using the results obtained It is possible to predict "fill times'. The
formation of a frozen polymer skin as the cavity fills may be followed via
the velocity profiles. The temperature profiles which reflect cooling and
the amount of viscous heat generated provide the basis for studying resin
thermal degradation cffects. The pressure and temperature profiles at the In-
stant of fill provide the Initlal conditions for soiving the problems of pack-
ing the m ' and cooling it under pressure, from which final frozen stains and
residual pressures can, In principle, be obtalined.

Finally, because so much of the total pressure drop |s dissipated In the
entrance tube, and so much viscous heat Is generated there, this study in=
dicates that the design of the gate and‘runner system |s parhaps the most im=

portant facet of success In mold filling.
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For many vears studies of injection or transfe?'malding have dealt with

the problem of the mold: cavity filling process. Most of these studies have

been empirical and iexperimental, where '"moldability' of a given resin is

>

usually related to how far the resin penetrates a mold: of a cértain shape,

such -as the spiral mold."z‘ Another useful empirical criterion used in prac-

tice to insure successful: molding is that of having & résin viscosity in the

range of 103 to 2 X 103

poises at 103'sec-F at the molding temperature. 0f
course, the polymer resin has to be thermally stable at tha;,xempenéture.

| As the‘indQstrv turned to molding parts having more~complexvgeometries,
larger surface  areas- and thinner‘crésssectiqns, more. reliable criteria had
to be -developed. Thus, recently experimental moids, instrumented with pres-
sure gauges and thermocouples at various positions have been consj.t:;:uctgzd.BK’Ll
No e#peﬁ?mental>results, which adequately measure the pressures and teémpera-
tures developed in the moid as it is filling, have ‘beén reported as yet. Fur-—
‘thermore; and perhaps this is more significant, several .people have made an
attempt to treat tﬁé mold\filling process as a problem of'comslned transport
of momeéntum aﬁd engrgy.3’5 That is, a '"'transport phenomena'' approach has been.
applied to- this transient and nonisothermal flow problem. The resulting sys-
tem of coupled partial differential equations cannot be solved analytically.
By making liberal use of certain physical assumptions to simplify the mathe-
matical problem, a dliference approximation to the solution may be obtained
usipa numerical techniques and éidigital computer.

Pearson In his book "Mechanical Principles of Polymer Melt Processing'

has outlined a numerical method for solving the problem.5 The mold is a geo-

metrically ~impie flat clrcular cavity of unﬁférm shallow depth h with an
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entry point at the center. In deriving the flow and energy .equations he

.assumes

¢ l. ‘Constant resin density p - . ;

2 Velocity vectof Téigivén:byg[u(n,x,tl, 0,0]

N 3. Lubrication approximation;. %%’ << %%'

L, Axisymmetry (no 6 dependence) and symmetry about
. ‘ ’ the plane x =20

‘5. Compared with the viscous ‘term, the acceleration;
inertia and gravitational terms. in the mumentum

equation are negligible:

6. Heat conduction Isfn?ghigible in the flow direction

conpared with convectich.

7. Viscous energy dissipation (VED) term,. L -
[ tal ~om ra -?.u-
negligibie compared with Tog Bx

Furthermore, the imposes the following houndary conditions:

3

‘ a. no slip at the wall

i

3 b. there is a steady supply of melt at constant tempera-

t' ’ ture T, enetering the cavity

} €. the heat transfer coefficlent L at .the walls, which :
3 are held at To » 15 constant and defined by ‘

e

AT\ ¢ . i
£k (;-> o= L[T. s T(r% h/2 t)] (1)
- ™/ = & hj2 ° ’ ’

-

a.. the melt occupies the reglon r & R so that the moving
front R(t) is glven by ' -

. . :
2 2 . ] )
R = 3 + 'ﬂ"' £ Q(u)da (2) .
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/: Using this. equaﬁ on (o determine "fflérft posttion R (t) ‘ignords the fact
e ) - : -~ TR , g

that the front actualdy has .a veigﬁﬁi&apféijeL"HowgVEr, this is .not a

serfous drawback so long as a(t) is acc;i'r:}.t,e,J:y- described, .
5o e, The average témperature of the newly fggmed frogy is -
oo C - - ~ -
P - given by .
3 '7 ) h/2 o
b ’ TEﬁ(x +Bt),x, t %:At%. = u{R(t)lxl,T{R(t),x}’dx (3)
. . AR
v ' “h/2
i The above equation has nc¢ physical signiicance. Averaging -over quantities.
v
% based. on -averages of known quantities does :not provide accurafe information to.
i predict unknowns. Certainly x should not appear on the left=hand side.
%; The injection systen is further described by Pearson as being character- ]
@ ized by a uniform flow rate In the early part of the gycle followed by a unir
£ . R
i form pressure drop, J. %% dr = -P , once ‘the pressurc drop: reaches P , This
i - a

. - description. I's unsatisfactory when the effects of the runners and gate are

consiidered,

" He then suggests a numerical method for solving the problem as he de-

S i A e vyw-mnrii-ﬂ

scribsd it for a power law fluid. We attempted to program his model, but

A
é . found‘pertafn inconsistencies. in the description and numerical edition schemeé.
- I't {is not surprising frcm previous .comments that -no meaningful average.
§~ temperature for the newly formed front was obtained using gguatlonr3. The :in- f
?' tegral on the right-hand side of thls equation is itotally insensitive to the :
Eg _ relative position of the newly formed froat to that of the previous Front.
- Since all the function values are representative of .an existing situathonxand
At does not appear either Implicitly or expriciily, the predicted average

temperature Is always T] . Several variations of equation 3 Qh!ch introduced

time impFicitly alsb'failed. We calculated the detalled temperature pr&?i[g‘
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of the Féont'ysfng axﬁéat;ﬂéﬁg;ce in thatvﬁ§g16ﬁt and.useﬂ the cup:average
temperature -to gaygulgte the average temperature. weztf}pQ’@hé_gxglicit dif-
ferencing technique that ‘Pearson suégestedabeiused férlfhe energy -€quation
and found. that it bectmes unstable -because of errors agSociatééiwitH“thﬁs
Gpproximation. After a 9é?tain point the predicted tempefatures were elther
unreasonably :hlgh o% even négétivev

Bafnie6'dgscf1bes a.method :for estimating ‘the préssure developed at the
entry point.of a similar disk mold as a: function of flow fute.- For a power

law fluid-under isothermal conditions, the integracgd momentum equation es-

tablishes that the pressure necessary to support radial disk flow .has two:

components.‘7 One arises from the shear stresseés
o am fsQ\" “i-n_,.l-n] -
(Plo = iz (ﬁ) e [R77 - a] )

and the second. is due to the hoop stresses

- 20 (1 . ] -
Pylo = 1R [;‘z‘ - ”E] (%)

Hoop stresses, T., , cannot be fgnored at high shear rates (.403 £y lossec’l94
Howaver, In the nonisothermal situation a layér of frozen polymer appears
in time which reduces the effective plate separation. Its thickness ax can

be approximately estimated -assuming -an infinite slab of melt at T$ is in
contact wfth*a;thermajﬂy conducting wall at To‘, provided. that 'the “freeze
of f'* (2., Ig,ar Tm} “temperature and -thermal deﬁuSLvl;ys‘érF known, Al-
ternatively ke proposes é.purglyfemptrfgé1 expiression Lo estlmaie AX Sub-
stituting the reducgd'§qparaéion into—the;expréssibng for the preysure com=

poneiits and-adding. them yields the pressure eetimaze.
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Since tﬁehde;ajﬂgdjf\éw.beﬁaviar-waSrlgnored;'ﬁt is. not surprising that

good agreement with the obscrved -pressures is obtained only when the .empitical

‘estimate of A&x. is used, Our Fesults predict a layer of frozen polymér

which- Increases in thickness as one follows it away from the disk entrance

at any time, Aé the instant of fill the difference in pressure.at the disk
entrance for the-isothermal and ronisothermal flows was only about 4 1/2%.

We: can, ;herefqrex‘cqnﬁirm that such a slight modification of the isothermal
momentum equations should: tresult in good pressure estimates. Furthermore, at
high flow rates the tlme,rqulteg to fill the cavity will be unaffécted by
the wall ‘temperature, making the isothermally predicted fidl times reasonahly.
The impljgit stéady‘state assumption used in Barrie's work Is the most mis-
Yeading, since ‘it implies that the entrancé pressure has & unique value when
the cavity is being filled at a constant flow rate. This s true at <any in-
stant but both change with time. To say. that the cold cavity is being filled
at a constart flow: rate during which time {g; presauré at the disk entrance
is also constant, is Inconsistent, since more. Ppressure ls requlred to kggp a
colder material flowing at .a given rate than a hotter one.

Harry ;énd«Parrot3 are, to our knowledge, the flr&t investlgators to pro-
pose and execute -a humerical solution to the problem-of a hot melt flowlng
into a cold empty cavity. Choosing a co-ordinate system that moves aloné
with :the -polymer front; they simulate the fi1ling of rectangular slits with
polystyrene at 11,660 psi. The average veloclty, position, temperature and
ve'locity profiles of the melt front are reported at varlous times during the
fi1Ting process, The simplifying assumptions. made In obtalning the coupled

equations of momentum and energy ara:

i ok Amr o e L Ameee s
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% The effect of cé§j¢Y55d§é§‘45w"@51@¢ﬁ¢dﬂ, A
3. The ?ﬂﬁ}d:aggihéchpnessﬁﬁie;_ '
) QQA~ﬁon§uativfty,hdéﬁ§ﬂiy and*héé@;ba@agTéy;éré?gongiént, 4 :
. , 5. Mold surface Temperature #s;con§ianta o

‘ . 6. Fiow.ngpﬁé dihéqéié&?La - R .
% The effect of the tunners apd the gate aﬁe}negléfted:lh thé‘§lmuf3§§onu
gi They. have attempted to account forwfhe TWo controlg,wﬁréssure qhd‘flow¢nate?
?7 of the injection moldindg machine. Initially ﬁiow-may«beﬁrouéhiy equal to the
?: maximum Sutput rate 6f the pump; since the hot melt does not offer sufficient
?w -‘resistance 'to cbﬁain fhg preset. source pressure. When sufficient resistance
? is experienced, it is5 the maximum source pressure. that contirols the injection '
é\ mold filling cperation; The time increment used .computationally s hot preset
; but dctermined by the temperature changes, a con§iderable advantage. The
? ability of the simulation to predict short shets and successful fills was éx-
;x perimentally verified. However, the observed and’ predicted short shot lengths
}: or f11i times were different. This 15 a worthwhile piece of work. Perhaps
) ‘the most serious assumption .is that of a constanc pressure gradiént.
; Finally, i4 is worthcmentioning a work which -concerns .itself with .the
3 gooling of a'méTdiné part after the cavity has been filled. The unstéady:
‘f state heat conduction equation for a .cylindrical mold villed with polyethylene
;: and ¢ooling under pressure was sc}ved numerical’y -by Kénig«and“Kamal.h' Thett
3 rigofous analysis ég;ounted'fdr the tagperature dgpeﬁdencé of déﬁsTty. specific \

heat -and thermal conduntivity. The1enuaticnwoﬁ state used to .eseribe the melt
behavior is - , o S -

(Ptay » (Vo = RT . - -~ A{6)




The predicted: temperature profiles matched those meastred by the nstifumehrted

mold within % SOF-éXCégt'at~shorf times in the region near the cold watl,

What mostly interested us was tie statement that, when constant oropértles

4N

~gre assumed, the nuierical témperiturc stablllty depended on.-the choice of

MM AP CRE

these va1ues:and fhe‘sﬁace:and‘b!me inerements employed in the numerical solu= .

N

CRTETI

tion. We also Qbseryed;that the choice of At did affect thermal stability

. and we 41d dse constant «denstty, specific heat and thermal conductivity.

f
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DESCRURTI} OF THE PROBLEM o

3y I o T
TR CAN R N

The Following are the essentia?l features: of the problem that we attempted
to -olve numerically: A disk-shaped cavity, shown :in Fig. !, 'the walls of
~Ghi§h'ar§ kept at a temperature To , 1s being fiflled with a non-Newtontan

polymar melt which- enters the cavity .at a constant temperature Tl through .2

n

tube &t ‘the center .of one of the cavity plates. The volymer melt is forced:

irto the cavity through a constant pressure (PRES) at the :tube -entrance. Pres-
sure .drops, which- for a fixed position are time dependent, nccur both alonyg the
tube axis and the disk radial position. The pressure gradlents are not as-
sumed to be linear but are-calcul'ated.9 v

We assume throughout ithis work that the melt .density is: iot a function of
‘temperature or pressure. This Is a serious physical assumption, but 1t seems
to have a small effect -on &he~Ve{oc#ty and temperature fields in nonisothermal
polymer meli flows.'o The counstant densTty assumption dictates that the valus
Amétr{c;fﬁow rate FS'afﬁunctibﬁ of time only,

'The foIlowing~two equations hold for the physical situations congldered

In this work

3 I/n
- _nma” { a DPTUBE
. QTUBE = 3T ( e ) (7)
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Where: - n = flow index of the power law equation

m = consistency rndEX—Bf the péwer law equat{on
: "~ DPTUBE ~ total pressure drop across the fube
f ; ‘ QTUBE -~ wvolumetric¢ g‘aw rate across any ‘tube crosse

? . ‘ section

A . 4 Equation (7) is simply Poiseuille's equation for éTPDWgr

. law or Newtoniah fluid (h. = 1).

1t is also always true vor all the cases under consideration: that

PRES = PLEVEL{t) .+ DPTUBE(t) (8)

Where: PLEVEL =~ the hydrostatic pressure level at the cylindrical

ooaem R
s 1

surface r =.a .,

The transport equations needed to solve the flow ard heat fréﬁsfer prob=
: lem involved in the cavity filiing prdcessAare‘thg.QOntJnuitygvrﬂcpmponeht,

) mpméntqm:and thermal’ ehergy. The flow Is laﬁiﬁar; us=v = u{r, X, &) énd
=0 .

Vy # V

0 X There are no gravitational forces in the radial dvrection and

the acceleration term is neglected in the r-momentum eguation. Wexalso further
! assume that u/r and u/dr <~ 2u/dx, This .I's a good assumption for cases
3 ) where the melt front has advanced to large Fadial positions, but relatively
pocr for very short times in the cavity filling process. It is worth menti{on~
2 ing at this point that, since In our solution method we make use of the lubri-
cation approxination technlque) the obtained velocity fleld will be, as stated

above,. a function of the radial position. The assumption auﬂar.<< au}ax is

used only to .eliminate a stress component in tha momentum equatfon. Thus, the

continuity and.-momeh tum -equations become:

(9)

o/t %;n(‘ru") =0
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The Power Law constitutive equation for the flowing melt is.

'’ y n=1
T - 2m _Q_U_ ou
ri ax“,

Wharat £, = flow index

M = consistency index; m = A exp(AE/RT)

. Conbining equations. 10 and 11

) 4an=b -
’ H M.

LI e

ar 9x..
Thus, 1€ 8p/or # f{x) , Integrating the above
9

-

?

} =4

L .
or

%13

I

X

x

,l‘n?-l 2
!,

In Reglon 1, 0'< xS h'2  (See Figure 1)

¥ >0, plar < 0, and =<0

. {ept o m T “""auEJ’f
Thus,, ' ; xL oL

Therefcrs,,
X

uxerst) = .[;_%?]s‘!;q (%)5 iy

whete: S = I/n

I

105 -

(11)

(13)

~(14)




The wolumetric flow rate, assuming symmetry about

)‘ﬁ/Z
.28
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T —
0 m
or r _1‘1/8
| 73 R 119 .y
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Equiation 18 is. used to calculate (3p/or).

Integration of 18 with boundary condition p(rik,t) =

of the me’lt front, leads toA

1 )
p(r7t) B S 2 e o8-
*hﬂj/‘ ,‘s_-ax :
L 0 ‘m -

Evaluated at the entrance (r = 2a)

P -
pla,t) = PLEVEL = | ~emmild8E

. . o

T 0 0 H

x =0, is:

S+1:

12,

_417)'

(18)

1s the position

{20)

The above equations are cuupiad; through i = m(T), with the thermal

gnerdy ‘balance, which for incodzrassible flulds Is

D" -
oy fr =t V) -y

2

Where: 5T °"" Substantial derivative

r

5 - Kﬁ? the thermal eriergy flux

131
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. ‘For the Ficw -assumed .and fufther assuming that the themzl conductivity; X
N
- Is constant and that heat conduction i the radial di,cct;gﬁ, {K,r)h-— (r-dT/dr),
Co is negitgible, equation 2! becomes B
« ‘ -
¥ (ar oT) s u 2u . -
3 - -—-; “ [( m—— - -— - oty - - RE B
L N T ar) “ K= " T T Trx 3x (22}
HEE ax .
B ’
% Hote that in the above equaticn the hoop Stress T, 1s not neglected, whi'z
y - it .is neglécted in the momentum equation. The Power Law constitution equation .
F - -
fi has to be modified because of the inciusion of the term 894 2-%
& (n-1)/2 :
’ = - ! [ " -u- 2
. Thus Tgg =~ M (Q : A/%) - becomes
aa » {n-13/2
_ . - - U 2.2 - 49y 21
c e = n @ 2?7 s gh2y
- 1972 '
b ’ - - au uy 2 u 2](n
> and N Ty m (9 )[2( )< 4+ ﬁ;ﬂ

Thus the énergy balance, equation 22, becomes

. 2

) 2 TLin A2
aT . 3T 21 Au (4 )
PCp(; 37 + -FE) = K ;;5’ + nB&;;) .*.’(r) ], (23)

I )
. where (n.}!)/z )
no= owmmf2 B2+ G ) (24)
The following bounddry and initlal conditions are vsed:
QG%I> = L[T_ =~ T(r, * h/2, %Y]~ - -(255
X x= * h/2 °- ;

where L: constant heat transfer coefficient
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Tirx,t=0) = T (2
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The iemperature of the newi, created front T(riy,x;t) is found by ad-

W‘E""

justing the temperature of the previous front predicted by the -energy eQuattén

‘at the siew time P(rik‘l,x,t) to account for heat generated by VED as well as

heat iost to the walls and empty cavity downstream during the past computational

time increment. For the heat transfer to the eﬁptyﬂqavity forced convection is
o. 11

assumed with h = SO:Kcai/mzhr C.  The heat transfer coefficient L ‘ic esti-

b mated by dividing the thermal conductivity of strainless steel by a typical
F Cévity wall thickness, about 1 inch. The value of L uséd is of the order of
3 . 500 Kcal/m2hroC. ‘

. . NUMERICAL CALCULATING SCHEME

A numerical simulation of the flow problem described is achieved by re-

placing all the necessary differential and integral equations by thelr finjte
diffé?ehcehforms.lz Ratﬁer than represent the flowing system in terms of con-
tinvous functions of space and -time, u(r;x,t) , T(r,x,t) , p(r,t) etc.,

.‘~ thei ¢ » o " b : ! : -
one uses their values ui,j,k’ Ti,j,k' PF,k at a discrete qumber of spatlal

poinﬁs and. times yiven by the indices 1,j,k .

Py Tie + ar, xj = jAX t, = kat
and T =a , h = 2{L~1)ax 0Zj<t .

Thus, Uk u(r], Jox , kit).

N v - - - - — = e e~ e [ PR SIS
-
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The pesitions r; are determined by the initial condition that the

mold be empty at t = O and the boundary cendition that if the moving. front

is desigpated Tigy that the melt occupies the régicn r< fik . inteagrating

the continuity equation subject ic. these constrairts w= obtain for .constant

w-”_—Wﬁﬁ.mw_m“_v“.,v,vvwm
¢, & TR TR

N i “ v
ral .

} volumetric flow rate 9 . i _ - ) -

- 2 2 Q9 . dg‘ ‘ T - (28!:

So the positions r. are ‘merely previous locations of the}mqviné‘polymcr
melt front. - - E
Since the imelt is cooling as it advances ‘into the cavity, oﬁé—myéi acs | |
count for the fact that the polymer will freeze, i.e., solidify, whgﬁ it
reaches a certaln temperature, Cecause of the zold cavity walls the ces-
satlon of flow will start théré and gradually move imward toward :thie centér
of the flow region. This frozen materiil neéar the walls prevents further
flow in thisoreéion. Consequently, the hot polymer finds the cavity be-
coming. narrower as cooling progresses. The spacing h. -in. the continuity
.equaticn is thus replaced by hé . Al the material in the ragion
fhe < x.<h Is frozen-whereas, if 0<x < he the material is flowing. The

posifion ef the new front is now giver by

2 2 Q. At ) '
v T el TR, (23)

The'equablon»of motion for a power law fluld, -equation ), is numerically
represented In the following manner. The left~hsnd side, nPOR(1.K) . s

evaluated for each radiai positior and :time by using the Finite difference
form of equatioﬁ 18, Thezrefore, the pressure gradient iz not assumed con-

i3

stant. Simpson's rule {5 used to approximate the Irtegral.
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6.

The Yocal fluid velocity at each height, (J) position, is obtained by be-

ginaing at the wall {where Tt is always zero because of th2 n slip boundary

condition) and calculated toward the centérlire using DPDR{Y,X) and the

L

Faurth Order Ruzje-Kutta rché’me11 to calculate the unknown quaniity DELY,

~ shown schemaxically below:

, Vie1,942
J+ ) e
1-1,4
J
'“v'.
-f,d=1
J—-1 ;,' i

1
DELV: =i po

- To determifie whother DPDR(1,K) is corréct, the pressure at ‘the entrance-
of the dfsk; PLEVEL‘éLst also be computed from DPDR(i,K). 1f PLEVEL
{equation; 20) added to the pressuré drop through the tube‘DRTaBE equals the
to;ai.presgurg>8r9p PRES, then the equation of motion is satisfied. If not,

QTUBE or the rigﬁt-hand side of equation 18 is appropriateiy varied untll

.equation 8 holds.

The eriérgy equation, 23 and: 24, is a parabolic, non-homogeriequs partial

differential equation. It is transformed .by the Crank-Nickolson "six point

i6

Implicit form" method = to-a system of (L-1) simultaneous équations,

— g e ™
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1, j1, ki P TE) i, i,J-1,k+l is Lk £/
’ T + T = A SA,[Q»(I‘J?“} Tiok, W) o (.3.".)]
Pnisk ij-l,k 7 lL AR o oGD X )
2 2 2 1
1.2m fu ‘$.~fu) au) ;n:] } \
e (F) 24 - 5 (39)
[?Cp (r) l r \ax, 2 J”

where £ =

;kAt/pqp(Ax)z is a dimensionless group.

Each -equation is rearranged with the unknown quantities on the left and: cast

in khg matrix form:

~Ar Bl aeeveennn 1
‘ €58y By wovverrnn |
Cy Ay By noeenne .
rer Gy Bp By
Cpmp 3pm
[, -

17
iy Lykt¥

Ti,2,600

. -

TiLo1,k#1 |

L .

-y

;40-2’5 ;
L 1)

134
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The above system of equations, which ncw represents the énergy .balance in

difference form, is. solved by the method of Thomas.

18.

Detalls of the solution

as well as copies of the computer program may be obtalned through the authors.

Conduction in the flow direction is

(32)

G




W e L NI g R TN e IR I o BB st ST s Ba 2 e B ‘.'m‘a‘w_”f?

- g e s st g, "

lgc
In difference form )
qd = + - )
THCON: T+, 0K) - 21(31;15?5w; %(43{,J,§)‘ (33):
R{r) - r{t-1)] .
Convection: inthe. flow direction is
oC u-{; = q_ ' (34)

In. difference form

. wElft e uY - ' LT L owlio .
G = BHOCP ¢ VEL(1,J,K) : JEL(-1L, 00K, TU 3,0 - T;}eéjéarQ (35)

3

The CGS units of either term are [cal cm- '5§c?41.

Thus, one can calculate each :quantity, dpproximately, at.any point.
-Copsider a 0.635.cm disk being filled under an applied prassure of

7500 psi- for a melt entering at 202°¢ and vJoling because .of 30°C cavity

walls.,

At | = 11, J =11 and t = 2.75 sec, In the hot melt regisn, we find that

7 qa—;::’7i58 X ib;Sfén& »qc =nj23f6 x 10:5. wTh;;,:r;ajéﬁ eénduc;fbn léj
negiigible in the hot melt region..

Wher: the rigid PVC iq\the'vicinity gf the cold wall cools below Tg_, a
new- solid -phase is férmed and the boundary condition (25) changes. Heat from
the melt fs first conducted through this frozen layer .@nd then out through

the cold steel walls. More correéct boundary conditions are

Késolsd'PVc) _ .
,_x /2 = dlsoTTd 3T [T~(t‘;he/2,t) : T(r,x’t)] (36)
[} - - A

Tl
k 3%
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A s¥ight change §b‘;hg results i3 obtdined and since insorporation of the

above feature for the "“frozen skin' region reqdires tengthy prggrag@jngpgééie

ticns, it wéé not Inciuded in the numerical solution of the enargy eqﬁaii@n‘_

Finally, temperature dependence of thermal conductivity qndjhéa; capacity. cdn

‘be included in the -solution.

RESULTS_AND.-DISCUSSION. ) i

‘Rigid PVC ﬁelté wére considered with Power Law constants of n.= 0.5
and m (202%C) = 4 x 107 poises. The activation energy for flow was taken as
27.8 Kcal/g:molg.9 0; Fig. 2 pressure of the non-isothermal as well zs. iso~
thermal fioy 3. plotted as a function of radius at various Limes of flow..
For the non-isothermal case (TI = 202°¢ .and Ty = 30°C). where both VED. and
cooling are. present, the pressure prbfile~alongAth¢ disk at a given ipstant
shows -considerable deviation from the tdeallzed Isotherma)l preSsﬁrg profile.

Initially, VED predominates and lowers the melt viscosity. This prevents ihe
pressute at the disk entrance from reaching .as high a level as it did when no
't V5 & wmore gradua) pressure-gradlents Theny
because of the longer contact times with the cold walls, éooldng becomes con%
trolling. This Increases the viscosity .and PLEVEL rises abdve the value it
had whén CQolTng was neglected. The resulting steeper pressure gradient 's.
mitigated only when the presence of»frozep polymer near the front constricts
the flowing mélt and lntensjéres VED."

On Flg, 3. we see the effect of varying the applied pressure on the hor="

malized flow rate (QT/QO) and front position (R/b) for an 0.3175 em thick

i Lol ‘ o - : ':ﬂ;':;_

Simdsw e
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. dikwith siails at 2%, The sateisl polyer tdperstire i 208%¢. |

o L7 Wt 503Gpsi-the flow vate dscline 16 aradusl but with o stécpsF $iope o
: initisHy. The 7500-pci curve begins :above, but then £alis below the 5000. ;

psit curve by not Jﬁéf.gfﬁts~sxéépat“Sjopelés quickly. At 14,600 ps?‘gheiﬁlow ;

éff - - curve s agaid ih?iiafiy'?bévg,But ditimately below both curves representing A . ’i g

g} ,fhé;TQng.pféssgtes;» ?h;:%n;rég;é~v15cous‘hgating-of thé'?ldgs at the higher B ‘

?;/ préssuves is responsibie for their 3§ffity,:o;ma?ﬁtainahlgher»fidw rates E

§.i igi@iﬁ&lﬁi;ﬁeéauéeéof ght:éggpmpaﬁyfngxdfg; %nlvjscosity, fheﬁbﬁiter melt

';ff:‘- simply has g lowss wiscosity, However; when cooling begins to predominate,

E”’ Flow. retardation s more fhgensgibeﬁéuégfth:,nqnefscthctmal situation is morz

E?k extreme. ﬂatqtaiiyy,iﬁqreas@ns;th;:abﬁliediﬁkeésﬁré.advahces'thé frorit more

& ‘ ] }

E:’ quickly.! ‘

%f, 7 ‘In PVC -whenever flow is ac?gmpanied by a high amdunt of VED, the probiem

%6 of thermal degradation apéaars,g Since: increasing the pressure has -the ef- - :

g fect of raising the aVérgéé_témperature through viscous -heat géneration, more

E' degradation will te oEsenﬁéq\st.hﬂghef pressures. ‘the effects or degree :cf !

S' thermal -degradation ‘have not been intrcduced in the -numerical solution.

;g On Fig. 4 one can see the-effect of ‘varying the plate separation on the. X

o <

f; normalized flow rate for a disk being fhlled with.a PVC .melt ac-2029c under

ii 5000 psi. Thewall temperature is,309C. As thé mold cavity becomes thinner ,

i; ‘ the flow raté falis off more rapidly. .The narrower gap Imposes a physical )
.

ff - resistance to flow which can be seen In terms of ‘the :steeper pressure gradient ’

]

Eé and ‘higher shear rate, More energy Is absorbed as viscous heat génerat!on.

D; Therefore, thermal .degradation of PVC may be .a problem ‘in thin cavities. ‘Ré‘

f% sistance to flow due to coeling is also playing a role in the diminishing

&

flow rate.
On Fig. 5 one cbserves the offect of varying plate separation on the

- front position for the same conditions as the ;previous figure, As expected
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after a glven time Entetvg% ‘the thinnest disk has the 1argest radius Even -
: 7 g > .

-

with a relatively high flow: Fate sufficient material doeés not flow into the
thicker diﬁk in the same time intefvé] to réach the same radius.

‘On Fig. 6 wé observe the effect .of varying the melt -tempeirature . T, on

l
the normalized flow rate and the front position for a disk having:'0.3175 cm
plate separation which is being filled under a constant a?plied presstre -of

7500 psi. When. the wall is at 309c; the flow rate of the coolast melt at

194%¢ falls of f with the least rate, wheraas the flow rates of -the hotter

melts at 202°C and ZIOOC‘uPtimagély show .a more drastic decline as the dif~

férence between the initial melt temperature and the mold- temperature in-

-creases.. We notice that -initially the -hotter ‘melts:.maintain: a--nearly -constant

flow rate for a length of time which increases with .incredsing melt tempera-
ture T] . This is a VED effect; the heat generated at the high flow rates .
Jowers the local viscosity near the entrancé which allows the polymer :to flow

for a short time -at nearly a constant rate. Thén cooling from the 3o°c walls

becomes. consrolling and a drastic drop in flow rate occurs. In the ¢ase of

the i9h°c'me1t not enough heat is generated tc make this eﬁfeg;.ggpénéﬁf @53‘ . :
only a gradual decrease in flow rate is.evident, ngevef;,evégﬂﬁgﬁé:égggggéf ) ’ J
is .apparent when the dinitial gor;iun of this curve isug§m§&n§d4%§v@ﬁ-é@sdﬁgéb_ y
tsothéfmar'situation (no VED"-and To = 202°C = T}) ; ﬁhgaé?ggteﬁ:égég&fﬁ.éf' i‘_- %
- VED generated: by the hotter melts will increase theAémouﬁgjgf {hﬁrmg}idéé _ - "
gradation In these non-lsothermal flows. - ‘ ‘ —37”1_4f;k_ - |
As expected the hotte; thérmelt the furthérAihe pqiym&r ﬁ?ﬁnﬁ~§5v§ﬁ¢§§ -
in a specified length of time. For example, at 05625 séconds the melt wﬁléﬁq, 72

that which eéntered a3t 194°C, ' _

In view vf tho ma}ked_diﬁference in the f16w-raté gurves for the non-

Isothermal and Isotherms] curves for the 202%¢ melf, the fact thay xha’ffaﬁp
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: pos;tions jo nﬁt ffer mar&cd!g also, A8 someWQLt SuE et isi g, BQfgjbqgﬁfﬁés )
~are,36 2% leI after -,5&25Ase; nds. By v:sual inspe ction giébpeﬁrs.xhgf,

" the area:undgc che:two cqrngsppnaihg Q vs t gurves afe about -equa’; iF is
*gﬁ?s 6u36tity~fvo!umel that. detéémihes\h0w~mu6h of the céV&tywh;s fi[1éd~with

el The imp!;catnon nere is that as long as estimating Fill times is the

pniﬁary concerns the isotheérmal- mode) is adésuate. Simulations under a nuinber
of different conditions Support this.-Conclusion. uAnzgxp!aﬁaklgn and sofe com-
ments: régardiﬁg ffﬁ»%éliahikity can be found in the discussion &f Fig. 7.

_Bé?rié6 in his“tneétmant aid'assﬁme that thg*frqnt\pps{viéh' R was_in-
dependent of the tharmal ‘envirohment., Toxagﬁqgﬁt for ﬁéﬁ-léo;hermél effects
he dnly:chahged’,h‘ in the:?éothefmaﬂ eqUationgi% and: &,

Sipce our work endorses this assumption and predicts that theé Glf?erence'
in PLEVEL in the two cases is about 4 1/2% (see ¥ig. 8),.Barrle's success. In
estimating PLEVEL. based on empirically fitting.a simple theoretical model Is
probably more than & habﬁy‘colnciﬂencea. '

Two sets of pHySiéai condrtlons'arc éﬁ&pared»cn<Flg. 7. Aﬁ.isotherqal
f111, with both the polymer and'caVLty'wali=a%'2029@, is contrasted with the
same 0.635 cm thick disk beirig Flldeg at the samc pressure but with the wall
at 39°G. The applied pressure is yanJed>and‘the'non~¥sothermak and isothermal
flow precesses are looked at -agali. lnc;easlng the appifgd:pressu?é;shéfteps
‘tﬁe time required to fill the cavity, lIrrespective of the thermal environmént.
At 11,600 asi, whether the wall Is at 30% or 26266 has no discernible effect
on where the front is at a particular Instant or the time it takes to fill
the cavity. Howeverﬁ at ;he lower préssures the simulation shows that the

- non~isothermal filling $c£Ually occurs sooner, although Initially no effect

on the -position of the polymér front .is evident. One explanation for this

eﬁfegt is that YED Is more pronounced, Thus, Increasing the appliéd pressure
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?1 g ’Makesftﬁé:?ﬁgggﬁiqucy§4g~¢oﬁe:?réengf;iye tprtempefatugé‘Véﬁfatjongi: :
? - In Figs, 8 ang 9 & "g’bmpgrims*bw of an: ilséth'e“?«ha;l :(»Tll;j-: 2‘@2@5 7’ -Tof); and’ o
?- . : a- non=isothermal (T‘é«éozbc; T, = BQQC) cavity filling process fslﬁédézin
Ei’ terms of the pre§sdre“deveiopeq:atthe disk entrance, PLEVEL: ‘Results sre i1%

] lustrated for cobstant applied: pressurés. of 5000, 7500-and 11,600 psi. “The )
; . plate separaticn $560.635 cm. In the npn-isothermal"sﬁtatjbhs'PtEVEt g}adgr
: ’
%‘ ) ally iIncreases as material flows into the disk cavity and reaches about I4.5%
; of ‘the spplied. pressure (PRES): juéi prior 6. fill. Thévisqthermal cases ara 2
] -characterized by PLEVEL |n|t|ally increasing more rapidly but oénly reachsng %
é 1. 1% of PRES just jprior to fa!l E
; The crossover o: the non-isothernal and isothermal curves was also-ob- :
g served with the flow rate curves (see Fig: 3). The fact that they -occur at

é almost the -same time,; .strongly: sugges*s a ;gusefeﬁfgct relationship between.

PLEVEL and flow rate, but it could also be fortuitous. -Initially :the VED in

. the non-isothermal fillinhg Jowers fhé viscosity and prgvents:PC?VEL<ﬁrbm

i building up, As cooling bécomes»cbﬁé%olldng PLEVEL rises sharp}y followed by

:: a gradual ‘increase as <the cooling rate diminishes. Tgé absence of VED in -the

;7 isothermal case allows the mélt to experience cooling:Immeqjatgiga'PLEVEL is-

proportional to the increasing viscosity. As the pressure Is ‘lncreased, the
higher VED generated makes this=differehcevin behavior more obv1ou§.
I1lustrated in Fig. 10 for comparison are the velocity and temperature
prefiles of an isothermal and non-isothermal moving f;ont ‘the Instant Just he-
fore fikl occurs in a 0.635 ¢ém cavity under an applied pressure of 7500 ps i
The presence of a cold. (30°C) wail drastically decreases the veloclty gradi=
ents near it. Thus, high velocity gradlents with VED predominating are ob-
served. These effetts are reSponaible for the ”nnppl ~like shape'' of the non*
lsothermal velocity proﬁ}ne. The almost stationary polymer near the cold wal!

is what is referred to as the "frozen polymer wall'' which reduces the avaklable
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cross~sectjon, thereby, ra151ng the shear crate -and \néreasing the. "ED in the

movung paiym, i Tbe non-isothermal temperature nrn\ile can also bc described

v a F!attened narabo‘a w:th the hlgher temperature: nedr the centerline,

_ The fact tha; |t ltes entirelyvbel@w the 1sothermai Teapersi pref:le !s

) ;apecg1uar‘¢g thexcage at -hand. Were the initla! nelt temperature: greatef or 8

- éfhé}gé!jiv ﬁéfgﬁﬁa&few gr*the:éppiﬁedﬁpreSSUVe higher, it is ?ﬁkelv that some
- oﬂ'ehe4center porbion would 11e above the horizontal 1ine which wepresents
the~?30thermal temperature profile.
g, F!g. T we see the shear rate profiwes coriesponding ‘to the velouuty '
profsles of Fig.. ID, For dsothermal flow the shear -rate increases. from zero:
] “‘él fhe center!une to A muxlmum'at the: wall.. This-maximumzﬂies~hetween-the
centerline and: the wald in ‘the Tsdthérmar‘case. The: ¢ooling effect of the
covd wail nehpens»thgupeiymer in its vicinlity nearly lmmobile, agsuring low
§hear~ra§gs in ﬁhg; region, Teo far from the wall to experience coollng, the
gradually wising shear rate Is augmented: by the geheration -of viscous -heat
_1whjth ib@eﬁs Ehéﬂyiscpéjxy. The sharp rise Is followed by an sven: sharper
dgéb‘whén\the haiis ahé hear .enough: for cooling: 10 becoms controll1ng.
Oh:F!g. 12 the effects 5% the computational tlhes‘fnénemehxy At , on
the ‘avérage -melt teémperature .and the position of the front are shown under

conditions that result in rapld F11¥Tng. Thé front position Is independént
of 'the &t -em;loyed, -but the average melt tempsrature-depends on It strongly.
For ;eaSOns eﬁ‘cgmputer storage It has not always been possible to keep At
properly small and still cariy the calculation far énough to fill cavities,
Fortunately, the cooling effect Iy so overwhelming as: the melt advances Into
the cavity that the evera§e front temperatures based on different 4t's ap®
aroach, each other‘hear the outer radiUS of the disk. Neverthéless, if one
wants to calculate. the extenf of résin degradation, due to thcreased tempera-
3

tures, then very smald Ingrements of time, about 2 x 10 ~ sec, would have to
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bé. -used in the numeérical solution. ) f;_-"v - -
~Qﬁ«F{g» 13 thg~ayéfég¢umgit tempefature ay the fi#iﬁngwprogegg'éfo¢e§ﬁ§_<
is«pIOUteg-Fbr two: pressures and two-wall tempecatures at A;*; Ofﬁg.seé. e
is 6h$enVed tHat the wall temperature dous‘nbﬁ_haV9:héa¢fy‘as Jarge .an éffecit
on the temperature as that of pressure. Thus, if.degraqgtiéﬁ of the PVC resin:
. , i5 a problem lowering the pressure and: riot the mo}dkggﬁﬁeratufé would be of
‘help.. f \

In ‘practize the amblent teiwperature of the mold surface yaries_épnsj¢¢r°
ably. The therinal environinent -of the first few pieces is eéntirely different
than that of subsequent cycles, since the fooin ‘temperature varieés and cold. ) ; -
'moldwsuﬁfgce“hea;s up. Nonetheless, it is not usuval to find elaborate cooling
equipment because no significant improvement in quality or cycle time is. ob=
served, This {s as predicted by the simulation.

In Fig. l4-one can observe the effect of VED In the tube on fiow rate and
front position. Qb is 32.4 cc/sec for both cases. The }ﬁitfaj pqiymer gem-u
perature is ZOZQCf but when: VED 5 the tubé .. coisidered, the melt Inttdatiy
entars the disk at 222.41°C119. The flow rate declinss more rapidly thar
whi ;1. -an lso@hen#&f bee vigs aseumed and J's accompanied Ly 2 slower rate. of
?4131ng. The prtmarélacaséns for che sdQWfEPkLing‘are.that tlow in the digk

’ksrdeterm$neﬁ by RLEVEL, thCh.@hcghvftef'maFt prevents from buidding up, and;
that ths epplied pressur@‘needed tq\eétablish‘ Qg} isVZUGOZﬁsh,4qss,iﬁ the ‘
-palymer Heats up to 222@41°£ during. its travel thro@gh:the tube, so-that thare
1s less. applied to begln with. It I's alsg €rue that tie veldclty gradients
Imposed Initially oh the two flows. willl be dore severe for the hotter -melt

near the. wali,
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Thewfgilbwing;gonc%usi@hs-cén<bé reached from the aumarical sclution of

tar

‘ thélcoupiedihbmehtum\ahd%énechfbalaﬁée,eq&atidns.wﬁﬁch.déscnjge\ihg motd

f S fIJI;ng operat.bq of rigid PVC melt ln 3 disk caVity

e
k&l‘
5"4 ‘»
b
X
Xe
i

ln the range off prOCess var;abses that we nnvesblgafed it was found tha@

the “fnll tnmes" or non-n=othcrmat ard nsothermal melt Flow were 2imost -identi-

- ~ cal, desplte the act that they’ dlffered Jn all .other respects, Aithough we
have o ciear explanatxons ?or this résult, its. practical implications are
glear. 'There |swnp~cempdtatcon;1 need of rnc‘Uoing»the wnengy*equatloﬁ In -the
501Utionr6f théfpfoblém, if abta guntng mo 4 T?lling-times is *he oniv :nforma"
Euon ;ougﬁt. Any further work»on this problem should invest:qate a. larger
ranéé;ofvbrpcessmngpvartab!es gpd‘matgrlal'parameters to determlne whether

\isdthgnjal and ‘non<isothermal’ fill times are ﬁéafly equal i genéral. The
.above resxlt‘éﬂsé Justfﬁiés the:isotherma1~assumptioﬁ of ‘Barrie who \in his.

. treatment gﬁtembtszto,predlqt‘thelmacnoscbpic aspects -of the moid process.

The agreement betweer his largely empirical treatment and eéxperimental results
can- now be understood. Furthermore, because he hésriﬁbkedﬁat a different
polymer resin,an ethylene-propylene copolymer we suspect that our f}nalﬁgs'qn

the simiiarity between isothermal and .non-isothermal £111 are more general,

The similarity of Figs. 3 an d 6 .establishes the &iisvence of a pressure-

;;: melt temperature equivalence. Raising the souitce préssure has the sdvie effect
) on flew rate .and front position as :increasing the Initial melt temperatuee;
E)J this similarivy-can be extended to thg»;émpehafure)p?ofi!ee ~
The full non-ﬂsothermalﬂnon-Newtoniéﬁ'me!t description of'the‘erSIem 1is

needed tn obtain detailed Information:on the~pfocés$; such as information
leading to the establishment of the extent of resin viscous heating and: de~

gradation, distribution of the residual or “frozen' straias aﬁdfdl&tr?bﬁtion
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A

: -of the residuat pressure along the radius of the mold cavivy. This is pre=

cisely the information that is necedzd for iarge part mldmg and’ that our

A

solutions nrovxdes approxmate!y Ti*e resu!vs are apprcx.mate and c;orr.,c.

“only it a sgmi-quantitative 'sense bécausg of the !imitatims ‘that the

» d:gntal z:onpu;er ”‘-y;‘em of Stevens lns&rtute .mposed on the solutsom Spuci=

- fica *he tomgr,ua' ‘GP&Z» asfF.—cz.!tees can ve ¢ta..ed @s foilons: The proS— B

%f;:m is J%htce-d“m%jgggpnal - m the d :ff’erence form of the transport eqyaucn

a tine i‘h'cifési’.ént ;3{- ‘has- to be u.ad Tﬁrs sho‘uld be zept approprlatel'; - -

small 5o t‘rat not u’iil Ebnve: gence 45 tbe~ soluuon of the dlf.crgn;;gl

X - —

eguatichy -is. schiev d: ~byt rrom aﬂore p ct;caﬂl- rpo_;r.ft ©oF view, uo v;empe_‘x;as-
‘ture ffﬁs’t bi l t)é’s‘ /651;;3? d nuh&:‘fi\.alty. \ihercss, 3 was a'lWays aoss- e ;
ble to keep At smali enoug!z to ach;eve the 1atter, the systents nax:mur« 7 T

'mi-g on At |f tha outer «:ta..nfs of

the nold cavity to e fl!]eﬂ satisf%ed tha con:btiomtha" 'b e>' y "the -

core capac«nty of ?‘ﬁ{ xmpﬁsed L3 ’fowe

basis of the lubrncatsvr a;:proxrnatmh. ﬂ‘e ex,.cuhon trw fo' Case 1\. :

simylation when 27K-was uti}ized was :abOtst‘ 28 m:ngges~. } Bea.ause of these S 1

-~

system limitations there is mo guarantee that -convérgencé to the d?»ﬁféi’éﬂ?

- - - T N N !
H

¢1al solutidn was achiwved, vThe,i“_e‘fé‘:‘gr_ the valués. obtained for T(_r;x.,t) , o

u(r, x’,t)- 646G, ‘may nGt be: ¢ qantiﬁatiive'l; -corract, which: is why we report -
Y s s - 4 - Y :

the detalled Fesults in a semi-quﬂrtltatw fa_ah!an - o 2

The simulatfon affords & means. ¢ ‘Qo&lng st hoth the aver..ge temeratu.e

- - - 5

and the detalled tempzratiie profﬂe at @ [:s';-tfi‘nular ﬂbw: ‘r.a‘diu“sf _S‘i'n‘ce‘ a

significant amourt of Frozt,rr poiyrrer may ba present even wl*e\n tha average

temperature is well above Tg ;or T " genmtallzat‘aons‘ based .on- average ien
perature nay be misleading, A deétailed exam-fia‘ti:pﬁ of T{r,%t) bn_-tlhé othar

hand daes prév!de insight Intc several ,;,;henomena with -whiéh‘ﬂie préc.t}cai:

molder ‘must contend, For exadple, ths bulld u, of a frozen polymer skin near .

-. . - - <
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I the wall as the hot meit flows. into the cavity, asd the creation of intease
VED at the tore which may initiate or inteasify ibermal degradation in-a resin
such as PVE. By providing the temperature and pressure profiles at tne §a~

stant of fill, realistic iritial ccnditions ci2 now available for sclving the

re!:a_n_téd» prcblems of how -the pressure in the disk increases during the packing
stage ancd how tiie molded part cools under pressure. ‘AFrom these -;o]utibng
£inal Frézgc ‘strains in: the matexial and the rgs‘:&u\al pressure may be; obtained.
Bblgh: are in:imtélj rclated to the quality of the m;Jldedj part.

For non-isothefuc! Flows which ignofed VED in thé tube entrance, the
preFsure at the disk entraace wvas 14.5% of the source pressure .at the -instant

- OF FITT. iﬂf;;di;jr‘ these conditions the gite and' runnérs have & profound effect

on- ng;flih‘@yg. the &5ficiency of' the cycle by dissipating. the bulk of -the -applied

' ,pre:’.*;ig‘ré before it has a chance to: ad‘vance‘ the melt inro- the cavity. 1f this

:ﬁ;ereuav»a‘riléb}e_ at .ﬂ?e’ disk entrance there is no quesiion 'that .th-.;. mold would
‘ﬁ%!::n@ueh fa.;tjgr-, ’E;IZE which is heated by VED c;uring: s travél throudir the
:i’ubg wi i be. é&?fve“xiéd" at ‘the disk .entrance ei‘iii‘e_r at ‘the ,g,a‘,r;g Yiow ;raig Qn’d_gr"
aldwar g._ourdé ﬁl‘esguré;,_ -or at a higher flow rate under the same pressuse,

The q!gx'glquﬁéni of PLEVEL will be hindefed by the iower vniscés bty of the melt
i_gié“i:ti‘ng'« from the tube and it should not Feach. lll".'52,'( at the &1] instant ir
afg_f;‘ejt -case. Consequentiy, 5 iow PLEVEL and- a lewer source préssure might
r?_':“é.ft in longer-fill vimes because of the -increased flow rate. This wiil

gg;nemtr: more intense Viscous hegﬁing throughoit the cavity as it f'”ifl's.: )

- fae.sjgdaqn thes';zubhsgrvatibns- wééénclﬂd‘e that che -gate and .rumiers are the most

imp;rt‘ant factors to ve considered in mold designh. Ighoring their effect in

) f_uéur.e' ‘s,tudics may'be ‘the most impo,rtant‘ reason for falling to predict actual

Fi¥Ving behavior . (
ft is not ;sur;"‘:ri‘s'!‘ng,, In view of this study, why the féncy design. of the

runner ss's;tz_}xn has been responsible for successfuliy Filiing.larde mlus, By

. M W et e ke e e e e e e .- - - - P e 5 et e M~
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carefu%]y'designiﬁg tﬁe:corgérs in ruaners 3n§ ysing hog gu1af;atéd runner

waniéblds; the deerse‘hressuce ané viscous ensrgy é?g:ibafign*effééts of the

entrance can be ‘lessended,

g;pefiwents to éuéntita:i;eiy support or refute the p}ed?ctéd f&é@ be~
yaviqr ubé!d be the= most vaiuaglc sqpp{ement to :his—QQrk. ?ugzhefébfc,<the
work should be completed for rigid PVC and then continued with other materials.
The fact that four separate computer jpregrams are available to solve tha disk
fiow problem provides a wide ranggréf'many,magéf?éisvznd modifications. For
rigid PVC degradation kinetics mechanism should definitely be incorporated i#

' the simulation. fn thermosetting resins too, the incresse in viscosity ﬂﬁe*to
cross=linking may he of interest. Ihevaépendeﬂcé«of»dens#tyy-spec?ﬁ?c:beég,f
thermal conductivity and activation energy for flow on. temperature and pressure

will also have to be <considered.
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APPENDI X

Rigid PVE Properties Used

Power law index h = .5
Consistency index m = 4,0 x 10° polse 202°C

Pre-exponential factor for the temperaturc«depcndén?e‘of viscos ity
A= 6.6 x 1078, - -

Activation energy for flow AE = 27.8 kcal/g mole

Density (melt) o = 1.3 gn/ce
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Heat capacity C = = 0.43 caiZqK

Thermal conductivity k = 2.3 x l()“:i callgégéépi

Temperature below which flow can be ignored Th = j$o°c {nct a material
property)
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