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Numerical calculations of fow and injection pressures during injection molding

of fiber-filled thermaoplastics are compared 0 experimental measurements. The flow
is modeled as a 2-0. noniscthermal. free-surface flow with a new viscosity maodel
dependent upon temperature. pressure. and fiber concentration. The steady-siaie
viscosily model is developed to accouni for the fiber-concentralion and shear-
thinning viscosities of the polymer based upon combining the Dink-Armsirong fiber
mode} with the Carreau viscosity model. The new model has four parameters. three
frorn the Carreat model 2nd one from Dinh-Armsirong for fiber concenurations. The
new model cafculates reasonably well the steady-state viscosity of [liber-filled
polypropylenc aver the shear rafe range of 6.01 s ' to 20 s7'. The numerical work
successfully describes the ftow of fiber-filled pelymers doring imection rnolding
using finite-difference solutlons for the transport equarions and marker parucies (¢
track the flow front. The comparisons heiween the calculated and measured pres-
sure drops for an injection molded part were reasonable for the unfilled and
fiber-filled polypropylene maierals. The pressure drop comparison is very good {or
slow [ill of a base case resin, Himont polypropylene, but not as good [or fasttill of the
resin. The pressure drop comparison is very good tor fasc fill of glass-filled resin.
DSM polypropylenc with 10% and 20% short fibers. but not as geed lor slow fill of

the resin and resin plus fibers.

INTRODUCTION

Numerical simularion of injection molding has been
of considerable research interest over the past
tweriy vears. Initiatly. researchers maodeled the flow
during injection molding as a Newtonian material ina
fully developed one-dimensional {low. Mavridis et al.
{11 considered Newtonian and shear-thinning (uids
advancing with a flow front inside two-dimensional
channels and tubes, Williams and Lord (2) and Huang
et al. (3) expanded the flow analysis o lwe dimensions
with thermal and pressure cffects during the filling of
the gate and fountain reglons. Harry and Parrott (4]
and Berger and Gogos (5] developed appropriate con-
stitutive equations to describe thermal and pressure
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influences upon the viscosity, Several authors (6-8]
studied the flow of palymers in thin cavitics of arbi-
trary planar geomctry. [n particular. Hieber and Shen
171 demenstrated a finlte element-finite difference
method formulation with a two-siep, predictor-corree-
tor procedure for tracking the advancing melt front.
Chiang et al. (2 proposed a unified theoretical model
o simulate the Dlling and post filling aspects of injec-
tion molding. Two excellent tex!s describing the theory
and numerical aspects of injection meokdlng simulation
are given by Tucker (10} and Isayev [11). Finite ele-
ment tcchnigues. especially with the Galerkin formu-
lation, have heen used by several rescarchers (12-14)
1o study the viscoelasticity of polymers and is better
explained elsewhere (13). Visroelasticily is very imper-
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(&0t in the processing of polymers and can be repre-
senited with integral constitutive equations (16-18).
‘The FEM solution approach with integral constiturive
equations generally requires a super computer 1o
solve the continuity. flow, and encrgy equations. For
speed and efficlency in representing the polymer flow
inn fndustriil applicalions finite difference technigues
are used with the well-known Marker-and-Celf (MAC)
procedurc.

Several commercial finiie element-finite difference
codes are available thar simulate the meld fillittg of
polymers during injection molding, ¢.g.. FLOW-3D%
{19]. Moldftow™ (20). and C-Flow™ (21} The last two
packages also simulate the packing and cooling
phases of injection molding and are generally consid-
ered state-of-the-art CAE tools. Moldflow™ and €.
Flow™ describe the advancement of the flow front
using a layered 2-D fiow approach and a FEM grid
representing the interested geomery.,

Very few researchers have incorporated fiber-fifled
polymer mmelis intw ihe flow analysis, because of he
absence of an appropriate constitutive equation,
Ghosh et al. (22) examined the applicability of the
conformation iensor to describe fiber aricntarion. Ad-
vani and Tucker (23) developed a second-ordered rank
tensor 1 deseribe the fiber orientation of fiber-filled
polymers. Additional researchers 124-26) extended
the work of Advani and Tucker in several test cases 1o
predict fiber orientation. ‘Tvpically. the viscosity of fi-
ber-filled polymers is measured experimentally and
then read into the flow analysis program. Alterna-
tively. this research models the viscous response of
the fiber-filled system by combining the Dinh-Arm-
strong fiber model (27) with the Carreau viscosity
madel. The new model. a modified Carreau model is
added w a commercial {ree-surface fow analysis
package. FLOW-3D. The results calculate the fow,
cavily pressures. and lemperatures of the fiber-filled
thermoplastics hy incorporating the energy equation
intgy the flow program, by Incorporating the shear rate,
temperature. and pressure effects on the viscosily,
and lastly. by incorporating hber-orientation effects
on the viscosity and the Now field. This work is a
portien of a research work by Greene [28) In the sludy
of fiber crientation during the flow of fiber-filled ther-
moplastics. This work is preceded by an investigation
by Greene and Wiikes (29) into the effects the fibers
have on the steadv-state and dynamic viscous prop-
erties of three thermoplastic materials, and is followed
by a numerical analysis study by Greene and Wilkes
(301 that predicts fiber orientation during injection
molding,

Fluid Equations of Motion

During the filling stage of injection molding, the
polymer passes through three flow regions: ihe gate,
the fully developed. and the founiain regions, as
shown in Fig, 1. In a typical end-gated. thin-walied
cavity. the gate region is characterized by radial fow.
the fully developed region by a dominant parallel-ve-
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locity component. and the founiain region by a free-
surface flow. The objective of the low anaiysis is to
obtain pressure and velocity distributions for a ther-
moplasiic material in a closed cavity by solving the
momentum and cnergy lransport equations with an
appropriate constitutive equation. The flaw of the
polymer in a elosed die is modeled as a nonisothermal
flow of a non-Newtonian material berween two walls,
The thin-walled flow 18 governed by the equation of
continuity, momentum. and energy transport. The
equations are as lollows: -

Continuity ¥ -1 -0 ~

D
Muomentum or - Vp+Tr-py

A S
De =Y RYT Aty

Encrgy pép

lere, u s the velacity vector. T is the shear sTress

lensor. g is the pressure. g is the gravity werm. D7y

denotes the material dertvative. T iy the temperailure

vector. and p. n, C. k are the tuid density. viscosiey.
hicat capacity. and thermat conductiviry,

The Mlow of a polymer material in a thin-walled cav-
Ity in a planar geometry can be written in terms of two
dimensions (with z being the thickness direction). The
continuity equation for constant density is

#lul  alnl
ot =T (1)
ax iy

Here. u represents ihe velucity in the x-direction
and v represenes the velocity in the y-direction. The
equations of motion and energy for a Generalized New-
tonian fluid are
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In these equations, g, and G, are body accelerations.
and the other terms are defined as before. In the above
cxpressions, the wall shear stresses in the three dj-
rections are modeled by assuming a zero angentiat
velocity on the portion of any area closed. Mesh
boundaries are an exceplion because they can be as-
signed non-zero tangentiatb velocities,

The boundary conditions are no-slp at the wall,
axisynunciric at the centerfine, and free surface at the
Now frant. The initial conditions are for a consian wall
wmperarure and a constant mass source at the en-
trance. The boundary conditions in the gapwise direg-
flom are

T HE N TAR N1 T-Tw arz -b
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and
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where B denotes the halfl thickness and T = Tw the
wall temperature. At the free surface, the tangential
stress condition s zero normal velocitv, 1o - u = Q. and
2CrGe ngenral stress.

The encrgy equation denotes energy exchange inthe
thickness direction between the fluid and the wall
The prunary limitadon of the structural-heat-transier
moded s the simplicity of the heat-transfer coefficient
corretation. During this analysis the heat transfer co-
cflicients are implernented as independent functions.

Numerical Approzimations

FLOW-3D is a descendant of the well-known mark-
er-and-cel] (MAC) Ainlic-difference technique and the
implieit-continieous  fluid-Euxlerian (ICE} technique,
{31). The MAC method is one of the first techniques to
use pressure and velocity as the primary dependent
variables in solving problems Involving compiicaied
frec-surface motions. MAC emplovs distrlbution of
marker particles (o define fluid regions. and simply set
free surface pressures at the centers of cells defined to
contain the surface. Inn 1981, a propriciary three-di-
mensionst exiension of the MAC method was eslab-
lishied by Flow Science. Inc.. as the basis of the
present FLOW-BD code. For polymers. the code was
updated with an imphictt viscous-siress solution tech-
nigue and with a subroutine that introduces a shear-
rate dependency on the viscosily, so as o model non-
Newionian viscous flows,

FINITE-DIFFERENCE APPROXIMATIONS

FLOW.3D numerically solves the eguations of mo-
tich and epergy using finite-difference approxima-
tivies i three dimensions, Though FLOW-3D is eapa-
bie of modeling compressible flows, rhe seope of this
chagrer will encompass only incompressible flows, For
ingompressible {Tuids, (he density is constant and the
futl density iransport equation reduces to the incom-
pressibility condition,

FLOW-ED numerically solves the equations of mo-
tien and energy using finite-difference approxima-
tions. The flow region s divided into a mesh of fixed
reciangular cefls, With cach cell there are associated
local average values of all dependent variables. All
«variables are iocated at the center of the cell except for
velooitdes. which are localed al the center of the cell
{aces TCurved obstacles. wall boundaries, or other
grametric features are embedded in the mesh by de-
fining the fractional face areas and fractional volumes
of cells thal are open to Row.

For calcutarions performed with the cniergy option.,
FLOW-3D allows the transfer of heat between Muid
and structural material called a heat structure. Heat
sirugiures may be either internal obstacles or walls at
the computational mesh boundares. FLOW-3D calen -
lates heat transier from boundaries having a known
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lemperature, a 5pn(:1ficd heal Mux, or a specilied in-
lernal power source. The primary limitadon of the
structural-heat-iransfer moded is the simpliclty of the
heat-transfer coctficient correlation. All heat-transfer
caoclficientts are implemented as independent func-
lions.

As in the MAC method. a control-volume approach
is used o approxmate the governing equations nu-
merically, For each control volume, surface fluxes,
surface stresses. and body forces are compuoted in
ternis of surrounding variable values, The momentum
and continuily equations are used 10 compute velocity
at the {ace ol the cells and pressures ai the centers.
Maost terms in the equalions are cvaluated using cur-
rent time-level values lexplicit formulationi of the local
variables, Pressurcs and velocities, though, are cou-
pled impiicitly by using time-advanced velocities in
the continuity equation. The semi-implicit formula-
tion Tesults in coupled sets of equations that are
solved iteratively using two mehods. a successive
over-relaxalion (S0R) method and a special alternat-
ing-direction. line-implicit method (SADI).

A deneric form for the finite-difference approxima-
tion of the momentom equation in MAC-type methods

n-1
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Here, the code conveniten is that all fractional indi-
ces are decreased to the nearest whole integer. For ex-
ample, the velocity at {f + %), which is located at on the
cell face berween cells (4, J, Kland [{ ~ 1. w, &} is dengted
by W ;- The term (pAx),.,., . refers 1o the average of
IpAx) . and (pdx)_, ..+ R again refers to Cartesian or
cylindrival geometries, A superscript n refers (o the n'
time step. The advection and viscous acceleration terms
have obwvious meaning: e g, FUX refers 1o the advective
flux of u in the x-directionn, VISX is the x-component

viscous acceleralon term; By is the fow loss for a ba{lle
normal 1o the x-direction: 7,, is the viscous wall acceler-
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Fig. 1. Flow reglons durng injection molding.

ation in the x-direction; and G, includes gravitational,
rotational. and general noninertial accelerations, These
terms are all evaluaied usting old time level values, n. for
velocities,

In FLOW-3D a modified donor-cell approdimation
was developed by Hirt and Sicilian (32) that relains its
accuracy in a varabie mesh and reduces 10 4 conser-
vation differcnce expression when the Quxes in the non-
comservalive {orm v ¢ ¥u. in the new approximation. the
donor-cell method is combined with the centered-dilfer-
£nee approximanon Into a single expression with a pa-
rameter o that contrals the relative amount ef each. The
general form of this approximation for the advective flux
term FUX = |A V) i/ Ar is

X = IR )
FLX = [ix.v}?;k + M,.|VF;4\J_|%'

fri - ee}
o UAFRN, patte sy + [AFRY, s o)

I:u-l'- [ ul'.J.lc'!
) Ay (&)
[l + &)

o [[EM‘R],‘_JJ{L"LJ 'S + [ﬁFRI,_L_J._kU.,. l._J.l'-:J]

(_lﬁ\,-'.k g

A, J

Here. AMF, and R are coeflicients for each celi and were
previously delined as the area fraction. VOF {unction,
and geometry coefficient.

Il the mesh is uniform. Eq 8 reduces to a spatially
second-order accurate, ceniercd-difference approxi-
mation when « = Q. When « = 1. the Hrst-order,
dunor-cell approximation is recovered. In either case.
the method reduces to the correct zeroth order expres-
sion in a variable mesh. The underlving idea rom Fq 8
is to weight the upstream quantiry being Huxed morc
than the downstream value. The weighting factors are
(1 ~ aland (1 - « for the upsireamn and downstream
dircctions, respectively, This ivpe first-order approxi-
mation scheme is nsed {or all advective fhax terms
appearing in the momentum equations, Kgs 3. 6. and
7. All mher acceleration terms in the MOMCNLGm
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squations are approximated by standard cenwered dif-
ferences.

in some cases. however, it may be too cosddy 1o use
the mesh resolution necessary for an accurate first-
order solution. When this happens it may be uscful o
use & second-order accurate approximation for the
advective and viscous aceelerations. The essence of
this opticnal scheme is a double pass through the
advective and viscous subreutines.

MODIFICATIONS TO FLOW-3D FOR INJECTION
MOLDING MODELING

The nen-Newtonian rheological behavior of polymer
mells is of great importance during injection molding.
Shear rate and temperacure dependence of the poly-
mer viscosily must be incorporated into any simula-
tion program. Recently, a subroutine was added to
FLOW-3I2 to include a shear-rate dependency to the
viscosiiy according o the Carrcau relationship, which
1s an essential requirernent for modeling shear-thin-
ning. thermoplastic materials. Additionally. the vis-
cosity subroutine was modified in this research o
include temperature and pressure effecis. The viscos-
ity 1s & strong function of temperature and pressure.
These are detailed below. -

Temperature-Dependent Viscosity

Newton's law of viscosity describes the rheological
behavior of an importani elass of fluids, cailed Newta-
nian fuids. that have a constant viscosity that de-
pends upon oniy the temperature ardd pressure and
not the level of applied stress or the resulting velocity
gradient. The temperature dependency can be approx-

imated by (33)

M[Tl - ,ul:T[;.]E' S RT T -Teis T (91
Here, i is the Newtonlan viscosity, AR s rthe acilvation
energy for low, and R is the gas constant, The viscos-
ity equation can be applied to a shear-dependent vis-
rosity in the following refarionship:

nlv. T~ melyhe 17707 (10)
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Hete, 118 the shear-rawe-dependeni viscosity and 4 is
an cmpiricat constant, which is found from rheometric
data.

Pressure-Dependent Viscosity

Because of the high pressures encountered in high-
speed injection molding, the slight compressibility of
polvmers canmot be ignered. The P-V-T relationship is
very complicated and is bevond the scope of this work
and is described elsewhere (33, 10). The pressure de-
pendeney on the viscoslyy can be represented ina
similar {ashion as the temperature. as

My. FI = gelvie?® & (11}

where §is an cmpirical constant from viscosity-shear
rate data at variQus pressures.

Fiber-Concentration-Dependent Viscasity

The third modification (e the computer program is
the inclusion of a fiber cancentration function on the
viscosity. The Carreau medel is modified with the
Dinh-Armstrong theory, The Carrean medel is

oo R v e t12)

The effects of fibers on the viscosity can be modcled
as a product of the fiber congerration fnction, fldh
and the viscosity of the neat resin »,. described by Lthe
Carreau model. The Carreau medel is o three-param-
eter model wilh empirical constants n (power law in-
dex]. n, tzero-shear-rate viscosityl. and A (time con-
stant). Since the three parameters describe the shear-
thinning aspects of the polymer and the fibers effects
these aspecis. then the individual parameters can be
modeled a5 functions of the fiber concenitation func-
ton. fid), introduced by Bibba et al. (34) and given by

Sldi=11— F: =)
Ay T filAL,

Tln..— -__f(("l’]nﬁl-i £13]

Hcere, & s the volume fraction of flbers, wis pi. A, Is the
neat resin lime constant. 1, is he Dear resin zero-
shear-rare viscosity, &, is Lhe [iber-reinforced polymer
time constant, angd . is the fiber-reinforced polvmer
zero-shear-rate viseosity. The modified Carrean model
is then

w M TSN LA PR (14}

Melting of

Injection of

the melt

the pellet

The advantage of this new model is that the vistos-
ity-shear rawe relationship need only be experimen-
tally found for the neat tesin. and no additional exper-
imentarion is needed for the glass fibers, This will ot
only save ime and expense but allow for more engi-
neering analvsis of Now gesmetrics for compoesite ma-
terial parts.

THE INJECTION MOLDING PROCESS

[mjection molding. one of the MOst common opera-
tions for forming of plastic materials, has applications
in the appliance. glectronies. aviomotive, and aero-
space industries. 1t ts especially used o make auto-
mnolive cormmponents from trim pleces w body panels,
The injection molding process was used to mold small
plagues for the Himont and DSM polypropvlene ma-
werials and consists of four basic steps. showt in Fig.
2.

As indicated in Fig. 2. the plastic pellet is melted,
injected inio a die cavity. cooled, and the molded part
is then gjected, The mechanical process involves melt-
ng. Nowing, and ¢ooling of the thermoplastic material.
The melting and injecting srages lake place in an in-
jection unil. and the cooling step takes place in a
hydraulic press. Thus, the injection molding machine
consises of twao parts: an injection unit and a hydraulic
press. The injection unit can be a plunger (yvpe of a
reciprocating screw. The most commorn of the twa. the
reciprocacing screw with a 75 ten hydraulic press was
used in our experiment. More information on injection
molding can be found elsewhere (35), During our ex-
periments a New Britain model 75-TP was used.

Experimeatal Equipment

The experimental set-up for the injection molding
operation includes pressure transducers in the die
cavity, 4 thermocouple at the nozzle. and data acqui-
sition equipment. The resin was injected into a 7.55
cm by I5.1 em by 0.3 cm cavity, via a three-step
runner system. shown in Fig. 2.

The experimental setup flor the injecton molding
machine involved data-acquisition equipment, includ-
ing an AST 486 compuier. Keirthley daa-acguisition
cards, Dvnizco pressure transducers and thermocou-
ples, and LABTECH Notehook computer software.
During the injection motding operation. the pressure
rraces were recorded at three locations. The first
ransducer 1s located 1 the nozzie of the exiruder, the
second is located at the middle of the cavity dic, and
the third transducer is at the end of the cavity. For

Cooling of Ejection of

the plastic the pan

Fig. 2. Swages of the iygection molding process.
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Pressure Transdocer

Fig. 3. Injection rmolding  test
PGgte (R MU GOy,

Plaque

r T T j_)-r—:n- Polymer Melt
o r— Runner A

- /— Runner B

comparison purposes, the pressure trace at the nozzie
15 used 1o compare 1o numerical caleulations.
LABTECH Notebook is used (o record the pressure
traces. melt temperature at the nozzle, and ram loca-
tion.. The output data is then saved in a Lows™ file.
The experimental precess is outlined below:

!. Run injection molder until steady state is reached
{usuzlly ten to fifteen parts).

2. Record the pressure, temperatare, and ram-speed
traces for five full shots at slow injection speed.

3. Repeat tor five incomplete shots and then two air
shos,

4. Repeat for fast injection speed.

5. Change materiat, flush. and repeat process as
needed.

The full shots were used to compare filling pressure
with the nurmerical caleulatlons, To get a pressure at
the entrance to the first runner [Runner A). the air-
shot pressure first must be subiracied [rom the nozete
pressure. The short shots are used lor measurements
of the Ober orientation that will be desceribed more
fully later. The pressure traces are provided in the
Appendix for the neat Himont resin and the neatl and
glass-filled DSM polypropylene materials.

Materials for Injection Molding

The materials used in the injection melding ma-
chune are two tvpes of polypropylene, namely Hirnont
polvpropylene, and DSM polypropylene. The Himont
material was available in the injection molding lah
with a database of matcerial properties, e g.. power-law
viscasily voeflicients. The Himont materiai was used
as a (s case for the numerical calculations of injec-
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tion molding for unlfilled thermoplastics. The DSM
palyprapvlene had 0. 10. and 20 wi% shori-glass fi-
bers and was tested with a parallel-plate rheometer.
The Carreau coefficients were determined from pub-
lishied viscosity data for the Himont material. and were
determined from parailel-plate testing for the DSM
matertal. The constants used in the numerical work
are given in Table 1.

COMPARISON OF CALCULATED TO
EXPERIMENTAL RESULTS FOR DSM
POLYPROPYLENE

The rheometric work for the DSM polypropylene can
be compared to the calculated viscosities using the
maodified Carreau model. The D3M polypropylene was
provided as pellets with glass ﬁ:eight percentages of
0%, 10%, and 20%. with a common base resin and
were injection molded into plaque form. The moided
plaques were uscd to characterize the DSM polymer
rhecmetrically by using a paraliel-plate viscomeler.
The viscosity curves for the glass-filted DSM resin are
shown in Fig. &,

The experimental viscositics of the DSM materials
were used o calculate the coelficients of the Carrcau
model, which were then used in the flow analysis pro-
gram for the Carreau and modifted Carreau model for
Ohers. For the neal DSM material, the comparison of
the calvulated Carreau model viscosity to the experi-
mental viscosity a1 the reference emperature of 200°C
is given in FFig. 7. The viscosity-shear rate refationship
is well characterized by the Carreau model. The flow
analysis package uses the fiber concentration func-
tlon. Fl#)], 10 describe the effects of fibers on the vis-
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Pressure vs. Time for DSM Polypropylene with 10% Fiber
Slow Injection Speead

Prassure, MPa
.
Ch

o Nozzle Pressure

Mid-Cavity Pressure
—— EQOF Pressure

- RO Position x5, cm

&) .2 4 &

8 10 12 14 16

Time, seconds

Fig. 4. Pressure vransducer results for DSM palypropylene ar slow tnjection speed. The recarded ftems are rem postion and nozzl

mid-caviny. and end-offlows pressures,

Prassure vs. Time for DSM Polypropylene with 10% Fiber
Fast Injection Speed

Pressure, MPa
B8 K86

—
n

10

Nozzie Pressure

Mid-Cavity Prassure
—e—s—ememe=s EOF Pressure

e Ram Position x 5, em

5 6 7 8 9 1G

Time, seconds

Fig. 3. Pressure transducer results for DSM polypropylene at fast tnfection speed. The recardedd items are ram posifion and noz
i J polyproply i pe po

riricd caudeyy, and enclof-flow pressures,
S

cosity. AL 0% glass fibers the calculated Carreau co-
efficients are the same as that of the neat resin. while
at higher glass concentrations, ihey are a product of
the function fi#) and the neat-resin coefficients. The
ratio of calcualated-to-actual Carreau coellicienis, fid).
A, and n,. are shown in Fig. &,

The modei over predicts the values of the Carreau
coefficients far 10% fibers. as well as over predicts Lhe
viscosliy ralio and under predicts 1he lambda ratio for
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20% fibers. The true test of the model is to compa
the calcuilaled to experimental viscosity values, TI
medified Carreau model reasonably calculates the vi
cosity of unfilled and glass-filled DSM polypropylen
as shown in Fig. 9. The discrepancy between the ¢
perimental and calculated values at high shear rate
e g above 70 s”'. can be atiributed Lo the instabili
of the glass-filied samples berween the paralle] plate
Other higher shear-rate rheometers, such as a cap
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Tahble 1, Constants for Temperature, Pressure, Shear Rate, and Fiber

Concentration in the Modified Carreau and the Temperature

and Pressure Yiscosity Models,

Material 7y, Pa-sec A, s8C n B T G B.Pa
Himont Polypropylena 1850 0.1203 0.3 9.14 227 1.5e-8
DSM Palypropylene 2400 0Ai7 0.33 14.37 240 1.5e-8

10000 ‘ -
=
 { § ¥ oxox N
! = * :
1000 R * x Neat Resin
TL *
Pa-sec T ¢ 4 10% Short
| 4
100 * * 20% Short
A
x

10

0.01 0.1 I

10 100

: -1
Shear rate,Y , sec

Fig. 6. B3M near and glass filled polupropylene viscesity vs. shear rate at 200°C,

10000 -

Experimental

1000
1. '
Pa-sec
Fig. 7. D5M neat polypropylene

- ..

— Carreau Model
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lary viscometer. counld reduce the error. A capillary
vistometer was not readily available for our use.

NUMERICAL RESULTS AND DISCUSSION

The numerical anabysis will consist of modeling the
flow tin & 7.75 em: by 15.25 cm plague with a constant
0.3 cm thickness. The part geomeiry aise mcludes a
three-stage rmunner svstem and a gate. as given in Fig.
3. The pressure al ihe beginning of the Runner A will
be compared (o numerical calculations and is veferred
Lo a5 the fill pressure.

POLYMER ENGINEERING AND SCIENCE, MARCH 1597, Vol 37, No. 3
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The maodifications to the FLOW-3D programs are
tested by comparing the numerical resulis 19 (wo
cases, an experimental case with a nieat resin, Himent
polypropylene, and an experimenial case with & glass-
{illedd composite, DSEM polypropylenc.

Computing Requirements

The pumerical analvsis was executed on a 1BM
workstation., iIBM RISC 6000, The FLOW .30 program
requtred 32 MIBB of disk space. FLOW-2D has 3 maxi-
mum number of cells in any one direction of 200, The
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Fig. & DS polypropylene experuntentad viscesing and modified Carren:: colowlared viscosily 15, shesr raie.

execution time {or the injection molding work (rase |
and case 2] was dependent upon the number aof cells,
the cell size in cach direction, and the error tolerance.
" Forcase 1 and case 2, ihe best mesh size was with 75
cellain the flow directioni. [0 rells in the half-width
direction. and 1 cell in the thickness direction. The
cxecution time was approximately 1 h. with a cumu-
latve errer of 0.5%. If the number of ceils were dou-
bled, the execution time increased three-fold with a
slight reducton in cumulative error. If the number of
cells were decreased by hall, the crror term inereased
io over 5%. The fill-pressures calculations for case 1
and case 2 were completed with this mesh. During the
fiher-ortentation calculations the mesh was 35 cells in
the flow direciion. 5 cells in the hali-thickness direc-

398

tion. and 1 ¢ell in the width direction. The {iber prien-
ration work is essentially a 2-D slice at the centerline
loration along the lengith and through the thickness.

Case 1: Experimental Case with Neat Resin
(Himont Polypropylene)

The first case compares experimental resulis (o the
FLOW-3D modified program with the pressure- and
termperature-dependent viscosity model. The experi-
mental values are averages of three injection motding
pressure-drop measurcments {Lthe same for case 2}
The Himon! polvpropylene material {rell tempevacure
of 252°C and wol temperature of 32°C1 is a standard
base resin and is well characterized rheometrically in

POLYMER ENGINEERING AND SCIENCE, MARCH 1397, Voi. 37, No. 3
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the literature. The pressure and temperature models
have been combined to the lollowing relationship:

Tih'l" T, P = TI[':;']T--F'r.e HIT-TW T _in_"--i"(,ll [15)

Case | includes a temperature model with 4 dimen-
sionless coellicient B. The ceefficient B and 2 are ¢x-
perimemnially determined constants. The Carreau co-
efficicnts were provided by the manufacturer. The
wmperature coelficient. B, was determined based
upon zero-shear-rate viscosity data at several (emper-
atures, The pressure coefficient g was found in a lit-
eratare reference (361

The results are compared o the pressure drop mea-
surements at the beginning of runner A (rom the in-
jection-molding machine for sipw and fast speeds,
Figs. Ithand . The Figures denote the pressurc drep
41 the heginning of runner A through the runners (A
F. and CI. through the gate, and iimally as ihe material
fills the cavity, The experimenital puints on the Figures
represent the pressure drop at the beginning of run-
ner A when the flow frent is at the end of the tunner,
at the end af the gate. and at the end of the cavity, The
low analysis is funited 1o a two-dimensional flow be-
cause of the thin-part melding. The analvsis negleels
the thickness dircetion and computes the Oew l[or an
axisyrmunetric case. The pressore drop was measured
by using a transducer in the nozzie.

The comparison demonsirates good agreement be-
tween the numerical caleulations and the analytical
selution for slow speeds. For fast injection speeds, the
FLOW-3D program over-estimates the pressure drop
in the cavity, Note that the numerical work uses the
temmperature-pressure-dependent  viscosily relation-
ship. Eg 15 The purpose of the comparison was 1o
compare numerical approximalions 0 exprriments
and wr identily the significance of the temperature and
pressure dependency. The disrrepancies hbetween the
experimental and numerical results can be atrlbuted
Lo the geometric simplification used to model the three
runners. in which a ¢vlindrical geometry with a con-
stant radius was assumed for the three runners. In
actuality, the first runner is a eylinder with a radius

increasing with length. the second runner is a hall-
round with a arger radius than the [irst runner, and
the third runner is the same as the second. though
turned through a right angle. Equtvalent areas were
used o approximale the three munners as one renner
with equivalent volume. Figure 1§ and Figure 11 dem-
onstrate the accuracy of the numerical calculations to
be excellent at the slow speed and less accurate at the
high speed. The difference in the results can be attrib-
uted in the modeling of the temperature disoribution
it ihe experiment. The program may underesgmate
the temperature and thus yield a higher than actual
wiscosily, Al the fastier speeds. temperalure is a more
significant factor that at slower speceds because of the
shear-heating efiects.

The importaner of including the emperature de-
pendency on the viscosity is lurther illustrated in Fig,
2. As wouid be expected. the faster the polymer meit
s Injeeted intoe the die cavity the viscosity is reduced
due 1o shear heating, and is increasced by the slight
compressibility of the polymer. [f the temperalure ef-
fects were not included withs the viscosity the numer-
ical results would incorrectly be given by the solid
curve in Fig. 12

Case 2: Experimental Case with Short-Fiber-
Reinforced Resin (DSM Polypropylene)}

The seeond case compares experimental resulisof a
DSM Polvpropylene (melt temperature of 270°C and
tool temperature of 32°CY 1o the FLOW-3D modificd
program wilh the pressure- and temperature-depen-
dent viscosity and fiber-concentration model. The pres-
surg and temperature models are as before. The fiber-
concentration dependency is described by the modified
Carreau model. and given by Eq 14, The Carrean coeffi-
cierts were determined experimentally as previously
described.

The numerical caleulations are compared to actnal
pressure drop measurements from the injection mold-
ing machine for slow and fast speeds in Figs. 1.3 and
I4. The fill pressure was measured by using a trans.
ducer at the beginning of Runrize A,

43
%o —
3% T — = Cavity
- .-.._...-"". —_——— - BEETENETY
Fig. 10, Pressure drop. at the be- 35 25 R e - : - FLOW-3D
girenrlg of renner A oes. frjeciion R - : .
tirrees for Flirwone mell i ihe exper - MPa 2 - i — — ~ — Modified FLOW-30
roetitedi cdier cored rorener ol stows - _."f" — Exrefimental )
Jeotion speed (il Hime of £ 5,0 The % . =T B Xperiman ;
open syrmbols represent pressure : #-’;!’B oo
cdrop wehiern thes Hous front reeches " i
e siated position. ) --:,r Runnar
b4
S ;:.,
5
£
Er e
Q 1 3 d 5 &)
Tirme, Se0onds
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The ¢omparison demonstrates reasonable agree-
ment berween the numerical calculations and the an-
alvtical solution for stow and fast speeds, For the neat
resin ar slow injection speed the FLOW-3D program
underestimates the pressure drop. and at fast injec-
ticnn speed the program slightly overestimates the

500

pressure drep. For the fiber-reinforced resin the pres-
sure drop is captured very well for fast speed, and not
very well for slow speed. Possible reasons for this dis-
crepancy could lte in the coefficients for the heat-
trunsfer model. The coefficient, B, was higher than in
the Himont material case. and thus has larger effects
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on the viscosity when temperature changes are signif-
icant. as al higher speeds. Mhote that the numerical
work uses the temperature- and pressure-dependent
viscosity relationship, Eg 15, As before, the discrep-
ancies between the experimental and numerical re-
sults can be atinbuted 10 the geometric simplification
used to model the three runners. in which a cylindri-
cal geomelry with a constant radius was assumed for
the three runners. In addition, the discrépancies can
be attributed o the poor viscosiiy fit at higher shear
rates of the Carreau-Dinh/Armstreng model and the
experimental data. Furthermore. viscoglastie effects
cun be importani because of the well-known fact that
elongationdl viscosities and nermal stresses play a
significant role in gare and runner geometries (37-39
and 14).

The importance of the caleutaoon of fill pressures in
an injection molding cavily lfor glass-filled polymers
based solely upon Carreau coefficients of the neat
resin angd the velume fraction of fibers can be useful.
and is the first 0 my koowledge to include fibers
effects based upen a modified Carreau model. Other-
wise the Carreav model coefficients must be deter-
mined from many riicometric experlments for al! of the
unfilled and glass-filled malerials. Another interesting
resudt is the experimental pressure drop for the 20%
libers 15 less than the pressure drop for the 10% libers
in both the fast speed and slow speed cases. This can
br arrributed fo the enbanced shear thining caused
by the presence of the fibers.

CONCLUSIONS

The focus of this paper is 10 apply the theories and
numerical techniques for injection molding of fibser-
filed thermoptasiics 10 a Mow analysis compuler pro-
gram, and to compare the caleuiated results to exper-
imental measursments. The moditied computer
Program includes a new viscosity madel with a tem-
Perature., pressurc. and fiber-concentration depeit-
dency.

POLYMER ENGINEERING AND SCIENCE, MARCH 19597, Vol. 37, No. 3
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The overall objective of this rescarch work 1s 1o cai-
culate Lhe flow front, pressure. and wemperaiure pro-
files for polvmer melts with and without glass fibers
using a modified Carreau viscosity model. The Mark-
er-and-Cell technique as used in FLOW-3D computer
program is a useful mcthod of calculating the iree-
surface flow dynamics for the filling stage of injection
moiding with the lountain effect. The modifications to
the computer program capture the dynamics for the
lilling stage of glass-filed polvmers and accurately
calculates the flow front movement.

The vomparisons between the calculated and mea-
sured pressure drop for an injection molded part are
reasonabie for the unfilled and glass-filled polvpro-
pyvlene materials. The pressure drop comparison is
very good for slow fill of a base case restn. Himont
polypropylene, but not as good for fast {ili of the resin.
The pressure drop comparison is very good for fast fill
of glass-filled resin. DSM polypropylene with 10% and
20% short fibers. but not as good for slow 1 of the
resin and resin phus fihers. Improvements can be
made by using additional temperature coefficicnts
over a broader temperature range. incorporating vis-
coclasticlty intg the polvmer medel. and using viscos-
ity coefficients at higher shear-rates. Computational
time can be reduced if an implicit aigorithm is devel-
oped for the heat ransfer analysis. The new viscosily
modet for fibers is useful as an approximation for the
fibers effects. The model can be improved by consid-
ering fiper-fiber interactions as described in concen-
rated network theories,
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NOMENCLATURE

- Rativold.‘d

= Distance of the half gap thickness.
Temperature cocfficicnt for a viscosity
LOLAation.

The distance betweenl coll centers,

The distance between the free surface and
the center of the neighbor cell.

Fiber diameer,

FLOW-3D) guantity denoting the fraction of
Muid within the mesh cell
Dinh-Armstrong fiber-concentratan function.
Fiber spacing in the Dinh-Armstrong
EXPression.

= (lell index in the x-direction.

Cell Index in the y-direction.

= Cell index it the z-direcilon.

Fiber lengih.

Power-law index in the Carreau ¢xXpression.
Oreruarion vectar.

Pressure drop.

Valumetiric [low rae,

Time.

Temmperature.

Fiuid velocity vector.

YVelocity gradient tensor.

Greek Symbols

T e e

=

i

4.

a.
g.

7

8,

Shear strain.

Sheart rate.

= Time conslant in the Carreau exXpression.
NonNewtonlan viscosiy.

Eeduced Noenhewlonian viscosiiy.

Total stress tensur {= p& - 1,

Densily.

= Volume fraction of fibers,

= Sress 1ensar.
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