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ABSTRACT

In the injection molds, the governing equations that describe the flow front of a
polymer melt and form of the pressure, velocity and temperature distribution have
been derived for the mathematical modeling. The continuity, the momentum and
the energy equations derived from different methods in the literature were
obtained in detail and they were prepared as a set on which the solving methods of
differential equations can be applied. In discretization process using Finite Control
Volume, Full Implicit and Upwind methods were used. For two dimensional
cavity, variations of density were calculated using Boussinesq Approach by
Phoneics program. Filling simulation in the cavity were achieved. In addition,
solid layer was determined by Darc’y method.

Key Words: Injection molding, Flow analysis and simulation, Melt flow, Finite
control volume method

ENJEKSIYON KALIPLARINDAKI AKISIN ANALIZi, ERGIMIS PLASTIK AKISININ
MATEMATIKSEL MODELLENMESI iCIN TEMEL DENKLEMLERIN TURETILMESI

OZET

Plastik enjeksiyon kaliplarinda, kalip boslugu igerisinde ergimis plastiklerin
akisinin matematiksel modellenmesi, akis burnu hareketlerinin tayini ve basing,
hiz ve sicaklik dagilimlarinin belirlenmesi i¢in kullanilan temel denklemler
tiretilmistir. Literatiirde farkli metotlarla tiiretilen fakat, ¢ok anlasilir olarak
verilmeyen siireklilik, momentum ve enerji denklemleri daha detayl bir sekilde
elde edilmis ve diferansiyel denklem ¢oziim metotlarinin uygulandigi bigime
getirilmistir. Sonlu Kontrol Hacmi formiilasyonu’na gore yapilan ayriklastirma
isleminde Tam Implicit metodu ve Upwind metodu kullanilmistir. Kalip
boslugunun iki boyutlu olarak ele alindigi c¢alismada, Phoenics programu ile
yapilan ¢o6ziimlemede, yogunlugun degisimleri Boussinesq Yaklagimi’na gore
hesaplanmustir. Plastigin kalip boslugunu doldurmasi simiile edilmistir. Ayrica,
Darc’y yontemi kullanilarak kati katman tabakasi tespit edilmistir.

Anahtar Kelimeler: Enjeksiyonla kaliplama, Akis analizi ve simiilasyon, Ergimis
plastigin akisi, Sonlu kontrol hacmi metodu

1. GiRiS 1. INTRODUCTION

19. yilizyilin sonlarina dogru bulunan plastikler, Plastic materials were discovered at the latest 19th

ozellikle 2. Diinya savagindan sonra daha da gelistirilmis
ve binlerce ¢esidi ile endiistride ve giinliik hayatimizda
hizla artan bir sekilde kullanilir olmustur. Fiziksel ve
kimyasal O6zelliklerine gore iiretim seklinin belirlendigi
plastik parca iretiminde, ¢esitli Uretim teknikleri
(enjeksiyon, ektriizyon, sigsirme vb.) gelistirilmistir. Plastik
parcalarin yaklasik % 33’ iiniin enjeksiyonla kaliplama
teknigi ile diretildigi tespit edilmistir (1-5). Bu kadar genis
iretim kapasitesine sahip olan enjeksiyonla kaliplama ile
iretim konusunda bir ¢ok arastirma yapila gelmistir.
Enjeksiyonla kaliplama tekniginde iretilen parganin
kalitesi, geometrik yapisi ve boyut toleranslar1 ve ylizey

century and especially after the 2nd World War, were
developed and using of plastic parts in daily life and in
industry are rapidly increasing. In plastic part production,
the manufacturing types (injection moulding, extrusion,
blown moulding, etc.) are depending on plastics’ physical
and chemical properties were developed. It is determined
that about %33 of plastic parts are produced by injection
moulding (1-5). A lot of researches have been executed
focus on injection moulding method which have amount
of these wide spread production capacities. The factors
which are affected the quality, the geometrical structure,
the dimensional tolerances and the surface quality of
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kalitesine etki eden faktorler ¢esitli arastirmalara konu
olmustur.

Termoplastik iiriinlerin elde edilmesinde, en ¢ok
enjeksiyonla kaliplama teknigi kullanilmaktadir. Ham
madenin tek bir iglemle istenilen sekilde kaliplanabilmesi
ve bir ¢ok durumda imal edilen iiriin i¢in ikinci bir islem
gerektirmemesi bu metodu seri iiretim ig¢in oldukca
avantajli hale getirmektedir. Bu nedenle, oyuncak,
otomobil pargalari, ev esyalari, ¢esitli elektronik parcalari
vb. gibi giinliik hayatta rastladigimiz plastik {iriinlerin bir
cogu enjeksiyonla kaliplama metodu ile tiretilmektedir (1-
3).

Enjeksiyonla kaliplama, ergimis plastigin kalip
bosluguna enjekte edilmesi, kalip bosluguna dolan
ergiyigin katilasarak kalip boslugunun seklini almasi
islemidir. Ergimis plastik, enjeksiyon memesinden
yolluga, yolluktan dagiticilara ve giris kanali araciligiyla
kalip bosluguna akmaktadir. Kalip bosluguna akan plastik,
ergimis plastik sicakligina gore daha diisiik sicaklikta olan
kalip yiizeylerine temas etmektedir. Enjekte edilen ergimis
plastigin sicakligi kalibin sicakligindan daha yiiksek
oldugundan, akis sirasinda yiizeylere temas eden plastik
malzemeden kaliba dogru bir 1s1 akis1 ger¢eklesmektedir
(1,2, 5-10).

Ozellikle, plastik malzeme, akis sirasinda temas ettigi
yiizeylerde katilasarak ilerlemektedir. Bu nedenle yolluk,
dagiticilar ve ince kesitli bolgelerde akis sirasinda
plastigin aktig1 kesit zamana ve kalip sicakligina baglh
olarak daralma gostermektedir (1, 5, 6, 8-10).

Sekil 1’ de kayma hizina gore kayma gerilmesi ve
viskozite degisiminde ideal akis (Newtonian) ile plastigin
ideal olmayan (Non-Newtonian) akis davranislari grafik
olarak goriilmektedir. Enjekte edilen ergimis plastik kalip
bosluguna dolarken, ideal olmayan ve dzdes 1siya sahip
olmayan (Non-Isothermal) formda akmaktadir (1, 5, 9,
10). Ergimis plastigin kalip igerisindeki akigi sirasindaki
1s1 transferinden dolay1 olusan sicaklik kaybiyla beraber,
ergimis  plastigin  yogunlugu da  degismektedir.
Dolayistyla, kayma gerilmesi ve kayma hizi da degisen bu
akis tipinde, zamana baglh olarak da akisi etkileyen biitiin
parametreler degisme gostermektedir (1, 2, 5, 9-11).
Ergimis plastigin akis bi¢cimi, hiz dagilimi, basing dagilimu
ve sicaklik dagilimi, kalip boslugunun dolma siiresini ve
iirtiniin eksiksiz ve kaliteli olmasini belirlemektedir.

Ideal skig (Mewtonian)

e : Ideal olwayan sk
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w i

Kayna boz ( Shear Fate)

plastic parts have been becoming the subjects of the
researches.

For producing the thermoplastic products, mostly
injection moulding is used. Possibility of shaping of the
plastic raw material with the one moulding cycle without
requiring any other processing methods (turning, drilling,
etc.) makes injection moulding method quite advantageous
for serial production. For this reason, a lot of products
such as the toys, the automobile parts, domestic parts and
the various electronic parts and etc. are manufactured
using injection moulding method (1-3).

Injection molding is process which molten plastic is
injected into the mold cavity and to take shape of cavity
after solidification. Molten plastic is flow through the
nozzle, sprue, runner, gate and the mold cavity
respectively. Molten plastic is in contact with the colder
mold wall when the melt is flowing into the mold cavity.
During the filling stage the heat flow from molten plastic
to the wall occurs, because of the temperature gradient
between the molten plastic and wall (1, 2, 5-10).

Particularly, molten plastic at mold-melt interface is
advancing in solidified state. On account of that, during
the filling stage of a mould cavity, in the sprue and in the
runner and in thinner section areas, the cross section of
molten plastic’s flow way is to be restricted depending on
the time and the mould temperature (1, 5, 6, 8-10).

In figure 1, for Newtonian and non-Newtonian flow
behaviours, changing of the shear rate versus the shear
stress and the viscosity are shown as a graph. In the filling
stage, melt flows into the cavity in non-Newtonian and
non-isothermal flow conditions (1, 5, 9-10). Due to the
heat loss from melt to the mould cavity, at the same time
the density of the melt is changed, too. Therefore, this
causes the changes on all of the flow parameters which are
dominant for unsteady flow behaviour (1, 2, 5, 9-10).
Consequently, for suitable moulding conditions flow of
molten plastic from injection nozzle to mould cavity is
required very important researches and analysis. Flow
behaviour of molten plastic, velocity, pressure and
temperature distribution are determined filling time and to
be completely and quality of plastic part.

g Ideal akig (Mewtonian)
g
-ﬁ Tdeal olrmayan dkg
:% (Mon Newtonian
=
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Figure 1. Changing of the shear rate versus the shear stress and the viscosity (1)
Sekil 1. Kayma oraninin viskozite ve kayma gerilmesi ile degisimi (1)

Uriiniin ~ kaliplanmas1 ~ sirasinda, akist  etkileyen
parametreler iyi ayarlanmadiginda, kalip boslugu tamamen
dolmamaktadir (lirlin eksik ¢ikmakta). Bunun yaninda,

During the filling stage, required parameters which are
affected molten flow causes the unfilled cavity, if are not
adjusted suitably. Nevertheless, melt is not reach into the
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ergimis plastik ¢ok ince detaylara girememekte ve kaynak
hattt olugumu gibi iiriniin estetik ve dayanim 6zelliklerini
olumsuz etkileyen problemlerle karsilagilmaktadir.

Endiistriyel plastik {riinlerin enjeksiyonla {iretilmesi
asamasinda olusabilecek bu olumsuz parametrelerin
onceden belirlenmesi gerekmektedir. Bu nedenle, en
uygun kalip boslugu, yolluk ve dagitici kanallarin tasarimi
ve enjeksiyon basinci, enjeksiyon sicaklifi, enjeksiyon
hizi, enjeksiyon siiresi, tutma basinglari ve iitiileme siiresi
gibi enjeksiyon parametrelerinin 6nceden belirlenebilmesi
icin ergimis plastigin kalip boslugundaki akis davranisinin
bilinmesi  gerekmektedir.  Ergimis plastigin  akis
davraniginin ~ simiilasyonu i¢in  kullanilacak  temel
denklemler, birim kontrol hacmi elemam iizerindeki
degisimler dikkate alinarak ¢ikarilmaktadir.

Bu ¢alismanin amaci, ergimis plastiklerin akisi ile ilgili
temel denklemlerin detayli olarak elde edilmesi, sayisal
analizi ve dikdortgen bir kalip boslugu igindeki akis
simiilasyonun yapilmasidir.

2. TEMEL DENKLEMLER
2.1. Siireklilik Denklemi

Ug boyutlu bir uzayda akis bolgesi igerisinde bulunan
ve ylizeyleri koordinat diizlemine paralel duran bir kontrol
hacmi elemani segilmekte ve bu eleman iizerinde kiitlenin
korunumu kanunundan hareketle, siireklilik denklemi elde
edilmektedir (11-20). Sekil 2’ de akiskanin hiz1 x, y ve z
dogrultusundaki bilesenleri swrastyla u, v ve w ile
gosterilirse,

M, =pu dy dz dt (1)
benzer sekilde y ve z yoniinde giren kiitle,
M, =pV dx dz dt )

M=pw dx dy dt (3)

olarak yazilir. Kontrol hacminden ¢ikan kiitle ise;

thin section and other problems such as weld line
formation, aesthetic of part and reducing mechanical
properties are to come into existence.

During injection molding of industrial plastic part, it is
necessary that existing negative parameters are
determinate. For this reason, in the beginning for
determining the injection parameters such as design of
cavity, sprue, runner and injection pressure, velocity and
temperature, packing time plastics’ flow behaviour in the
mold have to be known. Governing equations for
simulation of molten plastics’ can be obtained using
variations on unit control volume.

The goal of this study is to obtain the governing
equations for molten plastics’ in detail and numerical
analysis and flow simulation of molten plastic in
rectangular mould cavity.

2. GOVERNING EQUATIONS
2.1. Continuity Equation

In a 3-D flow space a control volume element is chosen
in flow area and on this part appliying mass conservation
law continuity equation is obtained. Where u, v and w are
the velocity components of x, y and z cartesian coordinates
and Mj,, M, and M;, are the masses which are going into
the control volume.

M, =pu dy dz dt (1)
M, =pV dx dz dt 2
M=pw dx dy dt 3)

Moy, Mgy and M,, are the masses which are going out
of the control volume and formulated as shown below:

v ox

iz

Figure 2. The going in and going out mass on a 3-D elemental control volume element
Sekil 2. Ug boyutlu elemanter bir kontrol hacmi eleman iizerinde giren ve ¢ikan kiitle kontrol hacmine x yéniinden

giren kiitle
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M, = pu+2 v dydzdi 4)
: Ox
ov (5)
M, =p(v+_—dy)dxdzdt
oy
ow
M, =p(w+6—dz)dxdydt (6)
z

seklinde ifade edilir. Kiitlenin korunumu prensibine gore
kontrol hacmine giren kiitle ile ¢ikan kiitle birbirlerinden
cikarilirsa,

j j j %de,.x +M, +M,_~M, M, ~M, =0

Z—'It)dxdydz-l-pudydzdt+pvdxdzdt+pwdxdydt—(pu +

0 0
— (v + 2P vzt — (pw+ CP ixayes -
oy Oz
esitlik sadelestirilirse;
o, Opw) [ 2pv) OPW), 1 ivdedi =0 ®)

ot Ox oy 0z

esitligi bulunur. Birim hacim (dV=dxdydz) Est. 8 yeniden
yazilacak olursa;

9, Opu) d(pv) 0pw) =g )
ot ox oy 0z

sekline doniislir. Yogunlugun zamana bagli olarak
degismedigi (dp/dt=0), sikistirilamaz akilar igin siireklilik
denklemi,

du dv dw
—+—+—=0 (10)
dx dy dz

seklinde yazilir.

2.2. Momentum Denklemleri

Bir akigkan kiitlesinin x, y ve z yonlerindeki hareketini
ele aldigimizda, hiz bilesenleri U, V, W ile gosterilirse,

tanecigin ivmesinin x, y ve z yonlerindeki bilesenleri;

x- yoniindeki bileseni: a = % (11)

y- yoniindeki bileseni: a , = % 12)
t

z- yoniindeki bileseni: a_= 4 (13)

dr

olarak yazilir. ©# hizinin zamana ve yere gore tam
diferansiyeli alindiginda,

M, :p(u+a—udx)dydzdt )
’ ox
M, =p(v+—dy)dxdzdi )
oy
ow
M, =p(w+a—dz)dxdydt (6)
Z

Conservation of the mass means that, the mass which is
going into the control volume is equal to the mass which is
going out of the control volume. Therefore, if the masses
which are going into the control volume subtract from the
masses which are going out of the control volume,

O(pu
(P, 1vedzdr
ox
(M
can be obtained. And if the Equation 7 is simplified,
0 0 0
& PW) APV APW)) 1 dvdzdi =0 ®)

ot Ox oy 0z

can be obtained. If the unit volume (dV=dxdydz) is
substituted in Equation 8,

9p  Opu) dpv) dpw) =q )
ot Ox oy 0z

can be obtained. For incompressible fluids, dp/dt = 0,
hence

dx dy dz
can be obtained for incompressible fluids.

2.2. Momentum Equation

Consider a moveable fluid particle; the components of
acceleration in x, y and z directions can be formulated as;

_du

x- component of momentum: a y (11)
t

y- component of momentum: a v % (12)
t

z- component of momentum: a_= % (13)
t

where, a,, a, and a. are the acceleration components. du
can be differentiated as shown below;
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du= 0 gy O O g O (14)
ot Ox oy Oz

esitligi elde edilir. Biitiin terimleri df ile bolersek;

du Ou dt ou dx ou dy Ou dz (15)
dar ot dt o dt ay dz oz dt

lir. Burada, 9% _, dv _ 4z ldugund
yazilir. Burada, =2 _,,, &V _  ®* _ ,, oldugundan u, v

dt dt dt

ve w Esitlik 15° de yerlerine konursa;

a=%,,0m, 0, 0 (16)

ot ox oy 0z

elde edilir. Benzer sekilde akiskan taneciginin y ve z
yonlerindeki ivmeleri de

a, = o L (17)
ot ox Oy oz
a-=omw, 0ov ow  ow (18)

ot Ox oy oz

olarak yazilir.

Kontrol hacmi igerisinde birim zamanda gegen tiim
tanecikler tizerine gelen x, y ve z yonlerindeki toplam
basing kuvveti yazilir ve sadelestirmeler yapilirsa;

oP oP
F = Pdydz — (P + ™ dx)dydz = o dxdydz (19)
F. = Paxdz—(P+ 2L ayyavdz = - axaya: (20)
i oy oy
oP
F_ = Pdydx— (P + ™ dz)dydx — pgdzdydx
z

= —aa—P dxdydz — p g dxdydz 21
2

seklinde yazilir. Kontrol hacminden birim zamanda gecen
tanecikler lizerine gelen basing kuvvetleri, Newton’un 2.
kanununa gore taneciklerin tamaminin atalet kuvveti ile
dengelenecektir (12-15, 17- 20). Kitle = m, m =
pdxdydz ve F = ma esitliklerinde a,, a, ve a, yerlerine
yazilarak elde edilen denklemler yerlerine konulursa;

Fi=ma, pdxdydz(—+ua—u+v%+ 8u) 22)
ox oy 0

zZ

Fy=ma = pdxdydz(—+u?+ L ZV) (23)

oy /4
F-= maz:pdxdydz(@ + ua—w + v@ + w@) @4
ot Ox oy

x, y ve z yonlerindeki atalet kuvvetleri yazilir. Kontrol
hacmindeki akiskan tanecikleri iizerine x yoniinde etki

eden basing kuvveti ile atalet kuvveti (Fx=F ) bir

/ Enjeksiyon Kaliplarindaki Akisin Analizi ...

du= 0 g+ Oy OU o O (14)
ot Ox oy Oz

if all terms divide by dt,

du _ ou dt

Jouds oudy ouds
Oxdt oOydt Ozdt

(15)
dt o dt

is obtained. Where, dv _ , ¥
dt dt

— - If these terms

substitute in Eq. 15,
ax:%+ua—u+va—u+wa—u (16)
ot ox 0oy 0z

can be obtained. Similarly,

ay:@+u@+‘;@+w@ (17)
o ox oy oz
aZ: 67W+uaw ow WaW (18)

can be written.

Pressure forces which are affected on the fluid particle
in x, y and z directions in the control volume are written
and then arranged again,

F_ = Pdydz—(P+ o dx)dydz = _op dxdydz (19)
Ox Ox

= Pdxdz — (P + a—de)dxdz = —a—dedydz (20)
ay y

F = Pdydx—(P+ Z—P dz)dydx— pgdzdydx
z

= —?—P dxdydz— p g dxdydz 2n
Oz

are obtained. These pressure forces in control volume are
equal to inertial forces according to Newton’s 2™ Law
(12-15, 17-20). If a,, a, and a. equations substitute in

F =ma (m = pdxdy dz ) equation, the inertial forces in
x, y and z directions,

Fy=ma, pdxdydz(—+ug—u+v6—u wa—u) (22)
X

oy oz
ﬁ' — ov ov 23
y=ma,= pdxdydz(—+u—+ —+w ) (23)
ox oy
F:=ma, pdxdydz(—+ug—w+v%+ aW) 24)
v

can be obtained. Using and arranging the pressure force
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birlerine esitlenirse ve gerekli sadelestirmeler yapilirsa x
yoniindeki momentum denklemi ;

(—+u—+v—+wa—u):—a—P+
» ot X )y 0z Ox P&

(25)

bulunur. Ayni iglemler diger yonler i¢in de uygulanirsa;

ov ov  Ov ov,._ oP
—tUu—+v—+w—) - (26)
P e et
p(@+u@+v@+w@):_2£+pg @7)
Z

ot ox oy oz

y ve z yoniindeki momentum denklemleri elde edilir.
Esitlik 25, 26 ve 27°de verilen momentum denklemlerinde
stirtinme terimleri bulunmamaktadir. Sirtiinme terimleri
de kartezyen koordinatlardaki elementer bir hacim elemani
tizerinde ele alinirsa, x yoniindeki toplam gerilmeler Sekil
3’ deki gibi gosterilir.

and inertial force balance (F, = ]:"), x component of

momentum can be written as shown below.

(—+u—+v—+wa—u):—a—P+
o ™o Ve Ve T PE

(25

Similarly, y and z components of momentum can be
written as shown below.

ov ov  ov oP

ov
—tU—FV—FWw—)=_ (26)
o
ow ow Oow ow oP
— tU—FV—Fw—) —— 27
P e T e e

Eq. 25-27 don’t include friction terms. If the friction terms
are added into equations, the total stress forces (Fig. 3) can
be written as shown below.

gerekli sadelestirmeler yapilirsa x yoniindeki toplam le — arxx + aryx + 61—2)5 (28)
siirtiinme kuvveti; ’ Ox ay oz
: ot
F . = aTxx X + asz (28)
Ox oy 0z

seklinde yazilir.

| (e + 25 dyyavd

=

I (Ty,\ ay y) xaz

! ’ or

: 7., +—=dxdy

| €---1----- @Z

|

| or

Tudydz | 7_dxdy — > .+ dod:
<« | _) X
A —_——
s
s
i +—————
e T, dxdz
¥ bl

Figure 3. The stresses occure at x direction on an elemental control volume (14-16)
Sekil 3. Elementer bir kontrol hacmi iizerinde x yoniinde olusan gerilmeler (14-16)

0

ZF;( = (Txx + yx

Z-XX
dydz—t_dydz+(t
éx)y wdydz+(

Benzer sekilde y ve z yonlerindeki siirtiinme kuvvetleri,

F,= 07, + o7, + 07, (29)
Ox oy 0z
, 0
F . = asz + TZ,V + arzx (30)
Ox oy 0z

seklinde yazilir. Es. 28, 29 ve 30’da verilen siirtiinme
kuvvetleri Es. 25, 26 ve 27°de yerlerine yazilirsa,

or 1
+ ? dy)dxdz—7 , dxdz+(7_, +

ot

dz)dxdy—7t_dxd
e Ydxdy—1 . dxdy

Similarly, y and z components of the friction forces,

P Gryx . GTW N 82’),2 29)
' Ox Oy oz
, or.,
F . = asz + TZ,V + asz (30)
Ox oy oz

are written. If Eq. 28-30 substitute in Eq. 25-27,
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p(7+u7+val wal)= _8£+ . x4 » + zx (€29

ot ox 0 oz ox Ox oy oz
0 0 0

p(@+u@+ v@ w@)= —a—P+ + O + i + ‘e (32)

ot ox 0 Oz 6y ! ox ay Oz
or

p(al+ual+val+wal): pgz+ aTZ)C + 2y + asz (33)

ot 0 oy oz %) ox dy oz

ifadeleri elde edilir. Siirtinme kuvvetinde bulunan
gerilmeler hizlar cinsinden asagidaki sekilde yazilabilir
(14, 15).

. /1(26—” —zdivUj (34)
- ox 3
S e (35)
vy oy ox
T, = ,u(Zav—zdivUj (36)
oy
ou Oow
- i 37
Fue = P ”(az 6xj
T, = (26w—2divUj (38%)
0z
S il (39)
o 0z Oy
divy = O O (40)
ox oy Oz

Es. 34-39°da hizlara bagli olarak ifade edilen bu
gerilme degerleri, Es. 31, Es. 32 ve Es. 33’de yerlerine
konur ve ara iglemler yapilarak diizenlenirse,

can be obtained. Stresses which are included in the friction
forces can be written as shown below depending on the
velocities (14, 15).

. y(z‘l” _Edfvuj (34)
- ox 3
ou Ov
Txy = T}’X = /u(ay + @CJ (35)
7, = ,u(ZZj —idivUj (36)
TYZ =1, = /'l[au—'_aw) (37)
’ ’ oz ox
2 38
T = 2——=divU (33)
oz 3
Ty =T, = ﬂ(a‘)+ awj (39)
0z Oy
divy = 20 oW (40)
ox oy oz

If Eq. 34-39, substitute in Eq. 31-32 and rearranged;
the momentum equation depending on the velocities,

ou ou ou ou - OP + o’u 0’u 0’u 1)
Cru— vt w—) ———+ g, + +

Pat ety ™ a ® ﬂ(axz o’ oo’
v v v oy = 4+ [0%v v % (42)
TtUu—+v—+w—) ——+pg, + +—

Aty e oy ”[ax2 o’ oz
ow ow oéw ow = OP L (&*w o*w o'w (43)
—tUu—+v—+w—) ——t+ 8. +

R T PP

hizlar cinsinden momentum denklemleri bulunmus olur
(13-17). Esitlik 41°de verilen x-momentum, Esitlik 42°de
verilen y-momentum ve Esitlik 43’de verilen z-momentum
denklemleri kisaca;

dUu

=-VP+ pg+ VU (44)
t

genel bigimde gosterilmektedir (13-23).

can be obtained (13-17). Eq. 41-43 can be written as a
general expression like below (13-23 ).

dUu

~VP+ pg + 1V°U (44)
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2.3. Enerji Denklemi

Bir akis alanindaki sicaklik dagilimi enerji denklemleri
ile ifade edilir. Bu enerji dengesi Termodinamigin Birinci
Kanununun bir elementer hacim elamani i¢in yazilmasiyla
elde edilmektedir (12-18). Sisteme disaridan bir 1s1
veriliyor ve sistem tarafindan is iiretiliyorsa, sistemde bir
enerji degisimi olmaktadir (13-15).

O-W=E (45)

Burada Q, sisteme giren veya sistemden ¢ikan 1s1 olup,
OFiletim, Qy,,~tasinim ve Q,,~radyasyon olmak iizere
bilesenlere ayrilabilir. Yapilan is (W) ise viskoz (W),
basing (W,) ve yergekimi ve elektromanyetik vb. diger
kuvvetler tarafindan yapilan isleri gostermektedir.

54,

2.3. Energy Equation

The temperature distribution in the flow area, are
expressed by energy equation. The energy equation is the
meaning of the first law of the Thermodynamics (12 — 18).
If there is a heat flux from a heat source to the system and
the system is produced a work with this heat flux, this
means that, there is an energy change in the system (13 -
15).

O-W=E (45)

where, Q is a heat which is coming in or going out of the
system, and can be divided in three components such as,
;= conduction, Qy,, = convection, Q,,,= radiation. I f we
consider W as a work, then W, is represents the viscous
work and W, is represents the pressure work, graviational
work and electromagnetic work.

(g, + = dz)dxedy
g T @, + 2 s
X 2 S
T
g, dydz —» —* gt a;; dx)dydz

Wad

f

g dxdz

Ggedxdy

Figure 4. The energy balance at an elemental control volume (13-15)
Sekil 4. Elementer bir kontrol hacminde enerji dengesi (13-15)

Burada basing ve viskoz kuvvetleri tarafindan yapilan ise,
yiizey kuvvetleri de denmektedir. Sekil 4’deki gosterildigi
gibi birim hacim elemanina giren ve ¢ikan 1s1 dikkate
alindiginda, sisteme verilen 1s1 (+), alinan 1s1 ise (-) ile

W, and W, is called the surface forces. As shown in Fig.4,
using the heat flux balance (heat flux into the control
volume (+), heat flux from the control volume (-)) the total
energy change,

gosterilirse, bu durumda sistemdeki toplam enerji
degisimi,
aqx aq y aqz
q=q.dydz—(q, + dx)dydz+q dxdz—(q, + ——dy)dxdz+q_dxdy—(q. + dz)dxdy
ox : oy T 0Oz
0 oq, 0
q=- Wy dxdydz — Ay dxdydz — 9. dxdydz (46)
Ox Oy oz
olur. Birim hacim (dV=dxdydz) igin sistemdeki 1s1 can be written. Heat change in the unit volume
degisimi, (dV=dxdydz), can be obtained using the Eq. given below.
_ (%, %, og. “n - %. % 0. @7
ox oy Oz ox oy oz

esitligi elde edilmektedir. Diger taraftan Fourier yasasina
gore 1s1 akist;

or

s (48)
q, x

Heat fluxes can be written as shown below using the
Fourier Law,

oT

k= (48)
ox

q;
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=4 (49) g, =k %; (49)
- el 8

seklinde yazilir ve qy, q, ve g, degerleri Es. 47°de Substituting the Eq. 48 - 50 in Eq.50 ( k = constant),
yerlerine yazilirsa (k=sabit olmak iizere), , , )
_k{6T+6T aT}:kVZT (51)

2 2 2 = +
gk 0 T+8 T+6 T VT (51 q oyt oz
ot oyt oz’

is obtained. The total surface stresses in x direction, is

esitligi elde edilmektedir. Yiizey gerilmeleri tarafindan x- obtained adding the works which are effected on the left
yoniinde yapilan is, and the right sides of control volume as shown in Fig. 5.
W,=zUdA (52) W,=1,UdA (52)

oldugundan, yilizey gerilmeleri tarafindan x-yoniinde
yapilan i Sekil 5’te gosterilen sol ve sag taraftaki
yilizeyler {iizerinde yapilan islerin toplanmasiyla elde

edilmektedir.
W.=o,, +vr,, +woz)dydz—(u +@ dx) (o, + 0o, dx)dydz
Y ox ox
or,,
—(v+ @dx) (r,, + ™ deydydz |- (w+ 6—de) (r,.+ ar—”dx)dydz (53)
Ox v ox Ox T ox

BuradaO,, ’nin o yiizeye gelen basing terimi ve bu
yondeki  kayma  gerilmesinin  toplami  oldugu
(o, =—P+r7 ) bilindiginden, yerine konur ve garpim

halindeki diferansiyel degerler (cok kiigiik oldugundan)
ihmal edilirse x-yoniindeki yapilan is;

a1,
v+ a—vffx)(‘l',o. + " dx)dveds
dx dx
Vi, dvdz
{5 4 15';“'51’1?-’:1(65Hr + &dx)dydz
&8 Tz d dx
d
& w2 adlr, + = anyayas
Wiz A —— =] B
-
////
///
-

Figure 5. Algebraic total of the stress and the velocity at x direction on a control volume (13-15)
Sekil 5. Elementer bir kontrol hacminde x yoniindeki gerilme ve hiz degerlerinin cebirsel toplami1 (13-15)

W - _( our,, . ovr,, . owr,, ] . ouP (54) Similarly, the work on y surfaces,
! Ox Ox Ox Ox
W, = _[ out,, . v, . owr,, J . ovP (55)
olarak bulunur. Ayni sekilde, y-ylizeylerinde yapilan is; oy oy oy o)
and then, the work on z surfaces,
W, :_(&wﬂ . o, . Gwr},zj_i_a\;]J (55)
oy oy oy oy W - _[ our,, N ovr,, N owt,, j N OwP (56)
z-yiizeylerinde yapilan is; Oz 0z 0z 0z
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W= our,, N ovr,, + owr_, N owP (56)
: oz Oz Oz oz
olarak elde edilmektedir. Bu durumda x, y ve z

yiizeylerinde yiizey gerilmeleri tarafindan yapilan toplam
is;

W=+ W, + W, (57)

seklinde yazilir. Es. 53, Es. 54 ve Es. 55°de verilen is ve
Es. 50°de verilen 1s1 terimleri ile i¢ enerji terimleri Esitlik
45°de yerlerine yazilir ve gerekli diizenlemeler yapilirsa
birim hacim bagina enerji degisimi;

dT

oC, o kV*T - PdivU +1,VU (58)
/ i
elde edilir. Esitlik 57’deki bazi terimleri incelersek;
CdT=C,dT-RdT=C,dT-d(P/p) (59)
seklinde yazilir. Esitligin her iki tarafi df ile boliiniirse,
dT dT d(P/p)
AT _ e 4T dPlp) (60)
Py a T T a
seklinde yazilir. Burada, d(P/P)> nin zamana gore
dt

tiirevi;

(61)

dt pdt p’dt

olarak yazilir. d(P/p)’ nin Es. 60’da verilen zamana gore
tiirevi Es. 58°de yerine yazildiginda,

dT dT  1dP _ 1 dp dT dP _ldp
—=pC, ——p(———-P—5—)= ———+ P
P a7 A p dt P’ dz) PCy dt dt p dt
(62)

oldugu goriiliir. Esitlik 10°da verilen siireklilik denklemi;

@+aﬂ+aﬂ+aﬂ:0
o ox oy Oz

diger bir ifade ile,

ldl = —divyy oldugundan, Es. 61°de yerine konursa,
p dt

dr dT dP

— = pC,— ——— PdivU (63)
PGy dt P dt dt

bagmntis1 bulunur. Esitlik 63 ile Esitlik 58 birbirleri ile
esitlenir ve diizenlenirse,

AP T VU (64)
dt dt
ifadesi elde edilir. Burada, yaymim enerjisi (dissipation
energy) z-ijVU = u¢ olarak gosterildiginde enerji
denklemi,
dT dP 2
=+ kVT+ (65)
Pdt o dt Ho
olarak yazilir. Akig sirasinda tabakalar arasindaki

stirtinmeden dolayr meydana gelen 1siy1 temsil eden
yayilma sabiti ¢ degeri; momentum denklemlerinde ifade

are obtained. Here, the total work, that is made by surface
stresses, on x, y and z surfaces is written as,

W=W AW, W, (57)

If Eq. 50, 53-55 substitute in Eq. 45, and required
arrangements are done the energy change per unit volume
is given by,

pcv‘;—T=kv2T—PdivU+r,jVU (8)
t
If we examine the some terms at Eq.58, it is written as,
CdT = C,dT-RdT = C,dT-d(P/p) (59)
If the both side of Eq. 59 are divided by “dt” gives,
o 4T _ o dT_ d(PIp) (©0)
dt ’dt dt
Here, derivative of d(P/p) in respect of time is written
dt
as,
dP/p) _1dP P dp 61)
dt pdt p°dt
Substituting the Eq. 60 in Eq. 58 gives,
ar_ 4 _ 1P _pldpy . dT _dP ,1dp
R P e P
(62)
Substituting the Eq. 10 in Eq. 62 gives,
dTr dT dP
o0 T pavy (63)
R

Equalizing the Eq. 63 to Eq. 58 and after the
rearrangement we obtain,
dT _dP

—+kVT+7,VU

al _ (64)
P dt dt

Here, showing the dissipation energy as z-’_jVU = ug, the

Energy Equation is written as,

p£:d£+szT+ﬂ¢ (65)
dt dt
Dissipation energy ¢ which represents the heat that
occurs due to the friction between the fluid layers, can be
obtained from stress expressions used in momentum
equation (5, 12). Writing the stress expressions as the
velocity expressions gives,
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edilen gerilmelerden elde edilebilmektedir (5, 12).
Gerilme degerleri ara islemler yapilarak hizlar cinsinden;

¢:{(au)2+(av) el )} [év au} {amv} [auaw} J{%%aﬂ (66)
x x | |ov &| & &) 3| v &

seklinde yazilir ve buna bagli olarak enerji denklemi en
genel sekliyle diizenlenirse,

pC(Q-F Q-l— @ g) (%4_ @4_‘;67[)4_ a£)+k( >
a o o & a &

and depending on this expression the Energy Equation
may be written as,

2
oT ﬂ+ﬂ)+#¢ (67)

o' o
esitligi elde edilir.
3. COZUM YONTEMI 3. SOLUTION METHOD

Ergimis plastiklerin akis davraniginin incelenmesi ve In order to solve the Navier-Stokes Equations and The

simiilasyonu i¢in kullanilan Navier-Stokes denklemleri ve
enerji denklemini sayisal olarak ¢6zmek i¢in, Sonlu
Kontrol Hacmi Yontemi kullanilmigtir. Temel denklemler,
Sekil 6.2’ da verilen ana kontrol hacminde Tam Implicit
Metodu kullanilarak integre edilip, ayriklastirilmistir.
Diferansiyel denklemlerdeki konveksiyon ve difiizyon
terimleri, Upwind yontemine gére ayriklagtirtlmustir.

Energy Equation which are used for study the molten
plastic’ s flow behaviour and simulation numerically,
Finite Control Method was used. Governing equations
were discretizated in the control volume (Figure 6 — a)
using Full Implicit method. And the diffusion and the
convection terms in the differential equations, were
discretizated using Upwind scheme.

i = i I t e e
| n | | Vid|n Fyniin
b ¥ ¥
W % 74 E o 1o ﬁ@e | e gl |
v Ve W WT |WB wl % e g
4 454___ F—+— c . __I__E_.l____
| | | S | | |
—t— : : i —
Az i Bx
a) b) &)

Figure 6. The control volume on which differantial equation integrated. a) Main control volume, b) Staggered grid at x
direction, c) Staggered grid at y direction
Sekil 6. Diferansiyel denklemlerin integre edildigi kontrol hacmi. a) Ana kontrol hacmi, b) x yoniinde kaydirilmis 1zgara,

¢) y yoniinde kaydirilmis 1zgara

Kaydirilmig 1zgara sistemi kullanilarak, basing ve
sicaklik gibi skaler degiskenler ana diiglim noktalarina,
vektorel bir biiyiiklik olan hiz ise kaydirilmis diigim
noktalarinda depolanarak hesaplanmistir. Basing terimini
veren bir denklem bulunmadigindan, SIMPLE algoritmasi
kullanilarak, siireklilik denklemi basing denklemine
dondstiirilmistiir (14,21-24).

Stireklilik, momentum ve
konservatif ~ formda
getirildiginde,

enerjisi denklemlerini
yazip tek denklem haline

Zwp+ Lop=Lah LaePys 68
ox oy ox oOx Oy Oy

seklinde yazilir. Burada, I ve S sirasiyla difiizyon
katsayist ve kaynak terimi olup, genel degisken ¢ ’ nin

alacagi anlama gore degerler alir (14,21-23). Esitlik 68,
kontrol hacminde integre edildiginde,

For the dicretization, the staggered grid system was
used. The scaler variables such as the pressure and the
temperature were calculated at main nodes and the
vectorial variable velocity was calculated at staggered
nodes. For calculating the pressure field, there is not any
equation. Because of this reason, the Continuity equation
was transformed to the pressure equation using SIMPLE
algorithm (14, 21-24).

The Continuity, the Momentum and the Energy
equations can be expressed in a single equation as a
conservative form as
0 0 0
LU L= Lahes @)
ox oy ox oy
Here, I and S are the diffusion coefficient and the
source term respectively and their values are changed

according to general variable ¢ If the Eq. 68 is
integrated in the CV, the disretization equation can be
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apfp = apPy +ay Py +aydy +asds +b (69)

seklinde cebirsel formda yazilir (23,24).

Analizi yapilan Sekil 7° de ki diizglin dikdortgen
seklindeki kalip bosluguna ergimis plastigin dolmasi,
akigkanin  hizi ve sicaklik dagilimlari incelenmistir.
Phoenics 3.4 programi kullanilarak yapilan sayisal
analizde, hesaplamalar Pektim iriini olan I-668 kodlu
Yiiksek Yogunluklu Polietilen (YYPE) malzemesi icin
yapilmigtir. Ayrica, ideal olmayan akis 6zelligi gdsteren
plastigin viskozitesini hesaplamak icin literatiirde ¢ok
yaygin olarak kullanilan Power-Law viskozite modeli
kullanilmigtir. Sinir sartlari olarak,

T,=40°C, Kalip sicaklig

T = 220° C, Enjeksiyon sicaklig
Vinj= 0,25 m/s, Giris hiz1

Piy= 50 MPa, Giris basinci

olarak alinmustir.

20

written as,

aP¢P = aE¢E +aw¢w +aN¢N + as¢s +b (69)

In this paper, filling analysis, velocity and the
temperature distribution of molten polymer during the
filling stage of a rectangular shaped mould cavity as
shown in Fig. 7, was analysed. For the numerical analysis
of molten high density polyethylene (I-668 supplied by
Petkim) PHOENICS 3.4 general purpose CFD code was
used. Furthermore, Power-Law viscosity model was used
calculation of the melt viscosity. The boundary conditions
used in the analysis were,

T, =40°C, at mould wall
Tiyj=220° C, at mould gate
Vinj= 0,25 m/s, at mould gate

Pi,j= 50 MPa, at mould gate

Girig [Gate)
—

X

3]

¥

Figure 7. The geometry of the mould cavity at which flow analysis and simulation are made
Sekil 7. Akis analizi ve simiilasyonu yapilan kalip boslugu geometrisi

Plastik ile kalip boslugundaki hava arasinda keskin bir
yogunluk farki oldugundan, iki farkli yogunluk ara
ylizeyinin tespiti i¢in Van Leer metodu kullanilmustir.
Gaus-Jourdan eliminasyon metodu kullanilarak yapilan
hesaplama sonucunda, elde edilen degerlere gore
bosluktaki yogunluk degisimine bagli olarak akis
simiilasyonu yapilmistir. Yogunlugun degisimi igin
Boussinesq metodu  kullanilmis  olup, yogunlugun
sicaklikla degisimi dikkate alinmistir. Ayrica, akis analizi
yapilan YYPE malzemesinin camsi gecis sicakligi 137 °C
olarak alinmustir. Camsi1 gegis sicakliginin altindaki
sicakliklarda plastik malzeme, kati fazda oldugu igin,
sicakligin bu degerin altina diistiigi bolgelerde katilasip
bir katman tabakasi olusturmaktadir. Yaptigimiz analizde,
Darc’y katilik orani kullanilarak ergime sicakligi ile camsi
gecis sicakligi arasindaki sicakliklar 10 esit parcaya
bolinmistiir. Daha sonra her bir boliintii i¢in 0 ila 1
arasinda katsayr atanarak katilik orani belirlenmektedir.
Cams: gecis sicakliginin altindaki sicakliga sahip bolgeler
tam kati, ergime sicakligimin {istiindeki bolgeler de
tamamen sivi olarak degerlendirilmektedir. Sicaklik
degerleri enerji denklemi ¢oziilerek elde edilmistir. Sekil
8 de gorildigi gibi, dikdortgen seklindeki kalip
boslugunun ergimis plastigin kalip boslugunu doldurma
tipini veren simiilasyon goriintiileri elde edilmistir.

Because of sharp density interface between plastic melt
and air in the cavity, for describing the interface of the
melt-air, Van-Leer method was used. Flow was simulated
according to density variation in the cavity with the
obtained values by Gauss-Jordan elimination method. The
variation of the density depending on the temperature was
calculated using Boussinesq method. In addition, for
HDPE materials glass transition temperature value 137 °C
is used. Because the molten plastic under the glass
transiation temperature is behaved like a solid phase, under
the glass transition temperature zone a solidified layer
occurs. In the achieved analysis, using the Darcy’s
solidification ratio the melting temperature between melt
and glass transition is divided into 10 equal point. And
than, the values between 0 and 1 are appoint to the each of
the divisions for determining the solidification ratio. Thus,
under the glass transition temperature zones are evaluated
as a completely solid and the others are evaluated as a
completely liquid. The temperature datas are obtained
from solution of the Energy equation. And the flow
behaviour of the molten plastic in rectangular shaped
mould cavity was obtained as shown in Fig. 8.
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Figure 8. The filling of molten plastic in mould cavity
Sekil 8. Ergimis plastigin kalip bosluguna dolmast

Sekil 8’ de goriildiigii gibi, giris bolgesinde 0,05’ inci
saniyede yaklagik 12 mm uzunlugunda fiskiye akis olarak
adlandirilan akis tipi gergeklesmistir. 0,1 inci saniyede
ergimis plastik kalip ylizeylerine dogru yonelmis, daha
sonra siirekli beslenen plastigin basinci ile kalip boslugu
doldugu tespit edilmistir. Ergimis plastigin kalip
yiizeylerine temas ettigi yerlerde ve akig burnunda
katilagmis katman oldugu belirlenmistir.

4. SONUC

e  Yapilan bu ¢alisma ile, bir cok kaynakta var olan,
cesitli ve karmasik yoOntemlerle tiiretilen temel
denklemler en basit ve anlasilir bir sekilde
sunulmustur.

e  Akiskanlarin dinamik davraniglarini belirlemede ve
basing, hiz, sicaklik gibi akisin ozelliklerini
belirleyen parametrelerin hesaplanabilmesi igin elde
edilen lineer olmayan Navier-Stokes denklemleri
say1sal olarak ¢dziimlenmistir. Phoenics 3.4 programi
kullanilarak yapilan analizde temel denklemler, iki
boyutlu olarak inceledigimiz Sekil 4’ deki kontrol
hacmi i¢in Sonlu Kontrol Hacmi ydntemine gore
cebirsel hale getirilmis ve Gaus-Jourdan eliminasyon
yontemi ile ¢éziimlenmistir.

e  Tam Implicit metodunun kullanildig1 ¢dziimlemede,
diferansiyel  denklemlerdeki  konveksiyon ve
diftizyon  terimleri Upwind metoduna gore
ayriklastirma yapilmustir.

e  Sikistirlabilir akis olarak ¢dziimlenen denklemlerde
yogunlugun degisimi, Boussinesq metoduna gore
yapilmis olup, yogunluk sadece sicaklik degisimine
bagli olarak hesaplanmistir.

e Kalip bosluguna dolan ergimis plastik, kalip
ylizeylerine temas ettigi anda 1s1 transferinden dolay1
sicakligint  kaybetmektedir.  Darc’y  yontemi
kullanilarak katilik orani tespit edilerek, camsi gegis
sicakliginin altina diisen bolgelerdeki kati katman
tabakasi olusumu belirlenmistir.
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As shown in the Fig. 8, at 0.05™ second of the filling
stage fountain flow was occurred. At 0.1" second the flow
front of the melt was oriented towards to the mould walls.
It is determined that, at the mould-melt interface and at the
melt front-air interface a thin solid layers (simulated in
green colour) were occurred.

4. CONCLUSION

e In this paper, the governing equations derived more
simple and clearly than the other references.

e Non-Linear = Navier-Stokes equations were
numerically solute. The governing equations were
discretizated using Finite Control Volume method
and numerically analysed using the Gauss-Jordan
elimination method.

e Solutions were done according to full implicit
method. For the convection and the diffusion terms
discretization were done according to upwind
scheme.

e In this paper, the melt considered as a compressible
fluid. The density variations were determined using
the Boussinesq method and the density considered as
an only temperature dependent variable.

e Using the Darcy’ s solidification ratio, a thin solid
layers were determined at the mould-melt and at the
melt front-air interfaces.

e  Analysis obtained using Navier-Stokes equations and
the time dependent (unsteady) flow behaviour of the
melt in the mould cavity.
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e  Navier-Stokes denklemleri kullanilarak yapilan
analizde, ergimis plastigin zamana bagli olarak kalip
boslugunu doldurma tipi belirlenmistir.
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Semboller Nomenclature
a : ivme m/s* a : acceleration m/s*
C : Isinma 1sist J/kg K C : Specific heat J/kg K
g : Yer cekimi ivmesi m/s g : Gravity acceleration m/s>
m : Kiitle kg m : mass kg
P : Basing N/m? P : pressure N/m?
q : Istakist W/m* q : Heat flux W/m?
u : Hizin x bileseni m/s u : X-component of velocity m/s
U : Mutlak hiz m/s U : Absolute velocity m/s
v : Hiziny bileseni m/s v : y-component of velocity m/s
w : Hizmy bileseni m/s w : z-component of velocity m/s
W : Is Joule, Nm W : work Joule, Nm
1t : Kesme gerilmesi N/m’ T : Shear stress N/m’
¢ ¢ Genel degisken ¢ . General variable
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