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ABSTRACT

PART COOLING ANALYSIS BY CONFORMAL COOLING CHANNELS IN
INJECTION MOLDING

Ozmen, Mehmet Emin
M.S. Department of Mechanical Engineering

Supervisor: Asst. Prof. Dr. Merve Erdal

December 2007, 111 pages

Straight cooling channels are the most common method of controlling part
temperature in injection molding process. However, straight cooling channels are not
enough to manage temperature uniformity of the parts. In this work, a numerical study
is conducted to decrease cycle time and cost of the injection molded parts by using
conformal cooling channels. For this purpose, the commercial injection molding

simulation program Moldflow is used.

The governing physical equations for injection molding were derived and
presented. The assumptions of the model were checked for simple geometries by
comparing analytical results and numerical results of Moldflow. Then, the effect of
conformal cooling channels is investigated for injection molding of a half cylinder
shell part. It was seen that conformal cooling channels cools part faster and more

uniform than straight cooling channels without corruption on the surface appearance.

Finally, a real life case study was presented. For this purpose, a refrigerator
shelf that is manufactured by the Arcelik Company was studied. The process was
simulated using actual process parameters and simulation results were compared with

production results. Then, the process was simulated using conformal cooling channels

v



and compared with production results. It is seen that the cycle time of the refrigerator

shelf was decreased considerably while preserving surface quality appearance.

Keywords: Injection Molding, Conformal Cooling Channels, Moldflow
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PLASTIK ENJEKSIYONDA PARCA YUZEYINI IZLEYEN SOGUTMA
KANALLARI ILE PARCA SOGUMASININ ANALIZI

Ozmen, Mehmet Emin
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Yard. Dog. Dr. Merve Erdal

Aralik 2007, 111 sayfa

Plastik enjeksiyon prosesinde, diiz sogutma kanallar1 parcanin sicakligini
kontrol etmekte kullanilan en yaygin metoddur. Fakat, diiz sogutma kanallarinin
kompleks parcalarda diizgiin bir soguma saglamasi1 zordur. Bu calismada, parcanin
cevrim siiresi ve maliyetini diisiirmek i¢in parcanin dis kontiiriinii izleyen kanallar
kullanarak sayisal bir calisma yapildi. Bunun i¢cin Moldflow adli ticari simiilasyon

programi kullanildi.

Plastik enjeksiyon i¢in genel fiziksel denklemler ¢ikarildi ve sunuldu. Modelin
varsayimlar1 basit geometriler iizerinde analitik sonuclarla Moldflow’un sayisal
coztimleri karsilastirilarak kontrol edildi. Sonra, parca yiizeyini izleyen sogutma
kanallariin etkisi, yarim silindir kabuk parcasinin plastik enjeksiyonunda incelendi.
Parca yiizeyini izleyen sogutma kanallarinin diiz sogutma kanallarina gore, parca
yiizeyinin goriiniisiinde bir bozulma olmadan, parcayr daha hizli ve daha dengeli bir

bicimde soguttugu gozlendi.

Son olarak gercek yasamdan bir 6rnek sunuldu. Bunun i¢in, Arcelik firmasi
tarafindan {iretilen buzdolaba kapagi calisildi. Proses gercek iiretimden alinan datalar

ile simiile edildi ve gercek iiretim sonuglari ile karsilastirildi. Proses daha sonra yiizeyi
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takip eden sogutma kanallar1 ile simiile edildi ve gercek iiretim sonuclar ile
karsilagtirildi. Buzdolab1 kapaginin ¢evrim siiresinin ylizey goriiniisiinde bir bozulma

olmadan onemli Ol¢iide diistiigii goriildii.

Anahtar Kelimeler: Plastik Enjeksiyon, Parc¢a Yiizeyini Izleyen Sogutma Kanallari,

Moldflow
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CHAPTER 1

INTRODUCTION

In this study, the effect of conformal cooling channels on part cooling and part
quality in injection molding process was investigated using the commercial software
package “Moldflow Plastic Insight”. In this chapter, a background information is
presented to the readers for the understanding of the physical events on which injection

molding and conformal cooling are based.

1.1 The Injection Molding Process

Injection molding is the process of forcing melted plastic into a mold cavity,
that is in the shape of the part to be produced. Upon filling the cavity, the plastic cools
and solidifies. The mold is then opened and the plastic part is ejected. This is a process
used in mass production of a variety of parts that can have complex shapes as well as a
range of surface textures. In fact, for some complex parts, injection molding is the only
feasible manufacturing process. Lots of variations of the products can be manufactured
by the injection molding process easily. Therefore, injection molding process is the
most popular process for manufacturing plastic products. Products of this process are
highly repeatable, need little finishing operation and labor costs are very low compared

to the part cost [1].

1.1.1 Hardware of Injection Molding

An injection molding machine consists of three basic parts; the injection, the
clamping and the mold units, as shown in Fig. 1.1. The injection unit melts the plastic
and injects it into the mold as shown in right side of Fig. 1.1. Mold has two halves; one

stationary and one movable and it accepts molten plastic material which is injected into
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the mold cavity to form a part. Cavity is the hollow section of the mold in the shape of
the part. Lastly, during injection of molten polymer, high injection pressure arises
inside the mold cavity, therefore clamp system applies high force to keep mold halves

closed and prevent leakage, as shown in the left side of Fig. 1.1.

I clamping I mald I Injection |
I I I 1
rear moving siationary
platten platten platten
et cavity
/

heater bands

Figure 1.1 Typical injection molding machine: the injection, the mold and clamping

unit [2]

There are a few different types of injection molding machines according to ram
type; by far the most common are reciprocating screw machines. Reciprocating screw
machines comprise more than 95% of machines in use today. The others, single and
two-stage plunger machines, and two-stage screw and plunger machines, make up the
rest [3]. In a reciprocating screw machine, the injection unit has four functions: heating
and melting the plastic material, mixing the melt with additives, homogenizing the melt
to a uniform temperature, injecting the melt into the mold cavity. In injection unit,
polymer granules are loaded into a hopper on top of the injection unit. Drying units,

may be attached to the hopper, heating the pellets to remove moisture. The polymer
2



granules are fed into the barrel where they are heated until they reached molten form.
When screw turns, granules move through the screw channels, towards the injection
nozzle, inside the barrel. As molten polymer goes forward, screw retracts. After
enough molten polymer is accumulated, screw stops turning. Then the screw goes
forward like a plunger and pushes the molten polymer into mold. At this time, the
check valves at the end of barrel are closed to prevent leakage of the molten polymer.
Screw continues to apply pressure during packing until beginning of the solidification,
as shown in Fig. 1.2. After packing, check valves are opened and screw starts to turn

again and retract for the next cycle.

Nozzle
Valve Seat Valve ring

Screw
Motion

Figure 1.2 Movement of the screw during injection stage of an IM cycle [1]

The mold is one of the main parts of the injection molding process where
filling, packing, polymer solidification and safe ejection of the part occur. The simplest
mold consists of two plates; a stationary plate into which polymer is injected and a
movable plate connected to the clamp system, as shown in Fig 1.3. The line at the

meeting of the two plates is called mold open line.



Parting Line

Stationary
Mo~ _—Plate
: . iy
Ejector Cavity
Pins

Runner

Sprue

Gate

Movable Plate N
Cooling

Channels
(for cooling the plastics)

Figure 1.3 A typical mold

The mold is designed with channels called feed systems that direct the molten
polymer to the part cavities, as shown in Fig.1.3. The sprue is a tapered channel
delivering the molten polymer from the barrel to the relatively cold mold through a
nozzle. When the pressure rises in the sprue channel, the plastic melt splits into the
runners. Runners only exist in the multi-cavity molds. Especially for small parts in
large quantities, several cavities can be included in one mold; such molds are called
multicavity molds [1]. The melt moves down the runners until it reaches the gate. Gate
holds the melt until the entire runner system is filled. Then, the molten polymer goes
through the gate and fills the mold cavity. Gates are very small openings and are

usually placed at the thicker portions of the cavity to avoid premature solidification.

Cooling lines drilled through the main body of the mold are used to keep the
mold at a constant temperature and to take heat from part in order to cool the part

uniformly. Coolant is passed through these lines to cool the part. Cooling time is a key
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factor in determining the production rate of injection molded parts and surface quality
of the parts. Because of rapid filling of the cavity, a small quantity of compressed air

also fills the cavity. Vent channels are drilled into the mold to get rid off the air.

The clamping unit holds the two parts of the mold together while the resin is
being injected and the part is cooled. It must withstand injection pressure and keep the
mold closed. It also provides the force to open the mold. Usually, total clamp force

should be 2-2.5 ton per inch square to keep the mold closed properly.

After cooling and solidifying, the part is ejected by ejectors incorporated into
the mold. During ejection stage, the mold is opened, the part is ejected, and the mold is

then closed again for the next cycle.

1.1.2 An Injection Molding Cycle

One cycle of injection molding process is made up of four steps. These are

filling, packing, cooling and ejection, as shown in Fig. 1.4.

Movable
Platen Polymer Melt

check valve —

-—
o v F I3
(®)
Solidification _
Fresh polymer melt Ocouring MMolding
for next shot
AR
by 'T\ .\
L4 \f N, N
3 ~— 7= —
) 8 m
N SN,

(c) ()

Figure 1.4 Injection cycle for a reciprocating screw injection molding machine

a) Filling b) Packing c) Cooling d) Ejecting [4]



The cooling phase starts at the moment the mold cavity is completely filled and
goes on until ejection of part as shown in Fig. 1.4.c. The cooling phase of the cycle
allows the material to solidify with no packing pressure. When part solidifies, heat is
extracted from the part. Most of heat is absorbed by the coolant passed through the
cooling channels, some heat stored in the mold and remaining heat leaves the mold by
convection with air. During the cooling phase, check valve opens, the screw begins to
rotate. By rotating action of screw, plastic begins to melt and to accumulate to front of
the screw and forces the screw to retract. The screw continues to rotate and plasticize
material until the desired amount of material has accumulated in front of the screw,
known as shot size. Cooling time mainly depends on the part thickness, the thicker part
is, the longer cooling times takes. In the cooling phase, the thermal and mechanical
properties, design of cooling channels dominate the dimensional changes in the

material.

After the prescribed cooling period, the part has solidified, the mold is opened
and the part is ejected as shown in Fig. 1.4.d. The clamping unit opens, separating the
two halves of the mold. An ejecting rod and plate eject the part from the mold. At this
time, there is enough material in the barrel for injection to the cavity. After ejection,

the mold is closed and ready for next injection stage.

Filling is the forcing of the molten resin into the cavity, as shown in Fig. 1.4.a.
The polymer that was melted and accumulated in the previous cooling phase is now
injected into the empty cavity. The check valve is opened and the screw moves rapidly
without rotation and molten polymer is forced through the nozzle, sprue and runner
into the mold cavity. This filling rate can be varied according to injection pressure or

screw forward speed.

The packing phase begins after the molten polymer completely fills the cavity,
as shown in Fig. 1.4.b. The purpose of the packing phase is to fill empty regions or
locations where volumetric shrinkage occurs and to tighten the part, as the material

cools and solidifies. At the end of the filling phase, screw movement continues under
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pressure control. The pressure applied during this phase is prescribed by the packing
profile and injection molding machine parameters can be arranged to get desired
packing profiles. The frozen layer thickens according to the convection of material and
conduction of heat to the mold. Ultimately, the gate freezes and flow into the part
ceases as shown in Fig. 1.4.c. In the packing phase, the significance of the flow
properties diminishes. The thermal and volumetric properties determine the ultimate

shrinkage of the material.

The whole process is repeated on the next cycle.

1.2 Determination of Thesis Topic

In this study, a production issue related to the injection molding industry in and
around Ankara was identified and studied. Specifically the use of conformal cooling
channels for increasing production quality and reducing cost has been chosen as the
thesis topic. However, arriving at this particular topic required a survey of the major
companies in business. Four major injection molding companies (Serdar Plastik,
Arcelik Refrigerator Factory, EM-GE, Aygersan) were interviewed and the issues
related to their production were investigated for each.

In Arcelik, one of the products produced by injection molding was the
refrigerator shelf. During production, cycle time was deemed to be too long. Even
when different process parameters were varied to decrease the cycle time, the expected
results were not reached. Specifically, a reduction in cooling time was accompanied by
reduction in part quality. Therefore, conformal cooling was considered to be a viable
solution at this stage. Cooling time makes up the largest portion of the cycle time, as
shown in Fig. 1.5. Conformal cooling channels (as opposed to traditional cooling
channels) may decrease the cooling time while maintaining part quality by uniform

cooling.
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Figure 1.5 Allocation of time in one cycle of the injection molding [2]

Conformal cooling is not a common method in injection molding sector in
Turkey. Even though the current study subject arises from a specific case, namely the
need to decrease the cycle time of injection molding of a refrigerator shelf, the main
purpose is to contribute to the understanding and applicability of conformal cooling
technique in general. The study aims to show that conformal cooling can be a viable

alternative method to traditional cooling in injection molding sector.

1.3 Conformal Cooling Channels

The efficiency and cost of the injection molding process depends largely on the
cooling time spent in the molding cycle. When cooling is not uniform, some regions of
the plastic are faster cooled than other regions. This causes uneven part shrinkage and
poor part quality. This is usually the case when part geometries are intricate and
cooling channels are traditional. Traditional cooling channels are straight channels
drilled into the mold cavity, usually on a plane above the cavity. The conformal
cooling channels differ from conventional cooling channels such that the conformal
channels follow the contours of the cavity (part) (Fig. 1.6). With such a configuration,
during solidification of the melted plastic, the cooling rate is expected to be uniform
leading to a reduction in the molding cycle time, with fewer part defects due to uneven

cooling.
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Figure 1.6 (a) Configuration of conventional cooling channel design (b) Conformal

cooling channel design [5]

1.3.1 Background

There have been many methods developed to decrease cycle time of the
injection molding and get more uniform cooling. Some approaches involved varying
the process parameters to get uniform cooling.

Ji-Zhao Liang [6] has tried to design a conventional cooling system that would
absorb the maximum heat by the coolant. For this, he used a simple 1-D heat
conduction model and optimized various parameters such as tube diameter, cooling
tube spacing and the displacement between the cooling tubes and the cavity wall. Natti
et al. [7] have performed a similar study to obtain uniform cavity wall temperature.
Mathey et al. [8] have analyzed the cooling of shaped parts (T-shaped and L-shaped)
by solving transient heat transfer based on BEM to obtain optimum locations for
cooling channels.

Recently molds with cooling channels that follow the complex contours of part
geometries have been manufactured. In these molds, the path of the cooling channels
follows the cavity surface. Such cooling channel layouts are called conformal cooling
channels.

Sun et al. [9] proposed U-shape milled groove cooling channels, manufactured

by milling method, for complicated parts. They compared U-shape milled groove
9



cooling channels with conventional straight ones as shown in Fig. 1.7 and found more
uniform temperature distributions with U-shape cooling channels than with straight
cooling channels. However, pressure drop in U-shape channels were found to be much
higher than pressure drop in straight cooling channels indicating the energy consumed

to operate cooling pumps is higher for U-shaped channels.

Straight ~ Cavity
Channels

|
| U-shape milled
groves
Inlet

Figure 1.7 Cavity of a mouse cover with U-shape milled grooves and that of a mouse

cover with straight cooling channels [9]

Today, some cooling channel layouts are too complex to be produced by
traditional machining methods. Therefore, rapid prototyping techniques have been
adapted to produce molds with conformal cooling channels. Sachs et al. [10] created a
mold by “Three Dimensional Printing Process” spreading layers of stainless steel
powder and selectively joining the powder in the layers by ink-jet printing, creating
conformal channels layer by layer. They showed that the conformal tool had no period
of transient behavior at the start of molding, while the mold with conventional channels
took a number of cycles to reach to an equilibrium temperature as shown in Fig. 1.8. At
the same time, molds with conformal channels yielded more efficient cooling than

conventional channels.
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Figure 1.8 Comparison of mold surface temperature for straight cooling channel and

conformal cooling channel [10]

1.3.2 Design Issues in Conformal Cooling Channels

Conformal cooling channels have advantages compared to conventional cooling
channels in terms of cooling time and surface appearance quality of the part due to
uniform cooling. However, it is not a common method in injection molding sector due
to some limitations. Molds manufactured by rapid tooling methods have material
problems. Mold materials are generally plastic, therefore problems arises from

mechanical properties and thermal conductivity and of the mold material.

Thermal conductivity mold material is important in the rapid tooling process.
Thermal conductivity of plastics is very low with respect to that of metals, that is, rate
of heat transfer is low in rapid tooling molds and heat can not be extracted properly due
to low thermal conductivity of the mold material. Therefore, cycle times of molds
manufactured by rapid tooling are quite long without additives increasing the thermal
conductivity of the part. Different types of mold materials to be used in rapid
prototyping process to manufacture molds are being developed by mixing various
plastic resins with additives to increase thermal conductivity. For instance, epoxy resin
mixed with 40 % aluminum powder by volume was shown to reduce cycle time of the
corresponding mold to about 2 min from the 4-5 min [11]. Mold geometries are also

11



studied to increase heat transfer from the part by installing heat flux channels in the
cavity [12]. Except for thermal conductivity, number of cycles in rapid tooling molds is
very low compared to traditional molds due to low mechanical property. Especially,
molds exhibits wear signs at the high temperature and easily broken down at ejection

stages after a few cycles due to excessive ejection forces [13].

1.4 Scope of Thesis

In this study, the effect of conformal cooling channels in injection molding is
investigated on the refrigerator shelf, using a commercial molding simulation program,
Moldflow Plastic Insight. Various injection and cooling scenarios are modeled and
compared for traditional and conformal cooling. The aim is to demonstrate the
improvements brought about by conformal cooling as well as its limitations for the

feasibility of using them.

In chapter 1, a background on the injection molding process and conformal
cooling have been given, along with short description of how the thesis topic was

chosen.

Chapter 2 gives an overview of mathematical models used in simulating
injection molding process. The simulation program ‘“Moldflow” used in this study is

based on these mathematical models.

Chapter 3 gives a detailed description of the software Moldflow, used in this
study, as well as comparison with other commercial software codes used in molding

simulation in the industry.

Chapter 4 presents the results of this study in which the software Moldflow is
used to simulate various processing scenarios. First, 1-D plastic melt flow simulation
results are compared with analytical results to assess the approximations used in the
mathematical models in Moldflow. Next, the effects of conformal cooling channels are

studied in depth by simulating the injection and cooling stages of the process for a

12



benchmark part geometry. Lastly, the effects of conformal cooling channels are studied
on a real life example. For this case, a refrigerator shelf that is injection molded by the
company Argelik is analyzed. The simulation results are compared with experimental
data gathered from the company. A simulation of the molding of the part is presented

for conformal cooling and the results are discussed.
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CHAPTER 2

MODELING OF INJECTION MOLDING

2.1 Background

Most work in injection molding in literature appears in experimental nature.
Mathematical models for injection moldings were developed to examine flow velocity,
pressure, temperature fields and the position of the flow fronts. Process parameters of
the injection molding machine can be selected based on simulation results. Such
simulations help with process design, as well as foreseeing design problems that might

increase process cost.

Research on injection molding started with the works of Spencer and Gilmore
[14] in the early fifties. They were the first to describe the fluid dynamics and the
pressure drop of Newtonian fluid in pipe filling and developed a correlation to

calculate filling time associated with the molding process.

Broyer et al. [15] have solved the isothermal filling of rectangular cavity with
Newtonian fluid to study flow behaviors. Menges and Liebfried [16] have investigated
non-Newtonian flow into a rectangular cavity to find the path of the streamlines. White
et al. [17] conducted similar studies in cavities having complex geometries. In studies
of Menges, Liebfried and White and Dee, it is concluded that heat transfer can be
neglected during filling. In addition to planar flow, investigations have been made on
cylindrical cavities. Berger et. al [18] have solved the problem of radial filling of a
circular cavity with a power—law fluid under non-isothermal conditions. Kamal and
Kenig [19] have solved the same flow in a semi-circular cavity. They have studied

position and orientation of the flow fronts during filling. Wu [20] further extended the

14



model of Berger and Gogos to the filling of a circular cavity with a power law fluid,

under non-isothermal and transient conditions.

Hieber and Shen [21] developed the Generalized Hele-Shaw Model, also called
2.5D model in simulation programs to simplify complicated 3-D Navier-Stokes
equations to model inelastic and non-Newtonian fluids under non-isothermal
conditions in filling of thin cavity. The model ignores the velocity and pressure
distribution along gapwise direction. This becomes important, as part geometry gets
complicated and 3-D effects become prominent. However, today, Hele-Shaw model
still remain the most popular models as most injection molded parts have small

thickness variations.

Zhou [22] presented a three-dimensional finite element model to perform more
accurate simulations of 3-D Newtonian flow by using Cross-type viscosity model to
find the weldlines and compare with experimental results. In his model, pressure and
velocity distribution along gapwise direction is not neglected. Gao [23] et al. present a
3-D finite element model capable of predicting the velocity, pressure, and temperature
fields, as well as the position of the flow fronts. The velocity and pressure fields were
governed by the generalized Stokes equations. The fluid behavior was predicted

through the Carreau Law and Arrhenius constitutive models.

2.2 Governing Equations for Modeling Injection Molding

Injection molding process can be divided into several stages including filling,
packing and cooling. Each of these stages can affect the dimension or precision and the
performance of the molded part after the process. In this section, mathematical models
will be presented for each injection molding stage. The software package used in this

thesis, Moldflow, utilizes these models.

2.2.1 Flow Equations for the Filling Phase

In this section, the most general form of flow equations are presented. The

Hele-Shaw approximation which is used in almost all injection molding simulation will
15



be derived, based on the general form of the conservation equations. These basic laws
are derived for Newtonian fluids.
2.2.1.1 Continuity Equation

The basic principle of conservation of mass applied to an infinitesimal control

volume within the fluid melt yields the continuity equation. In Cartesian coordinate

system,

op, 9(pu) 9(pu) I(pw) _, @
ot 0x dy 0z

or

a—p+V-(p\7) =0 (2.2)
ot

2.2.1.2 Momentum Equation

For an infinitesimal fluid control volume, the force balance can be written using
Newton’s second law. For Newtonian fluids, the momentum eqn. yields the Navier-

Stokes equation. In Cartesian coordinates, the equations are
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2.2.1.3 Energy Equation

During filling, molten polymer begins to cool as it enters the cavity. Though the
temperature change during filling is relatively small compared to filling, it can still

affect the flow. Volume expansivity of molten polymer is zero, o, =0, then energy

equation can be expressed as

pC, %T = Vo(kVT)+ P (2.4)

or in Cartesian coordinate
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(2.5)

oT oT oT oT T o°T 9°T
\% +w— |=k Tt 5t +d
ot ox  dy ow ox~ dy- o0z

In eqn. (2.4), the left hand side represents the rate of change of energy, the first term on
the right hand side represents rate of heat diffusion in the molten polymers and the
second term on the right hand side represents the rate of viscous dissipation per unit
volume. Viscous dissipation is the rate at which the work done against viscous forces is
irreversibly converted into heat in a viscous fluid per unit volume. In plastics, viscous

dissipation can not be neglected and is expressed as [24];

(aujz av Y (awjz 1(8u awj2 1(av du) 1w avY
o=2u||— |+ — | H — |+ —F— | +=| ——F+— | +=| —+—
ox ady oz 2\ dz  ox 2{0x oy 2 dy oz
1 2
L) } (2.6)

2.2.2 Hele-Shaw Approximation

Parts produced through injection molding are generally thin parts, thus the mold
cavities have thicknesses much smaller than their planar dimensions. Hele-Shaw model
1s appropriate to represent the flow of a generalized Newtonian fluid in a thin cavity.
The small gapwise dimensions allow the use of the Hele-Shaw approximation while
analyzing the flow in injection molding [25]. Fig. 2.1 shows flow through a narrow gap
into a mold cavity. The Hele-Shaw equation will be derived based on this schematic.
No-slip conditions apply at the cavity boundaries. The momentum equations stated
earlier will be simplified using the Hele-Shaw approach. For Hele Shaw

approximation, the following assumptions are made [26]

e The cavity is thin; b/L << 1, where b is thickness of the cavity and L is the length
of the cavity in the flow direction. As the width to thickness ratio increases, the

results will be more accurate
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e The velocity component in the z direction is neglected and pressure is function of x
and y only.

e The velocity gradient in the x and y directions is negligible compared to the z
direction gradient

e The inertial terms are negligible in comparison to the viscous terms.

e Surface tension and body forces are negligible

e Heat conduction in the flow direction is neglected

e Thermal convection in the gapwise direction is neglected

e Material is incompressible and viscous with the melt density remaining constant

during filling

Cavity

Molten /
Polymer

2b

L

f

Figure 2.1 A narrow gap cavity used in the Hele-Shaw approximation

(Dantzig and Tucker, 2001, p. 218)

2.2.2.1 Continuity Equation
Applying Hele-Shaw assumptions to the continuity eqn. (2.1) yields eqn. (2.6).

Since, the z-component of the velocity is neglected and the fluid is incompressible,

eqn. (2.1) becomes

ou ov

4+ -0 2.7
ax+8y (27
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2.2.2.2 Momentum Equation

For the x-momentum equation eqn. (2.3.a), neglecting the velocity component in z-

direction and body forces yields

du du du oP 0 du 2(du odv
pl —tu—+v—|=——+—| 24— ——| —+—
ot 0dx 9y ox OX ox 3(ox oy

0 dv du d| odu
S ) A RMICL | I P 2.8
+8y{“(8x+ayﬂ+az{uaz} (28

The left hand side of the above equation denotes inertial forces. Since, in the Hele-
Shaw approximation, the viscous forces dominate the inertial forces, then the x-

momentum equation becomes

O:_a_P+i 2 a_ll_g 8_u+8_v +i 8_V+8_u +i[ a_u:| (2 9)
ox ox Max 3lox dy dy H ox dy 0z Maz ‘

Using the continuity eqn. (2.7), eqn. (2.9) yields
oP 9 du| dov du d| du

O=———+—2u— |+— || —F+— ||+ —| L— 2.10
ax+ax[ ”ax}ray{“(ax+ayﬂ+az{”az} (.10

Due to small gap presence, the velocity gradient along z-direction dominates other

velocity gradients, i.e

du d0v__du du dv ov

T, T O T, Ty Ty (2.11)
dz dz  Jdx dy Ox 9y

The final form of the x-momentum equation becomes
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oP 0| du
—=— U= 2.12
ox 0z [M 82} (2.12)

Likewise, the momentum equation in the y-direction is obtained as

oP d| odv
el T 2.13
dy 0z {H az} (2.13)

with the momentum equation in the z-direction reducing to

P

—=0 2.14
> (2.14)

Integrating equations (2.12) and (2.13) with respect to z yields

——+f(x, 2.15.
dz Ox |.L+ (x.¥) ( 2)
ov 0Pz
N_Pz,ix 2.15b
% ayn g(x,y) ( )

where f and g are integration functions

oP oP . . .
— can only be functions of x, y. Flow is symmetric about the center plane,

ox’ ady

therefore

(a_“j _P0 L (xy)=0 (2.16)
oz

leading to f(x, y) = 0. Same argument is applied to eqn. (2.15.b) yielding g(x, y) =0

Then (2.15.a) and (2.15.b) become

du OPz

=2 2.17.
dz JIx ( 2)
v _0dPz (2.17b)
Jz dy U

Integrating equations (2.17.a) and (2.17.b) from z to b leads to
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oP "z

u(x,y,b)-u(x,y,z)=—|—dz (2.18.a)
ox < U
PRz .

v(x,y,b)=v(x,y,z)=—|—dz (2.18.b)
dy ; U

* . . . .
where z is a dummy integration variable

Applying no slip condition exists at z = b,

oLz .
y,z)=——[*d 2.19a
u(xyz) =30 o (2.19.)
b _*
v(xyz)=-L gy (2.19.b)
dy 5, W

Equations (2.19.a) and (2.19.b) yield the velocity components in x and y direction
based on pressure gradient, fluid viscosity and gap dimensions. These equations are

then integrated across the gap to yield average velocities in x and y direction as

u(x y)——la—PTiZ—*dz*dz (2.20.a)
’ box {7l 1 o
bb _*
v(x,y)=—la—Pj 2 d7'dz (2.20.b)
b ay 0z H
z
S z=z*
integration
{/ area
b z

Figure 2.2 Integration region
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Equations (2.20.a) and (2.20.b) are double integrals in z-z* domain. Changing
the order of integration and adjusting integration limits with respect to Fig. 2.2, eqns.

(2.20.a) and (2.20.b) become

bz b )
u(x,y) :—la—P'HEdZdZ* :—la—PJZ—dz (2.21.)
box {1 b ox ¢ 21
bz b _*2
v(x,y):—la—P”Edzdz* :—la—PjZ—dz (2.21.b)
bayyy b dy | 2u

S(x.y)=] Edz (2.22)

The fluidity S represents the sum of the effect of changing temperature and
fluid rheology across the gap. S depends on the melt viscosity p and the half thickness
of the mold cavity. This term is constant if the fluid is Newtonian. Physically, the
fluidity determines the ease with which the melt can be forced through the mold cavity.
A high value of fluidity is associated with easy flowing materials. Conversely, a low

value of fluidity indicates that the feedstock melt offers a high resistance to flow [27].

Placing (2.22) into equations (2.21.a) and (2.21.b), the final form of average

velocities are obtained as

S oP
a(x.y)=——2 2.23.
0(x.y) 2b ox (2:23a)
_ S oP
V(X,y):—z—bg (223b)

Equations (2.23.a) and (2.23.b) indicate that if pressure distribution and melt

properties are known, the average flow velocities can be determined. The pressure
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equation is obtained by substituting equations (2.19.a) and (2.19.b) in the continuity

equation (2.7), integrating along the cavity thickness as

%{S?}_I;}F:_y{s?)_l;}:o (2.24)

Pressure distribution of molten polymer in the cavity can be found by eqn.
(2.24) at any instant of the filling. For the solution of eqn. (2.24), the pressure
boundary conditions are needed. The boundary conditions are shown in Fig. (2.3). At
the melt front, the pressure is constant and it is often set to atmospheric pressure as

zero gage [28].

~0 (2.25.2)

flow front

On the side walls, the normal components of the velocity vanish,

[B_Pj =0 at the side walls (2.25.b)
an wall

At the flow inlet (injection gate), the pressure is the injection pressure

P. =P (2.25.¢)

inlet i

Injection molding machines operate either with prescribed injection pressure or
prescribed plastic flow rate. In the case of prescribed volumetric flow rate, the pressure
boundary condition at inlet would be a Neumann type boundary condition, obtained

from equation (2.23.a) and (2.23.b).
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Figure 2.3 Pressure boundary conditions in Hele-Shaw flow [26]

2.2.2.3 Energy Equation

Due to small gap (thin cavity) assumption, temperature gradients along z-
direction dominate gradients along x & y-directions. Neglecting velocity component in

gapwise direction (w=0), the energy equation (eqn. 2.5) becomes

+v— |=k—+P (2.26)

c[oT, 9T  oT o°T
"l ot ox  dy 0z’

Using continuity eqn. (2.7), neglecting the gapwise component of velocity and

the velocity gradients along x & y components, the viscous dissipation terms becomes

ou) (avY
cp_u{(g] +(§] } (2.27)

Final form of the energy equation becomes

2 2 2
pC 8_T+u8_T+Va_T :karfﬂx (a—uj +(a—vj (2.28)
Plot  dx oy oz oz oz

with boundary and initial conditions
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T=T (cavity walls) (2.29.a)
(—j =0 (center of cavity) (2.29.b)
z=0

T=T, t=0 (2.29.0)

where T, is the initial melt temperature and T, is the cavity wall temperature

The Hele-Shaw approximation reduces the three dimensional viscous unsteady
melt flow into a two-dimensional problem. The primary variable for melt flow through
the narrow gap is the pressure, which varies with x and y. Filling progression of the
program 1is represented in Fig. 2.4. Firstly, fluidity is calculated, then pressure
distribution is found from eqn. (2.24) with given boundary conditions. Since viscosity
can vary due to rate of shear strain, and thus the flow domain, fluidity is updated until a
convergence reached. After that, flow front temperature distribution is calculated from
energy equation (2.28). Average velocities are determined from eqns. (2.23.a.) &
(2.23.b), and then flow progression is calculated with given time increment. Once the
new flow domain is defined based on the new position of the melt flow front, the

solution is repeated until cavity is filled [29].
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Figure 2.4 Filling progression chart
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2.3 Fountain Flow

Hele-Shaw approximation fails when 3-D flow effect become prominent, as in
varying thickness cavities or the fountain flow as shown in Fig. 2.5. The flow behavior
at the flow front, usually referred as "fountain flow," has to do with the fluid near the
center moving faster than the average velocity across the thickness. As plastic flows
into the cavity, the plastic in contact with the mold wall quickly freezes. This creates a
frozen layer of plastic between the mold and the molten plastic. At the interface
between the static frozen layer and the flowing melt, the polymer molecules are
stretched out in the direction of flow. This alignment and stretching is called
orientation. This phenomenon (high shear rates near the wall and therefore high
orientation) causes the fluid elements to be highly distorted. In most injection molding
applications, the fountain flow region is the order of magnitude of the gap thickness.
As a consequence, the convection effects in the fountain region cannot be represented
with only the knowledge of a gapwise averaged velocity (Hele-Shaw approximation).
Also, since the details of the fountain region are lost, it is not possible to track the
particle trajectories in the newly filled part of the expanding fluid domain. The Hele-
Shaw type filling simulations cannot provide accurate details of the flow in the gate or

fountain region because the flow remains three dimensional.

Frozen Layer

Cross-Sectional Velocity

rv\%
P
L

Figure 2.5 Fountain flow and velocity profiles for flow through a channel [2]
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2.4 Viscosity Models in Simulation of the Filling Stage of Injection Molding

Process

In plastic melt flows, the rheological behavior of the melt can be complicated.
Usually, molten polymer will be non-Newtonian. In order to solve for flow pressure,
velocity and temperature in the cavity, the fluid behavior must be accurately described
with the appropriate constitutive model. Common models such as Carreau and Cross
models [31] are included in the fluidity term during solution of flow equations. Such

models relate melt viscosity to temperature and shear rate.

2.5 Packing Phase

In injection molding process once the mold is completely filled, the packing
phase of the cycle begins. A pre-arranged pressure profile is applied until the gate
freezes. During this phase, as the plastic in the mold cools and shrinks, a small amount
of plastic flows into the mold to compensate shrinkage. The pressure gradients,

oP oJP oP

R anda—, are relatively low in the packing phase with respect to filling phase,
X dy z

- 0 . OP . . .
but pressure variation with time, 30 is relatively high.
t

Unlike filling stage, density is not incompressible in packing stage; therefore a
mathematical representation of the specific volume is necessary. A compressible
formulation is required for the packing phase. “Two domain Tait Model” [eqn. (2.30)]
is used to describe the variation of the specific volume as function of the pressure and

temperature during the packing phase by the PVT behavior of the plastic material [32].

P
v(P,T) —V(O,T){I—O, 894ln[1+ - (T)H (2.30)
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Here v(0,T) is specific volume at zero gauge pressure and B(T) is the pressure

sensitivity of the material. v(0,T) and B(T) are calculated depending on the glass

transition temperature of the polymer.

When the temperature is above the glass transition temperature,

vo(T)=b,, +b,,(T-T,) (2.31.a)
B(T) =b,, e "= (2.31.b)

When the temperature is below the glass transition temperature,

Vo (T):bls+b25(T_Tt) (2.31.¢)
B(T) =b, el """ (2.31.d)

Here, T, is the glass transition temperature.b, , b, , b, , b, , b, ., b, , b, and b,

1m °
are experimentally obtained data for the molten polymer.
The PVT relationship suggests using high packing pressure to compensate

volumetric change during cooling.

2.6 Cooling Phase

The cooling phase occurs following the end of packing. The cooling lasts until
the mold opens and the part is ejected. In a typical mold injection cycle, filling time is
very small compared to the cooling time. In modeling part cooling, the contact
resistance between the mold cavity and the part interfaces is ignored and a perfect

thermal contact between the two is assumed.

Fig. 2.6 presents a schematic view of a mold with cooling channels and a cavity
filled with part. A coolant is passed through the cooling channels that remove heat

from the mold which is heated by the hot plastic part through the conduction.
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Figure 2.6 Heat transfer configuration within the mold

Heat is transferred from the polymer to the mold, which is then partly
transferred to the coolant moving through the cooling channels and the surrounding air

with convection. The energy balance can be expressed by

an.rt = qcoolant + qmold + qa.mbient (232)

where (,,,1s the rate of heat transferred from the polymer, q_,,, 1S the rate of heat
transferred to the coolant, q, ,, is the rate of change of the energy stored in the mold

and q,, ... 1 the rate of heat transferred to the surround air.

2.6.1 Part

During cooling, energy equation for the part can be stated as

aT
P, (Co), ==k, V', (2.33)
where subscript p denotes the part

The initial and boundary conditions for part cooling are
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T =T, (initial temperature of polymer) (2.34.a)

p p1
JT oT .
-k, — =-k, —" (at part —mold interface) (2.34.b)
on, on,

where n, and n_ are the outward unit vectors of the part and mold at the interface, and

subscript m denotes the mold.

2.6.2 Cooling Channels

The flow in the cooling channel is 1-D, steady, turbulent and fully developed.
For axisymetric flow with convection dominating conduction in flow direction, the

energy equation for the coolant becomes.

o[22

where r is radial direction, x is axial flow direction, subscript ¢ denotes coolant.

The boundary conditions are expressed as

T.(0,r) =T, (2.36.2)
(ach -0 (2.36.b)
ar =0
h, (T,-T.)=—k, (%J (2.36.¢)
on, r,

where n_is the outward unit vector of the coolant interface, T is the inlet temperature

of the coolant, R, is the radius of the coolant channel.

The heat transfer coefficient h_ is based on the Dittus-Boetler correlation [33],
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h, =0.023 (%)(Re)o'g (Pr)™* (2.37)

which is valid for 10000<Re<12000 and 0.7<Pr<12. The Reynolds number is based on

coolant channel diameter
2.6.3 Mold

Energy equation for cooling of mold is expressed similar to the part, as

P (Cp) aa% =k, V°T, (2.38)

The boundary and initial conditions for mold cooling are

T, (X, y,Z, O) =T, (2.39.a)
oT
-k —2 =-k_ JT, (part —mold interface) (2.39.b)
’on, on,
h,(T,-T,)=-k, (%) (part —coolant interface) (2.39.c)
h,(T,-T.)=-k, (%j (mold-ambient interface) (2.39.d)
nDO

where T . is the initial temperature of the mold, T, is the ambient temperature, n_ is

the outward unit vectors of mold-ambient interface.

It can be seen that two boundary conditions of mold (2.39.b and 2.39.c) are same as
that of part (2.34.b) and that of coolant (2.36.c) due to including same interfaces.
Except first cycle, initial mold temperature of every cycle is the ejection mold

temperature of the former cycle.
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CHAPTER 3

NUMERICAL IMPLEMENTATION: MOLDFLOW

In this study, the commercial injection molding simulation program Moldflow
Plastic Insight (MPI) is used to analyze filling, packing and cooling of the injection
molding process. The software is versatile and is designed to determine various process
and mold parameters such as cooling channel layout, configuration of the feed system,
details of the mold, polymer type and optimum parameter values such as coolant flow
rate and inlet melt temperature of the molten polymer. The purpose of using such a
simulation program is to foresee possible design and processing problems before the
molds are produced and production is carried out, so that time and money consumption

can be decreased.

In this chapter, the details of the Moldflow program are presented in a

sequential manner, based on the order of the processing steps.

3.1 Description of Moldflow Plastic Insight

3.1.1 Creation of Mesh for the Part that will be Injection Molded

At the beginning of molding analysis the solid model of the part that will be
produced needs to be input to Moldflow. The solid model must be in .stl (standart
triangulator language) format. CAD/CAM software packages convert 3-D models into
.stl format in order to be read by another software packages. Before importing the solid
model, the mesh type is chosen from task bar (1) as shown in Fig. 3.1. The mesh types
are composed of mid-plane (2-D), fusion type (2.5D) and tetra type (3-D). According
to mesh type, solution approaches change. A geometry represented by mid-plane mesh
is assigned a thickness. All properties are calculated based on this thickness. Fusion

type mesh is appropriate for Hele-Shaw model. It simplifies a 3-D model into a 2-D
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model reducing the computation time. Outer surfaces of the part are aligned with a
boundary shell mesh. It looks like a 3-D model but the solution does not consider
variations along thickness. Therefore, this model is not appropriate for thick parts. As
parts get thicker, the accuracy of analysis decreases in Hele-Shaw model. In that case,

3-D model is used to perform more accurate simulations of a fully 3-D flow, though

this model takes more computational time.
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Figure 3.1 The default MPI screen layout

circle_Study ]

3.1.2 Mesh Analysis

After mesh is generated, mistakes such as unstitched elements, overlapping
elements and elements having high aspect ratio in meshes can be corrected by using

necessary mesh tools from mesh task bar (8) as shown in Fig.3.1. Quality of mesh is
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important because it affects the analysis accuracy. Furthermore, grid adaptation of
mesh is also important. Mesh density should be arranged with respect to gradient of
properties. For example, mesh density should be large at the inlet of the gate and at
regions where thickness changes suddenly. The window shown in Fig. 3.2 presents

information about the generated mesh.

[EMElE) ElES e

Surface triangles 2312

Hodes 1158

Beams 8

Connectivity regions 1

Mesh wolume 7.8142 cn™3

Hesh area 159 421 cm™2
Edge details------——————————-———————————————

Free edges 8

Manifold edges 3468

Hon-manifold edges 8

Intersection details—-—----—---—-—------—---—---——-
Element intersections g
Fully overlapping elements 8
Duplicate beams g

Surface triangle aspect ratio——---—-—-—-——--——--—-

Minimum aspect ratio 1.1580800
Maximum aspect ratio 4_5870080
Average aspect ratio 1.6340880
Match percentage----------——--—-—-———————————
Match percentage 180. 8%
Reciprocal percentage 1608, 8%

Figure 3.2 Information table about mesh quality (mesh type: fusion)

In entity counts, surface triangles indicate number of meshes and nodes indicate
number of nodes in mesh. Beam is the number of mesh used in the cooling channels
and the feed system as shown in Fig.3.3. Connectivity regions show the number of
pieces the part consists of. Mesh volume and area give the total part volume and

surface area.
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Cooling Channel

Coolant
Inlet

Figure 3.3 Demonstration of beam mesh in cooling channels

In edge details, number of free, manifold and non-manifold edges on the
meshes is shown. A free edge is a surface triangle edge that is only belongs to one
surface triangle element, not shared by other elements as shown in Fig 3.4.a. A
manifold edge is a surface triangle edge shared by two surface triangles attached to it
as shown in Fig 3.4.b. Non-manifold edge is shared more than two surface triangle
elements as shown in Fig 3.4.b. Non-manifold and free edges must be cleaned among
the surface triangles elements, only manifold edges must remain.

Free
Edge

Surface
Triangle

(a) (b)
Figure 3.4 (a) Representation of free edge (b) A is free edge, B is a manifold edge, C is

non-manifold edge
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In intersection details, number of intersecting and overlapping elements is
given. Overlapping mesh elements are mesh elements that overlap in the same plane, as
shown in right side of Fig. 3.5.a. Intersecting elements are mesh elements that lie on
different planes and intersect each other, as shown in right side of Fig. 3.5.b.
Overlapping elements must be deleted and elements should be prepeared as shown in
left side of Fig. 3.5.a. Intersecting elements are corrected by re-arranging nodes of the

surface triangles and represented as shown in left side of Fig. 3.5.b.

:1:/ {z; " o 7 X
ns VN

(a) (b)

Figure 3.5 (a) 1) Mesh elements not overlapping 2) overlapping mesh elements
(b) 1) elements join at their edges 2) intersecting elements which cut through each

other

In surface triangle aspect ratio, maximum, minimum and average aspect ratio
values of the meshes are represented. Aspect ratio is equal to w/h as shown in Fig. 3.6.
Aspect ratios are especially important in sensitive areas such as gates. Meshes having

lower aspect ratio usually give more accurate results.

AR ]

_—
W

Figure 3.6 Aspect ratio relation of tetra element
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From mesh statistics of Fig. 3.2, errors such as unstitched edges, overlapping
elements, holes in elements or elements with high aspect ratio can be observed. These
mistakes are corrected by mesh tool options “Mesh Repair Wizard” or “Mesh Tools”.
Difference between “Mesh Repair Wizard” and ‘“Mesh Tools” is that “Mesh Repair
Wizard” finds free edges, holes, overlapping elements and elements with high aspect
ratios and fixes them automatically. However, when it fixes the corrupted elements, it
could corrupt the smooth elements. “Mesh Tools” can fix corrupted mesh manually,

one by one. Fig. 3.7 presents various meshing errors and corrections.

L = e
L 8 T e < W

I O <>
(a) (b) ) (d) (e)

Figure 3.7 (a) Stitch free edges are fixed (b) Holes are closed (c) High aspect ratio is

decreased (d) Overlapping elements fixed (e) Location of nodes modified

Elements on opposite skins of a fusion mesh match one another as best as
possible. The mesh percentage in Fig. 3.2 represents the percentage of elements that
have a direct partner on the other side. A mesh match percentage of 85% or higher is
acceptable for a flow (fusion) analysis. A percentage of 50% or lower will cause the
flow analysis to fail. Fig. 3.8.a shows an example of good mesh matching: where
element 1 matches with element 2, and element 3 matches with element 4. Fig 3.8.b
shows a bad matching. Element 1 matches with element 2, but element 2 matches with

element 3 also.
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Figure 3.8 Illustration of mesh match

3.1.3 Gate Analysis

Once the solid model is input to the program and the mesh is generated, the
location of injection gate or gates need to be determined in the part cavity through
which plastic will be injected. For this purpose, the gate location analysis which is
accessed under the ‘“analysis” task bar (2) or (9) is used. The analysis presents the
suitability for an injection location, from the worst position (red) to the most suitable
one (blue) as shown in Fig. 3.9. Then injection location is defined by using task bar (4)
in Fig. 3.1. The analysis looks for the best location based on flow resistance, thickness
of the gate location and geometry of the part. Molten polymer flow front should reach
the cavity walls at the same time evenly without overpacking, therefore program looks
for symmetry in geometry. Molten polymer could also freeze before complete filling of

the cavity if the gate location is too thin or flow resistance is too high.
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Best Gate Location

Best gate location

\ Best |

Worst

Figure 3.9 Gate location results

3.1.4 Feed System

Structure and location of the feed system (Fig. 3.11) can be set as shown in Fig.
3.10. The size and geometry of the runner, sprue and geometry are defined at this

section. It is applicable under “Modeling” task bar (7) in Fig. 3.1.

This wizard can be used to create a standard runner system

connecting all the injection locations on your model. Sprue Sidegates

Firstly, specify the sprue position: Orifice diameter: mm Included angle: deg A e i e i
e |D lmm [Center of Mold] Length: mm i

le:

& " oeze ot
s 0 |mm [Centerof Gates| — 4 L\e. deg
vour part has 0 side gate(s) and 2 top gate(s) Diameter: Ii] mm [v] Trapezoidal @
[]1 would like to use a hot runner system Included angle: deg o Top gates
The parting plane need not be specified. Start diameter: mm End diameter: EI mm

Drops

Top runner plane Z [2} |25 mm Length: 10 mm
* : 4 - 'E!i Bottom diameter: D mm Included angle: deg -

Figure 3.10 Manual of the feed system
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Included
Angle of
Sprue

Sprue
Length
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of Drop

Diinnare
NUnneirs

Diameter

!

Bottom
Diameter

Top Runner
Plane

End Diameter

Length
of Top Gates

of Gate

Figure 3.11 Representation of the feed system

3.1.5 Cavity Duplication Wizard

In “Cavity Duplication Wizard”, number of cavities and alignment of cavities
for multicavity injection molding is arranged from information about only one part,
according to the quantity of the parts to be manufactured as shown in Fig. 3.12.
Column and row spacing can be arranged and can be previewed. It is applicable under

“Modeling” the task bar (7) in Fig. 3.1.
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Mumber of cavities:

() Columng:
(3) Rows:
Column spacing:

Row spacing:

= 11
-
[] Difset cavities bo align gates . . .
Preview
(@)

Row
Spacing

Column
Spacing

(b)
Figure 3.12 (a) “Cavity Duplication Wizard” (b) Representation of the “Cavity

Duplication Wizard” in Moldflow monitor

3.1.6 Cooling Circuit Wizard

In “Cooling Circuit Wizard”, locations and diameters of cooling channels are

set up. Coolant flow rate and inlet temperature of the coolant are defined on the model

as shown in Fig. 3.12.b. It is applicable under “Modeling” task bar (7) in Fig. 3.1.
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Cooling Circuit Wizard

This wizard can be used to create a pair of simple circuits for your— Use the fields below to contral the layout of your circuits. The
part, one above and one below. You can use these circuits to prewviews diagram will show pou the effect of each parameter.
instantly run a cooling analysis, or a3 the basiz for a more

zophizsticated cooling model.
) . Murnber of channels: |[
The part dimensions are % [128.0 mm  Mote: your part rmust
be lving in the 5 Distance between
W 1280 mm  plane for this wizard channel centers: 30 mm
to work. cormectiy! .
£ |1 mm Distance to extend ,_
beyond part: 4 mm
Flease zpecify the channel diameter to use: |2 - | mm Y 2
How far above and below the part would Preview
youl like the circuits to be created? 3 mr

Once pou're done, click Finish' to create the circuits. Y'ou can then

Please select how you want the circuits aligned with your part: madify the coolant and eircuit contral aptions by editing the
properties of the inlets.

¥ ¥
- g L )
“ E‘ 2t I!’“ [¥ Delete existing circuits first [ Connect channels with hoses

(a)

Distance Between .
Channels Distance Between

Distance to extend Cooling Channels and Part
beyond the part
1 — | |e—

T

S

«—— Cavity

Cooling
Channel

|___ Cooling Channel
Diameter

<+——— Cooling

Channels
\javily
Number of Channels

(b) ()

Figure 3.13 (a) “Cooling Circuit Wizard” (b) Representation of parameters on the

model on top view (c) Representation of parameters on the model on right view

3.1.7 Molding Window

“Molding Window” 1is used to determine the best preliminary process
parameters for analysis. The molding window analysis provides recommendations for

the injection time, mold temperature and polymer melt temperature values to use as
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preliminary inputs for a full flow analysis. It is applicable under the task bar (2) or (9)

in Fig. 3.1.

The molding window analysis uses part geometry, the material, and selected
injection location and optionally, the specified process ranges and limits such as
maximum melt, and mold temperatures. With this input, the molding window analysis

runs a series of calculations, varying the process settings each time.

For each of these calculations, the molding window analysis checks whether
certain results are achieved. From this data, the analysis determines the injection time
and the temperature zones for mold and the melt. These results are compared with
“Recommended Process Conditions” for the polymer (molding material) used in the
process. After comparison, molding feasibility is determined with respect to colors.
The analysis shows the feasible and preferred molding zones by colors (green, yellow
and red), as shown in Fig. 3.14. Green represents feasible molding window. Red

indicates there is no feasible molding window.

Injection time = 0.4265[5]

260.07 Mot Feasible

25007

Feasible

Melt temperature [C]

Freferred

30.00 40.00 50.00 80.00
Mold temperature [C]

Figure 3.14 Molding window analysis results

If the processing settings represented by green are used, the molding is likely

to be successful. Green area in molding match the following conditions:
45



1) The injection pressure required to fill the part is less than 80% of maximum machine

injection pressure capacity,
P<0.8*P_ .
2) The flow front temperature is within 10°C range of the injection (melt) temperature,

T

T, | <10°C

ront
3) The maximum shear stress in process is less than the maximum shear stress

specified for the used polymer in the “Recommended Process Conditions”,

T<7T

max

4) The maximum shear rate in process is less than the maximum shear rate specified

for the used polymer in the “Recommended Process Conditions”,
V< Vmx

The yellow zone indicates that the cavity is filled with the chosen process
parameters without short shots. However, surface quality of the part is not good. It also
indicates that there is no optimum combination of process parameters. The injection
pressure required to fill the part is between the 100 % and 80 % of the maximum

machine injection pressure capacity,
0.8*pP <P<P_

The red zone shows that cavity is not filled with the chosen process parameters
and there is short shot. The injection pressure required to fill the part is not sufficient

and still greater than the maximum machine injection pressure capacity,

P>P

max
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3.1.8 Process Parameter Setting

Before beginning the analysis, material properties, mold material, injection
molding machine settings and process controller are selected. For this purpose,
“Process Setting Wizards” is used (task bar (5) in Fig. 3.1). “Flow Analysis Advanced
Options” can be activated from “Advanced Options” in red circle (Fig. 3.14). Mold

material, part material, process parameters and machine settings can be arranged in this

menu. Fig. 3.15 presents the process settings wizard.

ettin

Filing control

|Automatlc

Welocity/pressure switch-over

=

r 9
| Automatic

Pack/holding control

—
=]

|ZFiIIing pressure vs time

Cooling time:

~|  Editprofie...

| Specified

Molding material

Process controller

Generic PP : Generic Default > Edi... Select...

~|df |20 s[0]

-
[E3

Cancel Help

]Process controller defaults

Injection molding machine

> Edt. Select...

]Delault injection molding machine

Mold material

> Edt. Select...

00

| Tool steel P-20

Solver parameters

Lj Edi.. Select...

]Thelmnplaslics injection molding solve .L] Edit... Select...

Figure 3.15 Flow analysis menu

3.1.8.1 Molding Material

In this part, part material is chosen. This menu is applicable from task bar (1) in
Fig. 3.15 or task bar (3) in Fig. 3.1. Polymer properties of a part can be edited; also
new material can be selected manually as shown in Fig. 3.16. Thermal properties,

mechanical properties, recommended process conditions, PVT properties of the part

can be arranged.
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CEVT Properties> | Mechanical Propeties | Sifinkage Propetties | Filler Properties |

Desciption |  <TEcommendedProcemm> | <HfEokgedPopei> | Theimal Properties |
Family name [THERMOPLASTIC ELASTOMERS (TPO, TPU, TPR. )
Trade name [62031
Manufacturer |& Schulman GMBH
Family abbreviation  [TPE
Material structure |Crystaline
Data source |Other : pvT-Supplemental : mech-Supplemental
Date last modified ~ [0CT-08-2002
Date tested |
Data status |Non-Confidential
Mateiial ID [3575
Grade code [cM3s7s
Supplier code |SCHULMAN
Fibers/fillrs [Unfiled

Name |620-31: A Schulman GMBH

T

Figure 3.16 Molding material properties

Rheological properties define the viscosity model as shown in Fig. 3.17.
Rheological properties are applicable under the task bar (3) in Fig. 3.16. Moldflow uses
temperature and shear rate dependent viscosity models. These are labeled as “Second
Order Model” and “Cross WFL Model”. These viscous models can be plotted by
activating “Plot Viscosity” in Fig.3.17.
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[hermoplastics materi

s
PVYT Properties ] Mechanical Properties ] Shiinkage Properties | Filler Properties |
Descripti | Processing Rheological Properties I Thermal Properties |
Viscosity
Default viscosity model View viscosity model coefficients... |
Plot Viscosity
Juncture loss method coefficients
cl Pa™(1-c2)
c2
B 620-31 : A Schulman GMBH E3]
Transition temperature
Thrans 130 B 10000, 4T=180[C)
=T=186.7(C]
View test information.. = *T=1833(C]
i eT=200c] f=
Moldflow Viscosity Index V12100103 i000.0
Melt mass-flow rate (MFR) =
Temperature B gq 000
Load Ka o
®
Measured MFR a/10min =
10.00
r
1000 T T T T T
1.000 10.00 100.0 10000  10000. 1.
Shear Rate [1/s]
ﬂ’|ﬂ§|ﬂ1e|é| Close I Help I

Name [620-31 : A Schulman GMBH

Figure 3.17 Rheological properties of the molding material

PVT properties describe how the plastic contracts and expands with different
pressure and temperature profiles during the packing phase. “PVT properties” is
accessed under the task bar (1) in Fig. 3.16. The plastic contracts due to increased
pressure in both liquid form and solid form. During cooling, the plastic contracts due to
temperature decrease. Moldflow uses 2-domain Tait PVT Model. The model presents
specific volume-temperature profiles under different pressure values, for the chosen

material as shown in Fig. 3.18. PVT models of polymer can be plotted by activating
“Plot PVT data” in red circle in Fig. 3.18.
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Thermoplastics material

Description | Recommended Processing | Rheological Properties | Thermal Properties |
I Mechanical Properties I Shrinkage Properties ] Filler Properties I
Melt density 0.94131 g/em”™3 M 620-31 : A Schulman GMBH m@

Solid density ~ [1.0337 g/em”™3

=
2-domain madified Tait PV'T madel coefficients & 10787 Specm:vome i Tenperanrs
b5 39368 K T
o 10507
b6 3726007 K/Pa —_
© ]
bim 0.001003 m*3/kg g 108
S
b2m 8.505e-007 m*3kgK o 10007
>
bim 106208e+008 Pa pp—
b 0.005081 1K = o
" o 08500 JUNURSSS s caind »
bls 0.001004 m*3/kg a et it
O 90280 T s
b2s 38082007  m"3kgK . PINSE
b3s 1.53994e+008 Pa 0.8000 T T T T T T T 1
2000 4500 7000 9500 1200 1450 1700 1950 2200
bis 0.004317 1K Temperature [C]
v - o | oo wller|@ [ oo |
b8 f 1K L
b3 0 1/Pa

Plot PVT data... )
View test information...

Figure 3.18 PVT properties of molding material

“Recommended Process Conditions” presents the best range of parameters for
the process (Fig. 3.19). It is applicable under the task bar (2) in Fig. 3.15. If the process
parameters are not changed at the beginning of an analysis, these are the default values.
The processing temperatures and maximum injection pressure are set based upon
manufacturers' recommendations. “Molding Window” ranks the process conditions
from red (not suitable) to green (suitable) based on these recommended process

conditions.
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Thermoplastics material EJE]

PVT Propetties | Mechanical Propetties | Shiinkage Properties | Filler Properties |
Description [Fecommended Processing | Rheological Properties | Thermal Propetties |
Mold surface temperature ®
Melt temperature 130 ©
Mold temperature range (recommended)
Minimum 77— ¢
Masimum 3 ¢
Melt temperature range (recommended)
Minimum E
Masimum 200 c
Absolute maximum melt temperature 240 c
Ejection temperature 115 c
View test information for ejection temperature.
Magimum shear stiess 037 MPa
Maximum shear rate 40000 1/s

Name |620-31: A Schulman GMBH

Figure 3.19 Recommended process conditions of molding material

3.1.8.2 Mold Material

In this section, the properties of the mold material are defined (Fig. 3.20). This

menu is applicable from task bar (4) in Fig. 3.15.

Mold material

Description  Properties

Mald density |m gdcm ™3 [0:30]
Mold specific heat |4EEI JAkg-C 02000
kold thermal conductivity |29 W Arn-C [0:1000]

kold mechanical properties

Elaztic modulusz [E] |2EIEIEIEIEI kP a [0: 32+006]
Poizzons ratio [v] |EI.33 [D:1]

kold coefficient of thermal expansion |1 2e005 1/C (010

Hame |T|:u:u| sheel P-20

] | Cancel | Help

Figure 3.20 Thermal and mechanical properties of mold material
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3.1.8.3 Injection Molding Machine Settings

In this section, the machine settings, such as screw diameter, maximum clamp
force and filling control are adjusted, as shown in Fig. 3.21. This menu is applicable

from task bar (3) in Fig. 3.15.

Injection molding machine: ﬂ X

Description] Injection Unit  Hydraulic: Urit l Clarmping Unit]
Machine prezzure limit
M aximum machine injection pressure | at (180 MPa [0:500]
Intensification ratio 10 [0:30)
Machine hydraulic responze time om = [010]

Mame |Default injection molding machine

0K | Cancel | Help |

Figure 3.21 Manual of injection molding machine settings

3.1.8.4 Process Controller

In this part, various process control parameters such as filling time, packing
time, cooling time, mold open time, mold temperature, melt temperature,
velocity/pressure-switch-over and ambient temperature are set before analysis as
shown in Fig. 3.22. Process controller is applicable from task bar (2) in Fig. 3.15. Mold
open time starts from complete solidification of part and ends at the ejection of the
part. During mold open time, heat transfer goes on only between mold and ambient by

convection.
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Process controller ?

Profile/Switch-Over Control l Temperature E-:untru:ul] keasured F'ru:ufiles] Timne Contral [FiII]]

Filling camtral

|.-’-'-.ut|:|mati|: j

Welociby/preszure switch-owver

|.-'1‘-.ut|:|mati|: j

Fack/holding control

ZFilling pressure v time j Edit prafile. .. |

M ame |PTDCESS controller defaults

(] | Cancel Help

Figure 3.22 Process Control

In process controller section, filling time can be chosen with respect to three
different cases: injection time, flow rate or ram speed. Ram speed can also be given as

a profile with respect to time.

Near the end of the filling stage before the cavity is completely filled,
velocity/pressure (V/P) switch is activated. “Velocity/Pressure Switch Over” controls
velocity of polymer and injection pressure. Actually, this parameter controls a
transition phase between filling and packing phase. Generally this transition occurs
before polymer completely fills the cavity, polymer velocity decreases and pressure
remains constant. The reasons for this are to avoid flash of the molten polymer from
mold open line and the impact of the ram at the end of filling, which could damage the
injection machine and the mold. After filling stage, (V/P) switch-over can be arranged
by one of the V/P switch-over conditions: V/P switch-over by percent volume, V/P

switch-over by injection pressure or V/P switch-over by ram position.

Up to now, the process parameters are mentioned. After analysis is over,
simulation results are viewed and accessed from task bar (6) or (10) in Fig.3.1. The

simulation results are presented at chapter 4 “Results and Discussion”.
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3.2 Other Commercial Simulation Programs For Injection Molding

Early simulation programs for injection molding were generally developed to
compare simple injection molding scenarios with experimental results. Narazaki and
Mizukami [34] explain the development of the finite element code MOLDIA-F, where
the volume of fluid method is used in tracing the advancing melt front. This program

package was especially designed for tracking the formation of weld lines.

Poslinski and Fox [35] developed “1-D FLOW” based on finite element method
and Hele-Shaw approximation. The simulation code “1-D FLOW” was developed to
predict the location of the polymer flow front. The program calculates the required
injection pressure and ‘“Melt Flow Index” of polymer in injection molded plastic parts.
In this program, cavity is separated into simpler geometries, where each is represented
by a disk (partial and full), a channel (constant width or diverging/converging) or a rod
(constant radius or diverging/converging). Long runner systems and sprues are
modeled through a combination of rod components. Radial flow within a part is
modeled as a disk component. Planar flow is modeled with a strip component of

specified width and thickness, including a converging or diverging strip capability.

Fidap was developed [36] by the Fluent Company to simulate highly viscous
laminar flows, such as in injection molding. Fidap has a preprocessor (Gambit) that
generates the mesh. It includes Bingham, Carreau and power-law shear thinning
viscosity models and is cabaple of modeling relatively complex free surface flows.
Fidap 1s not only developed to simulate injection molding likewise Moldflow. It is a
general purpose fluid simulations program such as air, water including applications in

injection molding.

Moldex3D [37] is another injection molding package program based on finite
element method like Moldflow. It also uses Hele-Shaw approximation. Futhermore, it
provides information such as melt front advancement, welding lines, air traps, runner

balancing, temperature and pressure distributions in injection molding process.
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C-COOL was designed by Himasekhar et al. [38] to determine best cooling
channels location and simulate uniform cooling with the shortest cooling time before
the experiment. It simulates only cooling phase of the injection molding. C-COOL
ignores the convection heat transfer to the air. For each material, several mold trials
were performed with different coolant inlet temperatures and cooling channel
configurations. For each mold trial, the part surface temperature distribution was
measured by using infrared thermography; in addition, mold wall temperatures were
also measured at specific locations in the cavity. Coolant flow rates, inlet and outlet
temperatures, and pressure drops across the inlet and outlet for each trials were
recorded. Simulation results were compared with the actual measured data. The best
agreement has been obtained between the simulations and measurements to help the

engineer to optimize the cooling phase of an injection-molded plastic part.

The traditional numerical simulation of injection molding is the 2.5D technique
based on the Hele-Shaw behaviors such as the fountain flow. However, most parts that
are constant thickness parts, thus approximation, which cannot predict the filling of
thick or nonuniform-thickness parts and some flow Hele-Shaw approximation works
for most cases.

Moldflow has many advantages over the CAE software mentioned above.
Firstly, it can model very complex shapes. It meshes the parts quickly and it is
equipped with “Mesh Tools” and “Mesh Wizard” to improve mesh quality and clean
the defects among the mesh. For thin parts, it represents fusion type mesh model to
decrease computational time without decreasing assessment of the program. In Fidap,
the benchmark studies are not transferred properly from solid modeling program,
especially holes having small diameter are transferred as square holes, unlike
Moldflow. Furthermore, designing feed system of the mold is very easy by using
Moldflow, even it is complex. Moldflow is also very appropriate to model highly

viscous model with respect to other commercial software programs.
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CHAPTER 4

RESULTS AND DISCUSSION

Introduction

In this chapter, injection molding process is simulated with different scenarios
by Moldflow Plastic Insight (MPI). Firstly, analytical solutions are compared with the
numerical results of MPI filling mode for simple geometries. Then, a benchmark
simulation study is conducted to study and compare conformal cooling channels and
conventional cooling channels, in filling and cooling mode of Moldflow Plastic Insight.
Finally, a real life case study is presented. For this purpose, a refrigerator shelf that is
injection molded by the Arcelik Company is studied. The process is simulated using
actual process parameters and simulation results are compared with production results.
The process is also simulated using conformal cooling channels and improvements that

could be brought about by conformal cooling channels as the plastics are discussed.

4.1 Comparison of 1-D Filling Simulation Results with Analytical Solutions

In this part, Hele-Shaw filling model is solved analytically for thin rectangular
prism and thin disc geometries. The injection is at constant injection time of polymer.
The same problem is then solved using MPI and the analytical and numeric results are
compared. The aim here is to verify the assumption and boundary condition of the

Hele-Shaw model used in simulations.

4.1.1 1-D Planar (Linear) Flow Numerical Solution

A simple scenario is prepared for analytic solution of the filling. For 1-D
steady, Newtonian flow through the cavity, Hele-Shaw formulation permits an
analytical solution. The cavity geometry is shown in Fig. 4.1. A point gate at one end

injects the molten polymer. The cavity thickness is taken at least one order of
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magnitude smaller than the planar dimensions per Hele-Shaw approaches. In order to
obtain linear (1-D) flow, the length of channel is taken one order of magnitude greater

than the width of the channel.

For the numerical simulation, in order to keep polymer viscosity constant per
Newtonian flow, the mathematical constants in the Cross-WFL viscosity model are

adjusted as:
D,=2Pas 1 =182140Pa D,=0K/Pa A =10" A,=51.6K n=1

In the model,

p=— (5.1)
1+(u ZYJ
T
{—AI(T—T*)}
by =Dy ) 5.2)
T =D,+D,P (5.3)

leading to a constant viscosity value of

u=1Pa/s

Gate

100 mm (inlet)

)

Figure 4.1 Representation of thin rectangular prism

1mm
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For the numerical simulation of filling in MPI, initial molten polymer
temperature is arranged 230°C and mold temperature is 40°C. Injection time is

arranged constant (t,. =0.11s) at the beginning of the analysis. Fig. 4.2 presents the

inj
injection flow rate during filling. The injection flow rate suddenly decreases at the end
of filling as shown in Fig. 4.2. Because, the velocity/pressure switch over takes place
right before end of filling. Once the injection pressure in cavity reaches maximum
allowable pressure, program begins to decrease the flow rate to keep the maximum
pressure below allowable pressure to avoid flash. When the numerical and analytical

results are compared, this sudden drop in flow rate and the numerical results beyond

t=0.1046 s (when the switch-over takes effect) will not be considered.

injection fiow rate vs. time

_'i"l's)

injection flow rate {cm?

001 0020020040050085 0070

g009010011

time(sec)

Figure 4.2 Injection flow rate during filling in rectangular prism cavity

The flow at the intermediate vicinity of gate is radially outward as shown in
Fig. 4.3.a. Therefore, this portion of injection is 2-D flow. However after about
t=0.0276 s the flow front flattens and the flow resembles a 1-D flow. For comparison
with analytical results; the results beyond this time instant will be used. Fig. 4.3.b

presents the position of the middle of the flow front from the injection gate with time.
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The slope of distance vs. time graph seems constant indicating the flow velocity is

constant. This indicates that problem is steady state.

Flow
Front \\
Injection
Gate
t=0.056 s t=0.0166 s t=0.0276 s
(a)
Position of the mid-flow front
120 -
_ 100 -
£
E
- 80 4
2
E 60 -
£
E 40
z
= 20 +

L
=
=1

0.11

time (s)

(b)

Figure 4.3 (a) Flow progression near the inlet (b) Flow front location vs. time, in 1-D

planar flow in numerical results

For the analytical solution of 1-D filling in the given rectangular domain, Hele-Shaw

approximation eqn. (2.24) yields
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J (Sa—szO (4.1)

Where the fluidity, S, is constant due to constant viscosity of the polymer.

j-@,:——~00M67(mm s/Pa)
0 l'l'

Integrating pressure along the flow path twice leads to

P=Cx+C, (4.2)

where C,,C, are integration constants. The constants C,andC,will be determined

from the appropriate boundary conditions.

Injection time is given at the beginning of the analysis, also volumetric flow rate (Q) is

known, therefore average velocity is found from eqn. (4.3)

u=

Q
A (4.3)

where A (=10 mm?2) is the cross sectional area that the polymer flows through.

Due to 1-D, steady state flow, eqn. (4.3) gives the average flow velocity throughout the

flow domain.

The average flow velocity is related to the pressure gradients per eqn. (2.23.a)

T=—— (4.4)

where b(=0.5 mm) is the half of the thickness of the cavity

Combining eqn. (4.3) and eqn. (4.4) yields the constant pressure gradient along the

flow path as
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®__2bQ 4.5)

ox S A

Pressure gradient along flow path can be also found from eqn. (4.2) as

P

= _C 4.6
ox ! (4.6)

Then, the integration constants (C, ) can be found from eqns. (4.5) & (4.6) as
Ci=——— 4.7)

The pressure is zero gage (atmospheric), x; , i.e.

X=Xy, P=0

Using eqn. (2.25.a), coefficient C, in eqn. (4.2) is found as

C, = (&QJ X (4.8)
S A

where X is the position of flow front

Xy =T+t (4.9)

where t is time elapsed since the beginning of injection.

Finally replacing (4.7) & (4.8) & (4.9) into eqn. (4.2) gives the pressure distribution

within the flow domain as
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_(2Q) 5. -
P(x)—[ S Aj(u t—x) (4.10)

where X is the position within the flow domain. Fluidity S is calculated based on the
constant viscosity (1 Pa.s). The other process parameters in eqn. (4.10) are the same as

those for the numerical solution.

Pressure Distribution n Cavity

T 2-D flow )
18 — neargate o __. p(x):[%%](a.lfx)

Numeric Solution

Pressure (Mpa)

0 0.02 004 0.06 0.08 0.1

Distance from mnlet (m)

Figure 4.4 Pressure variation in 1-D flow in rectangular thin cavity

Fig. 4.4 presents pressure distributions of midplane of the cavity. Except the
flow near the inlet and flow after t=0.1046 s, pressure distributions solved by
Moldflow is nearly same as the analytical solution with acceptable errors. Therefore,
1-D Hele-Shaw assumption is valid. Errors near the inlet shown in dashed circle is very
big with respect to other regions. Because, flow is radially progress at the inlet, so it
does not obey 1-D Hele-Shaw assumption and so inlet region is neglected.

Furthermore, flow after t= 0.1046 is neglected due to switch-over factor.
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4.1.2 1-D Radial Flow in Hele-Shaw

Same scenario applied to 1-D planar flow is now applied to 1-D radial flow.
The aspect ratio of this analysis is chosen similarly for Hele-Shaw solution. Molten
polymer enters from middle of the cavity as shown in Fig. 4.5. Same material

properties are used for this analysis as those of 1-D planar flow analysis.

=50 mm

Figure 4.5 Representation of thin cylinder

Flow Rate vs. Time

S & g A R B PN
Qg Q& Q@ 9 Q Q\ Q\ Q\ Q\ Q

Time (s)

Figure 4.6 Injection flow rate during filling in thin cylinder cavity
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For the numerical simulation of filling in MPI, initial molten polymer
temperature is arranged 230°C and mold temperature is 40°C. Injection time is

arranged constant (t. . =0.20s) at the beginning of the analysis. Fig. 4.6 presents the

inj
injection flow rate during filling. As in planar flow, the injection flow rate suddenly
decreases at the end of filling due to pressure/velocity switch factor. Therefore, when
the numerical and analytical results are compared, this sudden drop in flow rate and the
numerical results beyond t=0.1681 s (when the switch-over takes effect) will not be

considered.

For the analytical solution of 1-D filling in the given disc domain, Hele-Shaw

approximation eqn. (A.23) yields

0 oP
Sr— |=0 4.11
ar( arj -11)

where the fluidity, S, is constant due to constant viscosity of the polymer

j_d :—~004167 (mm’s/Pa)
0 l'l'

Integrating pressure along the radial path twice leads to

P=D,Inr+D, (4.12)

where D,,D, are integration constants. The constants D, and D, will be determined

from the appropriate boundary conditions.
Injection time is given at the beginning of the analysis, also volumetric flow rate is

known, therefore average velocity is found from eqn. (4.13)

a-Q
W= (4.13)

where A (=2nrb) is the cross sectional area that the polymer flows through.
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Due to 1-D, radial flow, eqn. (4.13) gives the average flow velocity throughout the

flow domain.

The average flow velocity is related to the pressure gradients per eqn. (A.18.a) as

U=——= (4.14)

where b(=0.5 mm) is the half of the thickness of the cavity

Combining eqn. (4.13) and eqn. (4.14) yields the pressure gradient along the flow path

as
P__Q (4.15)
or 27rS
Pressure gradient along flow path can be also found from eqn. (4.12) as
a—P _D (4.16)
or 1
Then, the integration constants (D, ) can be found from eqns. (4.15) & (4.16) as
Q
=— 4.17
' 2m:S @17
Using eqn. (2.25.a), coefficient C, in eqn. (4.12) is found as
P=0 r=Ry
where R is flow front radial position
Q
D,=——InR 4.18
> oons " (*18)

Placing eqns. (4.17) & (4.18) into eqn. (4.12) yields
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P:&m (&j (4.19)
2nS r

where r is the position within the flow domain. Fludity S is calculated based on the
constant viscosity (1 Pa.s). The other process parameters in eqn. (4.19) are the same as

those for the numerical solution

pressuredistributionin the cavity

03s .
Flow front radius=32 mm = === P= &ln (&)

03 2nS r
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Figure 4.7 Pressure variation in 1-D flow in disc cavity

Fig. 4.7 represents the pressure distribution in the disc. In planar flow pressure
distribution was found according to injection time, but in radial flow, pressure
decreases exponentially with radial distance from inlet. Errors get lessen from gate to
end of filling. Because, Hele-Shaw does not model precisely sudden expansions such
as gate. After 1-D planar flow, assumption for radial flow is also valid. Furthermore,

Hele-Shaw models the disc flow better than planar flows with less error.
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4.2 Comparison of The Effects of Conventional and Conformal Cooling Channels

In a Curved Part Geometry

In 1-D filling analysis, model of Moldflow was verified with given boundary
conditions. In this study, a half cylinder shell part (imaginary part) will be analyzed
with both conformal cooling channels and conventional ones. The purpose is to study
the effects of conventional and conformal cooling channels on the process. Therefore,

the half cylinder shell part cooled by conformal cooling channels will be compared

with conventional ones.

Fig. 4.8 presents the half cylinder shell part geometry. Thickness is smaller than

other dimensions to fit Hele-Shaw approximation.

y

AO o

3 mm

Figure 4.8 Half cylinder shell part to be molded

Fig. 4.9 presents mold layouts of the half cylinder shell part with conventional and

conformal cooling channels.
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Figure 4.9 Closed mold with conventional cooling channels, closed mold with

conformal cooling channels for the half cylinder shell production

In order to make comparison between these cooling channels layouts correctly,
process parameters, part and mold material are given as same for two cooling channel
layouts as shown in the Table 4.1. Fig. 4.10 presents packing profile of the half
cylinder shell during production. Ejection criteria is arranged according to frozen
percentage of part at ejection. It is arranged as %100 for both conformal cooling

channels and conventional ones.
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Table 4.1 Process parameters for the half cylinder shell production

Mold Material Thyroplast 2738 (DIN 1.2738)
Part Material Polystyrol 165H
Flow Rate of The Coolant 7 l/min
Coolant Inlet Temperature 20 °C
Initial Mold Temperature 40 °C
Initial Melt Temperature 230 °C

paclung pressure vs. time
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=
T
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Figure 4.10 Packing profile of the half cylinder shell

Fig. 4.11 presents the cooling quality results. Cooling quality show where heat
is not taken away properly from the part. Yellow area shown in Fig. 4.11.b presents
that heat is not taken away evenly and as fast as other regions of the part, Fig. 4.11.a

represents that conformal channels cool that area uniformly. Cooling quality results are
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a combination of the “Surface Temperature Variance” and “Freeze Time Variance*
results. Fig. 4.12 represents ‘“Surface Temperature Variance” which indicates
temperature deviation from the average cycle temperature of the part. The area where
cooling quality is low is the hottest area during the filling as shown in the Fig. 4.12.b
and heat is not taken as much as the other regions, because that area is the hottest point
and molten polymer is injected at that area. “Freeze Time Variance* result shows the
deviation of the time it takes the polymer to freeze in any region of the part, from the
average time to freeze for the entire part. The area where cooling quality is low is
cooled slower than the other areas by conventional cooling channels as shown in Fig.
4.13.b. Because, the area where cooling quality is low is far away from the cooling
channels. Therefore, it is very hard to cool uniformly with conventional cooling
channels. However, heat is taken evenly everywhere by conformal cooling channels as
shown in Fig. 4.11.a. Because, distance between conformal cooling channels and part
is same everywhere. Furthermore, low quality area cooled by conventional channels is
cooled faster and more uniform by conformal cooling channels as shown in Fig. 4.12.a
and 4.13.a. It is also shown that from Table 4.2, conformal cooling channels cool the

part in less cooling time with respect to conventional cooling channels.

70



Cooling Quality Cooling Quality

Medium

¢

(a) (b)

Figure 4.11 (a) Cooling quality results in conformal cooling channels (b) Cooling

quality results in conventional cooling channels
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Figure 4.12 (a) Surface temperature variation with conformal cooling channels (b)

Surface temperature variation with conventional cooling channels
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Freeze Time Variance

Freeze Time Variance

[sec]

Figure 4.13 (a) Freeze time variance with conformal cooling channels (b) Freeze time

variance with conventional cooling channels

Table 4.2 Results of channel configurations

Conventional Cooling

Conformal Cooling

Cycle Time (s)

21.68

16.42

Cooling Time (s)

9.2

3.95

Fig. 4.14 shows temperature rise of the coolant. Temperature rise in conformal

cooling channels is higher than that in conventional ones. Because, it absorbs more

heat from the part as it cools the mold more effectively. Therefore, part surface

temperature (surface temperature of the part at the ejection stage) in conformal cooling

configuration is less than that in conventional cooling configuration as shown in Fig.

4.15.
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Figure 4.14 (a) Circuit coolant temperature in conformal cooling channels (b) Circuit

coolant temperature in conventional cooling channels
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Figure 4.15 (a) Part surface temperature in conformal configuration at

t... =16.42 s (b) Part surface temperature in conventional configuration at
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. =21.68s
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Circuit pressure in Fig. 4.16 presents pressure drop in the cooling channels.
Circuit pressure in conformal channels is more than twice of that in the conventional
one. Therefore, energy consumption spent to operate cooling pumps with conformal

configuration increases more than twice of that in the conventional one.

Circuit Pressure Circuit Pressure ficPal
9.03
1?.3'
26.67
35.48
- 00 > 4430
53.12
61.94
70.76
79.57
[ S e— ¥ 88.39

9?.2.
(a) (b)

Figure 4.16 (a) Circuit pressure in conformal cooling channels (b) Circuit pressure in

conventional cooling channels

Figure 4.17 presents path of the molten polymer and how long it takes to fill.
Conformal cooling channels has no significant effect on the filling stage, cavity is
filled at the same time with both confomal and conventional cooling channels.
However this little effect is seen from pressure drop results and frozen layer results.
Pressure drop represents the drop in pressure from the injection location to that place
on the model, at the moment that place was filled as shown in Fig. 4.18. Cavity with
conformal channel layout needs 0.08 MPa higher pressure to drive progress of filling
with respect to cavity having conventional channel layout. There are two reasons why
cavity with conformal cooling channels need more injection pressure. Firstly,

conformal cooling channels cools the molten polymer more than conventional one,
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therefore viscosity of molten polymer is higher in conformal channel layout. Molten
polymer with higher viscosity needs higher injection pressure to fill cavity. The other
reason is frozen layer. Frozen layer result in Fig 4.19 shows the frozen layer as
percentage at the end of filling. Frozen layer thickness has very significant effect on the
flow resistance. The thickness of the flow layer is also reduced as the thickness of the
frozen layer increases. Therefore, flow of the molten polymer fills harder due to thinner
flow area. The frozen layer in conformal configuration is thicker than the part in
conventional one during filling due to better cooling capability of the conformal
cooling channels as shown in Fig. 4.16. That is why molten polymer requires more

injection pressure to complete filling.
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Figure 4.17 Filling time of the cavity with conformal cooling configurations
() t=0.69 s (b) t=1.52 s, filling time of the cavity with conventional cooling
configurations (c) t=0.69 s (d) t=1.52's

76



[MPa]
1.89

Pressure Drop Pressure Drop

2.54

3.20

3.85

(a) (b)

Figure 4.18 (a) Pressure drop in conformal cooling configurations (b) Injection

Pressure in conventional cooling configurations
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Figure 4.19 (a) Frozen layer percentage at conformal cooling channels at the end of

filling (b) Frozen layer percentage conventional cooling channels at the end of filling
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Thermally induced stresses develop principally during the cooling stage of an

injection molded part, mainly as a consequence of the difference in temperature

between the molten resin and the mold. An uneven temperature field causes the

material to cool from above to below the glass transition temperature at different times.

Thus the material experiences differential shrinkage causing thermal stresses. These

stresses not only cause the warpage of a molded part, but also have an effect on its

appearance and properties [39]. The temperature difference between cavity and part

cooled by conventional channel layouts are larger than that in the conformal cooling

channel layouts as shown in Table 4.3. Therefore, after ejection stage, deflection of

part cooled by conventional channels is larger than that of part cooled by conformal

one as shown in Fig. 4.20.

Table 4.3 Cavity temperature results with conformal cooling and conventional cooling

channels

Conventional Cooling

Conformal Cooling

Minimum Cavity Temperature (deg) 26.7 21.24
Maximum Cavity Temperature (deg) 50.18 41.48
Average Cavity Temperature (deg) 38.2 24.55

Surface Temperature Variance Range (deg)

(-6.69) - (5.26)

(-9.03) - (11.51)

78




Deflected Shape Deflected Shape

AN

/T N\ ' =8
N &Y | D
Deflected Shape
After Ejection
Cavity
Geometry
(a) (b)

Figure 4.20 (a) Deflection after ejection in conformal configuration (b) Deflection after

ejection in conventional configuration

The deflections shown in red and black circles in Fig. 4.20 are shown better by
the “Warpage Indicator” result as shown in Fig. 4.22. Warpage indicator presents
shrinkage variations due to non-uniform cooling. Firstly, a reference plane is
determined from three points as shown in Fig. 4.21 and nominal maximum deflection
value (NMD) is entered as input to define deflections with respect to that reference
plane. Deflection is ranged according to colors red (high deflection), yellow (medium
deflection) and green (low deflection). Green represents the out-of-plane deflection
which is less than 80% of the specified NMD value. Yellow (medium) represents the
out-of-plane deflection which is between 80% and 120% of the specified NMD. Red
are represents the out-of-plane deflections which is greater than 120% of the specified

NMD.
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Figure 4.21 Reference plane for warpage indicator
Hig
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(a) (b)

Figure 4.22 (a) Warpage in conformal configurations (b) Warpage in conventional

configurations

4.3 Real Life Case Study: IM of “Refrigerator Shelf”’

The proposed benchmark study is the refrigerator shelf manufactured by
Arcelik Refrigerator Factory. Geometry of the refrigerator shelf is shown in Fig. 4.23.
Arcelik produced this part with mold design as shown in the Fig. 4.24. Part thickness is
same everywhere (2.8 mm), no thickness variations. Part is manufactured from

Polystyrol 165H, it is thermoplastic material (polystyrene).
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thickness=2.8 mm.

Figure.4.23 Geometry of refrigerator shelf

Mold design of the refrigerator shelf is shown in Fig. 4.24. Mold material is
DIN 1.2738 steel. Feed system design is very simple. There is no runner, because it is
not family mold. Diameter of gate and sprue is 10 mm. Pure water is used as coolant.
Cooling channel design of the refrigerator shelf is represented in Fig. 4.24. Cooling
channel design criteria of the refrigerator shelf was very simple and based on
experience in Argelik. Cooling channels of the refrigerator shelf were drilled by
conventional methods. Distance between cooling channels is not below 1.5 times of the
cooling channel diameter, length of the cooling channel does not exceed 1.5 m. and
distance between cooling channel and cavity surface is 3 times of the cooling channel

diameter.
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Figure 4.24 Representation of mold layout of the refrigerator shelf
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Figure 4.25 Representation of refrigerator shelf modeling in Moldflow

Arcelik has manufactured refrigerator shelf based on process parameters as
shown in Table 4.4 and packing phase digram is shown in Fig. 4.26. Arcelik found

these process parameters in real life experiment by trial-error methods after many
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attemps. Before production of the refrigerator shelf, Arcelik did not use any simulation
programs. Furthermore, coolant inlet temperature and coolant flow rate were not
known before making simulations. Therefore, they were defined according to trial-
error methods until ejection temperature of refrigerator shelf simulated by Moldflow
coincides with that of real life experiments.

Arcelik has manufactured the refrigerator shelf 500000 times per year. Even
small savings in mass production make enourmos profits for Argelik. Therefore,
Arcelik decided to decrease cycle time of the refrigerator shelf. Therefore, cycle time
(58 s.) was tried to be decreased by re-arranging process parameters without
deteriorating the surface quality appearance of the refrigerator shelf in Arcelik. The

target cycle time was to reach 50 s.

Table 4.4 Process paramaters of the refrigerator shelf

Mold Material Thyroplast 2738 (DIN 1.2738)
Part Material Polystyrol 165H
Flow Rate of The Coolant 5 l/min
Coolant Inlet Temperature 22 °C
Injection Pressure 80 MPa
Initial Mold Temperature 40 °C
Initial Melt Temperature 230 °C
Coolant (water)Inlet Temperature 22 °C
Injection Time 3.05s
Packing Time 10 s.
Cooling Time 41 s.
CycleTime 58 s.
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Figure 4.26 Packing pressure profile vs. time of refrigerator shelf

Before re-arranging the process parameters, process of the refrigerator shelf is
modelled in Moldflow according to process parameters of real experiment as shown in
Table 4.4. Then it is compared with experimental results. After ejection stage, part
surface temperature is taken from five points including injection point at real life
experiments and five data were collected by a laser gun and recorded at Table 4.5. Fig.
4.27 presents part surface temperature of refrigerator shelf simulated by Moldflow.
Table 4.5 presents the surface temperature errors between the experimental results and
simulation results. The largest error in Table 4.5 is point 5 (%12). Because, Hele-Shaw

does not model locations suddenly expanded such as injection point (gate).
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Figure 4.27 Part surface temperature results of refrigerator shelf simulation with
Moldflow

Table 4.5 Ejection temperature comparison between experimental results and
Moldflow results

Points 1 2 3 4 5

Part Temperature at Ejection in Experiment (°C)| 35.5 | 34.2 | 34.8 | 35 41

Part Temperature at Ejection in Moldflow (°C) 35 36 | 352 | 357 | 36

Error % 1.4 5.2 1.5 1.4 12

Arcelik firstly tried to decrease cycle by decreasing cooling time. This time,
Arcelik used the process parameters same as Table 4.4 except the cooling time. Arcelik
directly decrease the cooling time from 41 s to 33 s to reach target cycle time.

However, part was not cooled enough and it was too hot. Therefore, it was stuck to the
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mold and ejected to hard. After the part dropped, it was observed that roughness of the
surface was too much at the curved area of the part. Furthermore, sometimes
refrigerator shelf was broken due to excessively adhered to the mold cavity during
experiments. Refrigerator shelf was also simulated by Moldflow same as process
parameters in Table 4.4 except cooling time. Cooling time was taken as 33 s. Fig. 4.28
presents the “Quality Prediction” of refrigerator shelf. Definition of “Quality
Prediction” is given at the Appendix B. Then same failure at the curved area is also

shown in Fig. 4.27.

Curved Area

Medium

High

Figure 4.28 Part surface quality of the part after decreasing cooling time

Decreasing cooling time decreased the cycle time, but also surface quality of
the part decreased. Therefore, cycle time was tried to be decreased by re-arranged
another process parameters. Same process parameters in Table 4.4 were also used in
this experiment again, except two parameters. At the second experiment, initial melt

temperature of the part in Table 4.4 was decreased from 230 °C to 200 °C to decrease
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cooling time, but viscosity of molten polymer gets higher due to lower temperature and
it gets harder to inject molten polymer into the mold. Therefore, injection pressure is
increased 10 % (from 80 MPa to 88 MPa) to drive molten polymer flow progression.
However, parts were ejected as short shot at edge of the curvature area in Arcelik.
Also, same experiment with re-arranged process parameters was modeled with
Moldflow. Same result was found at the edge of the curved area and shown in Fig.

4.29.
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Figure 4.29 Short shot part after decreasing initial temperature of molten polymer

Attempting to decrease cycle time by re-rearranging process parameters was
failed. Therefore, cooling channel layout of the mold could be revised to cool
refrigerator shelf more uniformly. However that kind of mold was not manufactured by

Arcelik, it was only designed, modeled with Moldflow. Then, they were compared
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with process made by real process parameters in Table 4.4 to observe improvements of
conformal cooling channels. That kind of cooling channel configuration decrease
cooling time with preserving the surface quality of the parts due to uniform cooling.
Fig. 4.30 presents conformal cooling channels layouts. The major difference between
straight and conformal is that conformal channels cover the curved area at the same
distance everywhere. Therefore, cycle time of the refrigerator shelf can be decreased

by preserving the quality appearance at curved area.
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Figure 4.30 Different isometric views of the conformal cooling channels

89



Process conditions for conformal cooling channels are same as that for the
traditional cooling channels as shown in Table 4.4 except cooling time. Simulations of
conformal cooling channels were made by an order. Firstly, cooling time is arranged as
27 s, and then results of conformal cooling configuration (surface quality, freeze time
variance and surface temperature variance) were compared with that of straight cooling
channels. Then, it was seen that surface and cooling quality of part cooled by
conformal cooling channels were not as good as that of part cooled by straight cooling
channels. Then, same simulations were repeated by adding one second to cooling time
and “Quality Prediction” results of conformal cooling channels were compared with
that of straight channels until “Quality Prediction” results of conformal cooling
channels were almost same as that of straight one. Finally, expected results were found
when cooling time was increased to 33 s. Cooling time is decreased from 41 s to 33 s
without any corruption in surface quality as shown in the Fig. 4.33. Furthermore,
conformal cooling channels cools the refrigerator shelf as uniform as traditional
cooling channels in less cooling time as shown in surface temperature variance result
(Fig. 4.31) and freeze time variance result (Fig. 4.32). The only disadvantage of the
conformal cooling channels with respect to the straight ones is the requirement of high

coolant pump capacity as shown in Fig. 4.34.
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Surface Temp. Variance [dey.C] Surface Temp. Variance [deg.C]
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2.35 0.87
3.18 1.51
(@) (b)
Figure 4.31 (a) Surface temperature variance of refrigerator shelf cooled by traditional
cooling channels (b) Surface temperature variance of refrigerator shelf cooled by
conformal cooling channels
[sec]
Freeze Time Variance Freeze Time Variance
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Figure 4.32 (a) Freeze time variance of refrigerator shelf cooled by traditional cooling
channels (b) Freeze time variance of refrigerator shelf cooled by conformal cooling

channels
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Quality Prediction Quality Prediction

Figure 4.33 (a) Surface quality of refrigerator shelf cooled by conventional cooling

channels (b) Surface quality of refrigerator shelf cooled by conformal cooling channels
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Figure 4.34 (a) Circuit pressure in conventional cooling channels (b) Circuit pressure in

conformal cooling channels
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

Injection molds must take heat away from the parts as fast and as uniformly to
produce high quality parts economically. Therefore, cooling channels design has
important effects on economic of the process and quality of the parts. Especially
economic effect is more important in products manufactured by mass production.

Even, a little savings on parts or process make enormous profits to the companies.

e Firstly, on two different simple geometries (rectangular prism and thin cylinder),
filling analyzes have been done by MPI software filling module. Analytical
solution is found from 1-D Hele-Shaw equations. For planar flow, 1-D Hele Shaw
equation is derived from eqn. (2.24). Hele-Shaw derivation for 1-D radial flow is
shown in Appendix-A. Pressure distribution comparison for planar flow was shown
in Fig. 4.4 and it is observed that assumptions for 1-D planar flow are correct with
acceptable errors. Simulation result on thin cylinder is nearly same as the analytical
solution as shown in the Fig. 4.7. Results of planar flow are not as good as that of
radial flow as shown in the Fig. 4.4, because filling is not planar at the beginning of

the filling at the planar flow analysis.

¢ Secondly, before modeling of the real example, an imaginary part was modeled by
both conformal cooling and traditional cooling channels. Conformal cooling
channel configuration in thin shell cylinder is compared with the traditional one in
the same benchmark study with same process parameters. From filling results, it
has been observed that conformal cooling channels have no important impact on
the filling, but it only effects the cooling phase of the part. From results, it was

indicated that conformal cooling channels decrease cooling time from 9.2 s to 3.95
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s. From surface temperature variance results, it was observed that conformal
channel configuration cools the part more uniform than the conventional cooling
channel configuration without corruption of the surface quality. The only
disadvantages of the conformal cooling channels, pressure drop across the
conformal cooling channels is higher than the straight channels due to complexity

of conformal channels layouts.

¢ Finally, as a real life example, injection molding simulation of a refrigerator shelf
produced by Arcelik company was presented. The company aimed to decrease the
cycle time from 58 s to 50 s to reduce processing cost. To do this, the process
parameters were varied in order to decrease the cycle time at the factory, but part
was short shot or appearance quality of the part was not enough. In this thesis,
conformal cooling channels were offered as an alternative solution to decreasing
cycle time. The original processing conditions with straight channels were
simulated using Moldflow and remaining unknown process parameters (such as
coolant temperature, coolant flow rate) were determined on a trial-and-error basis,
until the results of the simulation matched with actual production results. Then, the
same processing conditions were retained while conformal cooling channels were
introduced into the simulation. From the surface temperature and freeze time
variance results, conformal cooling channels were seen to cool the part more
uniformly with good surface quality, compared to straight channels. Furthermore,
conformal cooling channels cool the part faster than straight channels, because
cooling time decreases from 41 s to 33 s. The only disadvantage of conformal
cooling channels was found to be the requirement of the high coolant pump

capacity.

5.1 Recommendations for Future Study

For the future study, injection molding simulation software packages can be
developed and disadvantages of production methods of conformal cooling channels

(such as rapid tooling methods) can be lessened.
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At the beginning of the thesis, there are lots of problems faced off software
package. Firstly, refrigerator shelf was tried to be modeled with Fluent and Fidap
software package programs. However, it was understood that Fluent is not
appropriate to simulate injection molding process, because it does not precisely
model highly viscous material. Fidap is more general purpose software program
including to model injection molding process. However, Fidap needs enormous
computational CPU to model injection molding even part has simple geometry.
Furthermore, Fidap does not import properly CAD/CAM models (.stl files),
especially parts having complex geometry such as refrigerator shelf are corrupted
in importing stage. Moldflow has no problems such as deformations in geometry
when the part is imported. Furthermore, designing structure of the mold is very
easy such as sprue, gate and runners. Moldflow also mesh the part automatically, so
waste of time is prevented. However, user must spend great effort and time to
correct the mesh quality of the part. Therefore, a preprocessor must be developed to
control the mesh quality of the part by user. In addition to this, Moldflow use only
triangular elements to model the part. For the future research, the simulations

program can be developed in order to remove these weakness mentioned above.

In chapter 1, design issues of conformal cooling channels were mentioned. Today,
thermal conductivity of mold resin manufactured by rapid tooling methods is
increased by putting some additives. However, mechanical strength of mold is not
enough to manufacture the part in mass production. Also, cavity surface of the
molds manufactured by rapid tooling methods is worse than molds manufactured
by conventional methods. Even rapid tooling molds uniformly cools the part, the
surface appearance of the part does not satisfies the manufacturer due to excessive
roughness on the cavity surface. For future studies, mechanical strength of rapid
tooling molds can be improved by working on the mold resin and surface

roughness of mold cavity will be tried to be smoother based on these future studies.
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APPENDIX A

1-D HELE SHAW IN RADIAL FLOW

One-dimensional radial flow needs to be modeled for the radial flow analysis.
Using the assumptions that have been previously stated, Navier - Stokes continuity
equation in cylindrical coordinates
dp  19(pru,) 19(pu,) 9d(pu,)

+— + + =0 (A1)
ot r or r do 0z

Applying the Hele-Shaw approximation to the continuity eqn. (A.1) yields.
Since, the z-component of the velocity is neglected and the fluid is incompressible,
eqn. (A.1) becomes
a(rur) aue

70— A2
o 00 (A-2)

Navier - Stokes momentum equation in r-direction

aur+u aur_'_haur_u_é_i_u du, | __oP
ot "odr r 30 r ooz or
d(10 1 0°u, 2du, J’u
2 — r_ 2 r A.3.
ﬂ{&r(r or (rur)j+r2 99> r* 090 i 0z }-pgr (A.32)

Navier - Stokes momentum equation in 8-direction
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(au9+u au9+haue_urue+ aueJ_ 1 0P

ot "o r 09 r 4 0z FT)

J(10 1 0’u, 2 du,  d%u
*“[g(;g(f“e))? 5 % *ﬂ*"ge (A3

For the r- and 6- momentum equation eqns. (A.3.a) & (A.3.b), neglecting the velocity

component in z-direction and body forces yields

du, 8ur+h8ur_u_§+u£ B 8P+ d 18( )
pat rar r 90 r Z8z_aruarr8r

1 0°u, 2 du, 82ur}

£ o8 o (As42)
du, duy, U, du, uu, auej__la_P 8(1 d J
p( ot T or " r 00 r i oz ) ro® or rar( us)
1 0°u, 2 du d°u
+— 8926 +r—2 aer + azf} (A.4.b)

The left hand side of the momentum equations denotes inertial forces. Since, in the
Hele-Shaw approximation, the viscous forces dominate the inertial forces, then the r-

and 0- momentum equation becomes

oP d(19 1 0°u, 20u, J°u

O:__+ + — r 9+ r A.S.
or L)r(r 8r( r)j > 90° r* 00 9z’ } (A-52)
1 0P (19 10w, 20u, J’u

oo_LoP 10(19d 19, , 29u, O, A5b
r 00 L)r(r 8r(rue)j+r2 00’ +r2 00 i 0z’ } ( )
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Due to small gap presence, the velocity gradient along z-direction dominates other

velocity gradients, i.e

du, du, o du, du, du, du,

9 b 9 9 (A.6)
dz 0z 00 006 oJr or
LA (A7a)
o = 0z’ o
10P  d’u
O=——+ ¢ A7b
roe oz ( )
Integrating equation with respect to z
du, OPz
L=——+f(r,0 A.8.a
dz Jr (r-6) ( )
o _PTZ o (1.0) (A8b)
oz dO U
. . . oP . oP
f and g are integration functions ; > can only be functions of r and ETy can only be
r
. : . . du, du,
function of 0. Flow is symmetric which means —- = >, =0 atz=0.Thus
z z
(a“rj _P0 L (r,0)=0 (A9.)
oz ),, Or
then f(r, ) =0
(a“_ej _OPOr o (r,0)=0 (A.9.b)
oz ),, 00U

then g(r, 0) =0
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Then (A.9.a) and (A.9.b) becomes

du, _dPz
dz orpu
du, _oPrz
dz 090 U

Integrating with respecttoz from z =z z =b

reb V

deu ——Ird

R
) rj,e,z)due j oy dz

z 1s dummy variable then

u, (r,0,b)—u,(r,6,2) = j e

u, (1,6,b)—u, (r,6,2) j—dz

No slip condition at z=b, therefore u, (r,0,b)=1u,(r,0,b)=0, thus

rez _[ d
b *
ue(r,e,z)——g—l; %d*

Average velocities is found from across the gap

(A.10.a)

(A.10.b)

(A.1l.a)

(A.11.b)

(A.12.2)

(A.12.b)

(A.13.a)

(A.13.b)



b b *
ﬁr:lj NCLY EApS (A.14.2)
byl or°

T, =£T —a—leZ—*dZ* dz (A.14b)
byl 007 1

which leads

*

u, =—%aa—1:ﬁ dz'dz (A.15.a)

*

—9:_%3_1;ﬁ dz'dz (A.15.b)

Equations are double integrals in the z=2z domain. The integration region is shown

above planar flow

Change the order of integration and adjust integration limits accordingly

_r:‘%%l:ﬁ 4/ —la—P” dzdz’ (A.16a)

9:_%8_1;3'})'_* :_La_P“' dzdz" (A.16.b)
b 2

S=[*dz (A.17)
5 1

Then replacing equation (A.17) into equations (A.16.a) and (A.16.b), last form

of average velocities become

105



boripw  2bor

b 2
e__ia_PJ'Z_dZ:_Ea_P
2b 001 1 2b 90

From equation take gapwise integral over the continuity equation (A.2)

Then put (A.18.a) and (A.18.b) in equation (A.2)

b b * b b _*
ji{—ra—P Z—dz*sz+ji{—ra—P z dZ*JdZ=0
cor|  ore 00 00 1

Multiplying by 1/b

b b _=* b b _*
lja —ra—PIZ dz" z+lj J —ra—PIZ dz" dz=0
by or oY u by0dB| 00° U

Taking constants outside of the integral

r oP

Sl e £ [ e o

Final pressure distribution equation becomes
i a—PSr + i op —Sr |=0
or\ or 00\ 00
Derivative of r with respect to 0 is zero, then the last form

0 (aPSrj+i(aPSj
or\ or 09\ 00
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(A.18.b)

(A.19)

(A.20)

(A21)

(A.22)

(A.23)



Energy equation in cylindirical coordinates [46]

2 2
pCP(a—T+ura—T+ha—T+uza—Tj=k li(ra—Tj+%a—r§+a—r£ + o (A.24)
ot or r 00 oz ror\ or) r°d0° oz

In order to find final form the energy equation, apply Hele-Shaw assumptions

Neglecting velocity component in the thickness direction(u, =0), then the energy

equation becomes

JoT 0T wu, dT 1o( oT 1 0°T 9°T
ol [ANPIRPRCE LY cE S A A P A A P A25
P P(at i 8r+ r 89) [rar(r arj-l_r2 892+8z2}_ (A.25)

Heat conduction in the flow direction is neglected,

0°’T  9°T o°T
> >> YR (A.26)
2,
pC, (a—T+ura—T+ﬁa—TJ:ka—f+¢ (A27)
ot or 1 90 0z

The shear rate is given by in cylindrical coordinates
ou ) (10u, u o) 1 du, 1du * 1({ou, du Y

o =2u Ll | | | | | |
or rdo r 0z 20 dz r 00 2\ or 0z

+l(la“r+ri(hjj —l(v.v)} (A.28)
2\r 00  or\ r 3

From continuity equation, then
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(aurjz [laue urjz (auzjz 1[8% 18qu2 l(auz aurj2
d=2u | ———+—F| + +=| —+——=—=| += +
or rdod r 0z 20 dz r 00 20 or oz
1{1du d(u, ’
+—| ——F+r—| — A.29
Z(r 00 rar( r D ] (A:29)
Neglect velocity component in the thickness direction, then
2 2 2
&= (aurj +(l%+&j +1(%]
or rdd r 2\ oz

2 2
+1(a“rj oL 1a“r+ri(hj (A30)
2\ oz 2\r 00  or\r

The velocity gradient in the r- and 0 - directions is negligible with respect to z direction

du, ’ du, s du, ’ du, ’ du, ’ du, (A31)
0z 0z or 00 Jr 00

| 9ug P (o, V)
y{( azj +( az” (A32)

Final form of the energy equation becomes

) 2 2
oC, (a—T+ura—T+u—°a—T):ka—f+u (alj +(aij (A33)
ot or 1 090 0z 0z 0z
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APPENDIX B

QUALITY PREDICTION

“Quality Prediction” result estimates the expected quality of the part's
appearance and ranks according to colors as shown in Fig. B.1. This result is derived

from flow front temperature, pressure drop, cooling time, shear rate and shear stress.

Figure B.1. Quality Prediction Result, A will have high quality, B may have quality
problems, C will definitely have quality problems, D will not fill (short shot)

Green means the preffered surface quality appearance, and following conditions

are achived.

1) The flow front temperature is between the minimum (Ty,,) and maximum (Ty,ax)

recommended temperatures for the material in the material database
Tmin <T< Tmax
2) Pressure drop is less than 80% of the maximum injection pressure (Ppax)

Pdrop < (O'8Pmax)
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3) The cooling time (t) is less than 1.5 times the average cooling time for the part (t,y)
t< 1.5ty

4) The shear rate (¥) is less than the maximum recommended shear rate in the material

record (Y

max )

’.Y < ;Ymax

5) The shear stress (T) is less than the maximum recommended shear stress in the

material record (T, ).

T<7T

Yellow means surface quality is acceptable but not good.

1) The flow front temperature (T) is between the minimum (Tp;,), recommended
temperature for the material and a value 5°C above the maximum (Ty,.x), recommended

temperature for the material.
Tmin < T < (Thax + 5°C)

2) The pressure drop (Pgrop) lies in the range between 80% and 100% of the maximum

injection pressure (Pp,x)

(0.8Pmax) < Pdrop < Prax

3) The cooling time (t) is between 1.5 and 5 times the average cooling time for the part
1.5ty <t < Sty

4) The shear rate (Y) is between 1 and 2 times the maximum shear rate (Y, ).
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;Ymax < "Y < 2;Y[1’12‘1X

5) The shear stress (7) is between 1 and 2 times the maximum shear stress rate (T, ).

T <T<2T

Red means surface quality is unacceptable

1) The flow front temperature (T) is more than 5°C above the maximum recommended

temperature for the material (Tpax)

T > (Thmax + 5°C)

2) The pressure drop (Pgrop) 1s greater than or equal to the maximum injection pressure

(Pmax)
Pdrop 2> Pmax

3) The cooling time (t) is more than 5 times above the average cooling time for the part

(tay)
t > Styy

4) The shear rate () is more than double the maximum recommended in the material

record (Y

max )

’.Y > 2’.Ymax

5) The shear stress (T) is more than double the maximum recommended in the material

record (T, )

T>2T
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